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Thesis Abstract

Chapter |

General Introduction and Motivation

MRI is a powerful and non-invasive imaging modality that gives useful three-dimensional images
of soft tissues. It measures *H-NMR signals of in vivo water molecules. Depending on the
variation of longitudinal (R: = 1/T1) and transverse (R> = 1/T>) relaxation rates of the water
molecules in different tissues, spatial images are constructed. However, this technique is quite less
sensitive, and often a contrast agent (CA) is administered prior to the imaging to have
conspicuous images in a relatively shorter time span. Contrast agents (CAs) are paramagnetic
(Gd"', Mn", and Fe''-based) substances that shorten the longitudinal (T1) and transverse (T2)
relaxation times of the water protons in the vicinity of their locations. The effectiveness of a
contrast agent is generally compared in terms of relaxivity {(1/T12)obs = (1/T1,2)a + r12[M], [M] in
mM} and this value is affected by the number of coordinated water molecules (g) and overall
correlation rotation time (z) of the paramagnetic unit. A brighter image can be produced by
diminishing the T: relaxation time, while, the shortening of the T> relaxation time engenders a
darker image. Image darkening effect, imparted by the T>-weighted CAs (e.g., SPIONSs), often
mislead the diagnosis. Hence, designing novel Ti-weighted or T:-T»> dual-mode CAs has
remained a priority.

The recent reports stipulated the link of free Gd(l1l) ions with nephrogenic systemic
fibrosis (NSF) in patients with renal failure, and long-term accumulation affecting the central
nervous system as well, restricting its use to some extent. Nonetheless, more biogenic Mn(ll) ions
with five unpaired electrons in the high-spin state have emerged as a promising alternative to the
Gd(I11)-based contrast agents (GCBASs). Meanwhile, lacking crystal field stabilization energy
(CFSE), Mn(ll)-chelates are quite unstable. Retention of high concentrations of free Mn(ll)-ions
inside the body sporadically leads to ‘Manganism’. Hence an efficient and rigid ligand framework
is required for complexation that can minimize metal leaching during MRI scans. Consequently,
the development of low molecular weight, slowly rotating paramagnetic units with a high spin

value (S), and adequate inner sphere water-coordination sites (q) have been the primary interest.

Increasing the hydration state obviously increases relaxivity, but it ends up lowering the
thermodynamic and Kinetic stability, both of which are extremely crucial factors. Hence, reducing

the tumbling rate is a better pathway to increase the relaxation rates. In this context, porous silica
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nanoparticles with large surface area and tunable pore volume can be exploited judicially to make
target-specific, less toxic, and stable contrast agents. On this note, designing rigid Gd(I11)-/Mn(I1)-
chelates and nanocontrasts that can effectively satisfy the requirements for high relaxivity and
minimize the metal leaching issue, altogether, has drawn attention. Despite rigorous studies, there
is a wide chance for further optimization of various factors like hydration number, water exchange
rate, rigidity, dissociation kinetics, retention time, etc., while designing novel complexes and

nanoparticle-based contrast agents to achieve efficient contrast enhancement in MRI.

Chapter 11
Rigid Hydroquinazoline Appended Bis-Aquated Mn(l1)-Complex as a
Potential T:-Contrast Agent for MRI

,:;v\’ g 2A solution
A 3 7‘;/‘ Pre-contrast Post-contrast
HN OH, BSA S / £ Gallbladder H "Ga"b‘“’d“
N : 3 ¥
= \/ ™ osa o 7 ' 7 w1
4 /N_Mn/N | Ky =1.66x10° M- pA e ( " i i aop
: s > el E -
0/ \O o ~_~ R - ‘A H
o 0H2 ‘ 4 ;
Inteiey :
[MnBenz(pic)z(H20)z]; 2A 2Aeserum albumin "
r, =5.32 mM-'s, r; =19.09 mM-'s, ey B
at1.41 Tand 37°C at1.41 Tand 37°C

Figure 1. Schematic representation of the interaction between 2A and serum albumin protein, and
the corresponding 10 min post-contrast signal enhancement in the liver, gallbladder, and intestine.

Considering the hydration, lipophilicity, stability, and rigidity factors for designing a novel acyclic
Mn(I1)-complex, a new pentadentate ligand Liz[BenzPicz2] comprised of two picolinate moieties
and a rigid hydroquinazoline unit has been synthesized. The DFT-optimized structure and
concentration-dependent *H NMR chemical shifts of the corresponding Mn(ll)-complex (2A)
suggested a hepta-coordinated geometry with two hydration numbers (q = 2). The complex
exhibited logKcond = 11.62, at pH ~ 7.4, which is 0.6 logK units higher than that for the mono-
agated MnEDTA complex. Simultaneously, 2A showed impressive relaxometric properties with
r=6.77 mMstat 25°C and 5.32 mMstat 37 °C; r, = 23.94 mM1st at 25 °C and 19.20 mM"
Istat 37 °C, 1.41 T and pH ~ 7.4; higher than several bis-aquated Mn(l1)-based complexes
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reported earlier. The relaxivity value further escalated to 19.09 mMs? in the presence of 0.67
mM BSA at 37 °C, indicating a ~360 % amplification in the longitudinal relaxivity. A substantial
interaction between the protein and 2A was anticipated and it was investigated by the Proton
Relaxation Enhancement (PRE) experiment. Assuming one independent binding site of the protein
moiety for the complex, i.e., n = 1, the relaxivity of the bound complex (r:°) was found to be 27.62

mM s and albumin association constant Ka = 1.66x103 M.

The complex was impervious to physiological anions (bicarbonates, biphosphates, and
citrates) and protons, as a negligible change in relaxivity value was observed when challenged
with high equivalents of these ions. The kinetic inertness of complex 2A [pseudo-first-order rate
constant for the transmetallation reaction challenged by 10 equiv. Zn(ll) ion, k = 1.04 x 102 s%;
at pH 6.5] was about 8.5 times higher than that of [Mn(EDTA)(OH2)]* (k = 8.86 x 102 s!) and
almost same as that of [Gd(DTPA)(OH2)]% (k = 1.16 x 1072 s™1). Moreover, the complex showed
5 times higher kinetic stability (k = 2.13 x 10~ s) at the physiological conditions, when kinetic
studies were done by following the time profile of R2 value of 2A solution, challenged by 10 fold
excess of Zn(I1) ions in serum albumin (0.67 mM), in 0.15 M NaCl, pH 6.5, and 25 °C. Hence, a
higher kinetic inertness has been achieved for complex 2A through the rigidified ligand framework

despite having two inner-sphere water molecules.

The contrast ability and serum binding contrast enhancement property of the synthesized
complex were verified by recording phantom images of complex 2A in water and in the presence
of BSA, at 25 °C and 7 T. A 43 % signal enhancement was achieved by aqueous 0.5 mM complex

2A solution, which subsequently increased by another 57% with the addition of 0.67 mM BSA.

The synthesized complex was found to be biocompatible and hence employed for in vivo
imaging. Correspondingly, a healthy C57BL/6 mice was imaged at 7 T, before and after 0.08
mmol/kg intravenous administration of complex 2A solution. An intense contrast enhancement in
the gallbladder (~160 %) and kidneys (~110 %) was noticed after 10 minutes of the contrast agent
application. Moreover, as reflected by serum protein association experiments for complex 2A, the
highly vascularized liver region corresponding to the long retention of the contrast material in the

blood vessels was realized.
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Chapter 111
Non-Covalent Confinement of Gd(I11)-/Mn(11)-Complex in Porous

Silica Nanosphere Rendering Nanocontrast for MRI

3A@SiO,NP

3B@SiO,NP

O 9 rn=231mm's, [ )
=9.05 mM-s™, CN( | /N Z e O/M"\N =9.51 mM-1s = =
Si0, NP at1.41 Tand 37°C | g2~ " at1.41 Tand 37°C

HZO OH2 H,0 Y
O Q [Gd(hbda)(Hz0):]Cl; 3A [Mn(PyDPA)(Hz0)]; 3B

3uM 7 uM

13 M 15 pM r, = 86.41 mM-'s™,
T, at1.41 Tand 37°C

r, =8.61 mM's, @
r, = 34.59 mM-1s-
at1.41 T and 37°C

3A@SiO:NP 3B@SiO:NP

Figure 2. Schematic representation of the incorporation of 3A and 3B complexes within the PSNs,

and the subsequent increase in relaxivity and signal intensity values values.

Small molecules that are thoroughly investigated as contrast agents for MRI over the decade are
mostly Gd(I11) or Mn(I1) based aquated complexes having moderate relaxivity value. They mostly
suffered from low kinetic stability and toxic free metal ions leached out over time, leading to fatal
diseases. As discussed in the introduction section, increasing the relaxivity value by reducing the
tumbling rate within an applied magnetic field range of 0.5to 1.5 T is a better alternative. Thus, the
grafting of stable small complexes onto a nanosystem or confining the complexes within a
nanosphere should serve the purpose, thereby protecting the paramagnetic core from scavenger
ions. To pursue this objective, two novel thermodynamically stable complexes — mono-positive,
tris(aquated) Gd(II1)-complex {Complex 3A, [Gd(OH)s(hbda)]**} and neutral mono-aquated
Mn(Il)-complex {Complex 3B, [Mn(PyDPA)(OH2)]°} has been non-covalently incorporated
within porous silica nanoparticles (PSNs).

Electrostatic confinement of complex 3A: A Tris(aquated) Gd(l1l)-complex (3A) with
high thermodynamic stability (pGd 18.5), was reproduced and was non-covalently incorporated
within the porous silica nanosphere by reverse micelle mechanism forming 3A@SiO2NP. The

morphology, presence of complex, and porous nature of the isolated nanoparticles were
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investigated explicitly. The electrostatic entrapment and the geometrical confinement within the
nanosphere decreased the motion of complex 3A and resulted in ~ 9-fold enhancement in ry value
compared to the untrapped complex molecules (the value increased to 86.41 mM™s™Y/ Gd(Ill) at
141 T, pH ~ 7.4, 37 °C). The efficiency of the 3A@SIiO> as a T1-based MRI contrast agent was
examined by recording phantom images. Concentration-dependent enhancement of relaxivity was
visualized; efficient signal brightening was evidenced at a very small [Gd (111)] concentration of
15 uM. The biocompatibility of SA@SiO2NP was further tested on HeLa, macrophages, RBC, and
human plasma to ascertain its bio-applicability. Moreover, cellular uptake of the synthesized
nanoparticles was visualized by FETEM images of treated HelLa cells, and also by fluorescence

microscopy images of cells treated with Th(l11) congener of 3BA@SiO2NP.

Non-covalent confinement of complex 3B: Ligand H.PyDPA and its corresponding
neutral, mono-agauted Mn(I1) complex (complex 3B) was synthesized and characterized. Complex
evidenced commendable thermodynamic stability with logKmn = 14.80(7) and pMn = 8.97. To
increase relaxivity and impart stability, complex molecules were further incorporated inside
porous silica nanoparticles by reverse microemulsion procedure. 14+2 nm sized spherical
nanoparticles (3B@SiO2NP) were obtained and were thoroughly characterized. The porous silica
layer allowed to and fro- movement of water molecules across towards the core of the nanoparticle,
but selectively prohibited the entrance of physiological ions (bicarbonates, biphosphates, citrates,
Zn(11) and protons) that may affect the relaxivity of the paramagnetic complexes trapped inside.
The synthesized 3B@SiO2 nanoparticles exhibited r; = 8.5 mMstand r. = 33.2 mMs?, at pH ~
7.4,1.41T, and 25 °C, which was three-fold higher than the bare complex molecules. A significant
increase in r1 (24.76 mM*s™) and r2 (63.96 mM-st) in the presence of 0.67 mM BSA. Synthesized
nanoparticles were found to be biocompatible when tested on the HeLa cell line (82% of cells were
viable when treated with 200 mM suspension of 3BB@SiO2NP). Cellular uptake was also visualized
by recording FETEM images of 3B@SiO>NP-treated HeLa cells. Finally, phantom MR-imaging
of 3B@SiO2NP established its use as a T1-T» dual-mode MRI contrast agent.

Henceforth, the strategy demonstrated for confining acyclic ligand-based aquated Gd(l11)-
and Mn(l)-complex molecules within the biocompatible PSNs successfully enhanced the
relaxivity and mitigated the leaching of free metal ions. Moreover, it helped to penetrate the cell

membrane, thus widening the scope for judicious designing of cell-targeting contrast agents
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Chapter IV
A Zn(l1)-Responsive Mn(I11)-Complex Confined Porous Silica
Nanoparticles as “Smart” MRI CA for Pancreas Imaging

Pre-contrast

4A@SiO,-Py,Pic
2 ,

Glucose
[Mn(AIcDPA)(H,0)]; 4A 4A@SiO,Py,PicNP 4A@Si0,-Py,PicNPeBSAe«Zn(ll)
r, = 2.86 mM-1s-1, r,=13.19 mM1s, r, = 46.30 mM-'s,
at1.41 T and 37°C at1.41 T and 37°C at1.41 T and 37°C

Figure 3. lllustration representing relaxivity along with signal intensity enhancement achieved by

the confinement of complex 4A and further association with serum albumin protein and Zn(ll) ions.

Gd(l11)-based commercially used MRI contrast agents are primarily nonspecific, and imparted
signal enhancement solely due to the distribution of the contrast agent across the body. Hence,
developing non-gadolinium-based organ-specific and bio-responsive contrast agents due to
changes in pH, enzyme activity, temperature, and ion efflux has drawn prime attention for better
diagnosis of a lesion and non-invasive pathology. The blood glucose level is a key factor
controlling the normal functionality of the acinar and p-cells in the pancreas. The higher glucose
level in the blood triggers the release of insulin, simultaneously increasing the concentration of
Zn(11) ions in the extracellular space from 40 uM to 500 uM. Hence, Zn(ll) ion concentration-
dependent contrast enhancement as a whole or as “hot spots” would enlighten the pathological

condition of the pancreas and/or the 3-cells.

In this context, ligand H>AIcDPA and corresponding neutral, mono-aquated Mn(ll)
complex (4A) was synthesized and the thermodynamic stability was elucidated to be logKmnL =
15.06, with pMn = 9.18. Complex 4A molecules were further impregnated within porous silica
nanoparticles with amine functionalization on the surface, naming 4A@SiO>—NHo>, each of size ~

14 nm. Afterward, the Zn(Il)-selective HPy2Pic ligand was linked with the amine units through
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amide bonds to engender the surface-modified 4A@SiO>—Py>PicNPs. A 4.6-fold enhancement in
the longitudinal relaxivity (ri) value from 2.86 mMs™ (complex 4A) to 13.19 mMs™
(4A@SiO2—Py-Pic) was realized at 1.41 T, 37 °C, and pH ~ 7.4. Moreover, a 53 % increment in
the relaxivity value to r, = 20.38 mMs™ was accounted for in the presence of 0.6 mM BSA at
the same experimental conditions, suggesting a considerable interaction between the nanoparticle
and the negatively charged serum albumin protein to engender a slowly rotating binary system.

Unlike the 4A@SiO>—NH: nanoparticles, a discernible and gradual augmentation in ry
relaxivity was noticed on the successive elevation in the concentration of Zn(Il) ions in HEPES
buffer in the case of 4A@SiO2—Py2PicNPs, at pH 7.4, and the ry value reached to = 46.30 mM1s~
Lin the presence of 40 equivalent amounts of the zinc ion. Hence, the presence of the surface-
bound Py2Pic unit reinforced the ternary interaction of the nanoparticle with BSA in the presence
of Zn(ll) ions. Subsequent fluorescence quenching experiments consolidated the static nature of
the interaction between the serum albumin protein and 4A@SiO2—Py-PicNP in the presence of
Zn(1) ions.

Moreover, 4A@SiO.—Py,PicNP showed no alteration in the relaxivity (13.19 mM-1s) in
the pH range 4-8 and in the presence of 50-folds of Mg(l1), Ca(ll), Zn(1l) and Cu(Il) ions or 200-
fold excess of physiological anions, manifesting its stability and selectivity towards Zn(ll) ions
only in the presence of serum albumin. The in vitro contrast ability of AA@SiO2>—Py-PicNP in the

presence of BSA and Zn(l1) ions was visualized by recording phantom images at 1.5 T and 25 °C.

Additionally, the biocompatibility of 4A@SiO>—Py-PicNPs was examined on PC3 and
HelLa cells and 80 % cell viability was realized at 150 uM concentration for both types of cells.
Hereafter, post-contrast in vivo MR imaging was recorded on a batch of C57BL/6 miceat 7 T. The
contrast enhancement became almost twice (ACNR ~ 100 %) in the pancreas compared to the pre-
injected MR image in the presence of 4A@SiO2—Py2PicNP after 1 hour of the bolus injection (NPs
injected only). However, in the presence of glucose, a substantial contrast enhancement (ACNR ~
138 %) was realized reinforcing the ternary interaction of the contrast agent with the secreted
Zn(I1) ions in the presence of HSA [4A@SiO2—Py2PicNPseHSAeZn(I1)]. In a nutshell, we have
reported a non-gadolinium-based Mn(1l)-complex entrapped silica nanoparticles that can behave

as a "smart” MRI contrast agent in the presence of Zn(Il) ions.
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Chapter V
Folate decorated Mn(l1)-Complex Confined Porous Silica

Nanoparticles as MRI Contrast Agent to Detect Cancer Cells

[Mn(tpada)(H,0)]; 5A 5A@SiO, FA NP 5A@Si0, FAeBSA

ry =2.25 mM-1s1, r; =21.51 mM-s, r, = 40.57 mM-1s-1,
at1.41 Tand 37°C at1.41 Tand 37°C at1.41 T and 37°C

&Albumln

G —— Folate receptors Pre-contrast Post-contrast

5A@SIO, FA

Figure 4. Schematic representation of relaxivity enhancement on the incorporation of complex 5A
inside folate functionalized PSNs and further association with serum albumin protein. Folate-
mediated internalization of SA@SiO>—FA NPs and corresponding in vivo cancer-cell detection is

illustrated accordingly.

MRI being non-invasive, has become a prime molecular imaging modality to assess the initial
development, location, and size of the tumour site. Commercial GCBAs are mostly extracellular
and their usage has been restricted due to their link to renal toxicity. Consequently, there has been
a profound urge to develop alternative non-gadolinium-based contrast agents for targeted tumour
diagnosis. Manganese oxide-based nanocontrasts have exhibited improved sensitivity and hence
are widely investigated for molecular imaging of cancer cells. Despite substantial improvements,

relaxivity values for these systems are obtained to be lower than the Gd(lll)-based agents.

Page | xxii
TH-3359_186122030



Thesis Abstract

Additionally, poor bioavailability and internal toxicity are some important drawbacks that severely
impact their overall performance as potential in vivo contrast agents. Henceforth, there has been a
large scope to develop a suitable Mn(ll)-based nanoprobe that would render high relaxivity for
efficient tracking of tumour cells at the initial stage.

In this circumstance, Hatpada-based Mn(1l)-complex, 5A, was synthesized that exhibited
high thermodynamic stability (logKmn. = 14.67 and pMn = 8.80). 5A molecules were thereafter
incorporated inside amine functionalized porous silica nanoparticles forming 5@SiO,—NH2NP of
size 19.3 nm. Folic acid was further conjugated to the silica surface through amide linkage forming
5A@SiO>—FA NPs and characterized correspondingly. The finalized nanomaterial showed a
longitudinal relaxivity value of 21.51 mMs?, at pH ~ 7.4, 1.41 T, and 37 °C which improved to
40.97 mM st in the presence of 4.5% (w/v) BSA (to replicate the plasma model). Huge plausible
electrostatic and van der Waals interaction between nanoparticles and protein had been detected
following changes in the overall £ potential of the composite material from 16.4 mV (in the
absence of BSA) to -11.7 mV (in the presence of BSA) and TGA plots of dried samples. Moreover,
5A@Si0>—FA showed negligible change in relaxivity when challenged with 200 equivalent excess
physiological anions (biphosphate, bicarbonate, citrate, etc.) and 40 equivalent excess of Zn'' ions,

reflecting high kinetic inertness of the developed material.

Metal concentration-dependent phantom signal intensity enhancement (at 1.5 T and 25 °C)
and biocompatibility studies guaranteed the formation of a potential MRI contrast agent.
Furthermore, cell uptake studies of FITC-labelled 5A@SiO.—FA nanoparticles, conducted on the
HeLa and HEK?293 cell line, demonstrated the rapid internalization of the nanoparticles within an
hour. Hence, the inclusion of folate groups in the nanosystem utilized the folate receptor-mediated
pathway to enter the intracellular scape. This effect was further authenticated by injecting the
5A@SiO>—FA suspensions in cancer-infected C57BL/6 mice. MR images, recorded after 30
minutes of administration of the 5SA@SiO>—FA NP suspension, demonstrated a ~100% contrast
enhancement in the region where the cancer cells were accumulated, normalized to that of the
control mice (healthy mice, injected with the same dosage of 5SA@SiO.—FA NPs). A slight drop
in signal intensity was observed by 1 h and the significant contrast was evident till 4 h of contrast

administration, validating a longer retention time for the synthesized folate-modified nanosystem.
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Abbreviation

Symbols:
m/z : mass per charge
A :wavelength (nm)
& extinction coefficient (M-tcm™)
0. isomer shift
B : magnetic field
kex : Water exchange rate
T1 : longitudinal relaxation time
R: : longitudinal relaxation rate
r1 : longitudinal relaxivity
T» : transverse relaxation time
R> : transverse relaxation rate

ro : transverse relaxivity

x : multiplication

E : total energy

g = number of coordinated-water molecules
attached to metal ion

™ = residence time of water molecule

TR = rotational tumbling time

zc = correlation time defining dipole-dipole

J : coupling constant ( cm-1) /or Hz
S : electron spin

s : singlet

d = doublet

t = triplet

q = quartet

TR : repetition time

TE : echo time

Leff - magnetic moment (us)
v frequency

Ka : association constant

k : pseudo-first-order dissociation rate
constant

kobs : Observed rate constant

{': zeta potential
°: degree

@ : incorporated

Nepix : NUmMber average of confined
complex molecules/nanoparticle

rt : room temperature (30 °C)

relaxation
Units:
A: Angstrom s : second
cm : centimeter ms : millisecond
nm : nanometer Hz : hertz
mm: millimeter T : tesla
h : hour g:gram
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K : kelvin

M : molar

N : normal

Min : minute
mL : milliliter
mM : millimolar

uM : micromolar

Solvents and Reagents:
CHCI> : dichloromethane
CHClIs : chloroform
Et>0O : diethyl ether
EtaN : triethylamine
MeOH : methanol
EtOH : ethanol
CH3CN : acetonitrile
DMF : dimethylformamide
DMSO : dimethyl sulfoxide

THF : tetrahydrofuran

KBr : potassium bromide

KCI: potassium chloride

K2COs : potassium carbonate

MnCl2e4H,0 : manganese chloride tetrahydrate
GdClzexH20 : gadolinium chloride hydrate
ThCl3e6H20 : terbium chloride hexahydrate
DMEM : Dulbecco's Modified Eagle Medium

mg : milligram

ug : microgram

°C : degree centigrade
A : Angstrom

4B > bohr magnetron
mV : millivolt

ppm : parts per million

NH4OH : Ammonium hydroxide

TFA : trifluoroacetic acid

NaOH : sodium hydroxide

NaCl : sodium chloride

LiOH : lithium hydroxide

HCI : hydrochloric acid

H2SO04 : sulphuric acid

HNO:s : nitric acid

HPFe : hexafluorophosphoric acid

HEPES : 2-[4-(2-hydroxyethyl)-1-
piperazinyl]ethanesulfonic acid)

MES : (2-(N-morpholino)ethanesulfonic
acid)
TEOS : tetraethyl orthosilicate

APTES : (3-Aminopropyl)triethoxysilane
FA : folic acid

FITC : Fluorescein isothiocyanate

BSA : bovine serum albumin

MTT : (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide)
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Techniques:

NMR : nuclear magnetic resonance

IR : infrared

UV-Vis : ultraviolet-visible

ICP-AES : inductively coupled plasma atomic
emission spectroscopy

ICP-MS : inductively coupled plasma emission
spectroscopy

MS : mass spectroscopy
HPLC : High-performance liquid chromatography

Latin expressions:
et al.: and co-workers
e.g.: for example
VS.: Versus

viz.: namely

i.e.: thatis

FETEM : field emission transmission
electron microscopy

EDX : Energy Dispersive X-ray
TGA : Thermogravimetric analysis

DLS : Dynamic light scattering
EPR : electron paramagnetic resonance

ESI : electrospray ionization

EA : elemental analysis

tert-: tertiary
via.: through
vide supra : see above

vide infra : see below

ab initio : from the beginning
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Chapter I

1.1 Magnetic Resonance Imaging

MRI is one of the most effective imaging modalities to obtain useful three-dimensional images.*

This technique utilizes *H-NMR signals of water molecules to generate high-resolution anatomical
images of soft tissues. Water content varies in different regions inside our body. MRI machines
harness in vivo water protons to generate differential *H-NMR signals.2 Other imaging techniques,
e.g., X-rays, Computed Tomography scans (CT-scan), Positron Emission Tomography (PET), and
Ultrasound, use harmful ionizing radiation to penetrate inside the body. Being non-invasive, MRI
is advantageous and widely used for early physiopathological detection of endogenous

abnormalities.®

Magnet
Gradient Coils

Radio Frequency Coils

Bore

Patient Table

Figure 1.1. MRI scanner cutaway: basic components of a representative scanner.

A schematic diagram of a clinical MRI scanner is presented in Figure 1.1. It comprises of
following components: a superconducting magnet that generates a homogenous magnetic field;
gradient coils; radio frequency coils and the patient table in the perpendicular direction. The MRI
machine applies a radio-frequency pulse to generate a free-induction decay signal, which on
Fourier transformation by a signal-receiving computer, forms the image depending on the NMR
signals. Depending on the water proton distribution in different local environments, NMR signal

intensity varies resulting in detailed spatial-resolution imaging.*
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Figure 1.2. Alignment of water proton nuclei with respect to the applied magnetic field, during

the course of MRI experiment.

Elaborately, the patient’s body (sample) with an overall 70% water content (water
concentration varying in different tissues), is strongly influenced by the application of a static
magnetic field.® Primarily, unaligned water proton nuclei behave as small spinning magnets in the
presence of the external magnetic field, orienting themselves either along (low energy state) or
against (high energy state) the direction of the field. Henceforth, charged nuclei precess (Larmor
precession) in a larger population in the low energy state, consequently creating a population
difference that is largely dependent on temperature and magnetic field strength attained during
measurement.” When a radio frequency pulse resonating with the Larmor frequency of the protons
is applied, some of the proton nucler in the low energy state gain energy and go to the high energy
state changing their orientation, precessing in phase with the external magnetic field afterward.®
This phenomenon results in a decrease in net magnetization along the longitudinal direction of the
applied magnetic field, i.e., the z-direction. There is a simultaneous gain in net magnetization in
the xy-plane, also known as transverse magnetization. Turning off the radio frequency pulse
resulted in a gradual shift of the whole system to the initial equilibrium state, termed as relaxation
process.’ This causes a gain in longitudinal magnetization and a parallel loss of transverse
magnetization (Figure 1.3). The process of relaxation is classified in accordance with the way of

going back to the equilibrium state, as mentioned below.
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Figure 1.3. Changes in net magnetization while returning to the equilibrium energy state after the
radio frequency pulse. (A) Gain in magnetization along the z-axis. (B) Decay in magnetization

along the xy-plane.

Longitudinal relaxation (T relaxation)

The process of exponential increase in net magnetization along the z-axis (M), finally reaching
the maximum value (Mo) is termed as longitudinal relaxation (Figure 1.3A). Here, the excess
energy is dissipated to the surrounding lattice, and thus, also known as spin-lattice relaxation. Ty
is the time taken to reach 63% of the initial magnetization along the longitudinal axis, referred to

as longitudinal relaxation time. This relaxation process follows the following equation.
vT,
M = Mo(l—e )

Transverse relaxation (T2 relaxation)

Here, net magnetization in the xy-plane gradually diminishes because of the loss of spin coherence
(Figure 1.3B). This is also called spin-spin relaxation. T2 is the time in which magnetization

decreases to 37% of its original value, according to the following equation.

VT,

M =Me
Xy 0
Differential signals arise due to the biochemical changes in the local environments of soft
tissues under consideration, and depending on the variation of longitudinal (R: = 1/T:) and
transverse (R2 = 1/T>) relaxation rates of the water molecules, and thereby images are constructed

depicting abnormalities.’® In T1-weighted imaging, tissues with short T1 appear brighter since most
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of the longitudinal magnetization is regained. In T2-weighted imaging, tissues with short T, appear

darker as the complete signal is lost faster. Ty and T» are highly sensitive to the environment.

1.2 MRI Contrast Agents

In the MR imaging technique, intrinsic sensitivity is improved by employing certain paramagnetic,
superparamagnetic, or ferromagnetic substances, known as contrast agents (CAs).X In vivo
administration of these external chemical agents, prior to the imaging, leads to diverse endogenous
distribution across the body and immediately influences the relaxation rates of water protons in
the local surroundings.! Henceforth, a difference in signal intensity between normal and diseased
tissues is achieved, creating useful contrast in the recorded images that helps in the early

identification of abnormalities in a relatively shorter time span (Figure 1.4).%°

Pre Contrast Post Contrast

Figure 1.4. MRI scans performed before and after the administration of the contrast agent.

The usage of these contrast agents has been popularised nowadays, and at present,
approximately 40 % of clinical MRI measurements are carried out in the presence of contrast
agents.'? CAs are capable of efficiently accelerating both the longitudinal and transverse relaxation
rates (Ri = 1/Ti, i = 1 or 2; Figure 1.5). Meanwhile, they are broadly classified into two groups

depending on their dominant effect.™®
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Figure 1.5. Effect of contrast agent on the relaxation process of water protons.

T1-Contrast Agents

These compounds are mostly based on paramagnetic metal ions, viz., high spin Gd(I11), Mn(ll),
and Fe(111) ions.** They have a large number of unpaired electrons and thus offer a strong magnetic
moment producing a fluctuating magnetic field. This, consequently, fastens the longitudinal
relaxation process of water protons in the vicinity thereby lowering the T: relaxation time and
simultaneously improving the signal intensity. Since they impart a brightening effect in the region

of accumulation, are also known as positive contrast agents.*’

T»o-Contrast Agents

Superparamagnetic and ferromagnetic substances, especially iron oxide nanoparticles, behave as
small moving magnets and impose large anisotropic magnetic susceptibility.®® They effectively
dephase the transverse magnetization reducing the transverse relaxation time T2. This consequently
resulted in dropping signal intensity, and hence these compounds are termed as negative contrast

agents.

1.3 Relaxivity and Solomon-Bloembergen-Morgan Theory

The contrast ability of the administered external chemical agent, CA, is quantized in terms of
relaxivity value. It is defined as the change in the relaxation rates of water protons, per mM
concentration of the paramagnetic ions.'® The efficiency of a CA is thus been determined by its

high relaxivity value. In an aqueous medium, the paramagnetic ions move in Brownian motion,
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generating a moving magnetic field that catalytically increases the water proton relaxation rates
(both longitudinal and transverse rates), engendering a paramagnetic relaxation enhancement
(PRE) effect.*® In an aqueous solution containing the paramagnetic ions, the observed relaxation
rate, (1/Ti)obs, IS an additive resultant of the diamagnetic and paramagnetic relaxation rates, as

illustrated in equation (1).
(UTi)obs = (UTi)a+ (LITi)p i=1,2 (1)

Where, (1/Ti)ons = Observed relaxation rate of water protons in an aqueous solution containing
paramagnetic ions; (1/Ti)q = relaxation rate of the proton nuclei in the absence of any paramagnetic
contrast species; and (1/Ti), = paramagnetic contribution to the relaxation rate due to the presence

of paramagnetic ions.

Thus, from this paramagnetic relaxation enhancement effect we observe the direct
dependence of the relaxation rate of solvent protons on the millimolar concentration of the
paramagnetic ions, [M]. This linear dependence is represented in equation (2). Relaxivity (ri) is
the slope of the linear regression of relaxation rate versus paramagnetic agent concentration and is

expressed in the unit of mM™s2.
(1/Ti)obs = (L/Ti)a + ri[M] i=12 2)

The PRE effect involves chemical interaction between the paramagnetic ion and aqueous
protons, thereby altering the relaxation process. The extent of influence on the relaxation rate is
pivoted on the distance and time of interaction. It depends on the interaction with water molecules
that are directly coordinated to the paramagnetic metal center (inner coordinated water molecules)
as well as the water molecules in the outer coordination sphere, which affects the system through
hydrogen bonding, residency time, diffusion constant, etc. (Figure 1.6).}” Thus, the overall
relaxivity value of the contrast agent is the summation of the relaxation rate contribution from both
the immediately bound water molecules, (1/Ti)'S, and the bulk (1/T;)°5.

(UTi)p = (UTH)'S + (UT;)®S i=1,2 (3)
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The inner-sphere relaxation rate is largely affected by the exchange of water molecules
within the coordination sphere of the paramagnetic metal ion and the bulk; the relation is depicted

in equation (4).
(:|./T1)IS = Pma/(Tim + v) (@)

Here, Pm represents the mole fraction of paramagnetic metal ion; q is the number of directly
coordinated water molecules, pet metal ion; Tim stands for relaxation time of the bound water

molecule; and v is the mean water residence time.

2  Outer sphere

Figure 1.6. Schematic representation of selected factors that govern relaxivity of proton nuclei in
the presence of paramagnetic contrast agent.

The inner-sphere relaxation process is governed by dipole-dipole through-space
interactions along with scaler (through direct contact) interactions, described by a set of analytical
equations, known as Solomon-Bloembergen-Morgan (SBM) equations [equation (5) and (6)].18

According to this theory, the relaxation time of the bound water molecule, Tim is explained as

given below.
1 2 y%2g%ugs(s+1) 31¢1 7Tc2
Tym 15 A 1+ w32 + 1+ w2T2 ®)
im MH H*C1 stc2
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RIS SO SO (6)

TC Tm T1e Tr

Here, y = proton gyromagnetic ratio, g = electronic g-factor, S = total electron spin of the metal
ion, ug = Bohr magneton, r = distance of proton from the metal ion, s and ax are electronic and
proton Larmor precession frequencies, respectively, zc = correlation time defining dipole-dipole
relaxation, T1ie = longitudinal electron spin relaxation time, ™ = residence time of water molecule,

and wr = rotational tumbling time of the whole molecule.

Equation (4)-(6) signified that an increase in g along with a faster water exchange rate
(short zm value, about 10 ns) would directly elevate the inner-sphere relaxation rate. The SBM
theory emphasizes the effect of elongating the rotational correlation time (tr) to elevate the
relaxivity value without compromising with stability of the contrast moiety. By optimizing all
these governing parameters, remarkable relaxivity values could be achieved. This theory is
applicable in designing contrast agents for most cases of the MRI scans, except for very low
magnetic fields.

1.4 Paramagnetic Contrast Agents

Gd(l11) ion with 7 unpaired f-electrons provides a high magnetic moment (7.9 BM) and an entirely
symmetric electronic ground state (8S7y,) that is ambient for long electronic relaxation time (107-
10 s).121% These features enable the suitability of Gd(Ill) ion-based compounds to fasten the
relaxation rate of solvent protons, and thus, these are effective as Ti-weighted contrast agents.
However, aquated free Gd(l11) ion is non-biogenic and highly toxic.?’ Leaching and long-term
endogenous retention have been reported to affect the central nervous system and develop
nephrogenic systemic fibrosis (NSF) in patients with kidney diseases.?! Efficient chelation with a
proper ligand framework is used to mitigate the health hazards of free metal ions. Gd(lIl) ions
having hard Lewis acid character, prefer N- and O- donors containing organic ligand framework
to form stable chelates.?? Clinically used Gadolinium Based Contrast Agents (GBCAs) are Gd(111)
based complexes with linear or macrocyclic ligand backbones (Figure 1.7) with relaxivity values
in the range of 3-5 mMs? at 1.41 T and 37 °C.*%
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Figure 1.7. Some commercially administered contrast agents and their relaxivity values, obtained
in water, at 37 °C and 1.41 T.

Physiologically important endogenous Ca(ll) and Zn(ll) ions have a similar ionic radius to
that for Gd(111) and pose a threat for transmetallation to the GBCAS, thereby releasing toxic Gd(111)
ions which causes nephrogenic systemic fibrosis (NSF).® It also disturbs the Ca(ll)-driven
signaling process. Studies have shown accumulation of gadolinium in kidneys, brain, skin, and
heart after prolonged usage, resulting in adverse health impairment and even death (Figure 1.8).2*
In fact, U.S. Food and Drug Administration (FDA) and Europan Medicines Agency (EMA) have
recently restricted the usage of clinically approved, kinetically labile Gd(I11)-based MRI CAs made
of acyclic linear ligands.® Macrocyclic ligand-based complexes with challenging synthetic
procedures, have major concerns about low thermodynamic stability and offer limited scope for

ligand improvisation.
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Figure 1.8. NSF pathophysiology: transmetalation and deposition of GCBAs affecting different

organs.24ap

Mn(I1) and Fe(l11) ions in the high-spin state contained five unpaired electrons (et = 5.9
BM) and shorter M™-water proton bond distance (2.5-2.8 A).?® Hence, these have been considered
as plausible substitutes for Gd(111) ions. Nonetheless, both of the ions belong to the 3d transition
series and did not provide additional stability through d-orbitals splitting (CFSE = crystal field
stabilization energy). These metal ions are biogenic and essential nutritional elements.?” Although,
higher retention of Mn(l1) ions leads to Parkinson-type disease called “Manganism”.?® Therefore,
efficient complexation and fortification are urgently required for designing new generation CAs.
Mn(I1)-based chelates predominate over the Fe(lll)-analogs as the latter are often devoid of inner

sphere water molecules and form oxo-bridged clusters, offering very low relaxivity values.?

In Mn(11)-based complexes, stable systems could be achieved by designing an appropriate
organic framework that offers strong metal ions-ligand interactions.®® In this regard, the
development of low molecular weight, slowly rotating seven-coordinate Mn(lIl)-based chelates
with a high spin value (S) and adequate inner sphere water-coordination sites (q) have been the
primary interest.3! Moderate crystal field stabilization and less positive charge for the Mn(ll)
system compared to the lanthanide Gd(Ill) analog can be compensated by chelation with an
efficiently rigid ligand framework with appropriate geometry. It imparts vital stability and
inertness, balancing other physicochemical parameters (like water exchange rate, relaxation
properties, etc.) establishing the field of Mn(ll)-based MRI contrast agents. To date, only one
Mn(I1)-complex was clinically approved, named Mn-DPDP or Teslascan®; however, discontinued
recently. Unlike Gd(I11)-complexes that are mostly responsible for extracellular contrast, Mn(ll)-
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ion-based system, being endogenous to the living body, can easily penetrate the cell membrane.?
Proper improvisations in ligand designing can furnish bio-responsive contrast agents that can
selectively target the local diseased environment. Correspondingly, a series of linear or
macrocyclic ligand skeletons have been thoroughly studied for Mn(Il) complexation, as an
alternative to GCBAs (Scheme 1.1).24¢33
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Scheme 1.1. Acyclic ligand frameworks used for Mn(11) chelation.

Most polyaminocarboxylate ligands are incapable of providing sufficient kinetic inertness
and lead to rapid leaching of free Mn(l1) ions on in vivo administration.?®® The pyridine unit being
a o-donor and m-acceptor ligand, has been recognized as the important ligating unit to impart
stability in Mn(11) complexes with acyclic coordinating ligands.3%34 As a result, the inclusion of
pyridine in the ligand motif increased the rigidity of the chelating backbone and contributed to

improving thermodynamic and Kinetic stability. Penta- and hexadentate ligand frameworks
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including picolyl, picolinate, and acetate units are thus designed and explored to form
thermodynamically stable chelates. The paramagnetic metal chelates with ambient lipophilic
character are achieved by the association of pyridyl or benzyl units, which facilitated further
attachment to biomacromolecules (e.g., albumin proteins) to modulate the rotational correlation

time and enhance proton relaxivity.*

Despite vast comprehensive studies, an ideal balance of different contradicting factors
(hydration number, water exchange rate, rigidity, dissociation Kinetics, etc.,) in complex designing
has still not been achieved. In addition, low retention time in the blood vessel post in vivo
administration and rapid clearance of the contrasting probe is a major limitation of the recently
explored contrast agents. This paves a scope for further modulations in novel ligands and

corresponding complex systems.

1.5 Nanoparticle-based Contrast Agents

From the interpretation of SBM theory, we summarize the method of modulating the relaxation
rate by optimizing hydration number (q), rotational correlation time (zr), and the water exchange
rate (om).%® Increasing the hydration state obviously increases relaxivity, but comes with the
limitations of lowering thermodynamic and kinetic stability, both of which are extremely crucial
factors, especially for the Mn(ll) chelates.?®® Hence, reducing the tumbling rate (zr) is a better
pathway to increase the relaxation rates. It is done by the covalent or non-covalent association of
complexes or metal salts with biological macromolecules or nanostructures. Literature shows the
successful surface grafting or confinement of metal silicates, oxides, or even chloride salts inside
mesoporous silica nanoparticles (Figure 1.9).%” Nanoparticulate MRI contrast agents are non-
classical, which are more sensitive, efficient, and therefore a flourishing topic. They offer large
surface area and pore volume that can be exploited judicially to make target-specific, less toxic,
and stable contrast agents.®® They have been extensively studied to effectively increase the
relaxivity value per metal ion. Biological factors (changes in pH, enzymes, or micronutrient
concentration) can trigger physicochemical alterations in the nano-contrasting systems causing
differences in relaxivity, and hence, are more sensitive MRI contrast agents.® The porous silica

matrix is biocompatible, allows rapid access of water molecules to the nanocore, and provides a
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longer retention time inside the body, imparting efficient contrast for long-term MR imaging

analyses, e.g., oncological imaging.*
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Figure 1.9. Some examples of paramagnetic nano-contrasts. 3¢

Non-covalent nanoconfinement of the thermodynamically stable metal complexes inside
porous silica nanoparticles (PSNs) is expected to lower the overall tumbling rate and increase
water accessibility simultaneously.** This strategy can also help in imparting useful kinetic
inertness to the metal chelate against scavenger ions, hence improving the comprehensive stability.
The localization of multiple paramagnetic molecules within a nanosphere is anticipated to promote

r> relaxivity concurrently, by imparting a superior extent of spin — spin interactions. As a result, a

T. or a T1— T2 dual contrast agent can be designed. Furthermore, the fabrication of appropriate

functional groups (folate, fibrin, protein, or ion-sensing organic fragments) onto the nanoparticle
surface can evolve “smart” contrasting probes that are more specific to biochemical changes in the

local environments.*? Proper improvements and adaptations may help in designing paramagnetic
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complex incorporated porous silica nanoprobes that are specific to pathological needs, in the

clinical field.
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Scheme 1.2. Ligand frameworks synthesized and discussed in the thesis.

In this thesis, syntheses of the mentioned series of novel ligand frameworks have been
discussed (Scheme 1.2). Aiming to introduce rigidity to the ligand skeleton, hydroquinazoline,
polyaminopicolate, pyridyl, or alcohol fragments are included. Furthermore, the addition of chiral
attributes is anticipated to increase stability. The corresponding Gd(l11) or Mn(lIl) chelates have
been extensively studied as potential MRI contrast agents with the following properties: (i) high
relaxivity, (ii) presence of inner-sphere water molecule (q), (iii) kinetic inertness, (iv) high
thermodynamic stability, and (v) optimum water exchange rates, tumbling rate and water residence
time. Incorporation strategies of the paramagnetic chelates inside the porous silica nanoparticles
and their physicochemical studies have been reported onwards. In-vitro or in-vivo MRI

applicability of novel contrast systems has been correspondingly established.
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Chapter 11

2.1 Introduction

Recently, adverse health effects have caused rising concerns from different regulatory agencies
like the FDA, EMA, etc., regarding the usage of gadolinium-based contrast agents (GCBAs).! It
created a pressing urgency to shift the focus toward manganese-based contrast agents as a safer
alternative.> Mn(11) ions with five unpaired electrons are more biogenic as well as have favorable
electronic properties and short metal-water proton effective distance to enhance the relaxation
rates of water protons.® However, it lacks crystal field stabilization energy (CFSE), hence efficient
ligand framework is required to thermodynamically and kinetically stabilize the corresponding
complex. There is only one commercially used Mn(Il)-based CA, [Mn(DPDP)]*, exhibiting a
relaxivity value of 1.6 mMstat37°Cand 1.5 T.#

According to the SBM theory, the relaxivity value is directly proportional to the number
of coordinated water molecules in the primary sphere (g) and inversely proportional to the overall
rotation correlation time (zr).> Therefore, there is an urge to develop novel thermodynamically
stable and kinetically inert slowly tumbling Mn(ll)-based complex with multiple inner-sphere
water molecules. Rigidification and preorganization of the ligand backbone are very important
aspects to impart a useful stabilizing effect on the coordinated complex.® Picoly and picolinate
units are particularly included in the ligand framework to maintain a balance between rigidity,
thermodynamic, Kkinetic, and hydration properties governing the relaxivity of the corresponding
complex.” Comba, T6th, and colleagues stated the importance of introducing strain to the ligand

motif to improve the kinetic inertness of the corresponding Mn(11)-complex.®

For the Mn(l1) system, by restricting the ligand coordination to five, two inner-coordinated
water molecules could be accommodated and that would be rapidly exchanged with bulk water.
Previous investigations described this as a direct strategy to effectively accelerate the water proton
relaxation rate irrespective of the applied magnetic field strength.® Some bis-aquated Mn(lI)-
complexes are presented in Figure 2.1 along with the relaxivity values.3*®41° However, this tactic
of elevating relaxivity adversely affects the thermodynamic stability of the complex, resulting in
the spontaneous release of free Mn?* ions. Conditional stability constant values (logK§,,.) of some
Mn(I1)-complex with one or two coordinated water molecules are listed in Table 2.1.2262102 Thjg
data reflected the inversely proportional relationship between hydration number and

thermodynamic stability.
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Figure 2.1. Some bis-aquated Mn(ll)-based complexes along with respective relaxivity values,

measured at 25 °C.

Table 2.1. Conditional stability constants of some Mn(11)-based complexes.?*62102

Mn(I1) system q value logK ¥y, PH ~ 7.4
EDTA 1 11.02
CDTA 1 12.64

15-pyNs 2 7.72

15-pyNsO» 2 5.20

PMDPA 2 6.82
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For Mn(1l)-complexes, reducing the rotational correlation time (zr) is another indisputable
strategy adopted to significantly improve relaxivity. This could be done by covalent or non-covalent
binding of the paramagnetic complex unit with biological macromolecules e.g., peptides, proteins,
lipids, etc.!! Serum albumin being one of the most abundant components of blood plasma and
extracellular space, is largely targeted by the contrast agents.'? The incorporation of phenyl and
pyridine appendants in the ligand framework increases the overall aromatic character, enhancing
the interaction strength with the hydrophobic pockets of the albumin protein moiety (Figure 2.2).
Such interaction results in a concurrent increase in relaxivity and circulation time of the contrasting

metal complex (Table 2.2). 1213

Q‘{\i o OH OH
O, Qe JU
N I\'I\)]\OH ° OH
HJ\[N,\H,OH \Q\/E ,\IrOH

@]

=

=z

o) o)

O oH O oH

EDTA-BTA BnO-TyrEDTA

N {
\ o Jl )

— N~ o ®

N N OH
@A NN g \)_>=0 o=<_ N?
N HO N N

G e
N\_/N K/N\)
o A () ~ e

1,4-DO2AMBz PC2A-BP EOB-PC2A
Figure 2.2. Ligand framework with phenyl and pyridine units, used for Mn(Il)-complexation.

Most of the commercially used hydrophilic contrast agents undergo renal clearance and
rarely impact any contrast in abdominal organs.'* Unlike extracellular GCBAs, the enhanced
lipophilic character of these improvised Mn(l1)-based complexes also helps in cell permeability,
thereby improving their organ-specific properties. The inclusion of the phenyl group in the ligand
backbone has specifically proved to increase the hepatic uptake of the contrast agents and hence,

could be used as potential liver-specific contrast agents.®>132b
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Table 2.2. Comparison of relaxivity, serum affinity constants, and octanol-water partition

coefficients (lipophilicity) of few Mn(Il)-based systems.12>13

rr(mM-1s?) rz(mM-is7?) ri® (mM-1s1) Ka (M)
log P
Water Se””T‘ Water Se“‘”.‘
albumin albumin
Mn-PC2A-BP* 045  3.80 23.50 _ _ 35.7 2 51x10°
Mn-1,4- _ 35 17.50 _¢ _ 27.4 1.90x10°3
DO2AMBZ
Mn-EOB-PC2A° — 2.83 5.85 5.27 14.31 _ _
Mn[EDTA- 184 35 151 49 345 S 95
BTAJ
Mn-BnO- 018 434 15.81 6.21 20.70 1 _
TyrEDTA®
Mn[EDTAF  -227  2.83 3.46 3.90 457 B _

bExperimental condition: 0.7 mM BSA, at pH ~ 7.4 (HEPES), 0.49 T, and 37 °C. PExperimental condition: 0.67 mM
HSA, at pH ~ 7.4, 0.49 T, and 25 °C. “Experimental condition: 0.67 mM HSA, at pH ~ 7.4 and 1.5 T. “Experimental
condition: 0.67 mM HSA, at pH ~ 7.4, 1.5 T, and 24 °C. ®Experimental condition: 0.67 mM BSA, at pH ~ 7.4, 0.47

T, and 32 °C.

To balance the contradictory key factors of hydration number and stability, herein we have
reported the novel pentadentate ligand with rigid hydroquinazoline and two picolinate appendants
and its corresponding Mn(lI1)-complex adopting a planar geometry with two coordinated water
molecules in the axial position. The inclusion of the hydroquinazoline unit in the ligand framework
has triple advantages: 1) this unit reduces the flexibility of the corresponding bis(aquated) Mn(l1)
complex, imposing high thermodynamic and kinetic stability, 2) the phenyl ring present in the
hydroquinazoline unit fortifies the interaction of the chelate with albumin protein; as a result,
enhances relaxivity and the circulatory lifetime of the chelate, and 3) the additional lipophilicity
of the unit accompanied by the picolinate moieties have exerted an amphiphilic nature. The
obtained complex, therefore, could be uptaken by hepatocytes to some extent along with regular

renal pathway facilitating the imaging options of both systems.

Page | 31
TH-3359_186122030



Chapter 11

2.2 Syntheses and Characterization of Ligand Li2[Benz(pic):]

NH
. N CH,OH HN
P (0] L
N 1t, 16 h 2Ny
NH, NH, O o o
~N
o)
1, Yield = 86 %
\
| s
~~
N
o
CH4CN, DIPEA, K,
60 °C, 20 h
\ (i) LiOH, THF/H,0,
HN N O rt, 48 h
N - HN— NP2
Z N _/ OLi (i) CH;OH 7N
I
X oLi =N =/ P
|l
! o
~N
Liz[Benz(pic);] 0
Yield = 92 % 2, Yield =70 %

Scheme 2.1. Schematic representation for the synthesis of ligand Liz[Benz(pic):].

The pentadentate ligand Li>[Benz(pic)z] was prepared as presented in Scheme 2.1.
Equivalent amounts of 2-aminobenzylamine and methyl 6-formyl-2-pyridinecarboxylate were
reacted in a methanolic medium to obtain compound 1 with 86% yield. The isolated compound
was then reacted with one equivalent of methyl 6-(bromomethyl)picolinate in CH3CN, in the
presence of N, N-diisopropylethylamine (DIPEA), and KI, to yield compound 2 at a 70% vyield.
Upon base hydrolysis by LIiOH in the THF/H2O solvent mixture in a ratio of 3:1, the expected
ligand Li2[Benz(pic).] was acquired as a white solid in 92% yield. The isolated ligand was further
characterized by FTIR, ESI-MS, 'H'NMR, and *3C-NMR, spectroscopic techniques.

The infrared spectra of the synthesized ligand are depicted in Figure 2.3A. A broad band
with a hump at 3482 cm™ and centered at 3359 cm™ appeared corresponding to the vo 1 (water)
and vn_n (secondary amine) stretching, respectively.> Minor peaks in the region 3100-2859 cm'*

were observed due to aromatic and non-aromatic vc_w stretching. The vc=0 asymmetric stretching
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due to the two carboxylate groups appeared at 1615 cm™, which is lower than the vc=o stretching
of the free acid group (~1710 cm™), implying the presence of the carboxylate group as the
corresponding Li-carboxylate salt.*>® The sharp peaks at 1584 cm™ and 1574 cm™* correlated with
the characteristic aromatic vc=n stretching (pyridine group) and vn-n bending (secondary amine)
respectively.® The vc=o symmetric stretching was observed at 1427 cm™ and vc o stretching

appeared at 1264 cm™.

(A) (B) Simulated
J|ICHNOT  [CHNOLIT
T 389.1249 395.1322
§
389.1246 ®
2
0 ™~ &
= I= &
o
X 3
O 387 390 393 396 399
m/z
395.1329=—
I 1 | | II A

3500 2800 2100 1400 700 387 390 393 396 399
Wavenumber, cm” m/z

Figure 2.3. (A) FTIR and (B) ESI-MS (—ve) spectra of ligand Liz[Benz(pic)z]. The simulated

spectrum is given as an inset.

The electrospray ionization mass spectrum (ESI-MS) of ligand Li>[Benz(pic)2] in aqueous
medium was recorded in the negative mode showing a 100% molecular ion peak at m/z = 389.12
(Figure 2.3B). The isotope distribution pattern of the observed mass corresponded to the
composition of the ligand [C21H17N4O4]". Another minor peak appeared at m/z = 395.13

corresponding to the composition of ligand [C21H1sN4O4Li] .

The *H NMR spectrum of ligand Liz[Benz(pic)z] in D20 solvent (Figure 2.4) showed
signals in the region ¢ = 7.82-6.82 ppm, corresponding to 10 aromatic protons present in two
pyridine and one benzene units. A sharp singlet peak at 6 = 5.31 ppm appeared for the substituted
—CH proton, adjacent to the picolinate unit. Non-aromatic signals in the range ¢ = 4.02-3.75 ppm
were due to 4 protons of two methylene units adjacent to the tertiary amine. The *C NMR
spectrum of the ligand in D20 solvent represented 21 characteristic signals for 21 different kinds
of carbon atoms present in the ligand.
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Figure 2.4. *H NMR spectrum of ligand Li>[Benz(pic).] in D20 solvent.
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Figure 2.5. 3C NMR spectrum of ligand Liz[Benz(pic).] in D20 solvent.
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2.3 Syntheses and Characterization of Bis-aquated Mn(l1)-Complex
of Ligand Li2[Benz(pic)2], 2A

OH,
HN N
HN— N O MnCl,e4H,0 \| T A
N —_— - N-—Mn/N =
Z N — oLi H20, pH~6.5, N’ N
| NaOH /
_ . : 07 g
OLi 0O:
O
Lio[Benz(pic),] Complex 2A; [MnBenz(pic),(H,0),]
Yield =42 %

Scheme 2.2. Schematic representation for the synthesis of complex 2A, [C2:H20N4OsMn].

Mn(Il)-complex, 2A, was prepared by reacting stoichiometric amount of the ligand Liz[Benz(pic)2]
and MnCl2e4H-0 in an aqueous medium at pH ~ 6.5, attained by dilute NaOH solution. After 24
h, the reaction mixture was evaporated and the methanolic solution of the resultant solid was kept
under a diethyl ether diffusion environment for 5 days. The complex was obtained as white solid,
and thoroughly washed with diethyl ether. However, repeated trials to obtain single crystals
suitable for X-ray diffraction analyses from aqueous or any other solvent medium were

unsuccessful.

The synthesized complex was characterized by FTIR and ESI-MS spectra analyses. The
infrared spectrum showed a broad band with two blunt peaks at 3473 cm™ and 3388 cm™ due to
the vo_n (water) and vn-n (secondary amine) stretching, respectively (Figure 2.6A). The vc-o
asymmetric stretching peak appeared at 1622 cm™, showing a slight shift from the corresponding
band position of the ligand (1615 cm™). The positive mode ESI-MS spectrum of the aqueous
complex 2A solution showed a 100% molecular ion peak at m/z = 444.0519, which corresponded
to the composition [C21H16N4OsMn + H]* for the Mn-complex (Figure 2.6B). This is also reflected
in the isotropic pattern analysis. The purity of the complex (>95%) was ascertained by the presence

of a single dominant peak in reverse phase HPLC-UV measurement (Figure 2.7).
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Figure 2.6. (A) FTIR and (B) ESI-MS (+ve) spectra of complex 2A. The simulated spectrum is
given as an inset.
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Figure 2.7. HPLC-UV analysis of (A) Blank and (B) complex 2A (tr = 6.82), detected at 214 nm.
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To analyze the physicochemical and relaxometric properties of the Mn(ll)-complex,
determination of hydration number is crucial. Literature depicted the existence of Mn?* ion as
either a six— or seven—coordinated complex.>*%112 The synthesized pentadentate ligand
Li>[Benz(pic)z] could generate either a six—coordinated complex with one inner-sphere water
molecule or a seven—coordinated complex with two inner-sphere water molecules. Considering
the inability to grow X-ray-suitable single crystals of complex 2A, we employed DFT-level
optimization to determine the optimal structure of the same. The computational simulations were
performed using the Gaussian 16'® program and visualized with the GaussView V.5.0916
packages. The calculations were done at the ®B97XD*¢/cc-pVDZ*® level. Using long-range
corrected RS-functionals was advantageous since the range separation parameter (®) provided a
better description of the charge transfer prospect in the calculations.®® Moreover, the use of all-
electron basis sets (cc-PVDZ), including the transition metal atoms for the system, maintained
consistency throughout the calculations. Global minima in the energy landscape were determined

by performing subsequent frequency calculations on the optimized structures.

Mn1-N1 2.012A (B)
Mn1-N2 2.449 A
Mn1-N3 2.047 A
Mn1-02 1.967 A
Mn1-03 2.016 A
Mn1-04

Figure 2.8. The DFT-optimized structures of complex 2A with some selected bond distances; (A)

mono-aquated form, and (B) bis-aquated form.

Our calculations involved varying considering complex frameworks with mono-aqua or
bis-aqua coordination and we screened DFT-optimized structures to identify the most probable
configuration, represented in Figure 2.8. The relevant computed binding energy was found to be
-29.32 Kcal/mol and -43.16 Kcal/mol for the optimized mono-and bis—aquated complex
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structures, stability exhibiting the highest thermodynamic of the latter one. The theoretical
simulation data verified the fact that ligand coordination around the Mn(I1) is most likely to be in
a planer disposition. So, the coordination of water molecules along the axial positions i.e., above
and below the ligand mean plane, was favorable. The addition of a second water molecule had a
significant impact on the complex's geometry, enhancing its inherent stability through the aquation
process. When a single water molecule was attached at an axial position, the complex exhibited
noticeable distortion, as seen in the optimized structure (Figure 2.8A). However, the addition of a
second water molecule to the Mn center relieved torsional strain, resulting in a planar orientation

around the metal center in the overall structure (Figure 2.8B).

The theoretical simulated structural data favored the existence of 2A as a seven-
coordinated Mn(ll)-complex. Three nitrogen and two oxygen atoms of the ligand chelated along
the pentagonal equatorial plane and two water molecules occupied the axial positions. The
obtained bond lengths were in accordance with similar Mn(ll)-based complexes reported

previously.t’

Furthermore, the existence of two inner-coordinated water molecules for complex 2A (q =
2) was further supported by the concentration-dependent paramagnetic chemical shift studies,

obeying equation (1).2%%f

— q[Mn] g.S(S+DBg (Ao
At = Acoobs — Adoref = 1 == o (h) @

Where, wp, wobs, and wrer represented the paramagnetic chemical shift, observed chemical
shift, and chemical shift of proton in the absence of paramagnetic ions, respectively. Bo is the

applied magnetic field, (%) represented the hyperfine coupling constant, and other symbols have

their usual meanings. According to this equation, the hydration number can be determined from

the slope of the linear plot of Aay versus paramagnetic concentration, at a fixed temperature.

The 'H NMR analysis of complex 2A solutions in H,0/D20 medium (1:2), evidenced an
increase in paramagnetic chemical shift with increasing [Mn(l1)] concentration, at 55 °C and 9.4
T (Figure 2.9). A similar experiment was done for the mono-aquated Mn(EDTA) and
Mn(AIcDPA) complex. The slope for 2A was found to be ~ 2-fold higher than that for the
previously reported Mn(EDTA) complex, suggesting the presence of two metal-coordinated water

molecules in complex 2A.
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Figure 2.9. 'H NMR resonance shift for complex 2A, [Mn(EDTA)(H:0)], and
[Mn(AlcDPA)(H20)] as a function of [Mn(ll)] concentration. Measurements were done at 9.4 T
and 55 °C.

Table 2.3. Optimized coordinates of the mono-aquated form of complex 2A.

N 19.2263 -12.5599 0.6699
C 18.6819 -12.9906 -0.6452
C 18.3006 -14.4548 -0.5024
C 17.1435 -15.0493 -0.9821
C 16.903 -16.3862 -0.6492
C 17.7689 -17.0462 0.2183
C 18.891 -16.3638 0.6766
N 19.1843 -15.1339 0.235
Cc 19.7353 -16.8049 1.8672
0] 19.6268 -17.925 2.3207
Cc 20.0259 -11.3387 0.5417
Cc 21.2838 -11.661 -0.2303
N 21.6862 -12.9368 -0.1289
C 22.7691 -13.3586 -0.7979
C 23.5246 -12.4984 -1.5867
C 23.1256 -11.1698 -1.6879
Cc 21.9807 -10.7454 -1.0099
0] 20.433 -15.8109 2.3386
0] 22.2402 -15.4561 0.1301
Mn 20.839 -14.3579 1.0757
o 22.2522 -13.9581 2.6317
C 23.0834 -14.8454 -0.6288
o 24.0611 -15.2993 -1.1995
C 18.1322 -12.4496 1.6461
Cc 17.0016 -11.5789 1.1536
Cc 16.7954 -11.4574 -0.2292
N 17.604 -12.1608 -1.1324
Cc 16.172 -10.8773 2.0296
C 15.1505 -10.0593 1.5578
C 14.9627 -9.9302 0.1805
C 15.7756 -10.6234 -0.7075
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Table 2.4. Optimized coordinates of the bis-aquated form of complex 2A.

19.505
16.4418
16.008
17.5824
19.4778
20.2953
24.3946
23.69
21.6289
21.9811
17.7771
18.5494
17.796
16.342
14.5107
14.1712
15.621
23.1217

-12.9358
-14.4635
-16.8873
-18.0529
-10.5084
-11.0104
-12.9041
-10.4656

-9.7156
-14.7834
-13.4706
-12.0587
-11.6674
-10.9708

-9.5195

-9.2864
-10.5309
-14.1799

-1.3713
-1.5746
-1.0218
0.5914
0.0603
1.5578
-2.1023
-2.3015
-1.087
3.0803
1.861
2.585
-1.9939
3.1053
2.2566
-0.2071
-1.7851
2.2695

N 19.1678 -12.7646 -0.2864
C 18.0884 -13.3842 -1.0268
C 17.7572 -14.7188 -0.3761
c 16.4524 -15.1874 -0.2786
C 16.228 -16.4507 0.2656
c 17.3176 -17.1965 0.6911
C 18.5899 -16.6445 0.5696
N 18.8147 -15.4287 0.0473
C 19.8133 -17.4006 1.0634
O 19.6753 -18.5317 1.496
c 19.8436 -11.7235 -1.0327
Cc 21.3165 -11.6893 -0.7129
N 21.9056 -12.8592 -0.4203
Cc 23.2373 -12.8618 -0.2306
Cc 24.024 -11.7177 -0.3167
C 23.4063 -10.5052 -0.5907
Cc 22.0291 -10.4944 -0.79
(0} 20.9025 -16.7151 0.977
O 23.0195 -15.1547 0.2495
Mn 21.0136 -14.8733 0.1491
0} 21.3431 -15.7117 -1.7962
6] 21.0456 -14.4129 2.2406
c 23.8761 -14.2069 0.0892
6] 25.0913 -14.2749 0.1677
c 18.7039 -12.3268 1.0314
Cc 17.4683 -11.4603 0.9314
Cc 16.6402 -11.5828 -0.1974
N 16.9136 -12.542 -1.1859
Cc 17.1476 -10.5146 1.9073
C 16.0326 -9.6924 1.7817
Cc 15.2265 -9.8066 0.6476
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c 15.5245 -10.7446 -0.3325
H 18.4702 -13.6191 -2.0325
H 15.6388 -14.5533 -0.6265
H 15.2126 -16.8403 0.3559
H 17.2337 -18.1911 1.1274
H 19.7492 -11.9464 -2.1082
H 19.3993 -10.7219 -0.8806
H 25.096 -11.8258 -0.1561
H 23.983 -9.5805 -0.648
H 21.4984 -9.5667 -1.0101
H 20.9824 -16.6083 -1.7606
H 22.2858 -15.8447 -1.584
H 21.0816 -15.3765 2.4069
H 18.5188 -13.2215 1.6466
H 19.5241 -11.7846 1.5235
H 16.7444 -12.2188 -2.1299
H 17.7995 -10.4184 2.7797
H 15.7979 -8.961 2.556
H 14.353 -9.1633 0.528
H 14.8857 -10.8449 -1.2133
H 21.9492 -14.1263 2.4321

2.4 Thermodynamic Stability of Complex 2A

Ligand frameworks are cautiously designed to stabilize the Mn(ll) ion, thereby reducing the
leaching of free metal ions during in-vivo administration for MRI scans. The conditional stability
constant (logKcond) Of the ligated complex has been a very important parameter to compare the

respective thermodynamic aspects at physiological conditions.?®1®

(A) MnL + 0 eq. EDTA (B)
MnL + 0.5 eq. EDTA
MnL + 0.75 eq. EDTA| 0.8
——MnL + 1 eq. EDTA
MnL + 5 eq. EDTA
MnL + 10 eq. EDTA
MnL + 20 eq. EDTA
MnL + 40 eq. EDTA
MnL + 60 eq. EDTA
MnL + 80 eq. EDTA
MnL + 100 eq. EDTA
MnL + 200 eq. EDTA
04 T geeenes Complex 1, pH ~ 7.4

1.6

—_
N
[l

Absorbance

L = Li,[Benz(pic),]

log ((MnEDTA}/[MnL])

00 T T ”""" —
250 275 300 325
Wavelength, nm -0.89 log ([Na,H,EDTAJ/L])

Figure 2.10. (A) UV-Vis spectral changes during the spectrophotometric competition batch
titration of ligand Liz2[Benz(pic).] = L against H2Na.EDTA, at pH 7.4 and 25 °C. (B) Competitive
batch titration plot of ligand Li2[Benz(pic)z] against EDTA.
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The spectrophotometric batch titrations against competing hexadentate H,Na;EDTA
ligand were performed in determining the conditional stability constant (logKcond) of the
corresponding Mn(I1) complex of Liz[Benz(pic).] ligand in terms of value, equation (2).1%

[MnL] + [Na2H2EDTA] = [MnEDTA] + [L];

[MnEDTA][L]
Kcond = )
[MnL][Na,H,EDTA]
log([IMNEDTAJ/[MNL]) = logKcona+ log([NazH2EDTAJ/[L]) @)

The equilibrium constant for the competition reaction was determined at specific
experimental conditions: [M] =10 uM, [L] =10 uM, 1=0.15 M NacCl, at pH ~ 7.4 (HEPES buffer)
and 25 °C. The increasing volume of standardized H4EDTA stock solution ranging from 0.5 to
200 equivalents relative to the ligand [LizBenz(pic). = L] concentration was added to a [Mn(ll)-
L] solution. The resulting solutions were allowed to equilibrate for 48 hours at 25 °C. The overall
UV-Vis absorbance spectra were observed and a particular range of wavelengths was selected
where gradual spectral changes were considered (Figure 2.10A). The absorbance value of each
set was recorded with respect to the value of ligand Li>[Benz(pic).] (represented as L) at that
particular wavelength. NaHEDTA solution of exact concentration and pH was used as
background for each scan. Utilizing the respective absorbance values, further calculations gave the
concentrations of MnBenz(pic). complex, MNEDTA complex, free ligand Li>[Benz(pic)], and
free NaoH2EDTA for each set were calculated from the variation in absorbance in each set of
samples. The X-intercept of [Mn-EDTA]/[Mn-L] versus [EDTA]J/[L] plot represented the relative
affinity of Li>[Benz(pic).] ligand for Mn(I1) (Figure 2.10B), which was found to be 0.6 logK units
higher than that for EDTA (logKcond = 11.62, for Liz[Benz(pic)z], 11.02, for Na;H.EDTA).?
Noteworthy, the hexadentate [EDTA]* ligand results in a seven-coordinate mono(aquated)
Mn(I1)-EDTA complex, while the bis(aquated) complex 2A with the pentadentate Li2[Benz(pic)]
ligand provided seven-coordinate complex with superior stability. Conditional stability constants
of some bis-aquated Mn(l1)-complexes, viz, [Mn(15-pyNs)(H20)2]?*, [Mn(15-pyN3s02)(H20)-],
[Mn(PMDPA)(H20),], etc, are in the range 5.2-7.8 (Table 2.1).57@ Thus, the ligand rigidity
imparted by the hydroquinazoline backbone imposed significantly higher thermodynamic stability

in the complex with the pentadentate ligand (complex 2A).
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2.5 Relaxometric Studies of Complex 2A

At a constant temperature and magnetic field, the proficiency of 1 mM concentration of the
paramagnetic metal ions to enhance the relaxation rates of the water protons is defined as
relaxivity, ri (i = 1, longitudinal relaxivity; 2, transverse relaxivity).'® It is a decisive parameter to
examine the potential of the complex as an MRI contrast agent. T1 and T values of complex 2A
solutions were recorded using BRUKER minispec mg60 NMR analyzer following the inversion
recovery method, at pH ~ 7.4, 1.41 T, 25 °C, and 37 °C. Relaxivity values (ri, i =1/2) were obtained
from the slope of linear plots of relaxation rates (1/Ti) versus Mn(lI1) concentration (Figure 2.11).
The exact metal concentration in the sample stock was determined by the ICP-AES technique
(Model- ARCOS, Simultaneous ICP Spectrometer, SPECTRO Analytical Instruments GmbH,
Germany) after digesting the solution with HNOs. pH was maintained using 0.01 M HEPES buffer.

) 3; r,=6.77 mM’'s", 25 °C ® 251 1,=23.94mM’'s", 25°C

R

L‘i’:j 0151

= 3] . t~10-
2] 5-
R r,=5.32mM"s", 37 °C of r,=19.20mM’'s", 37 °C
B0 02 04 06 08 10 00 02 04 06 08 1.0

[Mn(11)] (mM) [Mn(I)] (mM)

Figure 2.11. (A) 1/T1 and (B) 1/T. versus [Mn(I1)] plot for complex 2A, measurements were
performed at 1.41 T and pH ~ 7.4.

2A showed impressive relaxometric properties with r1 = 6.77 mMs? at 25 °C and 5.32
mMstat 37 °C; r, = 23.94 mMs?t at 25 °C and 19.20 mM1stat 37 °C, 1.41 T and pH ~ 7.4.
Besides other commercially available contrast agents, the observed longitudinal relaxivity values
were a little higher than the previously reported acyclic bis(aquated) Mn(ll) complexes as
presented in Figure 2.12.3 61%.¢ The presence of rigid hydroquinazoline unit, restricting the
overall rotation of the chelate, along with the two coordinated water molecules accounted for the
elevated relaxivity values for complex 2A. The r2/r1 ratio was found to be 3.6 at 37 °C, and thus

the synthesized complex could efficiently influence both the R1 and Rz values of water protons.
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Figure 2.12. r1 values of different bis-aquated Mn(ll)-chelates compared to complex 2A
measurements were done at pH 7.4, 1.41 T, 25 °C.

Bicarbonate(HPO4%"), bicarbonate (HCOs), and citrate (C¢HsO7%) are some common
anions that are prevalently present in the bloodstream as well as in the extracellular space in
different organs.?° They could potentially replace the inner sphere water molecule if the complex
is not sufficiently stable.?* Anion tolerance study of complex 2A was therefore examined by

measuring T1 of 2A solution, after incubation with 200 equivalents of respective anion, at 37 °C

(Figure 2.13A).
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Figure 2.13. (A) r1 values for complex 2A solution (0.5 mM), at 1.41 T, pH ~ 7.4, and 37 °C, and
(B) UV-Vis spectra for complex 2A solution (0.05 mM) in the absence and presence of 200

equivalents excess of different challenging anions at pH ~ 7.4 and 25 °C. Data was recorded after
1 h incubation.
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No appreciable alteration in the relaxivity value confirmed that the coordination sphere of
the complex had not been affected by these anions. This result corroborated well with the fact that
no considerable change in UV-Vis spectra of 2A was observed after the addition of previously
mentioned anions (Figure 2.13B). A slight increase in the relaxation value in the presence of
HPO.% and CsHsO7>~ alluded to a supramolecular aggregation in the presence of the anions, which

increased the rotational correlation time.’®22

Unlike in blood serum (pH ~ 7.4), pH varies in different organs and vessels inside the living
body. Mn(11)-complexes can undergo dechelation at low pH via ligand protonation.?® Furthermore,
the substitution of inner-sphere water molecules or deprotonation of water molecules to hydroxide
anion at a higher pH can significantly affect the contrast ability and the stability of the Mn(Il)-

based contrast agents.

A T Benz(pic),, pH ~ 1.9 By 7
25 —— Complex 2A, pH ~ 1.5 6 1
—— Complex 2A, pH ~ 1.6 T
=20 Complex 2A, pH ~ 1.7 —~ 5 ]
g Complex 2A, pH ~ 1.8 o 2]
- Complex 2A, pH ~ 1.9 . 4 ]
= 151 —— Complex 2A, pH ~ 2.0 % T
€ Complex 24, pH ~ 2.1 =3 ]
W 10- Complex 2A, pH ~ 7.4 (S _
] 2.
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0 T v T v — 1 v T 0-
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Figure 2.14. (A) UV-Vis spectra for complex 2A at various pH and 25 °C, (B) r1 values for
complex 2A solution (0.5 mM) at different pH ranging from 1.7 to 10.0, at 1.41 T, pH ~ 7.4, and
37 °C.

Thus, the stability of complex 2A was examined in a broad pH range from pH 2.0 to 10.
The UV-Vis spectra were recorded at a different pH (Figure 2.14A). The spectral envelope
obtained at pH 2.1 and pH 7.4 was the same, confirming the complex's stability at pH 2.1. To
reconsolidate the stability, the r1 relaxation of the 2A solution was measured in the pH range of
2.1t010.0at 1.41 T, 37 °C (Figure 2.14B). Gratifyingly, no alteration in the relaxivity buttressed
the stability of the complex in the pH range.
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2.6 Kinetic Inertness of Complex 2A

Kinetic inertness is an indispensable parameter to assess the applicability of paramagnetic chelates
for in-vivo imaging. Mn(I1)-complexes of acyclic ligands often succumb to transmetallation in the
presence of Zn(ll) ions in vivo.1%P13224 Thys release free Mn(ll) ions. The Mn(ll) ion is a
nutritional element and can be either physiologically absorbed or excreted from the body.2® Thus,
discard the possibility of long-term accumulation and the subsequent toxicity, which is the
neurological disorder called manganism.?® However, an accumulation of free Mn(ll) ions over
3.38 mmol/kg would engender such toxicity.2” Complex 2A exhibited a high ry relaxivity (vide

infra); hence, a lower dose of 0.1 mmol/kg can be administered for MR imaging.

70
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Figure 2.15. Transmetallation kinetic studies of complex 2A (1 mM) when challenged by Zn(ll)
ions (10 mM), (A) in agueous medium, and (B) in BSA solution (0.67 mM). R2 value recorded as
a function of time, at 1.41 T, pH ~ 6.5 (MES buffer), and 25 °C. (C) Plot of kobs versus [Zn(11)] for

the displacement reaction between complex 2A and Zn(ll) at 25 °C.
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The kinetic inertness of complex 2A has been investigated in the presence of a 10-fold
excess of Zn(ll) ions. Gradual changes in the transverse relaxation rate (R2) of the sample
containing 2A solution (1mM), challenged with 10 equivalents of ZnCl,, was monitored over time.
Measurements were done in either an aqueous medium or in BSA medium (0.67 mM), at pH ~ 6.5
and 7.4 (MES and HEPES buffer), | =0.15 M NaCl, 1.41 T and 25 °C, using BRUKER minispec
mg60 NMR analyzer. The same experiment was repeated employing the standard
[Mn(EDTA)(OH2)]* and the clinically approved commercially available [Gd(DTPA)(OH2)]*
(Magnevist®) contrast agents for comparison. ARz value versus time was plotted for each sample
and data points were fitted to the pseudo-first-order equation to evaluate the rate constant values
(Figure 2.15).

It was observed that the kinetic inertness of complex 2A (pseudo-first-order, k = 1.04 x 10~
2571 at pH ~ 6.5) was about 8.5 times higher than that of [Mn(EDTA)(OH2)]* (k=8.86 x 102 s~
1) and almost same as that of [Gd(DTPA)(OH2)]* (k = 1.16 x 102 s'!). Moreover, the synthesized
complex showed 5 times higher Kkinetic stability (k = 2.13 x 103 s?) at the physiological
conditions, when kinetic studies were done by following the time profile of the R> value of 2A
solution, challenged by a 10-fold excess of Zn(ll) ions in serum albumin (0.67 mM), in 0.15 M
NaCl, pH 6.5, and 25 °C (Figure 2.15B). Hence, despite having two inner-sphere water molecules
and the pentadentate coordinating ligand, a higher kinetic inertness in the Mn(ll) ions-based
complex 2A could be harnessed by imparting the ligand-based rigidity. In summary, the
incorporation of the hydroquinazoline unit in the ligand backbone successfully boosted the kinetic
stability of the corresponding chelate.

2.7 Serum Albumin Interaction of Complex 2A

Serum albumin, the most prominent protein in blood plasma, is known to bind with various
lipophilic ligand systems.'? Interaction between small molecules of paramagnetic contrast agents
with the bulky protein moiety significantly reduces the rotational correlation time (z) and
consequently, enhances the relaxivity value.'*>? The complex 2A with a hydroquinazoline and
two pyridine units, has considerable lipophilic character. The octanol-water partition coefficient
(log P) value for the complex was calculated to be — 0.45, proving its amphiphilic nature. Thus, an
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efficient binding interaction between the complex and the hydrophobic albumin protein was

expected.
(A) 25+ —— Complex 2A, in water (B) 60 —— Complex 2A, in water
Complex 2A, in 0.67 mM BSA —— Complex 2A, in BSA
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Figure 2.16. (A) 1/Trand (B) 1/T2 vs [Mn(Il)] plot for complex 2A in water (HEPES solution,
0.01 M) or 0.67 mM BSA, at pH ~7.4,37°C,and 1.41 T.

r1 values for 2A solutions were measured after 30 minutes of incubation of samples in the
presence of 0.67 mM bovine serum albumin (BSA) at physiological conditions (pH ~ 7.4, 37 °C,
BSA concentration maintained at 0.67 mM; measured at 1.41 T). Complex 2A showed ~360 %
amplification in the longitudinal relaxivity in the presence of the physiological concentration of
serum protein, reaching up to r; = 19.09 mM*s in the presence of BSA versus ri = 5.32 mM1s-
Lin water, at pH ~ 7.4, 1.41 T, and 37 °C (Table 2.5, Figure 2.16). Thus, it demonstrated a
substantial interaction between the protein and 2A. Notably, the longitudinal relaxivity values
obtained are considerably higher than previously reported mono-aquated Mn-EDTA (3.5 mMs’
1), Mn-EDTA-BTA (15.1 mMs), Mn-BnO-TyrEDTA (15.8 mM™s?), Mn-EOB-PC2A (5.85
mM2s?), Mn-1,4-DO2AMBz (17.5 mMs?), etc., systems mentioned in Table 2.2.12013
Parallelly, ~252 % augmentation in rz value (45.80 mM s in 0.67 mM BSA versus 19.17 mM-
s in water, at pH ~ 7.4, 1.41 T, and 37 °C) has also been noticed (Figure 2.16B), which reflected

the possibility of the T1-T> dual-mode imaging character of complex 2A in vivo.

Proton Relaxation Enhancement study: A deeper insight into the non-covalent interaction
between complex 2A and the albumin protein was done by following the observed relaxation rate
(R1°) values of the complex aqueous solutions with a constant Mn(ll) ions concentration in the

presence of an increasing amount of protein at 37 °C. The binding constant of the corresponding
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interaction was determined following the established Proton relaxation enhancement (PRE)

titration.® In the experiment, R value of 30 minutes incubated samples containing a fixed

concentration of 2A (0.35 mM) and increasing concentration of BSA (0-1.8 mM) were recorded

atpH ~7.4,37°C,and 1.41 T (Figure 2.17A).
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Figure 2.17. (A) Proton longitudinal relaxation rates of 2A solution (0.35 mM) were observed

after the addition of increasing concentration of BSA, at 1.41 T, pH ~ 7.4, and 37 °C. The red line
represents 1:1 binding isotherm fitting. (B) Ultrafiltration and ICP-MS-based complex 2A-BSA

binding percentage fit assuming one site-specific binding.

Relaxivity, serum affinity constants, and octanol-water partition coefficients of

Table 25.
complex 2A.
ri (mM-1s) r2 (mM-1s1) ri® (mM-1s1)  Ka (M)
log P
Water Ser“”.“ Water Ser“”.’
albumin albumin
Complex 2A  -0.45 5.32 19.09 19.20 45.80 27.62 1.66x10°

The R:®* of the prepared samples gradually amplified with the increment in albumin

concentration. This finding was due to the albumin-bound-complex fragment fraction increase, as
determined by the ultrafiltration method (Figure 2.17B), described afterward. Experimental data
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were fitted to a 1:1 binding isotherm following the Proton Relaxation Enhancement (PRE),

equation (3).

2
R9Ps = 10° [(rf : C1) + {% (T1b - Tlf) X <” "Cpsa T €1+ K—lA - \/(Tl "Cpsa T C1 + KLA) — (4n - cgsa " €1) )}] (3)

Where,

R1°%s = Observed proton relaxation rate,

ri’ = relaxivity of Complex 2A in free-state,
ri = relaxivity of Complex 2A in bound-state,
n = number binding site on the protein,

c1 = concentration of Complex 2A and

Cesa = concentration of BSA.

Assuming one independent binding site of the protein moiety for the complex, i.e., n = 1,
the relaxivity of the bound complex (r1®) was found to be 27.62 mM-s! and albumin association
constant Ka = 1.66x10° M. The obtained values were comparable to reported Mn(11)-based ligand

systems containing the hydrophobic benzyl unit (Table 2.2).12>13

Ultrafiltration binding: The percentage binding between complex 2A and BSA was
determined by the ultrafiltration method. Samples were prepared by adding an increasing
concentration of BSA to a 0.35 mM 2A solution at pH ~ 7.4, and vortexed at 37 °C for 30 minutes.
After that, 500 pL aliquots from each sample were placed over ultra-centrifugal filters with 10
kDa membranes and centrifuged at 35009 for ten minutes. Mn(I1) concentration in the filtrate was
estimated by the ICP-MS technique. Data estimated were plotted against protein concentration and
fitted to equation (4),% specific to one-site protein binding. Results reciprocated to 65% binding
of complex molecules to the albumin protein at physiological conditions (Figure 2.17B).

Where, B = fraction of bound complex 2A to total complex 2A, and Bmax = maximum

binding coefficient, [L] is the concentration of BSA, and Kp is the dissociation constant.
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Stability of complex 2A in the serum

Serum albumin also possesses some chelating properties, hence could replace the ligand resulting
in the release and subsequent binding of free Mn(ll) ion to the protein.3* Mn(ll)ealbumin showed
a very high relaxivity value, but a high concentration of manganese in the blood causes toxicity
and further adverse health issues. Therefore, the stability of complex 2A in serum or plasma needs

to be established before validating its interaction with the protein moiety.

The serum stability for complex 2A was evaluated by monitoring the change in longitudinal
relaxation rate (R1 value) of its aqueous solution (0.28 mM) with time, in the presence of 0.67 mM
BSA, at pH ~ 7.4, 37 °C and 1.41 T (Figure 2.18A). The Ry values for 2A solution or MnCl>

solution ([Mn'"] =0.80 mM) were also monitored in human plasma for 24 hours and plotted against

time.
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Figure 2.18. Stability of complex 2A examined in (A) 0.67 mM BSA and (B) human plasma.

Measurements were done at 37 °C and 1.41 T.

The relaxivity value (r1) for 2A in the BSA medium increased to 18.6 mM1s™ within 90 s
due to the binding of the complex with the albumin protein (vide supra). To note, under the same
measurement condition, the relaxivity value of 70.74 mMs was observed by employing an
aqueous MnCl> solution as the complex substitute. A minor change in the relaxivity value from
18.6 mM1s? to 19.93 mM1s! was noticed within 24 h in the presence of 2A, thus eliminating

the serum albumin protein-induced complete dechelation possibility of the complex. The stability
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of the complex was also been investigated in human plasma by replicating the in vivo analysis
condition, i.e., maintaining the complex concentration at 0.8 mM as administered in mice blood
(vide infra). The r1 relaxivity value in this case escalated to 13.95 mMs? in 60 s, and the
maximum value attained was ~ 15.6 mM-1s in 24 hours (Figure 2.18B). A complete dechelation
would provide r1 = 30.11 mM!sas determined using free Mn(l1) ions of the same concentration,

thus, reflecting the existence of 2A in the chelated form during in-vivo studies.

Figure 2.19. Proposed schematic representation of serum albumin—2A interaction.

Henceforth, we proved the importance of the inclusion of the phenyl ring containing
hydraquinazoline uint as it effectively interacted with the serum albumin protein, reducing the
rotation correlation time (zm) of the complex. The enhanced rigidity and lipophilic character of the
ligand backbone coherently contributed to boosting the relaxivity and elongating the retention time

of 2A in the physiological medium (serum) containing different aloumin and globulin proteins.

2.8 Phantom MR imaging of Complex 2A,at7 T

To evaluate the protein-dependent boost in the relaxivity in terms of magnetic resonance image
brightness, T1-weighted phantom images of aqueous 0.5 mM complex 2A solution in the absence
and the presence of 0.67 mM BSA at pH ~ 7.4 and 25 °C were recorded in vitro using 7 T Biospec
70/20, M/s Bruker Biospin GmBH, Germany. Parameters adopted are mentioned:
Bruker:RAREVTR sequence, TR (repetition time) = 700.0 ms, TE (echo time) = 8.5 ms, slice
thickness = 2.5 mm, field of view (FOV) = 6.00 cm, and matrix = 256x192 (Figure 2.20). The
signal intensity was enhanced by 43 % in the presence of the complex, confirming the signal

brightening property (Ti-contrast agent). Perceptibly, a substantial boost in the image contrast
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(57 %) on adding 0.67 mM BSA to the complex 2A solution complied with the protein-binding-

dependent r1 amplification.
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t

c o o =

£ » oo o
L

Relative T -image intensi
o
h

o
o

0 0.5
[Complex 2A] (mM)

Figure 2.20. (A) T1-weighted phantom MR images of (i) water, (ii) 0.5 mM complex 2A, (iii) 0.67
mM BSA, (iv) 0.5 mM complex 2A in the presence of 0.67 mM BSA, at 7 T, pH ~ 7.4, and 25 °C.

(B) Respective relative MR-image intensity plot using ImageJ software.

2.9 Cytotoxicity assay of Complex 2A

Prior to in vivo examination of 2A as an MR-contrast agent, the biocompatibility of the complex
was investigated by performing MTT [3-(4,5-dimethyl-thiazol-2-yl)-2,5 diphenyltetrazolium
bromide]-assay on Cervical cancer (HeLa) cell line. Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) buffer, supplemented with 10% (v/v) fetal bovine serum
(FBS), 1% penicillin, and streptomycin at 37 °C in humidified air containing 5% CO.. Cells were
grown in a 96-well plate at a density of 5x103 cells/well for overnight. Succeeding, cell-line was
treated with increasing concentration of 2A (0-1 mM) for 48 h, and 0.5 mg/ml of MTT in DMEM
was added to each well and incubated for 1.5 h, afterwards. DMSO (150 pl) was added to each
well and absorbance was recorded at 570 nm. Untreated cells were considered as control with

100% viability, and respective cell viability was calculated.

The percentage of viable cells was quantified and presented in Figure 2.21. A subtle
decline in the viability was noticed up to 200 ¢M concentration of the complex. Upon increasing
the concentration, the cell viability decreased gradually and reached 74% at the concentration of 1
mM. Thus, the cell viability experiments conferred the low cytotoxicity of the complex.
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Figure 2.21. Percentage of cell viability analysis after 48 h treatment of complex 2A on HelLa

cells.

2.10 in-vivo MRI of Complex 2A,at 7 T

Eventually, the contrast ability of complex 2A, in vivo, was tested by imaging healthy 8-week-old
C57BL/6 mice (n = 3) on a small-bore animal MR scanner (Biospec 70/20, M/s Bruker Biospin
GmBH, Germany) at 7 T, before and after 0.08 mmol/kg intravenous administration (via tail vein)
of the synthesized contrast agent. The mice were anesthetized with 1-3% isoflurane/oxygen
mixture maintaining the body temperature to 37 °C and sequentially imaged prior to- and post-
contrast injection up to 90 minutes using Ti-weighted 3D fast low-angle low-shot (FLASH) and
two-dimensional rapid acquisition with refocused echo (RARE) imaging protocols. Imaging
protocols adopted: T1-FLASH, TR/TE = 316.0 ms/4.5 ms, Flip angle = 30 °, matrix = 256x256,
slice thickness = 0.7 mm, 22 slices; T1-RARE: TR/TE = 3647.4 ms/8.0 ms, Flip angle = 90 °, field
of view (FOV) = 5050 mm, matrix = 256x256, slice thickness = 0.5 mm, 86 slices. Coronal and

axial T1-weighted MR images at different time points are presented in Figures 2.22 and 2.23.

Images were analyzed by quantizing the signal intensity (SI) in the region of interest (ROI)
of respective organs using ImageJ software, after subtracting over the noise intensity. Normalized
signal-to-noise ratio (nNSNR) was calculated by dividing the SI at each time point by the prior
contrast image Sl. Contrast to noise ratio (CNR) was estimated by normalizing the signal intensity
of ROIs with that of the back muscles in the same slide. Pre-injection SNRs and CNRs were

considered as baseline and percentage change in the respective CNR (% ACNR) upon contrast
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injection was plotted. The ROIs analyzed were considered and statistical significances were
examined using unpaired two-tailed t-tests to validate the significance of the experiment; results
with P-values < 0.05 were considered useful.
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Figure 2.22. (A) Ti-weighted coronal (FLASH sequence) images of C57BL/6 mice showing
contrast changes in liver (red dotted line), gallbladder (yellow dotted line), intestine (cyan arrow)
and kidneys (green arrow) at different time points, pre- and post-administration of complex 2A
(0.08 mmol/kg w.r.t. [Mn'"), at 7 T animal MR scanner. (B) Normalized signal-to-noise ratio
(nSNR) (relative to pre-injection) plot for different ROIs as a function of time subsequent to
complex 2A administration. (C) Quantitative image analysis by measuring signal intensity changes
in each organ post 10 minutes of contrast injection, normalized to muscle. Bars represent the

standard error of the mean (n = 3 animals per group); *P < 0.05, **P < 0.02, ***P < 0.001).
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An intense contrast enhancement in the gallbladder (160 %; Figure 2.22C) and kidneys
(110 %; Figure 2.22C) was noticed after 10 minutes of the contrast agent application. Moreover,
as reflected by serum protein association experiments for complex 2A, the highly vascularized
liver region corresponding to the long retention of the contrast material in the blood vessels was
realized (Figure 2.23, Liver part). Thus, 2A could also be examined as a blood pool contrast agent.
Neutral complex 2A molecules with amphiphilic nature (log P = -0.45) are believed to be partially
assimilated by hepatocytes with low retention time and excreted via the biliary system.'®
Consequently, the high signal intensity in the gall bladder and intestine was apprehended within

10 minutes of the contrast agent administration.
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Figure 2.23. Ti-weighted axial (RARE sequence) images of C57BL/6 mice showing contrast
changes in gallbladder (yellow dotted line), liver (red dotted line), intestine (cyan dotted line) and
kidneys (green dotted line) at different time points, pre- and post-administration of complex 2A

(0.08 mmol/kg w.r.t. [Mn""]), at 7 T animal MR scanner.
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The time-dependent signal intensity changes under the region of interest (ROIs) of different
organs, as depicted in Figure 2.22, were analyzed by ImageJ software. Pre-contrast signal values
were considered as the baseline, and the normalized signal-to-noise ratio (nNSNR) for different
organs was calculated and plotted as a function of time in Figure 2.22B. While, the brightness
engendered by the contrast agent in the gallbladder region gradually fades out within an hour, a
considerable residual contrast was noticed in the kidneys compared to the pre-contrast images
(Figure 2.22B and 2.23). This indicated a longer retention of 2A in the tubules of the cortex. It is
to be noted that no acute toxicity in the mice was observed post-injection while monitored for 15

days.
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Figure 2.24. Manganese content in mice organ tissues, obtained by ICP-MS studies, 10 min after

intravenous administration of complex 2A. n = 3/group; *P < 0.05, ** < 0.01.

Nonetheless, in vivo bio-distribution of complex 2A was determined by estimating the Mn
content in the various organ tissues (liver, gall bladder, pancreas, spleen, kidneys, and bladder)
after 10 minutes of its administration. Mice (n =3/group) were sacrificed after 10 minutes post
similar administration of 2A along with another group receiving saline (0.9%) only. Selected
organs were dissected and digested upon treatment with 2 mL of freshly prepared aqua regia (1:3
mixture of HNO3z and HCI) and lysed for 24 h. The tissue samples were dried by heating at 120
°C, sonicated thoroughly after the addition of 0.5 N HCI and centrifuged (4000g, 5 min) to collect
a clear supernatant solution. This crude was diluted with 4% HNO3 acid solution and subsequent

Mn content in each sample as estimated by the ICP-MS technique.
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The highest manganese content was obtained in the kidneys (Figure 2.24) followed by
gallbladder and liver. These findings corroborate well with the organ-based contrast enhancement
and consolidated the hepatic and renal uptake of the contrast agent as realized from the MR contrast

images.

Concerning the kinetic parameters of complex 2A, data we estimated the content of
additional Mn in the liver and kidneys from the biodistribution, which are ~ 0.11 pumol/g and ~
0.34 pumol/g respectively. Zinc content in these organs was reported to be ~ 0.24-0.27 pmol/g.3
Therefore, the respective Mn:Zn ratio in the liver was 1:2.5. In-vitro Kinetic inertness studies of
2A (when challenged with 2.5 fold excess Zn(l1) ions at pH ~ 7.4 and 25 °C, Figure 2.15C) showed
dissociation rate constant = 2.2 x 10~ s%, implying a t1/> value of 5.25 min. Complex 2A showed
5 times higher kinetic stability in the presence of aloumin protein (Figure 2.15A and 2.15B). The
liver is reported to be the producer of albumin protein.*®* Hence some amount of interaction
between complex molecules and albumin could be possible in the liver region, lowering the
dissociation rate. In the kidneys, Mn:Zn ratio was 1:0.8, corresponding to complex 2A dissociation
rate constant = 8.9 x 104 s7%, t1, = 12.98 min; at similar conditions. However, we could not neglect
the possibility of partial leaching of free Mn(l1) at the time of in-vivo MR imaging.
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2.11 Conclusion

> In this chapter, the pentadentate ligand Li2[Benz(Pic)z] comprising of two picolinate
moieties and a rigid hydroquinazoline unit along with the corresponding bis(aquated)

Mn(I1) complex (complex 2A) were successfully synthesis and characterized.

» The probable structure of the complex was optimized by DFT-based theoretical studies. It
revealed a pentagonal bipyramidal co-ordinational geometry with ligand atoms chelating

from the equatorial plane and two water molecules occupying the axial positions.

» The thermodynamic stability of 2A was found to be logKcond = 11.62, higher than that of

mono-aquated Mn(11)-EDTA, and some of the reported bis-aquated complexes.

> The complex exhibited r1 = 5.32 mM™s that amplified to 19.09 mMs?tat 1.41 T, 37 °C,
and pH 7.4 in the presence of 0.67 mM BSA protein.

» The complex showed moderate kinetic inertness when challenged with 10-fold Zn(ll) ions,
with a ti2 = 5.42 min at the physiological concentration of serum albumin. However,

complex 2A was found to be sufficiently kinetically stable in human plasma.

» The presence of a hydroquinazoline unit in the ligand backbone engendered a lipophilic
character (log P =-0.45) in the complex, which facilitated the interaction of 2A with serum

albumin protein with an association constant, Ka = 1.66x10° M,

» In-vitro phantom MRI and cytotoxicity results of complex 2A ratified its administration

for further in-vivo investigations.

» On an intravenous dose of 0.08 mM/kg in a healthy C57BL/6 mouse, an excellent
vascularization of the mouse liver along with brightening of the gallbladder, the kidney,

and the liver, was realized.
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Non-Covalent Confinement of Gd(I11)-/Mn(l1)-
Complex in Porous Silica Nanosphere Rendering
Nanoparticulate CA for MRI

© = Complex molecule

@ =Water

* Results have been reported in ACS Appl. Bio Mater., 2021, 4, 8356—8367 and Dalton Trans.,
2022, 51, 14138-14149.
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3.1 Introduction

The Solomon-Bloembergen-Morgan (SBM) theory summarizes the straightforward effect of
hydration number (q), water residence time (zm), and rotational correlation time (tr) on the
relaxation rate of water protons present in the vicinity of paramagnetic substances.! To augment
the relaxation rate by increasing the number of inner-sphere water molecules in six-coordinate
Mn(Il)- or nine-coordinate Gd(I11)-complexes, the denticity of coordinating ligands needs to be
reduced and consequently diminishes stability, thereby resulting in the leaching of free metal ions.?
Therefore, reducing the rotational correlation time of a contrast agent is a better strategy to improve
the relaxivity value within an applied magnetic field range of 0.5-3 T.2 This can be achieved by
covalent or non-covalent attachment of the paramagnetic complex molecules into bulky
nanostructures or biological macromolecules.* A vivid illustration of this effect can be verified
when Gd(111) complex of the thiol derivative of DTTA was immobilized onto Au nanoparticles
exerting relaxivity value of 60 mMZs? at 0.70 T.> Richard et al. showed that non-covalent
immobilization of a mono(aquated) Gd(I1l) complex of an amphiphilic ligand, made of a lipid
chain and diethylenetriamine pentaacetate (DTPA) chelate, onto multiwalled carbon nanotubes
increases ry relaxivity values to 50.3 mMs™ compared to 4.7 mMs™ of [Gd(OH2)(DTPA)]?* at
0.47 T.% Similarly, Mn(11)-based nanosystems also have been developed by immobilizing Mn(11)-
complexes onto solid silica nano-sphere and solid nanodiamond and entrapping Mn(l1)-complexes

within lipidic nanovesicles or nanobeads.’
Tumbling time, 7,
Water exchange, 7,

¢ St ‘(S-) —_—p
Hydration number, ¢

Q Paramagnetic unit %) (5\,.) Water molecules

Figure 3.1. Schematic representation of a metal ion confined porous nanostructure influencing

tumbling time and water exchange rate.
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Among various nanosized materials that have been extensively studied in the last decade,
porous silica nanoparticles are safe, convenient, and tunable templates to accommodate
paramagnetic units.® Being more sensitive and efficient, they are a flourishing topic. They offer
large surface area and pore volume that can be exploited judicially to make target-specific, less
toxic, and stable contrast agents. Literature shows the successful immobilization of metal
complexes onto the surface of the solid or porous nanosized silica particles, as well as, the
confinement of metal silicates, oxides, or even chloride salts inside mesoporous silica
nanoparticles.’ For example, Lin and co-workers have developed mesoporous hybrid silica
nanoparticles with covalent attachment of bis(aquated) Gd(l11)-Si-diethylenetriaminetetraacetate
(DTTA) complex within the inner core of the nanoparticles. The synthesized hybrid nanosystem
showed a high longitudinal relaxivity value of 28.8 mMs? at 3 T, and 10.2 mMs™ at 9.4 T.%
The entrapment of trianionic tris(aquated) Gd(lll) complex of 2,2'-(2-hydroxy-5-
sulfonatobenzylazanediyl)bis(methylene)bis(8-hydroxy-quinoline-5-sulfonic  acid  (HzdhgN-
SO3H) ligand, [Gd(OH.2)s(dhgN-S03)]*, into mesoporous silica nanoparticles is reported to exhibit
a high r1 relaxivity, 78 mM™s? at 1.2 T.1° In another case, Gd(l11) or Mn(ll) ions were inserted
inside three-dimensional cubic mesoporous silica nanoparticles to display r1 relaxivity of 18.5 mM-
stor8.4mMistat 1.5 Tand 37 °C.1!

Table 3.1. Relaxivity of some Gd-based nanocontrast agents.

Gd-based Contrast r1 (MM-s), at pH 7.4

agents
[GA(TCAS)]- SN-11112 _ 46.49,at37°C, 1.41T
50.91, at 25 °C, in presence of BSA
MSN-Gd?*® 2 28.8,at3T
PSS-Na[Gd-2]* 2.65 12.41, at 25 °C, 047 T
Si25NPs?0 3 77,at37°C,1.2T
GdDOTACNPs!? 1 72.3,at37°C,1.41T
FSb-EuGd** — 38.8at25°C,94T
Gd,0;@MSN™ — 4508at05T
Gd@SiO,~PEG500' — 18.5,at40°C,141T
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Table 3.2. Relaxivity of some Mn-based nanocontrast agents.

rr(mMis?), rz(mMis
Mn-based Contrast agents atpH7.4,37 1), atpH
°C 7.4,37°C
MnL-SiNPs'3 7.3,
(Mn(I1)-Surface Conjugated silica nanoparticles) at1.47T o
Mn-DMSSs’@ 10.1, 169.7,
(Manganese-Loaded Dual-Mesoporous Silica Spheres) at3.0T at3.0T
Mn-M48SNs 8.4, 16.8,
(Manganese-impregnated mesoporous silica Nanoparticles) at1.41T at1.41T
PEOMSNSs*® 1.17, 30.73,
(PEO-SiOz-encapsulated MnO nanoparticles) at7.0T at7.0T
Mn,O,¢ 1.53,
(Manganese Oxide Nanostructures) at1.41T A
Mn-DTPA-MSNSs’ 7.18,
(Mn?* chelated complex onto microporous silica nanospheres) at1.0T —
Mn;0s@PEG-RGD NPs'3¢ 0.35,at0.5T —

Moreover, small-sized Gd(I11)/Mn(1l)-complex molecules have lower retention time when

administered inside the body and are rapidly expelled by the renal pathway (within a few minutes)
along with a fractional hepatic uptake.*** This is disadvantageous for MRI scans that require a
longer time, e.g., oncological imaging. Nanoparticulate-contrast agents with hydrodynamic

diameter >100 nm preferably avoid fast clearance and thus offer long retention time in vivo.*®

Hence, the attempts to develop contrast agents with a high r1 relaxivity value and a
sufficient vascular retention time, covalent and non-covalent confinement/immobilization of
aquated Gd(lIl)-complexes within/onto nanosized silica particles have been under continuous
investigation. Although, a significant improvement to the quest of Gd(I11)-based contrast agents
with a high ry relaxivity value has been attained, the expected high relaxivity value in the order of
100 mM1s? has rarely been achieved.® For Mn(ll)-based systems, similar entrapment of free

metal ions has been done instead.” The main reason for this is presumably the fact that the
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attainment of kinetic inertness of the surface-bound, aquated, small-molecule Mn(1l) complexes

has always remained an intriguing task; indeed.

To sum up, 1) high relaxivity values can be obtained by encapsulating thermodynamically
stable aquated Gd(II1)/Mn(ll) complexes inside the core of porous silica nanoparticles. 2)
Alongside, the silica outer sphere would restrict the entrance of scavenger ions, preventing
dechelation of the complex inside. Thus, high kinetic inertness can be achieved by this process. 3)
A low probability of the paramagnetic metal ions being leached out through the small pores would

diminish toxicity as well.

In this endeavor, we have reported the syntheses and characterization of two picolyl- and
picolinate-based ligands and corresponding Gd(l11)- and Mn(I1)-complexes. Pyridine rings with -
acceptor properties, imparted high thermodynamic stability to the corresponding complexes.
Further, we investigate the encapsulation of the mono-positive tris-aquated Gd(l11)- and neutral
mono-aquated Mn(lIl)-complex inside the porous silica nanoparticle employing a reverse
microemulsion process. Depending on the hydration number and charge of the overall complex,
the paramagnetic chelates are placed either in the internal space or near the inner surface of the
silica outer sphere showing varied fold increase in relaxivity value. The number average of

complex molecules confined within the NPs was determined by the equation (1).%

1
cVN CVNA(Cmpypd®)
Ny= Na - 5 1)
n/myp n

Where, ¢ = concentration in mother suspension, V = volume of mother suspension, Na =
Avogadro’s number, # = yield from synthesis, mnp = mass of nanoparticle, pne = density of

nanoparticle (considered same as that of pure silica, 1.95 g cm?), d = diameter of the nanoparticle.

The biocompatibility and cell permeability of the synthesized nanoparticles were examined
afterward. Phantom MR images of the nanoparticle suspensions on a clinical MRI machine proved

the potential applicability of the synthesized nanomaterials
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3.2 Synthesis of Tris-aquated Gd(111)-Complex of Ligand Hzhbda, 3A

OH
X (o) HO
N | \\’," |
GdClzexH,0
HO H,O, pH~6.5 H,0 /"’\I';Gd/N di
\/\N (o] 20, pA~b.9, 2 Iyl "' \
N NaOH vo ‘\o (o)
I ~ OH B H20 OHZ ]
=
H,hbda [Gd(hbda)(H,0);]Cl; 3A

Yield = 38%
Scheme 3.1. Schematic representation for the synthesis of complex 3A, [C16H2:N3OgGd]ClI.

Ligand Hzhbda and the corresponding tris-aquated mono-positive Gd(l1l)-complex, 3A were
reproduced following the procedure reported by M. Khannam in Synthesis, characterization and
investigation on water-soluble, aquated Gd(IIl) and Mn(Il) complexes as MRI contrast agents’
(TH-2022_136122016), [Doctoral thesis, IT Guwahati]. The hydration number of the complex
was verified by performing a photoluminescence study on the corresponding Tb(Ill)-congener.

The complex 3A showed high thermodynamic stability, as determined by competition
titration against increasing concentration of reported ligand HsDTPA, at pH ~ 7.4. pGd value was
reported to be 18.5, i.e., 0.58 unit lower than mono-aquated [GADTPA]* .1 The value was
commendable for a tris(aquated) Gd(l11) complex and found to be better when compared with
some of earlier reported tris(aquated) Gd(lll) based complexes e.g., [Gd(dpaa)] (pGd = 12.3),
[Gd(tpaa)] (pGd = 11.2), and close to [Gd(OH2)3(dhgN-SO3)]* (pGd = 18.9).1%!8 The high
thermodynamic stability correlates with the incorporation of the picolinate and alcoholic groups

in the ligand backbone.

The pH-dependent stability of the complex ascertained by relaxometry indicated that at pH
~ 10.0, the g (hydration number) of 3A value diminished to 2 reflecting the replacement of one
coordinating water molecule with hydroxyl species. However, UV-Vis spectra of the complex at

the higher pH (~9.5) suggested no adverse effect on the complex structure.
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3.3 Synthesis and Characterization of Complex 3A Confined Porous
Silica Nanoparticle, 3SA@SiO2NP

Purification

Ammonium
Hydroxide

Water-in-oil Hydrolyzed Silica Nucleated Silica Complex 3A confined
Microemulsion Precursor Particles Silica nanoparticles

@ = Tetraethyl orthosilicate (TEOS)

=N
AeD
f = Igepal CO-520 Q= ’N_“.‘:GId”"N Al
H,0(" " /0,
0A04 '-\0

o = Water 3
H,O OH,

o

Scheme 3.2. Schematic illustration depicting the synthesis of 3A@SiO2NP.

The thermodynamically stable complex 3A molecules were incorporated within the porous
silica nanosphere following the reverse micelle mechanism. A homogenous solution of Igepal-
CO-520 (1.3 mL) in cyclohexane (10 mL) was prepared by stirring for 10 min. A doping solution
comprising 3A solution (160 L, 4.2 mM) in water (320 xL) at pH ~ 7.4 was cautiously added to
the surfactant mixture to create a reverse microemulsion (water-in-oil). It was followed by NH4OH
(120 pL, 25% by w/v) and stirred for another 30 minutes. Finally, tetraethyl orthosilicate (TEOS,
100 pL) was added, and the resultant mixture was kept at room temperature for 24 h with gentle
stirring. The expected porous nanoparticles with impregnated complex 3A, i.e., SA@SiO2NP were
obtained by adding acetone (30 mL) to the mixture, which was repeatedly washed with ethanol
and water by centrifugation at 10,000 rpm for 15 minutes. The residue obtained was dispersed in
400 pL water (pH maintained at 7.4) to obtain 500 xL of 0.088 mM suspension, concentration
given in terms of Gd(lI1l), (0.088 mM, 8% complex molecules incorporated inside nanoparticles).
The mother suspension (500 pL) was lyophilized for 24 h and 14 mg of dry silica were obtained.
For each nanoparticle sized 23.4 nm, the number average of complex 3A in each nanoparticle,
Nepix, Came out to be ~ 20 (equation 1). The morphology, presence of complex, and the porous
nature of the isolated nanoparticles were investigated by field-emission transmission electron
microscope (FETEM) imaging, elemental mapping, energy dispersive X-ray spectroscopy (EDS),
Fourier transform infrared (FTIR), and N2 adsorption-desorption isotherm analyses.
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(A)

Mean diameter =23.4 + 4 nm

15 20 25 30 35
Diameter (nm)

Element  Weight%  Atomic%
N 11.51 20.82
@ 86.98 78.42
0.94 0.64
0.57 0.12
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Full Scale 41059 cts Cursor- -1.360 (0 cts) eV

Figure 3.2. (A) Representative TEM image, (B) Corresponding particle size distribution diagram
considering a minimum of 100 particles, and (C) Energy dispersive X-ray (EDS) analysis of
3A@SiO2NP showing the existence of Gd, Si, N, and Cl elements in the isolated nanoparticles.

The FETEM images of 3A@SiO2NPs nanoparticles, validated the formation of mono-
dispersed and spherical nanoparticles of size 23.4 + 4 nm (Figure 3.2). Corresponding EDS
analyses (Figure 3.2C) of a selected area recognized the coexistence of Gd, N, Si, and Cl atoms
in the synthesized nanoparticles and therefore, stipulated the presence of complex 3A molecules
within the nanoparticles. Furthermore, on comparing the FTIR spectrum of 3A@SiO2NP with the
same for the bare complex, the stretching band at 1626 cm™ due to the coordinated carboxylate
ve=o0 group existed in both of the spectra consolidating the incorporation of the complex within the

porous nanoparticle (Figure 3.3). To note, nanoparticles were thoroughly washed with water and
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suspended in an aqueous medium. Negligible metal leaching, even after 15 days, discarded any

possibility of entrapment of complex molecules (water soluble) outside the nanosphere.

(A) [—-3za@sio, (B)
—Si0, —3A@sSIO,
Complex 3A Sioz 1626 cm’1
A Complex 3A
1626 cm
~~

% A
% A

i

4000 3000 2000 1000 2000 1800 1600 1400 1200
Wavenumbers, cm” Wavenumbers, cm™

Figure 3.3. FTIR spectrum of complex 3A, 3BA@SiO2NP, and SiO2 NPs.

The hollow and porous nature of the isolated 3A-incorporated NPs was elucidated by
recording the N2 adsorption-desorption isotherm on a Quantachrome, Model: Autosorb-1Q MP
surface area and pore size analyzer, at 77 K. Before the experiment, dry samples (obtained by

lyophilizing the suspension for 24 h) were degassed at 100 °C for 4 h.

_(A) (B) 012
c;JCJ'J400 T ;‘jz Pore width =7.79 nm &A'QAJ 0;03600 - ?0:10. Pore width = 6.05 nm E]‘BE‘)J
5 15 || oe@ j / 55001 £oss b
®© 3004215 @ { 80.06 o
e 210 Ink-bottle shape & 400 4z Cylindrical shape
= Zos / = | 3004
S 2004 %% 1 2 @ a0 s AA S 3004 °9 P
-8 Pore diameter (nm) 4 8 1 o000 . : . i //
Q £ 200 0 1F[’)c»re gigmet:;(r](nm‘;u 50 e
o] O 1 =
:.(é’ e 3 100 S
04 H2-type hysteresis 0 EE ' H1-type hysteresis
00 02 04 06 08 10 0. 02 04 06 08 10
Relative pressure (P/P) Relative pressure (P/P )

Figure 3.4. Nitrogen adsorption-desorption isotherm and pore size distribution (inset) of (A)
pristine SiO2NP, and (B) complex 3A@SiO2NPs.
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A type-1V isotherm was realized with a hysteresis loop (Figure 3.4, Table 3.3), which
confirmed the formation of the mesoporous nanoparticles.!® Barrett-Joiner-Halenda (BJH) pore
diameter was 6.05 nm, slightly smaller than the bare porous silica nanoparticles having pores of
7.79 nm width. Noteworthy, bare porous silica nanoparticles (SiO2NP) were synthesized following
the same procedure for 3A@SiO2NPs, replacing the doping solution with 0.01 M HEPES buffer
(pH ~ 7.4). A change in the hysteresis pattern from H2-type to H1-type upon confinement of
complex 3A within the nanospheres inferred the adsorption of the complex in the inner core of the

pore rendering a cylindrical pore shape from an ink-bottle form.

Table 3.3. Textural properties of blank SiO2NP and 3A@SiO2NP.

BET surface Pore volume  Particle Hydrodynamic Zeta potential,

area (m?/q) (cclg) size (nm) diameter, dn mV
SiO;NP 281.70 1.65 22.02+2 310.4, Pdl =0.31 -23.9+3.7
3A@SIiO.NP 269.61 1.19 23.40£2 295.6, Pdl = 0.36 -19.0+£3.5

Additionally, the nanopores of the silica sphere must allow the free movement of water
molecules to maintain sufficient water accessibility to the entrapped paramagnetic chelate. It is a
crucial parameter to attain a high relaxivity value. Hence, the water exchangeability across the
nanopores of the silica sphere was tested by comparing the infrared spectra of 3A@SiO2NP
(recovered from aqueous suspension, then lyophilized for 24 h) to that of lyophilized
3A@SiO2NP_D20 (dried 3A@SiO2NP suspended in D20 for 12 h, then lyophilized for 24 h). A
broadband appeared for SA@SiO,NP_D,0, centered at 2505 cm™ due to the {O-D) and {H-O—
D) asymmetric stretches along with the decrease in intensity of the region 3150-3470 cm* proved
the entrance of DO molecules inside the nanoparticles (Figure 3.5). Therefore, the entrance of

water molecules into and out of the silica sphere of 3SA@SiO2NPs was consolidated.
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Figure 3.5. FTIR spectrum of 3A@SIO2NP and 3A@SiO,NP_D>0. Normalized with respect to
1100 cm™ band.

3.4 Relaxometric studies of 3A@SiO2NP in Water and Serum

The longitudinal relaxivity value (r1), which is defined as the change in the T relaxation
time with respect to its medium in the presence of 1 mM paramagnetic ions, is determined
from the slope of the linear plot of relaxation rates (1/T1) versus Gd concentration. The
longitudinal relaxation time of four different samples containing 3A@SiO: (with increasing
Gd(I11) concentration) was measured at 1.41 T using a BRUKER minispec mg60NMR
analyzer and consecutively plotted. The exact concentration of Gd in the samples was
determined by the ICP-MS technique (Model-Element XR, Thermo Fisher Scientific).
Nanoparticle suspensions were treated with dilute HNO3 solution (45%) at 90 °C, for 12
hours and the supernatant solution was tested by ICP-MS for quantification of Gd(lll)

content.

r. of complex 3A was found to be 9.05 mMstat pH ~7.4, 1.41 T, and 37 °C. A
about 9.5-fold increase in the relaxivity value was observed on the incorporation of the
complex molecules as 3A@SiO2NP exhibited r1 = 86.41 mM-1s? at the same experimental

condition (Figure 3.6).
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Figure 3.6. (1/T1) versus [Gd(I11)] for BA@SiO2NPs, recorded at 25 °C, 37 °C, and in the
presence of 4.5% (w/v) BSA. (B) r1 values compared with bare complex 3A. Measurements

were done atpH ~7.4,and 1.41 T.

To investigate the role of entrapment of the complex molecules in elevating
relaxivity value, surface zeta potential () of pristine silica nanoparticle and complex
incorporated nanoparticle suspensions (at pH 7.4 and 25 °C) were measured using Malvern
ZETASIZER Nano-ZS90 (equilibrium time set to 2 min; 5 measurements taken on each
sample set, only quality criteria values were accepted). The pristine porous nanoparticle of
size 22.0 £ 2 nm in the absence of complex 3A exhibited zeta (<) potential -23.9 mV (Table
3.3). The value in BA@SIiO2NPs at the same pH was -19.0 mV. Thus, the shift in the value
to the more positive direction was a clear indication that mono-positively charged complex
3A interacted with the negatively charged layer of the silica nanoparticles (Figure 3.7).
This static entrapment and the geometrical confinement within the nanosphere decreased

the motion of 3A and enhanced the longitudinal relaxivity, ri.

Negatively charged silica sphere

Mono-positive complex 3A,
electrostatically confined within the NP

Complex 3A confined
Silica nanoparticles

Figure 3.7. Schematic representation of 3A@SiO2NP, showing the presence of complex 3A(blue)

close inside the silica layer (green sphere) and water (cyan) molecules.
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A further amplification in ry relaxivity value of 3A@SiO2NP to 118.32 mMs? (Figure
3.6A, green line) in the presence of serum albumin protein was observed (samples incubated for 3
h at 37 °C). This implied the formation of a slower tumbling system due to the interaction between
the nanoparticles and the protein. To investigate the possible interactions, the £ potential values of
3A@SIO2NP in the absence and the presence of serum albumin protein (4.5%, w/v) in the pH
range of 3.0 to 8.6 were recorded. The hydrodynamic diameter of the nanoparticles employing
dynamic light scattering (DLS) techniques has also been determined simultaneously in the
presence of the protein in the pH range of 3.4 to 8.6. The findings are presented in Figure 3.8. The
significant changes in ¢ potential values of the nanoparticles in the presence of the serum albumin
protein were realized in the pH range- 3.0 to 4.0 and 5.0 to 8.6. While, the { potential values
increased towards positive values at the lower pH range (below pH 5.5), an increase in the potential
toward negative values was noticed at the higher pH than 5.5. The isoelectric point for BSA lies
at pH 4.7. Below that pH, the overall charge of the protein is positive, and at the higher pH, it is
negatively charged. Therefore, the pH-dependent changes in the ¢ potential values (positive-
negative interaction at lower pH, and negative-negative interaction at higher pH) warranted
interactions of serum albumin protein with the nanoparticles whose ¢ potential values ranged from
-13.6 to -20.2 in the pH 3.0-8.6. The interactions could be a combination of supramolecular, van

der Waals, and electrostatic interactions.

A B)E _ i .
(A) 0 —e—3A@SIO:NP ( )5450__‘5_ 3A@SIO:NP

< . . - {—o— 3A@SiO:NPwith BSA
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Figure 3.8. (A) Zeta potentials of 3A@SiO2NP recorded in the absence and presence of 4.5%
(w/v) BSA at different pH. (B) Hydrodynamic diameter of 3A@SiO2NP in the absence and
presence of 4.5 % (w/v) BSA at different pH.
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The hydrodynamic diameter of 3SA@SiO2NP in the presence of the protein increased with
the increased pH and reached the maxima at pH 5.2. Above the pH, the diameter of the
nanoparticles diminished, however, it remained higher than that found in the pH range of 3.4 to
4.0. The findings suggested that the maximum interaction between the protein and the
nanoparticles occurred when it was neural in charge, followed by the negatively charged protein.
These results also discerned the presence of a substantial amount of supramolecular and van der
Waals interactions between the nanoparticles and the protein. Concerned experimental results
along with relaxivity values of 3A@SiO2NP at physiological pH are summarized in Table 3.4.

Table 3.4. DLS hydrodynamic diameters, FETEM particle size, and longitudinal relaxivity values
of bare silica nanoparticles, SA@SiO2NP in the absence and presence of BSA, at pH ~ 7.4.

. Hydrodynamic 4 Particle Size r1 (mM-1s?) at 37 °C,
Material :
diameter (nm) (mV) (nm) pPH~7.4,141T
SiO2 NP 284.1, Pdl = 0.26 -23.9 22.0 =4
3A@SiO;NP 295.6, Pdl = 0.37 -19.0 23.4 86.41
SA@SIONP +45% 375 pdl = 0.47 246 24.4 118.32
BSA (w/v)

To further ascertain the existence of the interactions, thermogravimetric analysis (TGA) of
3A@SIO2NP in the absence and the presence of the protein was recorded at pH 3.0, 5.0, and 7.4
using lyophilized nanoparticles (Figure 3.9A). The percentage of weight loss for each protein-
added sample was compared with that of 3BA@SiO2NP itself. The weight loss sequence, pH 5 (26.0
%) > pH 7.4 (23.0 %) > pH 3.0 (21.4 %), suggested a higher protein loading at pH 7.4 compared
to pH 3.0. This protein adsorption trend was in accordance with similar reports in literature®® and
herein, established that supramolecular and van der Waals interactions predominated over the
electrostatic interaction. Hence, at pH 7.4, the association of the protein, which was due to van der
Waals and supramolecular interactions, rendered a slow-tumbling system and presumably also

lowered the mobility of outer-sphere water molecules as suggested previously.® These cumulative
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effects consequently elevated ry relaxivity value to 118.32 mM*s™ compared to r1 = 86.41 mMs’
! found for BA@SiO,NP. With an increase in the concentration of BSA, the relaxivity value further
increased and attained the maximum value of 128 mMs™ at a 1.6 mM concentration of BSA

(Figure 3.9B).
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Figure 3.9. (A) TGA analysis spectra for SA@SiO2NP (black line), in the presence of 4.5% (w/v)
BSA at pH 3 (green line), pH 5 (blue line), and pH 7.4 (red line). (B) r1 values for 3A@SiO>

measured in the presence of an increasing concentration of BSA, at 37 °C, pH 7.4, and 1.41 T.
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Figure 3.10. Zeta potentials of hollow porous pristine silica nanoparticles (in the absence of

complex 3A) measured in the pH range of 2 to 10.
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3.5 Stability of 3BA@SiO2NP at Different pH

According to earlier reported data, complex 3A showed pH-dependent change in relaxivity as ri
was found to be 9.82 mMst at 1.41 T, pH 7.4, 25 °C increased to 13.08 mMs™ upon lowering
the pH to 2.13. Contrarily, the relaxivity value diminished to 6.70 mM-s™at pH 10.0. The increase
in relaxivity upon decreasing pH was explained due to the aggregation of complex molecules
leading to a slowly rotating system, which increases overall correlation time and thus the
longitudinal relaxivity.?’ Thus, complex 3A remained intact even at pH 2. These diminishing effect
at higher pH was attributed to the alteration in hydration number with pH as q was found to be ~
2 at pH 10.

Here, the r1 relaxivity of SA@SiO2NPs (0.05 mM) was determined at 1.41 T, 25 °C within
the pH range 2-10 to elucidate the effect of pH on complex 3A-molecules after the impregnation
within the nanoparticles (Figure 3.11 and Table 3.5). pH of each solution was attained with the

addition of an appropriate amount of dilute HCI or NaOH solution.

100+
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Figure 3.11. r; values for 3SA@SiO2NP recorded in the pH range 2.1-10.0. Experiments were
performed at 25 °C, and 1.41 T.

While a constant value of 95.3 + 0.5 mMst was observed between pH 4.0 to 9.0, a subtle
elevation in the relaxivity value (100.53 mMs™*) was noticed at pH 10.0. Contrarily, a discernible
pH effect was apprehended at pH = 2.13, and a ~ 37 % drop in the relaxivity value to 59.54 mM"
s1 was realized. To rationalize the observation, ¢ potentials of hollow porous pristine silica

nanospheres were considered in the pH range of 2.13 to 10.0 (Figure 3.10). With the decrease in
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pH from 7.4 to 2.13, the £ potential simultaneously increased to +2.65 mV from -23.9 mV. This
change in ¢ potential to the positive value at pH 2.13 caused a repulsive interaction between the
cationic complex 3A and the nanoparticles-layers. As a result, some of the layer-confined-
complex-molecules, having a calculated volume of 631 A3/molecule (Figure 3.12), transuded
from the porous nanospheres to the solution. To quantify this leaching effect at lower pH, a 100
uM 3A@SiO2NP suspension was kept for 20 h, at pH 2.13. The percolated-out gadolinium ions
concentration in the supernatant solution was measured to be 38.3 £M which was almost 39 % of
the total concentration of the confined molecules. Owing to the fact that 3A was stable at pH 2.04)
and exhibited r1 = 13.08 mM*st at 1.41 T, 25 °C (vide supra), the coexistence of both unconfined
and confined complex molecules prevailed in the pH 2.13 solution, consequently diminishing the
overall relaxivity value. At pH 10.0, the reduction in ¢ potential to -25.7 mV strengthened the
interactions between the silica nanosphere and the entrapped cationic complex 3A. The
interactions possibly reduced the molecular motion further to engender a subtle increase in the
relaxivity value from 95.24 mM*sto 100.53 mMs?,

Table 3.5. Hydrodynamic diameter and longitudinal relaxivity of 3SA@SiO>NP determined in the
pH range 4-8.

3A@SIO2NP at Hydrodynamic

different pH diameter (nm) Pl SR ) el Z8E, AL
4.02 307.6 0.32 95.81
5.18 303.0 0.31 95.97
6.08 298.3 0.27 95.61
7.40 295.6 0.36 95.32
8.29 301.1 0.30 95.44
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Total volume of the box 631.08 A%

Figure 3.12. Optimized structure of tris(aquated) complex 3A. Optimized at B97D3 level
containing a pure functional, B97. Red = oxygen, blue = nitrogen, grey = carbon, green =
gadolinium, and white = hydrogen. According to the calculations the molecule could be fitted
within a cavity having an estimated volume of 631.08 A3 (i.e., 8.87A°x8.04A°x8.86A°).

Table 3.6. Optimized coordinates of the complex 3A at B97D3 level of theory containing a pure
functional, B97, with the Grimme's D3BJ dispersion (B97D3) (in xyz format). The DFT

calculations are performed using the Gaussian16 package.?

C -4.04E+00 7.00E-01 -3.39E+00
C -3.17E+00 2.50E-01 -2.45E+00
N -2.22E+00 1.04E+00 -2.01E+00
C -2.17E+00 2.29E+00 -2.23E+00
C -2.96E+00 2.86E+00 -3.17E+00
C -3.93E+00 2.04E+00 -3.80E+00
c -3.19E+00 -1.15E+00 -1.81E+00
o) -2.29E+00 -1.41E+00 -9.28E-01
o) -4.05E+00 -2.01E+00 -2.12E+00
c -1.17E+00 3.02E+00 -1.32E+00
N -1.18E+00 2.19E+00 -9.70E-02
c -3.43E-01 2.73E+00 9.93E-01
c 1.09E+00 2.24E+00 8.44E-01
N 1.19E+00 1.05E+00 3.88E-01
c 2.27E+00 3.23E-01 5.45E-01
c 3.45E+00 8.89E-01 9.30E-01
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c 3.46E+00 2.26E+00 1.24E+00
c 2.23E+00 2.96E+00 1.22E+00
c 2.06E+00 -1.17E+00 2.78E-01
0 2.99E+00 -2.01E+00 4.39E-01
0 9.03E-01 -1.54E+00 -1.07E-01
c -2.50E+00 2.03E+00 4.16E-01
Gd -5.70E-01 9.50E-02 -7.42E-01
o) 8.75E-01 9.96E-01 -2.24E+00
0 2.77E+00 2.59E+00 -2.03E+00
0 -2.74E-01 -1.36E+00 -2.46E+00
c -2.36E+00 1.04E+00 1.61E+00
0 -1.60E+00 -5.20E-02 1.31E+00
H -4.79E+00 5.70E-02 -3.80E+00
H -2.87E+00 3.90E+00 -3.42E+00
H -4.56E+00 2.44E+00 -4.56E+00
H -1.94E-01 3.07E+00 -1.75E+00
H -1.50E+00 4.02E+00 -1.11E+00
H -6.78E-01 2.32E+00 1.93E+00
H -4.28E-01 3.80E+00 1.01E+00
H 4.34E+00 3.06E-01 9.97E-01
H 4.37E+00 2.76E+00 1.49E+00
H 2.18E+00 3.99E+00 1.50E+00
H -3.12E+00 1.60E+00 -3.48E-01
H -2.94E+00 2.95E+00 7.33E-01
H 3.81E-01 1.38E+00 -2.97E+00
H 1.40E+00 1.68E+00 -1.82E+00
H 3.51E+00 2.14E+00 -1.62E+00
H 2.58E+00 3.40E+00 -1.55E+00
H -7.20E-02 -2.23E+00 -2.11E+00
H -1.08E+00 -1.40E+00 -2.99E+00
H -1.87E+00 1.54E+00 2.42E+00
H -3.34E+00 7.29E-01 1.91E+00
0 -1.26E+00 -1.85E+00 -4.89E+00
H -1.83E+00 -2.60E+00 -4.68E+00
H -4.03E-01 -2.17E+00 -5.18E+00
0 -2.78E-01 -3.16E+00 -1.52E+00
H 5.56E-01 -3.17E+00 -1.04E+00
H -9.90E-01 -2.94E+00 -9.14E-01
0 1.77E+00 1.43E+00 -4.50E+00
H 1.29E+00 1.91E+00 -5.17E+00
H 2.43E+00 2.00E+00 -4.10E+00
H -2.16E+00 -8.35E-01 1.32E+00
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3.6 Stability of 3BA@SiO2NP in the Presence of Interfering lons

The physiologically available ions (HCO3!", HPO4?, Zn(11), Cu(ll), etc.), which are present
in a non-negligible concentration in blood plasma, may remove the ligated water molecules
thereby reducing the relaxivity value or induce transmetallation, releasing highly toxic free
Gd(I11) ions in the body subsequently.?? Thus, the effect of these cations and anions on
3A@SiO2NP must be assessed.

Bicarbonate and biphosphate solutions were added to 3A@SiO2NP suspension [0.05
mM w.r.t. Gd(I11)] in 200-fold excess, at pH 7.4 and 25 °C. The change in the r; relaxivity
value of the resultant suspension was then determined at 1.41 T, after 12 h of incubation.
Gratifyingly, no change in r1 = 95.24 mM*s™ was realized (Figure 3.13A). To note, bare
complex 3A showed affinity towards the mentioned anions, and relaxivity values were
significantly diminished when exposed to 100 equivalents of bicarbonates (43%) or
biphosphates (50%). Thus, upon confinement, the negatively charged silica nanosphere
effectively protected the entrapped positively charged 3A molecule from any deleterious

interactions by the external anions.

(&) 100- (B) 1.00-
;;‘ 754 @_0.96-
£ 50- ~0.92-
L-P [
251 0.881 .
: : A 0 800 1600 2400 3200 4000
HEPES HPO, HCO, Time (min)

Figure 3.13. (A) r1 values for 3SA@SiO2NP measured in the presence of 200 equivalent
excess of different physiological anions, at pH ~ 7.4, 1.41 T, and 25 °C. (B) Time profile
of percentage changes in relative relaxivity, r1 (t)/r1 (0), of 3BA@SiO2NP, [Gd(I11)] = 0.01
mM; when challenged with an equivalent amount of Zn(ll) ions. pH was maintained at ~

7.0 using phosphate buffer and the experiment was done at 37 °C.
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To elucidate the effect of Zn?* ions (an essential micronutrient in vivo) on bare and
entrapped complex 3A molecules, transmetallation studies were done following the changes in the
initial r1 relaxivity values with time, in the presence of an equivalent amount of Zn(ll) ions in
phosphate buffer at pH 7.0, 37 °C.% Usually, the index of kinetic inertness is given as the time
required for the reach 80 % of the initial ry relaxivity value. The reduction would be because of
the transmetallation, releasing free Gd(I11) and thereafter insoluble Gd(POs) precipitate formation.
Gd(I11) in ionic form is highly toxic and could be directly related to nephrogenic systemic fibrosis
(NSF). Hence, high kinetic stability is an inevitable parameter for developing novel Gd(l11)-based
contrast agents.

For bare 3A molecules, the 20 % decrease in the ry value was reached by 43 min. The same
index for clinically approved mono(aquated) GdDTPA(BMA) [Omniscan®], GdDTPA
[Magnevist®], and GADOTA [Dotarem®]Jvalues are 70 min, 250 min, and > 5000 min,

respectively.?* Herein, the lower value abided low denticity of the Hzhbda ligand.

Nonetheless, upon encapsulation within the porous nanoparticles, there was only a 3 %
decrease in the initial relaxivity value at 50 min. The total reduction in the initial value was
restricted to only 12 % in > 4320 min (Figure 3.13B). Thus, the encapsulation paved the kinetic
inertness in complex 3A. A similar effect in terms of increase in Kinetic inertness has also been
observed by Mazzanti and colleagues, where 80 % of the initial relaxivity value was reached in
1000 min by entrapping trianionic [Gd(OH2)s(dhgN-SO3)]*- complex.’® Thus, a significant
improvement in the depletion time of the initial relaxivity value has been achieved by implanting
monocationic complex 3A closer to the inner negatively charged surface of the nanoparticles. The
attenuation in the initial r1 value of 3SA@SiO2NP originated merely because of agglomeration. In
the phosphate buffer, the hydrodynamic diameter (dn) of the 3A incorporated nanoparticle was 644
nm (PDI = 0.395). In the presence of Zn(ll) ions (incubated for 24 h), the value inflated to 1352
nm (PDI = 0.196). The agglomeration reduced the exposure of entrapped-complex 3A-molecules
to outer-nanosphere water molecules and consequently diminished the values. Nonetheless, the

agglomeration did not exert a substantial change in the relaxivity value.
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3.7 Phantom MR Imaging of 3A@SIiO2NP, at1.5T

To judge the capability of the synthesized 3A@SiO2NP as a potential T1-weighted contrast agent,
in vitro phantom images of suspensions with varied Gd(I11) concentrations were recorded at pH
7.4 on BRIVO MR355 1.5 T MRI scanner at TR = 560 ms, TE = 15ms, slice thickness = 5.0 mm
and field of view (FOV) = 512x512 mm?. By considering the same area for all the images, relative
image intensity was plotted as a bar diagram. The MR images and the corresponding intensity plot
(Figure 3.14) demonstrated enhancement in brightness with increasing concentration of
3A@SiO2NPs [Gd(I1) ions] and thus, consolidated 3A@SiO2NP as a T1-weighted contrast agent.

(A) O Bz ]
C i
_9
SiO,NP < 0.8
o] -
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3uM 7 puM -0.4-
(V]
=
oo lEE
© ]
o 0.0

13 pM 15 pM

[Gd(lll) (MM)
Figure 3.14. (A) Ti-weighted phantom MR images of micro-centrifuge tubes containing
suspensions of different concentrations of 3A@SIO2NP, recorded at 25 °C, and 1.5 T; (B) Relative

image intensity plot using ImageJ software considering the same area for each phantom.

3.8 Cytotoxicity Assay and Cell-Uptake of 3SA@SiO2NP

Theranostic applications of nanoparticulate contrast agents that exhibited cellular uptake,
followed by cell tracking, therapy, drug delivery, etc., have become important in modern
medical sciences.?® In this context, the biocompatibility of the synthesized complex 3A
confined porous silica nanoparticles was assessed on HelLa cells and macrophages by
performing the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide)
assay.®13 |n this experiment, cell lines were maintained in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1%
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penicillin & streptomycin at 37 °C in humidified air containing 5% COx. Cells were seeded
in a 96-well plate at a density of 5x10° cells/well and allowed to attach for 24 h, maintaining
the same conditions mentioned above. Afterward, respective cells were incubated with an
increasing concentration of 3A@SiO2NPs. For Hela, treatment was continued for 48 h,
whereas for macrophages, cells were incubated with nanoparticles for 4 h. 0.5 mg/ml of
MTT in DMEM was added to each well. Subsequently, 150 uLL DMSO was added to each
well. Absorbance was measured at 570 nm using Cary 60 UV-Vis spectrophotometer, and

after that, cell viability was calculated, considering 100% viability for untreated cells.

(A) Hela (B) 120 Macrophage
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Figure 3.15. In vitro cytotoxicity analysis of 3SA@SiO2NPs done by MTT assay on (A)

HeLa cell line and (B) Macrophages. Measurements were done in triplicate.

88 % cell viability in HeLa cells (Figure 3.15A) was realized after 48 h exposure to
3SA@SiO2NPs at 100 #M Gd(l11) concentration (i.e., [silica nanoparticles] = 32 mg/mL).
In the case of macrophages, 82 % viability (Figure 3.15B) was noticed in 4 h incubation
of 200 1M of the nanoparticles. Thus, the biocompatibility of the synthesized nanoparticles

was apprehended.

Furthermore, RBC pellets were collected by centrifugation of 4 mL EDTA-
stabilized human blood at 1600 rpm for 5 minutes. Blood plasma was removed and the
remaining RBC was washed with PBS twice. Finally, the collected RBC pellet was re-
suspended in PBS (10 mL). Hemocompatibility was assessed by incubating freshly isolated
red blood cells (RBC) and plasma with varied concentrations of 3A@SiO2NPs.?® Results
are presented in Figure 3.16. 3A@SiO2NPs exhibited mild toxicity toward human RBC
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and caused about 18 % haemolysis on treatment with 50 4M complex incorporated

nanoparticles. Furthermore, no toxicity of the nanoparticles was recorded in the plasma.
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Figure 3.16. Hemolysis percentage after treatment of RBC with complex 3A and 3A@SiO2NPs.
Inset: photographs of RBC pellets after treatment with negative control, positive control, complex
3A (50 uM) [denoted as C], and 3A@SiO2NPs (50 uM) [denoted as NP]. (D) Coagulation
properties of SA@SiO2NPs were tested by PT and aPTT measurements. Measurements were done

in triplicate.

Parallelly, the cell permeability of 3A@SiO2NPs was tested on HeLa cells. To visualize
the cell uptake, post 12 h and 48 h incubation with 25 xM amount of SA@SiO2NP, Hela cells were
subsequently washed with PBS (phosphate-buffered saline) to remove any unbound nanoparticles.
Cells were then trypsinized and fixed using 4 % formaldehyde for 15 min and washed twice with
PBS. The corresponding FETEM images, particle size analysis, and EDS elemental analyses,
presented in Figure 3.17, suggested the incorporation of 3A@SiO2NPs within the cells in the

measurement time frame.

The cellular uptake was quantified by ICP-MS of the solution prepared by digesting the
treated cells (48 h) in conc. HNOs. Gd content was estimated to be about 55 % of the initially

treated amount.
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Mean diameter = 19.95 nm
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Figure 3.17. TEM images of HelLa cell (A) after 12 hours of incubation (corresponding
nanoparticle size in the inset), (B) and (C) after 48 hours of incubation with 3BA@SiO2NP, showing
uptake of nanoparticles. (B) Inset: Full view of the cell that was zoomed in. Red arrows are used
to locate the presence of 3A@SiO2NP inside the cell. The yellow marked area in (C) inset is
magnified to visualize the internalization of nanoparticles. (D) EDS analysis inside the cell,
indicating the presence of Gd, Si, and N. Cell membrane is indicated by a blue-dotted line for the

zoomed-in images.
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Fluorescence Overlay

Figure 3.18. Fluorescence microscopy images of HeLa cells (A)-(C): untreated; (D)-(F): treated

with 3A’@SIO: i.e., Th(ll1)-congener confined porous silica nanoparticles.

To further support the cell uptake phenomenon, cells were treated and incubated with
fluorescent active Th(l11) congener of complex 3A, i.e., 3A’@SiO.NPs (Gd"' concentration ~ 100
M) and were subsequently fixed with 4% formaldehyde solution for 15 mins, thoroughly washed
with PBS. Cells were imaged using Fluorescence inverted microscope Nikon ECLIPSE Ti-U. The
fluorescence images of cells showed green fluorescence due to intracellular incorporation of 3A'-
based nanoparticles (Figure 3.18). Therefore, the study directly concurred with incorporating and
possibly using the synthesized nanosystem for cell labeling. Functionalization of the presented
system for selective cell internalization and its therapeutic application thereafter could be done

afterward.

Page | 92
TH-3359 186122030



Chapter 111B

3.9 Synthesis and Characterization of Ligand H2.PyDPA
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=
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Scheme 3.3. (A) Schematic representation for the synthesis of ligand H2PyDPA. (B) Molecular
structures of the protonated ligand. C = grey; N = blue; O = red and CI = green.

The synthetic route for the preparation of ligand H2PyDPA is shown in Scheme 3.3. Compound 3
was isolated in 54 % yield by reacting 1:2.2 equivalent amounts of 2-(2-Pyridyl)ethylamine and
6-(bromomethyl)picolinate in CH3CN in the presence of KoCO3 and KI. Ligand H.PyDPA was
obtained as monohydrochloride salt (H.PyDPAe1HCI) in 75 % yield by the hydrolysis of
compound 3 with an aqueous LiOH solution in THF/H2O solvent mixture followed by acidification
of the solution with 1 M HCI. Slow evaporation of a methanolic solution of crude, colourless
crystals was obtained (H.PyDPAeHCle5.5H,0). X-ray single-crystal diffraction measurement
revealed the existence of tertiary nitrogen in protonated form. The ligand was further characterized
by FTIR, ESI-MS, 'H-NMR, and 3C-NMR spectroscopy.

In the infrared spectra of ligand H.PyDPA (Figure 3.19A), bands at 3529 cm™ and 3371
cm™ were due to vo_n asymmetric stretching of water and carboxylic acid group, respectively.
Broad band in the range 2804-2542 cm™ appeared due to the vn_n of the protonated tert-amine
group. Characteristic vc=o0 asymmetric stretching (carboxylic acid groups) were observed as sharp
bands at 1722 cm™ and 1710 cm™. The peak at 1590 cm™ correlated with the characteristic

aromatic vc=n stretching (pyridine group). The electrospray ionization mass spectrum (ESI-MS)
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of ligand H2PyDPA in aqueous medium was recorded in the positive mode showing a 100%
molecular ion peak at m/z = 393.1565 (Figure 3.19B). The isotope distribution pattern of the
observed mass corresponded to the composition of the ligand [C21H20N4O4 + H]* (m/z = 393.1557).
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Figure 3.19. (A) FTIR and (B) ESI-MS (+ve) spectra of ligand H.PyDPA. The simulated spectrum
IS given as an inset.
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Figure 3.20. *H-NMR spectrum of ligand H.PyDPA in D,0O solvent.
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The H-NMR spectra of ligand H2PyDPA, recorded in the D,O medium, showed signals
in the 8.71-7.65 ppm corresponding to 10 aromatic protons of three pyridine rings. Two singlet
peaks at 4.75 and 4.72 ppm appeared due to the methylene protons of the picolinate groups. The 4
protons of substituted ethyl group adjacent to the pyridine group arise at 3.92-3.70 ppm. The 3C-
NMR spectrum of the ligand (Figure 3.21) exhibited 11 peaks in the aromatic region and 3 peaks

in the non-aromatic region.
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Figure 3.21. 3C-NMR of ligand H.PyDPA measured in D20 solvent.

3.10 Synthesis and Characterization of Mono-aquated Mn(ll)-
Complex of Ligand H2PyDPA, 3B

Equivalent amounts of the ligand H.PyDPA and MnCle4H,0 were reacted in water at pH ~ 6.5,
attained using a dilute NaOH solution. Subsequently, the reaction mixture was kept for slow
evaporation, providing needle-shaped pale-yellow X-ray suitable single crystals of complex 3B in

45 % yield. The reaction pathway is shown in Scheme 3.4.
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Scheme 3.4. Schematic representation for the synthesis of complex 3B, [C21H20N4OsMn].

The FTIR and ESI-MS spectra of complex 3B are presented in Figure 3.22. A broad peak,
centered at 3392 cm-1 corresponded to the vo_+ asymmetric stretching of water molecules. A shift
in the vc=0 asymmetric stretching from 1722 cm (for H.PyDPA) to 1625 cm™ in 3B indicated the
formation of the complex. The (+ve) mode ESI-MS spectrum of the aqueous 3B solution showed
a 100% molecular ion peak at m/z = 446.09, which corresponded to the composition
[{(C21H20MnN4Os)-(H20)}+H]* for the concerned Mn-complex (3B). The exact composition of
the complex was determined by CHNS analysis, reciprocating to C21H20MnNsOse5H,0
(Analytically calculated for C2:H20MNnN4Ose5H,0: C, 45.56; H, 5.47; N, 10.13. Found: C, 45.58;
H, 5.23; N, 10.15.). Thus, five water of crystallization existed in the unit cell of 3B.
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Figure 3.22. (A) FTIR and (B) ESI-MS (+ve) spectra of complex 3B. The simulated mass

spectrum is given as an inset.
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X-ray single-crystal diffraction measurement of complex 3B crystals revealed that the
central Mn atom was seven-coordinate with pentagonal bipyramidal geometry (Figure 3.23B).
The coordination of two picolinate units and the aliphatic N2 atom constructed the basal N3O>
plane. Pyridine N3 occupied one of the apical positions, and the other position was empty and
eventually occupied by a solvent water molecule. Selected bond distances and bond angles are
tabulated in Table 3.8. The observed bond distance and bond angles are in agreement with other
Mn(11)-complexes with similar coordinating geometry, as reported earlier.?” The presence of a
water molecule in the primary coordination sphere of the Mn(ll) ion indicated that the complex

could be a potential T1-weighted contrast agent.
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Figure 3.23. ORTEP representations of (A) ligand H.PyDPAeHCI, and (B) complex 3B, drawn
at 40% probability level. All the hydrogen atoms, except for the ammonium proton in the ligand

and solvent protons in the complex were omitted for clarity.

Table 3.7. Selected bond distances (A) and bond angles (°) for ligand H.PyDPAeHCI.

01-C14 1.312(5) 02-C14-01 123.8(3)
02-Cl4 1.210(4) 03-C21-04 122.4(4)
03-C21 1.217(4) C7-N2-C8 115.5(2)
04-C21 1.322(5) C15-N2-C7 110.9(2)
N2-C7 1.501(4) C15-N2-C8 112.2(3)
N2-C8 1.509(4)
N2-C15 1.488(4)
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Table 3.8. Selected bond distances (A) and bond angles (°) for complex 3B.

Mn1-01 2.235(2)
Mn1-03 2.266(3)
Mn1-05 2.213(4)
Mn1-N1 2.280(3)
Mn1-N2 2.509(3)
Mn1-N3 2.318(3)
Mn1-N4 2.292(3)

01-Mn1-03 81.10(9)
01-Mn1-N1 71.56(10)
03-Mn1-N4 70.83(10)
05-Mn1-N3 174.00(14)
N1-Mn1-N2 69.47(10)
N4-Mn1-N2 68.57(10)

Table 3.9. Crystallographic and structural refinement parameters for ligand H.PyDPAeHCI.

Empirical formula
CCDC Number
Formula weight
Crystal habit, colour
Crystal size, mm®
Temperature, T
Wavelength, A(A)
Crystal system
Space group

Unit cell dimension

Volume, V (A%)

Z

Calculated density, mgemm?
Absorption coefficient, z (mm™)
F(000)

@range for data collection
Limiting indices

Reflection collected / unique
Completeness to &

Max. and min. transmission
Refinement method

Data / restrains / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

C21H21CIN4O4
2096635
428.87
Needle-shaped/ colourless
0.32x0.30x0.28
293(2)
0.71073
Triclinic
p-1’
a=7.1977(4) A, b = 13.2326(9) A,
¢ = 13.4013(10) A,

a = 99.432(6)°, = 98.036(5)°,
y = 92.551(5)°
1243.80(15)

2
1.145
0.183
448
2.3760° to 25.8870°
-8<h <8, -15<k<15, -11<I<15
9542/2974 [Rny = 0.0249]
99.7% (0= 25°)
1.00000/0.66355
‘SHELXL-2013 (Sheldrick, 2013)’
4365/0/277
1.068
R:1=0.0687, wR, = 0.2139
R: =0.0903, wR, = 0.2352
0.484/-0.222
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Table 3.10. Crystallographic and Structural refinement parameters for complex 3B.

Empirical formula
CCDC Number
Formula weight
Crystal habit, colour
Crystal size, mm®
Temperature, T
Wavelength, A(A)
Crystal system
Space group

Unit cell dimension

Volume, V (A%

z

Calculated density, mgemm-
Absorption coefficient, z (mm™)
F(000)

@range for data collection
Limiting indices

Reflection collected / unique
Completeness to &

Max. and min. transmission
Refinement method

Data / restrains / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)
Largest diff. peak and hole

C21H20MNN4Os
2096636
463.35
Needle-shaped/ colourless
0.35x0.32x0.30
293(2)
0.71073
orthorhombic
Pbcn'
a=18.4469(8) A, b = 18.0189(10)
A, ¢=15.4102(5) A,
a =90.00°, = 90.00°, y = 90.00°
5122.2(4)
8
1.202

0.549

1912
2.8270° to 24.8610°
-14<h <21, -10<k<21, -18<I<10
11927/2990 [Rny = 0.0476]

99.8% (0= 25°)
1.00000/0.55685

‘SHELXL-2013 (Sheldrick, 2013)’

4514/0/288
1.070

R: =0.0561, wR> = 0.1533

R:; =0.0845, wR> = 0.1676
0.410/-0.343

3.11 Thermodynamic Stability of Complex 3B

The protonation constants of the ligand HoPyDPA and the stability constant of the corresponding
complex 3B were determined by direct pH-potentiometric titrations in the pH range of 2.3-12.0.
Experiments were performed at a constant ionic strength using 0.15 M NaCl and 25 °C. For ligand
protonation constants, pH-potentiometric titration was done with 0.001 M ligand solution against
standardized 0.1 M NaOH solution as titrant. The thermodynamic stability of the complex was
obtained by direct pH-potentiometric titration using 1:1 ligand-to-metal (Mn"/Cu'/Zn'") molar

ratio.
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Figure 3.24. Experimental and simulated curves representing pH-potentiometric titration of (A)
ligand H2PyDPA solution, (B) ligand H2PyDPA:Mn(1II) (1:1) solution, (C) ligand HoPyDPA:Zn(1II)
(1:1) solution, and (D) ligand H,PyDPA:Cu(Il) (1:1) solution against standard NaOH solution in
0.15 M NaCl and 25 °C. (E) Potentiometric titration curves of the ligand HoPyDPA solution with
1 equivalent of MnCl,e4H,0 salt (red solid line), CuCl,e2H,0 salt (green solid line), and ZnCl>
salt (black solid line) in H>O in 0.15 M NaCl, and 25 °C.
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Equilibrium constants were calculated from the data obtained by simulating each titration curve
using Hyperquad2008. For the Mn-complex of the synthesized ligand, the stability constant was
found to be logKmnr = 14.80(7). The value was comparatively higher than the previously reported
mono(aquated), seven-coordinate Mn(II) complexes of PyC3A, DPAAA, trans-CDTA, and EDTA
ligands (Table 3.11).2%27>28 The presence of three pyridine moieties in the ligand HoPyDPA thus
imparted high thermodynamic stability in complex 3B due to Mn(Il)(#g)-to-pyridine w*-
interactions. Under physiological conditions, the thermodynamic stability of any metal complex is
represented by its pM value.? pM value is defined as —log[M]see considering [M] = [L] = 10°> M
at pH ~ 7.4.° The complex [Mn'(PyDPA)(OH,)]° exhibited a pMn value of 8.97 that further
consolidated the high thermodynamic stability. However, this value was indeed lower than the

corresponding Cu(II) and Zn(II) complexes, obeying the Irving-Williams series.*

Table 3.11 Ligand protonation constants and corresponding stability constants for Mn(ll)

complexes.
PyC3A® DPAAA® TPAA® PhDTA! tCDTAY EDTAY CBDA® PyDPAf
logK,H 10.16 7.26 6.78 6.66 9.36 9.17 8.10 9.21(12)
logK,H 6.39 3.90 4.11 4.85 5.95 5.99 2.97 6.45(7)
b logKsH 3.13 3.29 3.3 3.53 3.62 2.73 2.35 3.50(9)
logK,™ — 1.77 25 3.32 2.57 2.01 — =
logKsH — — — — 1.49 1.38 — —
YlogKiH 19.68 16.22 16.69 18.36 22.99 21.28 13.42 19.16
logKwmnL 14.14 13.19 — 11.79 14.32 12.46 — 14.80(7)
logKmnHL 243 2.90 — 2.84 2.90 2.95 — 3.82(4)
M logKmnHaL — — — 1.91 1.89 — — 2.55(9)
logKmnL(oH) — — — — — — — 5.41(6)
logKmnwoH)2 — — — — — - —_ -8.06(2)
pMn 8.17 8.98 — 8.38 8.68 7.83 — 8.97
logKzn. — — — 13.03 16.75 15.92 — 18.51(2)
zn?* | logKzune — — — 3.556 2.57 3.23 — 9.28(3)
logKznhaL — — — 1.90 — 1.50 — 5.59(10)
logKcut — — — 15.21 19.78 19.02 — 20.36(3)
Cu? | logKcunL — — — 3.23 291 3.15 — 9.25(5)
logKcuze — — — 1.50 1.10 2.04 — 6.32(8)

3[2c] (I= 0.15 M NacCl, 25 °C). °[27b] (1= 0.15 M NaCl, 25 °C). °[18c] (I = 0.1 M KClI, 25 °C). [28] (I=
0.15 M NaCl, 25 °C). {[27a] (1= 0.15 M NaCl, 25 °C). "This work (1= 0.15 M NaCl, 25 °C).
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Prior to the encapsulation of complex 3B molecules into the silica nanosphere, the stability of the
complex in the presence of NH4OH was tested by recording the UV-Vis spectrum at pH ~ 9.5
(attained by the addition of ammonia solution). No appreciable change in the UV-Vis spectrum at

the experimental conditions refuted the possibility of decomposition of the complex during the

encapsulation. (Figure 3.25).

Complex 3B, pH ~ 7.4

254 Complex 3B, pH ~ 9.5, NH,OH

20+

-1 -1
& mM cm
—
[8)]
1

0

225 250 275 300 325 350
A, nm

Figure 3.25. UV-Vis spectroscopy of complex 3B at pH ~ 7.4 and pH ~ 9.5 (attained by addition

of NH4sOH).

3.12 Synthesis and Characterization of Complex 3B Confined Porous
Silica Nanoparticles, 3B@SiO2NP

Purification

¢
'-:.

Condensation

e

¢ Complex 3B
Water-in-oil Hydrolysed Silica Nucelated Silica silic':c:arrpizr:tt’et‘i{c!es
Microemulsion Precursor Particles P
p Negatively charged silica sphere
| Complex 3B non-covalently
=N pped inside the h
@ = Tetraethyl orthosilicate (TEOS) \ N/ \N
% O \l/
= Igepal CO-520 0 o—Mn—\7 \
] Cross-sectional view
@ = Water H,0 o of the silica nanoparticles

Scheme 3.5. Schematic illustration depicting the synthesis of 3BB@SiO2NP.
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Similar to the synthesis of 3BA@SiO2NP (Section 3.3), a reverse microemulsion method was used
to confine molecules of complex 3B within a porous silica nanosphere (Scheme 3.5). Here, an
aqueous 3B solution (160 pL, 13.40 mM) in water (320 uL) at pH ~ 7.4 was used as the doping
solution. Finally, complex 3B entrapped porous silica nanospheres (3B@SiO2NPs) were collected
as a residue by centrifugation. It was dispersed in 400 uL water (pH maintained at 7.4), and 500
uL of this mother suspension was lyophilized for 24 h to afford 13 mg of dry silica. Mn(ll)
concentration of this stock solution was found to be 1.24 mM and each nanoparticle sized 14 nm,
nepix = 80 [determined following equation (1)]. The morphology, existence of complex inside the
NP, and the porous nature of the isolated nanoparticles were explored by FETEM imaging,
elemental mapping, energy dispersive X-ray spectroscopy (EDS), Fourier transform infrared
(FTIR), X-band EPR and N2 adsorption-desorption isotherm analyses, as analyzed subsequently.

(C) Element  Weight% Atomic%
N 1.55 3.08
Si 97.55 96.47
0.90 0.46

Mean diameter =14.3 + 2 nm

100 pm 5 N 10 15 20 25
P i Diameter (nm)
(D)| —3e@sio NP (E) [——3B@SIONP (F) —— Complex 38
——SIONP ——SIONP ——3B@SIONP
’ Coirish MnC1,@SiO,
—— Complex 3B 1625 cm”’ omplex 3B

\{ 1625 cml___ Q

<< < ) =

2 R >-c<s

W

3500 2800 2100 1400 700 2000 1800 1600 1400 1200 200 250 300 350 400 450 500
Wavenumbers, cm” Wavenumbers, cm” B (mT)

Figure 3.26. Characterization of 3B@SiO2NPs. (A) Representative TEM image, (B)
Corresponding particle size distribution diagram considering a minimum of 100 particles, and (C)
Energy dispersive X-ray (EDS) analysis of 3B@SiO2NP showing the existence of Mn, Si, and N
elements in the isolated nanoparticles. (D) and (E) FTIR spectrum of complex 3B, 3B@SiO2NP,
and pristine SiO2 NPs. (F) X-band EPR spectra of aqueous solution of complex 3B, complex
3B@SiO2, and MnCl.@SiO2 measured at room temperature, power = 0.995 mW, modulation
frequency = 100 kHz, and modulation amplitude = 10 G.
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The formation of monodispersed and spherical nanoparticles of 3B@SiO2NP with a
uniform size of 14.3 + 2 nm was recognized by transmission electron microscopy (FETEM) images
of dried nanoparticles (Figure 3.26). The elemental analysis using the energy-dispersive X-ray
spectroscopy (EDS) technique consolidated the co-existence of Mn, Si, and N elements (Figure
3.26C) and indicated the presence of complex molecules within the nanosphere. The presence of
an infrared band at 1625 cm™ [v(C=0)] (Figure 3.26D) and a six-line X-band EPR spectrum

(Figure 3.26F), which is typical for Mn(l1) ions-based systems, also indicated the incorporation.

(A) 002 = (D)
:m600- _ /
5500-;2001 556
D 5 AN
E 400- S ] <
5 s 4 —— 3B@SIO NP
é 300- // / R ——3B@SIO,NPin D,0
- 1020 30 40 50 60 70 80 90 100
@ 200 i Pore width (A Ej
0 Lt ' 2606 cm”
Q o E_E-E’E' 1 |
%100' -'E_‘E _am_ﬂg.a—ﬂa’ﬂ.a.
< T
00 02 04 06 08 1.0 4000 3000 2000 1000

Relative pressure (P/P,) Wavenumbers, cm-?

Figure 3.27. (A) Nitrogen adsorption-desorption isotherm and pore size distribution (inset) of
3B@SiO2NPs. (B) FTIR spectrum of 3B@SiO2NP and 3B@SiO2NP_D>0. Normalized with
respect to 1100 cm™ band.

The hollow and porous nature of the silica hanosphere was verified by nitrogen gas (N>)
adsorption-desorption isotherm recorded on lyophilized 3B@SiO,. Type-IV isotherm was
observed with a hysteresis loop (Figure 3.27A) as expected for silica nanospheres with
mesopores.® Nanospheres were of 211.03 m?/g surface area. By the Barrett-Joyner-Helenda
(BJH) method, pore diameter was calculated. The pore size distribution plot indicated the presence
of two peaks, one at 5.56 nm, which presumably attributed to internal pores of 3B@SiO> and the
other at 9.04 nm was anticipated due to inter-particle voids.3! The presence of such large pores on
the silica spheres is envisaged to allow the free movement of small water molecules across the
outer layer. Sufficient water molecules reached the core of the nanoparticles and interacted with
entrapped complex 3B molecules. To investigate water exchangeability by 3B@SiO2NPs through
the pores, the lyophilized nanoparticles were suspended in D-O for 48 hours and then lyophilized
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for 24 hours to isolate dry 3B@SiO2NP with feasibly incorporated D-O (3B@SiO2NP_D>0).
FTIR spectra of 3B@SiO2NPs and 3B@SiO2NPs_D,0O were being recorded. The decrease in the
band intensity in the region 3100-3450 cm™ and the appearance of a broad band, due to vo p and
W_o_p asymmetric stretches, centered around 2606 cm™ indicated the presence of D,0O inside the
nanoparticles via the exchange of H.O (Figure 3.28B). Hence, the water-exchange capability of
the synthesized 3B incorporated porous silica nanoparticles was consolidated.

Figure 3.28. Molecular structure of four molecules of complex 3B, showing stacking n-n
interactions amongst pyridine units of different molecules. Red- and yellow-color rings represent

two adjacent, interacting pyridine units of two closely located molecules.

Noteworthy, synthesized nanoparticles were thoroughly washed with water and suspended
in an aqueous medium. Negligible metal leaching, even after 15 days, discarded any possibility of
entrapment of complex molecules (water soluble) outside the nanosphere. X-ray single crystal
structure analyses of complex 3B indicated the presence of n-to-n interactions within the complex
molecules through pyridine units, as shown in Figure 3.28. Thus, a big cluster of molecules might
result within the sphere, which would be less prone to come out from the sphere rendering a stable
3B@SiO, nanosystem.
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3.13 Relaxometric Studies of 3B and 3B@SiO2NP in Water and Serum

Concentration-dependent 71 and 7> relaxation times of complex 3B solutions and 3B@SiO>NP
suspensions in HEPES buffer were recorded at 1.41 T, pH ~ 7.4, 25 °C, and 37 °C, using the
Inversion Recovery (IR) and Curr-Purcell-Meiboom-Gill (CPMG) methods. A linear increase in
1/T; as a function of increasing Mn(II) ions concentration, determined by ICP-MS analyses of each
solution, was noticed. Relaxivity values were obtained from the slope of respective plots, presented
in Figure 3.29. For complex 3B, linear fitting of the plots elucidated 71 = 2.88 mM's! and », =
11.02 mM s at 25 °C and 71 = 2.31 mM's™ and 72 = 9.51 mM's™! at 37 °C. The 7 relaxivity
value of complex 3B was higher than Mn(II)-based commercially available contrast agent
Teslascan® (1.6 mMs1)*? and in agreement with other acyclic mono-aquated Mn(II)-based

complexes.>>?’

5 20

(A) y = 2.87852x + 0.34585 (B) y = 11.09838x + 0.28039
2

44 R =0.99841 164 R? = 0.99858

O "0 127
[ o~
= 2- = 8

Complex 3B Complex 3B

1 4
_ A1
r,=288mM’s . r,=11.10 mM’'s"
O T L} T T L] T L} L} L) L]
00 02 04 06 08 1.0 12 14 00 04 08 12 16
[Mn(I1)] (mM) [Mn(I1)] (mM)
1.2
(©) ““Ty = 8.45968x + 0.35243 (D) y = 33.15398x + 0.54563
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Figure 3.29. (A) (1/T1), and (B) (1/T2) versus [Mn(II)] plot for complex 3B. Likewise, (C) (1/71),
and (D) (1/72) versus [Mn(I)] plot for 3B@Si102NPs. Measurements were done at pH ~ 7.4, 1.41

T, and 25 °C.
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Upon the entrapment of the complex within a nanosphere, i.e., of 3B@SiO,NP, the respective 71
and 72 values increased to 8.46 mM s and 33.15 mM!s™! with r2/r1 = 3.92. Notably, the ratio was
found to be r2/r1 = 5.62 mM!s1/2.12 mM s =2.65 using MnCl, instead of complex during the
synthesis of NPs. Interestingly, an approximately 3-fold increase in the respective relaxivity values
of 3B was attained by confining the complex molecules within a porous nanosphere. The relaxivity
values of 3B@Si0O2NPs were greater than those of reported manganese oxide-impregnated silica
nanoparticles and were better or almost equal to the silica-surface-attached mono(aquated) Mn(II)
complexes as tabulated in Table 3.2. Noteworthy, the relaxivity values increased slightly (8.61
mM s and 34.59 mM-'s!) with the increase in the temperature of the medium to physiological
temperature (37 °C). The observation demonstrated stronger interactions between the molecules,

and as a result, the effect of temperature on the rotation correlation time was insignificant.*’

It is worth noting that the 1 relaxivity value of 3B@SiO> was much greater than that found in
clinically approved superparamagnetic iron oxide (SPIO)-based contrast agent Feridex® (4.7 mM"
sy and very much similar to another SPIO-based contrast agent Resovist® (8.7 mM!s!).3?
However, the advantage of this present nanovesicles, i.e., complex 3B entrapped nanosphere
system, is the r/ri = 4.02, which is much higher in the case of Feridex® (r2/r1 = 8.72) and
Resovist® (72/r1 = 7.01). Thus, unlike the clinically approved superparamagnetic contrast agents,
which are mainly T contrast agents, 3B@S102NPs can be utilized as either a Ti- or Ti-T> dual-

mode contrast agent.

(A) [y =2475024x + 0.448 (B) 8y = 63.95976x + 0.84448

3.0-

R®=0.99756 7 R® = 0.9966
25 6
"2 20! 25
~ = 4
= 1.5- < 4]
1.04 2]

1]

0.54 r,=2476mM’s’ r,=63.96 mM's’
0.00 0.02 004 006 0.08 0.10 000 002 004 006 008 0.10
[Mn(I1)] (mM) [Mn(I1)] (mM)

Figure 3.30. (A) (1/T1), and (B) (1/72) versus [Mn(II)] plot for 3B@SiO>NPs in the presence of
4.5% (w/v) BSA;at pH ~ 7.4, 1.41 T and 37 °C.
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Possible interactions of 3B@SiO,NP with serum albumin were realized by estimating the
relaxivity values of nanoparticle suspensions in 4.5 % (w/v) bovine serum albumin (BSA), at pH
~7.4,37°C, 1.41 T. Asignificant boost in 71 (24.76 mM™'s ™) and r2 (63.96 mM!s™!) values inferred
significant interactions between the protein and the Mn(II)-complex-encapsulated nanoparticles

which reduced the mobility and rendered a higher relaxivity.

Table 3.12. DLS hydrodynamic properties and longitudinal relaxivity values of 3B@SiO2NP in
the absence and presence of BSA, at pH ~ 7.4.

. Hydrodynamic ; ri (mM-1s?) at 37 °C,
Material -
diameter (nm) (mV) PH~7.4,141T
3B@SiO,NP 307.4, Pdl =0.27 -18.3 8.61
3B@SIO:NP +4.5% 796 1 pdl = 0.49 275 24.76
BSA (w/v)

Hydrodynamic properties of suspended 3B@SiO> nanoparticles were measured at 25 °C by
Dynamic Light Scattering (DLS) using Malvern ZETASIZER Nano-ZS90, at pH ~ 7.4 (Table
3.12). The zeta (C) potential -18.3 mV of 3B@SiO; at pH ~ 7.4 evinced the negatively charged
surface of the nanosphere. The albumin protein under the experimental conditions (pH ~ 7.4)
remains in its anionic form. Therefore, coulombic interactions between the protein and complex
entrapped nanoparticles would not be feasible. It has previously been established that negatively
surface-charged protein corona, generated by functionalizing mesoporous silica nanoparticles with
hyaluronic acid, interacts with BSA at pH 7.4 via van der Waal interaction.”’ Akin to the earlier
reports, herein, non-covalent supramolecular interactions and van der Waal interactions between
3B@Si0O, and BSA were suggested. Indeed, {'potential of the synthesized nanoparticles suspended
in BSA was -27.5 mV at pH 7.4. Thus, the decrease in the ¢ potential in the presence of BSA
consolidated the proposed interactions. Furthermore, the measurement of dynamic light scattering
(DLS) inferred the increase in the hydrodynamic diameter from 307.4 nm to 796.1 nm supported
the association of 3B@SiO2NP with BSA.
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Figure 3.31. Longitudinal relaxivity value for 3B@SiO2NP and 3B@SiO;NPeBSA compared

with the commercially used contrast agents. Measurements were done at 1.4 T.

3.14 Stability of Complex 3B and 3B@SiO2NP at Different pH

To investigate the effect of pH on complex 3B and 3B@Si102NP, the change in 7] relaxivity of the
entities as a function of pH was determined. A sharp increase in the relaxivity value of complex
3B was noticed with decreasing the pH of the medium below 4, while, the relaxivity moderately

diminished at pH higher than 8 (Figure 3.32).

(A 10 (B) 10
EOS- 9- o — Ll .
N g
£0.6- o
@ = 7 3B@SiOz
20.44 Es
*-0.2-
! 4;
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Figure 3.32. (A) Species distribution diagram for Mn/H>PyDPA: [Mn(II)] = [L] = 1 mM, and pH-
dependent relaxometry of the complex 3B, and (B) 1 values for 3B@SiO2NPs in the pH range
from 4.0-10.0 at 1.41 T and 25 °C.
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To rationalize the phenomena, the species distribution of the synthesized complex across the pH
range of 2-12, determined from the potentiometric titration of 3B, was examined. The formation
of monoprotonated [Mn"(HPyDPA )(OH2)a]" species followed by the decomposition of 3B finally
resulted in free Mn(II) ions in the solution (Figure 3.32A). The formed [Mn(OHz)s]*" exhibit 7, =
6.62 mM's!. Hence, r1 increased with decreasing pH of the medium (pH < 3). In
[Mn"{(HPyDPA)(OH2)a]* species, the tert-amine N atom was anticipated to undergo protonation
as suggested by the X-ray structure (Figure 3.23B) of the isolated ligand and hence, the N atom
no longer participated in the metal coordination. The originated vacant site thus facilitated the
inner-sphere coordination of another water molecule. Therefore, due to the formation of species
with inner-sphere coordination number, ¢ = 2, an elevation in the relaxivity resulted in the pH
range 3-4. At pH above 8, the r1 value slightly diminished due to the appearance of
[Mn''(PyDPA)(OH)] species by either deprotonation of a proton of the coordinated water molecule
or substitution of the water molecule by a hydroxyl anion (HO"). Contrarily, 71 = 8.45 mMs!
diminished by ~ 2% at pH 4 and elevated by ~ 5% at pH 10 in 3B@SiO>NP. Hence, the unfavorable
influence of protons on the complex molecules was successfully eliminated by confining 3B within

the porous silica nanosphere.

3.15 Stability of Complex 3B and 3B@SIiO2NP in the Presence of

Interfering lons

To examine the effect of physiologically relevant anions, both complex 3B and 3B@SiO2NPs were
treated with the excess amount of biphosphate ([HPO4]%), bicarbonate ([HCOs]Y), citrate
([CsH507]%*) and Zn(11). These ions could disintegrate the Mn(11)-complex, thereby replacing the

Mn(Il)-coordinated inner-sphere water molecule or inducing transmetallation.

In the case of anions, the r1 relaxivity value will decrease as the longitudinal relaxation
time of water protons will be affected by the secondary interactions only. However, the substantial
increase in the value refers either to the decomposition of the complex and release of Mn(ll) ions
(r1 = 6.62 mMs1) or aggregation of complex molecules by the quaternary interactions with the
anions. This aggregation renders a slowly rotating molecular system and consequently increases
the relaxivity. When treated with zinc ions, the dechelation of the complex may occur releasing

free Mn?*. This could result in a steep increase in the relaxivity value of the solution.
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Figure 3.33. Longitudinal relaxivity (r1) of (A) complex 3B and (B) 3B@SiO>, recorded after
incubating samples with 200 equivalents of different physiological anions for 12 h, at pH ~ 7.4,
1.41 T, and 25 °C. During experiments, Mn(ll) concentrations were maintained at 0.67 mM and
0.10 mM for 3B and 3B@SiO2NPs, respectively.

Challenging complex 3B solution by the physiological anions, only a slight change in the
ri value: Ar1 = 0.17; ~ 6% increase for biphosphate and Ar1 = 0.24; ~ 8% decrease for citrate, as
illustrated in the above figure. This feature indicated no pronounced interactions between the
complex coordination sphere and the anions. Moreover, on confining the complex molecules
inside the nanoparticles, the relaxivity value remained almost unaltered (Ar1 = 0.33; ~ 4% decrease
only for citrate) in the presence of the anions. Thus, the synthesized nanospheres were impervious
to the anions.

Additionally, to evaluate the kinetic inertness of 3B and 3B@SiO2NP, the samples
containing the paramagnetic compound were challenged with ZnCl, at pH 6.0 and 25 °C. The

change in the relaxivity ratio was then monitored as a function of time.

Complex 3B was found to be kinetically labile and simultaneously attacked by the
scavenger zinc ions. A rapid increase in r2 value upon the addition of 30-fold excess of Zn(ll) ions
indicated a fast transmetallation of the complex (Figure 3.34A). High thermodynamic stability of

the Zn(I1)-complex, as reported in Section 3.11, is reflected in this result.
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Figure 3.34. (A) Changes in r2 for complex 3B and 3B@SiO2NPs with time, when challenged
with 30 equivalent excess of Zn(l1) ions at pH ~ 6.0 (MES buffer). Percentage changes in r1(t)/r1(0)
for 3BB@SiO2NPs with time, (B) when challenged with 30 and 40 equivalent excess of Zn(ll) ions
at pH ~ 6.0 (MES buffer). (C) when challenged with 40 equivalent excess of Zn(Il) ions at pH ~
4.6, 5.1, and 6.0. The samples containing 3B solution, [Mn(I)] = 1 mM or 3B@SiO2NPs
suspensions, [Mn(I1)] =0.056 mM were incubated with zinc ions, and measurements done at 1.41

T and 25 °C.

When 3B@SiO2NPs were incubated with zinc ions, initially a sharp change (~ 3% in 1.5
h) was noticed, irrespective of the concentration of Zn(Il) ions, and the rate of the change was
almost equal in both cases (Figure 3.34B). This result discarded the possibility of substitution of
Mn(Il) ions from the complex molecules by Zn(lIl) ions as no Zn(ll) ions-dependent decrease in
the relaxivity was realized. Gratifyingly, the change in the relaxivity ratio was limited to only ~
6% in 24 hours and remained unaltered for up to 48 hours. The slight change could be because of

the lowering of water accessibility inside the nanoparticles due to the coagulation (vide infra).
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To elucidate, the effect of Zn(ll) ions on the NPs, TEM images of the isolated NPs were
recorded after 48 hours of exposure to 40 equivalent amounts of Zn(ll) ions at pH 6.0. No
disintegration in the nanosphere was noticed (Figure 3.35A and 3.35B). The diameter of the
isolated particles remained almost unaltered to be 14.6 £ 3.0 nm. Thus, no adverse effect was

exerted by Zn(l1) ions on the morphology of 3B@SiO2NPs.

10 15 20 25 % £ 10 15
Diameter (nm) N Sy Diameter (nm)

Figure 3.35. Representative TEM images of dried 3B@SiO2NPs obtained after 48 hours of
suspension at pH 6.0 (A) without and (B) with 40 equivalent Zn?" ions along with corresponding

size distribution plots in the inset.

Table 3.13. Hydrodynamic diameters and zeta potentials of suspensions of 3B@SiO2NPs when

challenged with increasing equivalence excess of Zn?* ions at pH ~ 6.0.

Equivalents of Zn(Il)  Zeta Potential Hydrodynamic diameter Pdl
(mV) (nm)
0.0 -18.1 319.7 0.456
10.0 -15.2 543.1 0.400
20.0 -13.3 716.4 0.364
30.0 -11.1 817.7 0.358
40.0 -9.07 833.2 0.350
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To examine the possible adsorption of Zn(Il) ions on the surface of the nanoparticles, the
zeta potential (&) and hydrodynamic diameter (dn) of the pristine 3B@SiO2NPs and the Zn(ll)
added systems were recorded at pH 6.0. The linear decrease of £ upon progressive addition of
Zn(11) ions; -18.1 mV [0.0], -15.2 mV [10], -13.3 mV [20], -11.1 mV [30], and -9.07 mV [40]
{parenthesis refers the equivalence of added Zn(ll) ions} inferred the adsorption (Table 3.13).
Furthermore, a square increase in the hydrodynamic diameter with the increasing concentration of
Zn(1l) ions suggested the coagulation of the nanoparticles facilitated by the decrease in the ¢
potential of the resulting nanoparticles. Nonetheless, Zn(ll) ions-based competition results

demonstrated that 3B@SiO2NP was kinetically inert and competent for in vivo application.

3.16 Phantom MR Imaging of Complex 3B Solution and 3B@SiO2NP

Suspensions, at 1.5 T

To investigate the contrast ability of complex 3B and 3B@SiO>NP, phantom MR images were
recorded using MAGNETOM Avanto 1.5 T clinical MRI scanner on different concentrations of
the paramagnetic species in HEPES buffer at pH ~ 7.4, 25 °C. For Ti-weighted images, the
following parameters were adopted: TR (repetition time) = 758 ms, TE (echo time) = 10 ms, slice
thickness = 2.5 mm and field of view (FOV) = 260x260 mm?. For T,-weighted images, TR
(repetition time) = 2690 ms, TE (echo time) = 78 ms, slice thickness = 3.0 mm and field of view

(FOV) = 320%320 mm>.

Herein, phantoms are micro-centrifuge tubes filled with solutions or suspensions. The gradual
increase in the concentration of complex 3B resulted in simultaneous brighter Ti-weighted images
and darker T>-weighted images (Figure 3.36). The same effects were also noticed for 3B@SiO>NP
in both imaging modalities (Figure 3.36). Moreover, the contrast enhancement, compared to
water/silica NPs, in 3B@SiO2NP was significantly higher than that in complex 3B. This result
consolidated the formation of a better contrast agent upon the confinement of complex 3B in silica

nanoparticles.
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Figure 3.36. (A) T1-weighted, and (B) T2-weighted phantom MR images of micro-centrifuge tubes
containing different concentrations of complex 3B and 3B@SiO2NP (concentration in terms of
Mn(ll) ion) at 1.5 T, and 25 °C. (C) and (D) Relative MR-image intensity plots using ImageJ

software.

3.17 Cytotoxicity Assay and Cell-Uptake of 3B@SiO2NP

MTT[3-(4,5-dimethyl-thiazol-2-yl)-2,5 diphenyltetrazolium bromide] assays on HelLa (human
cervical carcinoma) cell line were performed to determine the cytotoxicity of 3B@SiO2NP. In the
processes, cells were incubated at 37 °C with different suspensions containing variable amounts
of nanoparticles (0 to 100 uM concentrations in Mn(ll) ion). After 48 h, 0.5 mg/ml of MTT in
DMEM was added to each well and incubated for 1.5 h. Thereafter, 150 ul DMSO was added to
each well. Absorbance was measured at 570 nm, and after that, cell viability was calculated,
considering 100% viability for untreated cells. Figure 3.37 illustrates the percentage of cell
viability with the increased dosage of 3B@SiO2NP relative to untreated cells. While no damage
in cells was noticed up to 20 uM in 48 h, a subtle change in the viability was noticed at the elevated
concentrations. At 100 uM dosage of 3B@SiO2NP, 82% of HeLa cells were viable.
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Figure 3.37. % Cell viability for 3B@SiO2NP performed on HelLa cell line. Concentration

mentioned with respect to Mn(11) ions.

This result interprets that synthesized nanoparticles were biocompatible and could suitably

be employed for biological investigation.

Furthermore, the internalization of 3B@SiO2NP inside the HeLa cell was visualized by
performing respective TEM investigations of the cell line after treatment with the nanoparticles
(Figure 3.38). Elaborately, cells were seeded in a 30 mm? petri plate and thereby treated with 25
MM of the nanoparticles and incubated for 48 h at 37 °C in humidified air containing 5 % CO..
Subsequently, FETEM images of the cells were analyzed in Figure 3.38.

Representative TEM images of the cell confirmed the existence of 3B@SiO2NPs (size =
11.7 + 3 nm) inside the cell. Due to the presence of electron-rich manganese, nanoparticles
appeared to be darker than the surroundings inside the cell. Any nanocomposite was not observed
outside the cell and it was obvious as cells were washed with PBS to remove any unbound
3B@SIiO2NP. EDS analysis illustrated the existence of manganese, nitrogen and silicon elements
inside the cell (Figure 3.38B), further corroborating the presence of 3BB@SiO2NPs.
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(B) Element  Weight% Atomic%
N 21.68 37.85
64.11 55.82

14.21 6.33

Mean diameter = 11.7 + 3 nm

4 8 12 16 20 24
Diameter (nm)

Figure 3.38. (A) TEM images of HelLa cells after internalization of 3B@SiO2NPs. Yellow
rectangle showing the presence of the NPs inside a cell and magnified to visualize internalization
of the nanoparticles. Red arrows indicated the position of 3B@SiO2NP inside the cells. (B) TEM-
Energy-dispersive X-ray spectroscopy (EDS) analysis illustrating the existence of manganese,
nitrogen and silicon elements inside the HeLa cell, and (C) corresponding particle-size distribution

plot.
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3.18 Conclusion

> Inthis chapter, we have demonstrated the successful non-covalent encapsulation of aquated
and thermodynamically stable Gd(111)- or Mn(l1)-complex (3A and 3B) inside porous silica

nanospheres by employing the reverse microemulsion technique.

»> Depending on the charge of the synthesized paramagnetic unit, molecules were
incorporated either close to the inner surface (through electrostatic interactions) or
uniformly distributed inside the negatively charged silica nanosphere, affecting the overall

water exchangeability.

> Upon entrapment of the complex molecules inside the porous silica nanoparticles, the
tumbling rate of the paramagnetic chelate is effectively reduced. This was reflected in the
simultaneous increase in the relaxivity value of 3SA@SiO2NP and 3B@SiO2NP.

> For BA@SIO2NP, longitudinal relaxivity was increased by 9.5-fold on confining the tris-
aquated Gd(I11)-complex (3A), reaching r1 = 86.41 mM?stat pH 7.4,37°C, 141 T. A 3-
fold elevation in relaxivity was obtained by incorporating mono-aquated Mn(ll)-complex
(3B) exhibiting ri = 8.46 mMs? and r, = 33.15 mM?s? at pH 7.4, 37 °C, 1.41 T. The
association of the nanoparticles with serum albumin protein further escalated the relaxivity

values.

» The confinement achieved a commendable increase in the kinetic inertness towards the
external anions, protons, and Zn(lI1) metal ions. Thus, the present study paves the way for
developing stable Gd(lIl)- and Mn(ll)-complex-based nanocontrast agents, despite

employing a kinetically labile complex for incorporation.

» The biocompatibility, HeLa cell internalization study, and the significant contrast ability
of the nanoparticles thus conferred them as genuine alternative contrast agents with
negligible leaching of toxic-free metal, thereby minimizing the concerning adverse health

issues.
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A Zn(11)-Responsive Mn(11)-Complex Confined
Porous Silica Nanoparticles as “Smart” MRI CA

for Pancreas Imaging

Pancreas

Serum Albumin
Insulin A
Glucose

Zn(ll) .
Complex4A &
Water ®

* Results have been reported in J. Mater. Chem. B, 2023, 11, 8251-8261.

TH-3359_186122030



TH-3359_186122030



Chapter IV

4.1 Introduction

The majority of the Gd(111)- and Mn(l1)-based MRI contrast agents,* as discussed in the previous
chapters, are found to be primarily extracellular, non-target specific, and exhibit inadequate in vivo
stability.? Because of low relaxivity values, the contrast agents also need to be administered in
hefty dosages to obtain conspicuous in vivo images. Henceforth, there is a tenacious urge to
develop bio-responsive Ti-weighted “smart contrast agents” with high relaxivity values that render
useful contrast for recognizing lesions and pathological abnormalities in the vicinity of their
localized regions.® Because of the intrinsic disadvantages non-gadolinium-based contrast agents
have attained special attention. The “smart contrast agents” are designed to amplify positive
signals in MR imaging as a response to major physiological changes and metal ion efflux-driven
enzymatic activities in selective organs, even while administered in minimal dosage. Thus, the
corresponding molecular imaging at the tissue level plays a promising role in non-invasive medical

diagnostics.

The blood glucose level is a key factor regulating the normal functionality of the human
body.* This is directly linked with Type-1 or Type-2 diabetes mellitus, a metabolic disorder caused
by the retarded Zn(ll)-related metabolism along with dysfunctionalities of pancreatic acinar and

B-cells.®

Splenic artery

Bile duct (from

P tic islet:
the gall bladder) ancreatic islets

Common
bile duct

® o-cell (glucagon)

a f3-cell (insulin)

&' § -cell (somatostatin)

Duodenum of
small intestine

Pancreatic duct )| @ pp-cell (pancreatic polypeptide)

Acinar cells

0 € -cell (ghrelin)

Pancreaticislet

Figure 4.1. The schematic diagram of the pancreas.

Elaborately, the pancreas is a pivotal gland positioned behind the stomach secreting

glucagon and insulin hormones into the blood to maintain glucose levels.® It is predominantly
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comprised of pancreatic B-cells, present in the islets of Langerhans together with a-cells, 5-cells,
y-cells, and e-cells (Figure 4.1). Zinc ions are one of the most important micronutrients, and are
involved in many biological processes. It plays a predominant role in the synthesis and storage of
insulin in the form of Zn(I1)-insulin (2:6) hexamers in the secretory granules.” Consequently,
healthy B-cells possess relatively high Zn(ll) content. High glucose level in the blood plasma
triggers insulin secretion along with Zn(Il) ions, resulting in the efflux of unbound zinc ion in
between the cellular compartments. Quantitatively, this dynamic movement of the metal ion across
the cell membrane increased [Zn(I1)] concentration in the extracellular space from 40 uM to 500
M. Hence, designing paramagnetic agents sensitive to dynamic Zn(ll) ion concentration (>10-
fold increase initiated by glucose stimulation) would result in glucose-driven zinc-dependent
contrast enhancement as a whole or as “hot spots”, enlightening the pathological condition of the

pancreas and/or the p-cells.®

Additionally, insulin is active in the monomer form and thus the Zn(ll)-insulin hexamer
units need to be disintegrated for biological activity.” The serum albumin protein with high Zn(11)
affinity, plays a crucial role in this dissociation process thereby regulating insulin availability.°
Paramagnetic units with a specific anchoring group designated to bind the co-released free Zn(ll)
ions in the presence of human serum albumin (HSA) protein, generate metal concentration-
dependent MR signal contrast in the pancreas by q switching or engendering a slowly rotating
ternary system. This subset of contrast agents is utilized as Zn(1l)--responsive biomarkers to track

the glucose-stimulated insulin/zinc secretion (GSIZS) and B-cells functioning in real-time.!

Contemporary literature reported some Zn(ll)-responsive Gd(ll1)-based contrast agents
which showed utmost 4-fold increase in relaxivity.''> The adverse effects of nephrogenic
systemic fibrosis due to Gd(I11) retention in various tissues post-administration have prompted the
development of alternative Mn(l1)-based chelates for similar purposes.'®* However, zinc secretion-
dependent Mn(I1)-based contrast agents are scarce.'* In the recent past, Sherry and colleagues have
reported a Zn(ll) ion-responsive contrast agent by incorporating a BPEN [BPEN = N,N-bis(2-
pyridinylmethyl)-1,2-ethanediamine)] tether unit with the acyclic PyC3A (PyC3A = N-picolyl-
N,N’,N'-trans-l,2-cyclo-hexylenediaminetriacetate) ligand in [Mn""PyC3A(OH2)]~ complex that
provides glucose-stimulated contrast enhancement in pancreas and prostate.**® However, it suffers

from partial release of free Mn(l1) ions due to Zn(Il) induced transmetallation. Relaxivity value
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up to 17.4 mM™s? (0.5 T and 37 °C) was achieved in the presence of Zn(Il) and serum albumin

protein at physiological conditions.

BPEN unit, selective to Zn(II)

‘// r;=3.7 mM s, at 0.5 T, in water,

N v 1 =17.4mMs at0.5T,
\ f in the presence of Zn(II)
= and 0.67 mM HSA

Figure 4.2. Schematic diagram of [Mn'"PyC3A(OH2)]-BPEN system, bound to zinc ion.'*

Nevertheless, the Mn(ll)-based contrast agents with high thermodynamic stability and
kinetic inertness along with high relaxivity values are scanty. While attaining high kinetic inertness
in acyclic ligand-based Mn(Il) complexes remained a significant challenge, Mn(Il) complexes
with macrocyclic ligands imparting high thermodynamic stability and large relaxivity values are
rare.’® Furthermore, the core structural modification scope for the macrocyclic ligands is limited.
Interestingly, these are the basic requirements for further modifications with an attribute to attach

zinc ions and albumin proteins since both of these induce transmetallation issues.®

In this context, we envisaged a thermodynamically stable, neutral, and mono-aquated
Mn(I1)-complex 4A based on a ligand with a chiral appendant and picolinate units, further
confining within a porous silica nanoparticle (PSNs) as a contrasting agent. In the earlier chapter,
we have established these PSNs to be biocompatible, and their porous nature will permit free
access to water molecules within the nanoparticles. Furthermore, the silica core will protect the
entrapped Mn(I1)-complex molecules from exposure to other external metal ions, e.g., Zn(ll),
Cu(ll), etc. Hence, the kinetic inertness can be retained. Incorporating Mn(I1)-complex molecules
within the core of nanoparticles will also restrict the molecular free rotation. Thus, the rotational
correlation time () is expected to increase, leading to a higher relaxivity value. Here, we report
further modification on the surface of the novel silica nanoparticle by covalent attachments of

Zn(1l) selective Py2Pic-units, thereby developing bio-responsive nanomaterials that exhibited a
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remarkable increase in relaxivity in the presence of albumin protein. Subsequent characterization,
in vitro, and in vivo studies showing efficient MRI contrast enhancement established the role of

the synthesized nanoprobe in tracking glucose-stimulated Zn(I1) secretion in the pancreas.

4.2 Synthesis and Characterization of Ligand H2AlcDPA

i =
_0 N/ Br OH OH
‘o NH, o . i N l\( = | 0] LiOH,THFIHzo‘- | S kl/ = |
/T THF, EtsN © NSNSy O (i) 1 M HCl, CHs0H  © NSNSy °
0 oL OH HCI OH
(S)-(+)-2-Amino H,AlcDPA«HCI

4, Yield = 52%

-1-Propanol Yield = 89%

Scheme 4.1. Synthetic pathway for the preparation of ligand H2AlcDPAeHCI.

Ligand H2AlcDPAeHCI was synthesized in an overall 46 % yield in two steps. (S)-(+)-2-Amino-
1-propanol was reacted with 2.1 equivalents of 6-(bromomethyl)picolinate in THF medium, in the
presence of EtsN to obtain compound 4 as a white solid in 52% yield. Subsequently, base
hydrolysis of compound 4 with 2.2 equivalent of LIOH in THF/H2O solution and further
acidification with 1(M) HCI yielded the ligand H2AlcDPA as HCI salt in 89% yield. The crude
was washed with methanol to remove excess LIOH. Schematic procedures are presented in
Scheme 4.1. The ligand obtained was characterized by FTIR, ESI-MS, 'H-NMR, and *C-NMR

spectroscopy.
(A) (B) 3461601 e
o I-.—N‘m
|_ 340 345 3:}/.; 355 360
o\o OH
3471167 N N
348.1592
/ _»352.1345
4000 3200 2400 1600 800 340 345 350 355 360
Wavenumbers, cm™ m/z

Figure 4.3. (A) FTIR and (B) ESI-MS (+ve) spectra of ligand H2AIcDPA. The simulated spectrum

IS given as an inset.
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The infrared spectrum (Figure 4.3A) revealed peaks at 3331 cm™ (vo_n stretching, alcohol group);
2877-2808 cm™ band (vn_n Of the protonated tert-amine group); 1746-1735 cm™ (vc=o0 asymmetric
stretching, carboxylic acid groups) and 1594 cm™ (aromatic vc=n stretching, pyridine group)
confirming the formation of H>AIcDPA ligand as HCI acid salt. The ESI-MS of an aqueous
solution of H2AIcDPA demonstrated a 100% molecular ion peak at m/z = 346.1601 which
corresponded to the composition of the ligand as [Ci17H19N3Os + H]* (calculated as m/z =

346.1691).
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Figure 4.4. *H-NMR spectrum of ligand H2AIcDPA in D0 solvent.

The H-NMR spectrum of ligand H>AIcDPA in DO medium exhibited two multiplet
signals in the region 7.87-7.51 ppm corresponding to the six aromatic protons of the two pyridine
rings present in the ligand. Four protons of the methylene units adjacent to the pyridine ring
(picolinate groups) appeared at 4.77-4.71 ppm. The multiplet peaks at 4.03-3.91 correlated to the
three protons of the propanol chain along with the methyl protons appearing at 1.52 ppm. The *C-
NMR spectrum of the ligand in the same medium showed the presence of 10 different types of

carbon atoms.
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Figure 4.5. 33C-NMR spectrum of ligand H2AIcDPA in D20 solvent.

4.3 Synthesis and Characterization of Ligand HPy2Pic

Z =

I > o | >~ |

0 NP Q N B N
I RS H ﬂ o N N (i) LIOH, THF/H.0 X 2 N._ eHPFg

NG N N CH3CN, K,CO4 ~ |N (i) HPFg, Iso-propanol A N
X o o
O~ HPy,Pi HPFOH

. . . . y2FICe 6

- 2= = 0,
Di-(2-picolyl)amine 5, Yield = 82% Yield = 78%

Scheme 4.2. Synthetic pathway for the preparation of ligand HPy2PiceHPFe.

The anchoring ligand, HPy2Pic, was synthesized as represented in Scheme 4.2 following the
procedure mentioned in the literature.!” In detail, Di-(2-picolyl)amine in acetonitrile was heated
with one equivalent of 6-(bromomethyl)picolinate in the presence of KoCOs to give compound 2.

Base hydrolysis of this compound in an aqueous LiOH solution and acidification with HPFg
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afterwards gave HPy>PiceHPFs salt in 64% overall yield. Corresponding characterizations (FTIR,
ESI-MS, H-NMR, and ¥C-NMR spectroscopy) proved the formation and purity of the
synthesized ligand.

(A) (B) HPy.Pic iJ
_+335.1502
> Simulated
N £
S N =
P 2
e N 8 336.1502
X 3 -
=z N /337A1502
I T - T
X - 334 336 338 340
OH m/z
. . :
4000 3000 2000 1000 T B T e e S e e e e

Wavenumber (cm™)

Figure 4.6. (A) FTIR and (B) ESI-MS (+ve) spectra of ligand HPy2Pic. The simulated spectrum

IS given as an inset.

In the infrared spectra of the anchoring ligand HPy:Pic (Figure 4.6A), bands at 3430 cm™
arise due to vo-n asymmetric stretching of the carboxylic acid group, respectively. Broad band in
the 2853-2752 cm™ range corresponded to the vn-+ stretching of the protonated tert-amine group.
Characteristic vc=o0 asymmetric stretching (carboxylic acid group) was observed as a sharp band at
1718 cm™. The peak at 1594 cm™ appeared due to the vc-n stretching (pyridine group).
Furthermore, the ESI-MS of the synthesized ligand in aqueous medium was recorded in the
positive mode manifesting a 100% molecular ion peak at m/z = 335.1509 (Figure 4.6B). The
isotope distribution pattern of the observed mass correlated to the composition of the ligand
[C19H18N4O2 + H]" (m/z = 335.1502).

The H-NMR spectrum for HPy,Pic (Figure 4.7) was obtained in CDsOD medium
displaying 11 aromatic proton signals in the range 8.89-7.56 ppm, ascribed to the three pyridine
rings in the ligand motif. The six methylene protons appeared as sharp singlet peaks at 4.43 and
4.26 ppm. Subsequently, the respective 3C-NMR spectrum signified the presence of 13 different

types of carbon atoms (Figure 4.8).
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Figure 4.7. *H-NMR spectrum of ligand HPy,Pic in CD30D solvent.
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Figure 4.8. 3C-NMR spectrum of ligand HPy-Pic in CD3zOD solvent.
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4.4 Synthesis and Characterization of Mono-aquated Mn(ll)-
Complex of Ligand H2AICDPA, 4A

Complex 4A was prepared by reacting H.AlcDPAeHCI with an equivalent amount of
MnCl2e4H.0 in the aqueous medium, at pH ~ 6.5 attained with the addition of dilute NaOH
solution. Solid crude was obtained after evaporation of the reacting solution, and the corresponding
methanolic solution was kept for slow diffusion of the methanolic solution in a diethyl ether
environment to obtain needle-shaped colourless crystals of complex 4A in 64% yield. The

synthetic procedure is illustrated in Scheme 4.3.

HO

\
OH N
_MnClsdH0 G A\ N
| X = I \M
HO - N a OH Hzo pH-~6.5
N N NaOH /
o} o _Na_
Hzo OHZ
H,AIcDPAeHCI Complex 4A, [Mn"(AlcDPA)(OH,)]
Yield = 64%

Scheme 4.3. Schematic representation for the synthesis of complex 4A,
[(C17H17N305MnC|)Na(H20)2].

The infrared spectrum (Figure 4.9A) of the complex showed peaks at 3317 cm™ for vo n
stretching of the alcohol group (shifted from 3331 cm™ in the ligand) along with the shift in the
characteristic vc=o asymmetric stretching band (carboxylate group) from 1746-1735 cm™ in ligand
to 1649 and 1613 cm™ in the 4A corresponded to the formation of the metal-coordinated chelate.
The respective ESI-MS (+)ve mode spectrum of the aqueous solution of complex 4A provided a
100 % molecular ion peak at m/z = 398.99 (Figure 4.9B). The peak corresponded to [(M—-CI)+H]";
where M-CI = C17H17N3OsMn, which is the molecular composition of the complex core. The
appearance of the mass peak in the positive mode thus indicated the chloride ion disintegration
from the complex core in the water. Therefore, water molecules are expected to interact with the
Mn(l1) ion at the same position as that occupied by the chloride ion in the molecular structure of

the complex.
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Figure 4.9. FTIR and (B) ESI-MS (+ve) spectra of complex 4A. The simulated mass spectrum is
given as an inset.

Figure 4.10. ORTEP representations of complex 4A, drawn at 40% probability level. All the
hydrogen atoms in the complex, except for the alcohol and the aliphatic methyl group, were

omitted for clarity.

Single crystal X-ray diffraction was measured for complex 4A at 298 K to evaluate the
geometry and the metal ion-ligand coordination motif. The complex crystallized in the monoclinic
space group P 21. The ORTEP diagram is presented in Figure 4.10. The selected bond distances
and bond angles are provided in Table 4.1. In the complex, the central Mn atom was seven-

coordinate, where the pentagonal basal plane comprised the tert-amine N atom, two N atoms and
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two O atoms from the picolinate units. A chloride atom and the alcoholic O atom of the propanol
unit occupied the axial positions. The Mn—N1py = 2.276(2), Mn—N3py = 2.251(2), MN—N2amine =
2.540(2), Mn—024cig = 2.256(2) and Mn—O4acia = 2.261(2) A bond distances were commensurate
well with the previously reported Mn(lI1) complexes of similar ligands.'® Thus, in complex 4A, the
Mn atom was in +11 oxidation state. The complex core was mono-negative in charge due to the

presence of the coordinated chloride ion. A sodium ion was present as the counter-cation.

Table 4.1. Selected bond distances (A) and bond angles (°) for complex 4A.

Mn1-02 2.256(2) 02-Mn1-04 77.63(6)
Mn1-03 2.280(2) 02-Mn1-N1 70.80(6)
Mn1-04 2.261(2) N3-Mn1-04 72.02(6)
Mn1-N1 2.276(2) N1-Mn1-N2 69.16(6)
Mn1-N2 2.539(2) N3-Mn1-N2 68.46(6)
Mn1-N3 2.251(2) 03-Mn1-Cl1 177.90(5)
Mn1-Cl1 2.485(1)

Table 4.2. Crystallographic and structural refinement parameters for complex 4A.

Empirical formula CasH42Cl:Mn3NsNazO14
CCDC Number 2260190
Formula weight 985.49
Crystal habit, colour Needle-shaped/ colourless
Crystal size, mm® 0.35x0.32x0.30
Temperature, T 293(2)
Wavelength, A(A) 0.71073
Crystal system monoclinic
Space group P21

a=9.1405(3) A, b = 13.8564(5) A, ¢
Unit cell dimension =16.7601(6) A,

o = 90.00°, = 105.4930°, y = 90.00°
Volume, V (A%) 2045.61(12)
Z 2
Calculated density, mgemm? 1.600
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Absorption coefficient,  (mm™)
F(000)

@range for data collection
Limiting indices

Reflection collected / unique
Completeness to &

Max. and min. transmission
Refinement method

Data / restrains / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

0.843
1012
2.93° t0 27.28°
-10<h <10, -16<k<16, -19<I<19
48385/6849 [Riny = 0.0257]
99.0% (0= 25°)
0.7455/0.6402
‘SHELXL-2018 (Sheldrick, 2018)’
7098/1/578
1.062
R, = 0.0211, WR, = 0.0552
R, = 0.0225, WR, = 0.0565

Largest diff. peak and hole 0.202/-0.227

4.5 Thermodynamic Stability of Mn(l1)/Zn(11) Complex for Ligand
H>AlcDPA/HPy2Pic

Direct pH-potentiometric titrations were employed to determine the protonation constants of
H>AIcDPA and HPy.Pic ligands along with the stability constants of corresponding metal
complexes. Each set of experiments was performed at room temperature and a fixed ionic strength
of 0.15 M NaCl, under an argon atmosphere. For ligand protonation constants, titration was done
with 0.001 M ligand solution against standardized 0.1 M NaOH solution as titrant. The stability of
the complex was obtained by direct pH-potentiometric titration using 1:1 ligand-to-metal molar
ratio in the pH range of 2.1-12.0. The protonation constants were calculated by fitting the ligand
titration data pairs to the equation Ki" = [HiL]/[Hi1L][H*], i = number of replaceable protons.
Likewise, The Mn-L stability constant was calculated by fitting the metal:ligand titrations data
pairs to the equation Kmn-L = [MnL]/[Mn][L].

For H2AlcDPA-based titrations, the stepwise protonation constant values for the ligand
were found to be logKi" = 7.69(3), and logK," = 3.75(2). The highest pKa value could be ascribed
to the tertiary nitrogen unit and pKa = 3.75 was due to the carboxylic group of a picolinate
moiety.'® The thermodynamic stability constant (logKmn.) of the complex was determined as
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15.06 (Figure 4.11, Table 4.3). Noteworthy, the stability constant of complex 4A was in line with
[Mn'"PyC3A(OH2)]™ = 14.14 and [Mn(PC2A-DPA)] = 15.87.1* A more clear introspection could
be done by comparing pMn values (pM = -log[Mfree], considering [M]totat = [L]tota = 10 M, at pH
~ 7.4) of the mentioned complexes. A similar trend was observed as the pMn value for complex
4A was found to be 9.56, substantially higher than the chelate involved in the reported Zn(ll)
sensitive CA, (MnPyC3A, pMn = 8.17).1% Hence, a thermodynamically stable complex has
materialized by the coordination of [AIcDPA]?" ligand, being the predominant species in the pH
range 3-10. The inclusion of the chiral propyl chain along with the picolinate units (imparting
stability through Mn(l1) centre to pyridine z+-interactions) envisaged rigidity in the acyclic Mn(Il)

complex structure.®

12 12
(A) f————‘f (B) 1.0 i i [MNL(CHj]
10- . 101 gl (©)
: : 0.8
T 8 E T & 20,61
Q 2 a H 2
61 i 61 i £0.41
g § 5 04
4 Experi 4 ; : o2/ ‘
4 perimental - s Experimental [MnLH]
"""" Simulated - Simulated
2 . . . . 2= 0.0 T . : .
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Titre Value (NaOH) Titre Value (NaOH) pH

Figure 4.11. Experimental and simulated curves representing pH-potentiometric titration of (A)
ligand H2AIcDPA solution, and (B) ligand H2AIcDPA:Mn(Il) (1:1) solution against standard
NaOH solution in 0.15 M NaCl and 25 °C. (C) Corresponding species distribution diagram for
Mn/H2PyDPA: [Mn(ID] = [L] =1 mM.

Similarly, for HPy.Pic-based titrations, the stepwise protonation constant values for the
ligand were found to be logKi™ = 9.52(7), logK>" = 8.31(8), logKs" = 6.34(8) and logK4"™ = 4.95(8).
The affinity of HPy2Pic towards Zn(l1) ions was investigated by determining the logKzn. value (=
19.76), and consequently, the pZn value (= 10.82), obtained after simulating the 1:1
HPy2Pic/Zn(Il) potentiometric titration curve (Figure 4.12, Table 4.3). Calculated log Kz, and
pM values are far higher than that for DPA or BPEN unit (log Kz = 7.63), a well-established
ligand for chelating Zn(ll) ions, and TPA (three-pyridine containing ligand, log Kz = 11.00).%°

These parameters suggested the formation of a highly stable Zn(11) complex involving the HPy2Pic
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ligand, as it offered a carboxylic donor centre along with three binding pyridine sites toward the
metal ion. Herein, we anticipated strong ligand-Zn(Il) interactions for this mentioned unit, even

after engaging the carboxylic branch for amide linkage.
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Figure 4.12. Experimental and simulated curves representing pH-potentiometric titration of (A)
ligand HPy2Pic solution, (B) ligand HPy-Pic:Cu(ll) (1:1) solution and (D) ligand HPy.Pic:Zn(Il)
(2:1) solution against standard NaOH solution in 0.15 M NaCl and 25 °C. (C) and (E) represented
corresponding species distribution plots for HPy»Pic:Cu(ll) and HPy2Pic:Zn(Il) systems,

respectively.
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Table 4.3. Ligand protonation constants and corresponding stability constants for Mn(I1), Zn(11)

and Cu(ll) complexes.

PyC3A2  PC2A-DPAD AlcDPA® Py2Pice
logKy" 10.16 10.65 7.69(3) 9.52(7)
logK" 6.39 6.55 3.75(2) 8.31(8)
" logKs" 3.13 5.84 — 6.34(8)
logK." — 4.39 — 4.95(8)
3 logKi" 19.68 16.49 11.45 29.12
logKnt 14.14 15.87 15.06(8) —
M2+ logKnHL 2.43 4.14 3.53(10) —
pMn 8.17 8.79 9.56 —
logKcu - 19.05 — 19.31(1)
logKcunt B 3.63 — 6.70(1)
Cu logK ezt — > — 2.14(3)
pCu — — — 10.59
logKznL — = — 19.76(1)
logKznHL — — — 6.03(8)
Zn® logKznrL - — — 1.66(7)
pZn — 10.82

3[14a] (I= 0.15 M NaCl, 25 °C). P[14b] (I= 0.15 M NaCl, 25 °C). ¢ This work (I= 0.15 M NaCl, 25 °C).

12
Complex 4A, pH ~ 7.4
] e AlCDPA ligand, pH ~ 7.4

Complex 4A, pH ~ 10.1, NH,OH

220 240 260 280 300 320
/I, nm

Figure 4.13. UV-Vis spectra of 4A at pH ~ 7.4 or pH ~ 10.1 (attained by NH4OH) and 25 °C.
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The pH-dependent species distribution diagram for Mn(lIl)-AlcDPA complex (4A)
consolidated the stability of the complex molecules at the pH range higher than 8 (Figure 4.11C).
The UV-Vis spectrum of 4A at pH ~ 9.5 (attained by NH4OH solution, Figure 4.13) exhibited no
appreciable change and thus, discarded the possibility of decomposition of the complex at the

mentioned conditions.

4.6 Synthesis and Characterization of Complex 4A Confined PSNs
and Surface Modification with HPy2Pic

]
Ammonium V
Hydroxide
Water-in-oil Hydrolysed Silica Nucleated Silica
Microemulsion Precursor Particles

Purification

N
Niyy

4A@Si0,-Py,PicNP 4A@Si0,-NH,NP 4A@SIO,NP
@B = Tetraethyl orthosilicate (TEOS) \/\0 = Igepal CO-520 O = Complex 4A = Water

Scheme 4.4. Representative illustration for the preparation of 4A@SiO.—NH2NP and Complex
4A@SiO2—Py2PicNP.

The previously established reverse microemulsion method was followed to engender 4A
incorporated porous silica nanoparticles, 4A@SiO2NP (Scheme 4.6). A pH ~ 7.4 buffered doping
solution of complex 4A (480 uL, 2.50 mM) was employed and (3-Aminopropyl)triethoxysilane
(APTES) was added post-addition of TEOS (tetraethyl orthosilicate) for further amine-

functionalization of the silica-surfaced hydroxide units. Surfactant removal finally produced

Page | 141
TH-3359_186122030



Chapter IV

complex 4A confined amine surface-functionalized porous silica nanoparticle, 4A@SiO>—NH2NP.
Afterwards, HPy-Pic ligand was conjugated to the amine unit by amide bond formation, promoted
by 1-(3-Dimethylaminopropyl)-3-Ethyl Carbodiimide (EDC) and N-Hydroxysuccinimide (NHS)
activators, to engender the surface modified 4A@SiO>—Py-PicNP. Isolated finalized nanoparticles
were dispersed in 1 mL HEPES buffer (pH ~ 7.4) to form 4A@SiO>—Py,PicNP stock solution. For
the non-functionalized nanoparticle system, an average of 34 complex 4A molecules were found

to be incorporated within each nanosphere (calculation method identical to that of Chapter I11).

The formation and morphology of the synthesized nanomaterials were elucidated by
FETEM imaging, EDX, FTIR, EPR, TGA and N2 adsorption-desorption isotherm analyses.

Mean diameter = 14.05 + 2 nm

@ (B) Element Weight% Atomic%
' N 1.25 2.48
Si 98.28 97:19

2

10 12 14 16
Diameter (nm)

18

0.32 0.25
0.15 0.08

Weight% Atomic%
1:32 2.58
98.21 97.07
0.40 0.31
0.07 0.04

22 24

O‘O 12 14 16 18 20
Diameter (nm)

Figure 4.14. (A) FETEM images and (B) corresponding Energy dispersive X-ray (EDS) analysis
of 4AA@SiO>—NH2NP; (C) and (D) representing similar characterization for 4A@SiO>—Py2PicNP,

inset- corresponding particle size distribution.
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Spherical-shaped and monodispersed nanoparticles of 4A@SiO>—NH, and
4AA@SiIO2—Py2Pic with respective average particle sizes of 14.05 nm and 14.95 nm were
recognized by FETEM images (Figure 4.14, Table 4.4,). Energy-dispersive X-ray spectroscopy
(EDS) analysis on the synthesized nanomaterials demonstrated the presence of Mn, N, CI, and Si

atoms. Hence, the study confirmed the confinements of complex 4A-molecules within the

nanospheres.
(A) (B)
Complex4A JJU\./
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X M X
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Figure 4.15. (A) FTIR spectra of 4A@SiO2NP, 4A@SiO—NH2NP, and 4A@SiO,—Py>PicNP
compared to the spectra for pristine SiO2 NPs, Complex 4A, HPy.Pic and APTES. (B)-(D)

Zoomed in regions.
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To further support the incubation, infrared (IR) spectra of the lyophilized 4A@SiO>
(prepared by omitting the addition of APTES), Complex 4A, and pristine silica NPs were
compared. In the 4A@SiO: IR spectrum, low-intensity bands at 1694, 1578, 1444, and 1400 cm™*
appeared, which were also present in the IR spectrum of complex 4A (Figure 4.15A and 4.15B).
Thus, these spectral studies inferred the inclusion of the synthesized complex molecules within the
nanoparticle. The presence of the additional broadband at 3321 cm™ due to w-+ stretching and
the moderate peak at 1559 cm™ because of w-n bending confirmed the formation of
AA@SiO2—NH2NP (Figure 4.15C). The appearance of additional peaks in the 1665-1619 cm™
region ascertained the conjugation of the Py>Pic moiety with the amine group, resulting in the
amide linkage (Figure 4.15D).
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Figure 4.16. (A) X-band EPR spectra of complex 4A, 4A@SiO>-NH2, 4A@SiO>—Py,Pic and
MnCl,@SiO, measured in the solid state, at room temperature, power = 0.995 mW, modulation
frequency = 100 kHz, and modulation amplitude = 100 G. (B) Zeta potentials (at pH ~ 7.4) and
(C) TGA analysis spectra of 4A@SiO2NP, 4A@SiO2—-NH2NP, and 4A@SiO2-Py2PicNP. (D) N2
adsorption-desorption isotherm and pore size distribution (inset) of 4A@SiO>—Py2PicNP.
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To buttress the confinement, X-band EPR spectra of the dried 4A@SiO>—NH; and
4AA@SiO2—-Py2Pic nanomaterials were compared with that of complex 4A. All the spectra
exhibited a similar broad signal, verifying the existence of incorporated complex 4A-molecules
within the nanomaterials (Figure 4.16A). Noteworthy, the X-band EPR spectral envelope differed
significantly compared to that of bare MnCl> solution-doped SiO> nanoparticles prepared by the
identical method (Figure 4.16A, pink line). Moreover, the surface modification was further
examined by determining the change in the zeta (<) potential profile of each nanomaterial in a
buffered solution at pH ~ 7.4 (Figure 4.16B, Table 4.4). 4AA@SiO2NPs exhibited a strongly
negative ¢ potential value (—21.3 mV) due to the presence of -OH functional groups at the surface
of the NP. Upon the functionalization with the highly basic amino group, an inversion of ¢'potential
value to 22.5 mV was noticed. The value diminished moderately to 16.6 mV upon PyPic

conjugation with some of the amino groups.

Thermogravimetric analyses (TGA) of all three different types of nanomaterials were
performed to realize the organic loading percentage (Figure 4.16C) on the outer surface. A steep
increase in weight loss from 6.39 % in 4A@SIO2NP to 15.75 % in 4A@SiO>—NH2 has been
observed above 120 °C. This feature implied the inclusion of APTES units on the silica surface.
The percentage of weight loss further increased by 5 units in the case of 4A@SiO>—Py2PicNP,

suggesting the successful inclusion of PyzPic units.

The N2 adsorption-desorption isotherm was recorded at 77 K to evaluate the porous nature
of the silica nanosphere in 4A@SiO>—Py,PicNP. A type-1V isotherm was realized, typical for
porous silica nanoparticles (Figure 4.16D).2 The overall surface area of the nanoparticle was
219.48 m?/g. Pore size distribution, derived by the Barrett-Joyner-Helenda (BJH) method, showed
the presence of two different sizes of pores; 3.2 nm and 4.85 nm. The larger pores might be because
of inter-particle voids.®® Nonetheless, to evaluate the free access of water molecules across the
pores, 4A@SiO>—Py>PicNP was suspended in H>O for 48 hours in the presence of 0.6 mM BSA
and 40 equivalent amounts of Zn(ll) ions and then lyophilized for 24 hours to isolate dry
4A@SIO@Py>—PicNPeBSAeZn ternary system (vide infra). A portion of the isolated system was
again immersed in D>O for 48 hours. Followed by lyophilization for 24 hours, the dried

nanoparticles were isolated. The IR spectra comparison of the isolated particles from H,O and DO

Page | 145
TH-3359_186122030



Chapter IV

media revealed the appearance of additional vo_py asymmetric stretch in 2400-2500 cm™* region
in the presence of D.0O, indicating the existence of the molecules inside the nanoparticle (Figure
4.17). Therefore, IR spectra analyses confirmed the accessibility of outside water molecules across

the nanopores.

—— 4A@SiO,-Py Pic, 0.6 mM BSA in water

—— 4A@Si0,-Py Pic, 0.6 mM BSAin D,O
——4A@Si0,-Py,Pic, 0.6 mM BSA + 40 eqv Zn in water
— 4A@SiO,-Py Pic, 0.6 mM BSA + 40 eqv Znin D,O

% A

4000 3200 2400 1600 800
Wavenumbers (cm'1)

Figure 4.17. FTIR spectra of lyophilized 4A@SiO2>—Py.PicNP, recovered after suspending in 0.6
mM BSA solution in water (red line), in 0.6 mM BSA solution in D20 (blue line), in 0.6 mM BSA
and 40 eqv. Zn(Il) solution in water (green line), and in 0.6 mM BSA and 40 eqv. Zn(ll) solution
in D20 (pink line).

Table 4.4. Characterization of 4A@SiO2, 4A@SiO>—NH2, 4A@SiO>—Py.Pic nanomaterials:
corresponding FETEM particle size, zeta potential values (at pH 7.4) and percentage organic

weight loss, measured at 37 °C, pH ~7.4, 1.41 T.

. Particle Size ¢ potential TGA, weight
Material (nm) (mV) loss %
4A@SIO; 13.22 -21.3 6.39
4A@SiO>—NH: 14.05 22.5 15.75
4A@SiO2—Py2Pic 14.95 16.6 20.73
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4.7 Relaxometry and Physicochemical Studies of 4A Incorporated

Nanomaterials

The contrast efficiency of the synthesized complex 4A, and the subsequent complex confined
nanoparticles, 4A@SiO2—NH: and 4A@SiO2—Py-Pic, was determined by evaluating the relaxivity
values, r1, which is defined as the increment in longitudinal water proton relaxation rates instigated
by addition of 1 mM concentration of the paramagnetic contrast species. T1 and T» values of
complex 4A solutions, and 4A@SiO2, 4A@SiO—NH: and 4A@SiO2—Py2Pic suspensions were
determined using BRUKER minispec mg60 NMR analyzer at pH ~ 7.4, 1.41 T, 37 °C. The exact
Mn concentration in each sample was determined using ICP-MS and ICP-AES techniques. Plots
of relaxation rates (1/T1 and 1/T2) versus [Mn(Il)] gave straight lines, slope representing the

respective relaxivity values (r1).
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Figure 4.18. 1/T1vs [Mn(11)] plot for (A) complex 4A, (B) 4A@SiO>, (C) 4A@SiO.—NH2NP, and
(D) 4A@SiO2—Py2PicNP. Experiments were done at 1.41 T, 37 °C, and pH ~ 7.4.
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The longitudinal relaxivity (r1) value of complex 4A was determined as 2.86 mM-s™ at
1.41 T, 37 °C, and pH ~ 7.4 (HEPES, 0.01 M). The value increased to 13.27 mMs! in
AA@SIO2NP. This result implied that the rotational correlation time (zr) of the impregnated
Complex 4A molecules (about 34 molecules confined per nanosphere) has been increased upon
the confinement. To note, a similar observation has already been perceived in the previous chapter.
Notwithstanding, the surface functionalization of 4A@SiO2NP either with APTES or APTES-
Py2Pic imparted no appreciable changes in the relaxivity value (Figure 4.18), indicating that the
increase in the weight of the nanoparticles employing the outer sphere surface functionalization

did not exert any profound effect to = of the incubated complex 4A molecules.

Relaxivity of synthesized nanomaterials, in the presence of serum albumin and

Zn(11) ions

ry values for 4A@SiO2—NH2 and 4A@SiO2>—Py2Pic suspensions were measured in the
presence of bovine serum albumin (BSA) at physiological conditions (pH ~ 7.4, 37 °C, BSA
concentration maintained at 4.5 % w/v; measured at 1.41 T), in absence and presence of external
ions (zn", Cu", Mg", and Ca'"). Samples were incubated for 3 hours before the experiment.

(A) 241— AA@SI0-NHs with Zn(l) (B) 481 _a—2a@Si0-Py:Pic with zn(i)

229 4A@SiOz-NHz with Zn(ll) and BSA 40 —A— 4A@SiOz-Py:Pic with Zn(ll)and BSA
201 A — ) ———aA A
Ay A/ “ 4 ‘0 /

o 18 T 32- N

S :1 =

= 16 E /

14 ] 24 N A
12— . 16
104 r———l n u = [ ]

8 T T T T T T T T T T T 8 ¥ Ll L) T T T T
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Equivalents of Zn(ll) Equivalents of Zn(ll)

Figure 4.19. Relaxometric titrations for (A) 4A@SiO>—NH2 and (B) 4A@SiO>—PysPic
suspensions, [Mn(11)] = 0.1 mM; as a function of Zn(ll) ions, w.r.t. [Mn(I1)] with or without BSA
(constant concentration of 0.6 mM), at pH ~ 7.4, 1.41 T, and 37 °C.
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Gratifyingly, for 4A@SiO>—Py2PicNP suspensions, a 53 % increment in the relaxivity
value to r; = 20.38 mM1s! was accounted for in the presence of 0.6 mM BSA at 1.41 T, 37 °C,
pH ~ 7.4, suggesting a considerable interaction between the nanoparticle and the negatively
charged serum albumin protein to engender a slowly rotating binary system (Figure 4.19B and
4.20, Table 4.5). The change in the { potential value from 16.6 mV to —11.4 mV ensured the
substantial electrostatic and non-covalent interactions of the negatively charged serum albumin
protein with the nanoparticle forming a corona (Figure 4.21, Table 4.6). The thermogravimetric
weight loss analyses of 4A@SiO>—Py>PicNP (Figure 4.22A) in the absence and the presence of
BSA exhibited about 19 % more weight loss for the nanoparticle isolated after the interactions
with BSA and justified the corona formation. Akin to 4A@SiO2-Py>PicNP, an upliftment of r;
relaxivity to 17.02 mM-1s* from 12.19 mMs?, i.e., about 40 %, in 4A@SiO,—NH2NP (Figure
4.19, Table 4.5) has also been recognized in the presence of 0.6 mM BSA at 1.41 T, 37 °C, pH ~
7.4. The TGA showed about 18 % more weight loss for the BSA-interacted 4A@SiO>—NH2NP
than the pristine nanoparticle (Figure 4.22B). Therefore, almost the same loading of BSA onto
both nanoparticles was accounted for. The higher relaxivity value for 4A@SiO2—Py,PicNP in the
presence of BSA thus recommended a superior interaction between the BSA and the nanoparticle,
which materialized due to the existence of Py2Pic units.
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Figure 4.20. Relaxometric titrations of 4A@SiO>—Py2PicNP (0.06 mM Mn(Il) concentration) as
a function of increasing concentration of BSA, in the absence and presence of 40 equiv. excess of

Zn(11) ions. Measurements were done at pH ~ 7.4, 1.41 T, and 37 °C.
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Figure 4.21. Zeta potential changes of (A) 4A@SiO>—NH2NP and (B) 4A@SiO2>—Py,PicNP with

increasing equivalents of Zn(I1), in the absence and presence of 0.6 mM BSA, at pH ~ 7.4.
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Figure 4.22. TGA analysis spectra for (A) 4A@SiO—Py>PicNP lyophilized solid obtained after
isolating 4A@SiO2>—Py,PicNP from (i) water (red line), (ii) 0.6 mM BSA solution (green line),
(iii) 0.6 mM BSA and 20 equiv. Zn(ll) solution (blue line), and (iv) 0.6 mM BSA and 40 equiv.
Zn(1l) solution (pink line); (B) 4A@SiO2—NH2NP lyophilized solid obtained after isolating
AA@SiIO>—NH2NP from (i) water (navy line) and (ii) 0.6 mM BSA (brown line).
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Unlike 4A@SiO>—NH2NP, a discernible and gradual augmentation in ry relaxivity was
noticed in 4A@SiO2-Py,PicNP with the successive elevation in the concentration of Zn(ll) ions
in HEPES buffer at pH 7.4 and reached to a constant value r1 = 39.01 mM~!s in the presence of
40 equivalent amounts of the ion (Figure 4.19 and 4.20; Table 4.5). Hence, the presence of the
surface-bound Py2Pic unit reinforced the interaction of the nanoparticle with BSA in the presence
of Zn(I1) ions. To further investigate the interaction phenomenon, the nanoparticle [0.1 mM Mn(ll)
concentration] was added to a solution premixed with 0.6 mM BSA protein and 4 mM Zn(ll) ions
(40 equiv. excess, w.r.t [Mn(11)]) at pH 7.4. In this case, the relaxivity value was found to be 46.3
mM-1s. Thus, a better interaction between the nanoparticle and Zn(1l)-interacted BSA compared

to BSA-interacted nanoparticle with Zn(Il) ions was warranted.

Table 4.5. Relaxivity values for 4A@SiO2-NH2NP and 4A@SiO2>—Py2PicNP in the absence and

presence of Zn(Il) ions/serum albumin.

Nanomaterial ri (mM1s?), at pH~7.4,1.41 T, and 37 °C

type () zn(l) () Zn(ll)  (+)0.6MMBSA  (+) 0.6 mM BSA, (+) Zn(l1)

4A@SiO2-NH: 12.19 12.25 17.02 19.85

4A@SiO—PyPic 13.19 12.92 20.38 39.01

40

20+ M

(mM's™)

h

T T T
HEPES 45% 50eqv 50eqv BSA+ BSA+ BSA+ BSA+
BSA  Zn(l) Cu(ll) Mg() Ca(ll) Cu(lly 2Zn()

Figure 4.23. ry value for 4AA@SiO>—Py2PicNPs, [Mn(11)] = 0.1 mM, suspended in an aqueous
medium containing 50 equivalent excess of Zn(1l), Cu(ll), Mg(ll), and Ca(ll) ions, in the absence

and presence of 0.6 mM BSA at pH ~7.4,1.41 T, and 37 °C.
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To determine the ion selectivity in the presence of BSA conjugated 4A@SiO,—Py2Pic
nanomaterial, it was allowed to interact with 0.6 mM BSA and a 50-fold excess of the biologically
relevant metal ions, Zn(ll), Ca(ll), Mg(ll), and Cu(ll). The longitudinal relaxivity of the
subsequent nanoparticle suspensions was recorded at 1.41 T, 37 °C and pH ~ 7.4 (Figure 4.23).
While no alteration in the relaxivity was noticed in the presence of Ca(ll) and Mg(ll) ions,
amplification in the relaxivity value to r; = 31.17 mM*s™ was realized in the presence of 40
equivalent amounts of Cu(ll) ions (w.r.t. [Mn(I1)]). Firstly, the concentration of free Cu(ll) ions is
lower than Zn(11) in the extracellular space.?® Secondly, the relaxivity enhancement was lower than
Zn(I11) ions. Hence, the prepared 4A@SiO.—Py,PicNP can be utilized as a promising Zn(ll) ion-

selective biomarker.

Fluorescence quenching experiment: The fluorescence quenching experiments were also
conducted to evaluate the nature of interactions between the serum albumin protein and 4A@SiO>—
Py2PicNP (Figures 4.24).2* Samples (aqueous suspensions) were recorded on FluoroMax-4
spectrofluorimeter (Horiba), at 25 °C, in a rectangular quartz cell with a path of 10 mm. Each set
of suspensions was excited at 275 nm, using 5 per 5 nm (excitation/emission) slit widths. Emission

spectra were recorded in the 280 to 530 nm range.
Stern-Volmer equation:
Fo/F =1+ Ks[Q] =1 + kyn[Q] 1)

Fo and F are the maximum fluorescence intensities in the absence and presence of
quencher, respectively. kq is the bimolecular quenching constant, which is a measurement of the
efficiency of quenching. = is the average lifetime of the Trp 214 unit and it is equal to 5.8 x 10

s.2% [Q] is the quencher concentration.

log[(Fo — F)/F] = logKa + nlog[Q] )

n is the number of binding sites and Ka represents the binding constant.
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Figure 4.24. Estimation of Zn(ll)eBSA, 4A@SiO—Py.PiceBSA and 4A@SiO>—
Py-Pic:BSAeZn(ll) interactions by fluorescence spectroscopy. Fluorescence spectra of 16 uM
BSA in the presence of an increasing concentration of (A) Zn(l1) ions, (B) 4A@SiO.—Py2PicNPs,
and (C) Zn(1l) ions and 4A@SiO2>—Py-PicNPs together. Respective Stern-Volmer constant plots
(D)-(F); and log (Fo-F)/F plots (G)-(1) to find out corresponding quenching and affinity constants.

To an aqueous 16 uM solution of BSA, an increasing concentration of the nanoparticle (0
to 0.4 uM) was added. It was noticed that the quenching was expedited with the escalation of the
concentration (Ksv = 3.5 x 10° M%; Kq = 6.03 x 10® M1s!; K, = 2.9 x 10° M™; Figure 4.24,
Table 4.6). Interestingly, the quenching process was further boosted in the presence of 40
equivalent amounts of Zn(I1) ions (Ksv = 6.1 x 10° M%; Kq = 10.5 x 10" M1s!; K, = 5.4 x 10°

M), asserting the ion promoted higher interaction between the nanoparticle and the protein. The
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Kq value provides information on the nature and strength of the interactions. For the dynamic
interaction, the value lies below 2 x 102 M~1s™, while, Kq greater than 2 x 10> M1s™ refers to a
static interaction. Herein, the high Kq = 6.03 x 10* Ms! emphasized a static interaction between
4A@SIiO>—Py>PicNP and BSA. The interaction further escalated in the presence of Zn(I1) ions (Kq
=10.5 x 10¥%), consolidating a higher static interaction. The quenching experiments justified thus
the upliftment of r; relaxivity via the formation of a much slowly rotating ternary system in the

presence of Zn(ll) ions.

Figure 4.25. Schematic representation of 4A@SiO>—Py,PiceBSAeZn(l1) ternary system.
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Table 4.6. Evaluation of interaction between 4A@SiO>—Py.Pic and BSA, in the absence and
presence of 40 equiv. excess Zn(ll) ions by relaxometry, zeta potential, TGA, and fluorescence

quenching studies.

TGA

Suspension @r G weight Oyt ©OKsy ©OKq OK,
i -1g-1 -1g-1 5 N-L 13 -1g-1 5 =l
medium (mM~s?)  (mV) loss (%) (mM“s?)  (10°M™) (10 M7s?)  (10° M)
Water 13.19 16.6 20.73 — — — —
BSA, 0.6 mM 20.18 -11.5 39.47 37.08 3.9 6.0 2.9
BSA, 0.6 mM
and 40 equiv. 39.01 -11.6 44.54 46.55 6.1 105 5.4
Zn(ll) ions

Relaxometric studies were done at pH 7.4, 1.41 T, and 37 °C. @ Each relaxivity value was obtained from
/T, versus [Mn(ID] ([IMn(11)] = 0.02, 0.04, 0.08, 0.10 mM) plots with samples suspended in different
mediums, as mentioned. [Zn(I1)] maintained at 40 equivalent excess amount, w.r.t. Mn(Il) concentration.
®Saturated relaxivity values obtained after fitting the titration curves of 4A@SiO.—Py.PicNP (0.06 mM
Mn(Il) concentration) with increasing concentration of BSA, in the absence and presence of 40 equiv.

excess of Zn(ll) ions. ©Binding sites (n) were found to be equal to 1 in each case.

4.8 Stability of 4A confined porous silica nanomaterials

Water protons, bicarbonates, biphosphates, citrates, and Zn(l1) ions are abundantly present inside
the living body and can potentially disintegrate the paramagnetic centre, thereby influencing the
relaxivity of the system. The stability of the synthesized contrasting moiety must be estimated in
the presence of these physiologically relevant scavenger ions prior to in vivo applications. In this
context, pH stability as well as the rigidity of complex 4A and 4A@SiO>—Py,PicNP against the

mentioned ions was tested by determining the corresponding r1 values.

The complex 4A showed appreciable stability as a subtle change in the longitudinal
relaxivity value was evidenced in the pH range of 4-10, or when challenges with 200-fold excess
of HCOs'", HPO4? and CsHsO7* ions at physiological pH (~ 7% increase, presumably due to the
formation of or aggregation of complex molecules by the quaternary interactions with the anions);

measured at 1.41 T and 37 °C (Figure 4.26). However, the complex showed minimal Kinetic
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inertness akin to similar acyclic, mono-aquated Mn(lIl)-systems (MnEDTA, MnTMDTA,
MnEGTA, etc.). The relaxivity value, therefore, increases instantaneously to 6.62 mM™s™ on the
additions of zinc ions, reflecting the formation of free Mn(I1) ions. This prevented the applicability
of the bare complex for in vivo studies.

(A) (B) 3
xEl o Foe------______ W -
o "
- w21
s 21 =
E S
x..‘_1 | x..‘_1 ]
0
3 4 5 6 7 8 9 10 HEPES 200eq  200eq 200 eq
pH HPO, HCO, C.H.0*

Figure 4.26. r1 values for 4A solutions, (A) in the pH range 4.0-8.0, and (B) in the presence of
200 equivalents excess of different physiologically relevant anions, at pH 7.4; [Mn(11)] = 0.1 mM.

In 4A@SiO2—Py2PicNP, no alteration in the relaxivity (13.19 mM-1s™) was realized in the
pH range 4-8 and the presence of 200-fold excess of biologically relevant anions; citrate,
biphosphate, and bicarbonate (Figure 4.27). Furthermore, the kinetic inertness of the synthesized
nanomaterial (A4A@SiO2>—Py-Pic) was evaluated against 40-fold excess Zn(ll) ions, following
time-dependent r1 values for 4A@SiO>—Py2PicNPs suspension, 0.1 mM w.r.t. [Mn(ll)], at pH ~
6.0 (MES buffer, 0.01M), 1.41 T, and 37 °C. The synthesized nanomaterial having a positively
charged surface (¢ = +16.6 mV) showed efficient inertness towards Zn(ll) ions as only ~ 3%
decrease in ry value was observed after 24 hours (Figure 4.27C). This minute change could be
ascribed to spontaneous coagulation of nanoparticles with time leading to lowered accessibility of
water molecules towards the core, as previously reported for a similar nanomaterial in the previous
chapter. Thus, it is expected that the contrast efficiency of the nanoparticle in vivo would not be
hampered due to the presence of the physiologically prevalent cations and anions, consolidating

its potential for in vivo applicability.
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Figure 4.27. ry values for 4A@SiO2>—Py-PicNP suspension, (A) in the pH range 4.0-8.0, and (B)
in the presence of 200 equivalents excess of different physiologically relevant anions, at pH 7.4,
[Mn(11)] = 0.1 mM.

4.9 Phantom Imaging of 4A@SiO2>—Py2PicNP in water and serum
aloumin,at1.5T

To shed light on the contrast ability of 4A@SiO>—Py-PicNP in the presence of BSA and
Zn(11) ions in vitro, phantom images were recorded using a MAGNETOM Avanto 1.5 T
clinical MRI scanner at 25 °C. For Ti-weighted images, respective parameters were
adopted: TR (repetition time) = 550 ms, TE (echo time) = 8.4 ms, slice thickness = 2.5 mm,
and field of view (FOV) = 175x200 mm?,
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B)2> i [Mn(I1)] maintained at 0.1 mM, pH~ 7.4
0.lmM 02mM 03mM ( )'Q 1.0
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(i) = water (iii) = 20 eqv. Zn(II) and 0.6 mM BSA %
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Figure 4.28. In-vitro studies of 4A@SiO2>—Py2PicNPs at 1.5 T and 25 °C. (A) Ti-weighted
phantom MR images of micro-centrifuge tubes containing different concentrations of the
nanomaterial (top). In the bottom, 4A@SiO>—Py-PicNPs, 0.1 mM [Mn(Il)], were
suspended in a different medium, as mentioned; (B) Respective MR-image intensity plots

using ImageJ software.

Herein, phantoms are micro-centrifuge tubes filled with: (1) 4A@SiO>—Py2PicNP
suspension; (2) 4A@SiO2>—Py2PicNP suspension in 0.6 mM BSA; and (3) 4A@SiO2>—
Py2PicNP suspension, 0.6 mM BSA and Zn(ll) ions with various concentration in HEPES
buffer at pH 7.4. The observed contrast changes are depicted in Figure 4.28. The gradual
increase in the concentration of 4A@SiO>—Py2PicNP from 0.1 to 0.3 mM resulted in
simultaneous brighter T1-weighted images. Hence, the nanoparticle can be recognized as a
brightening (positive) contrast agent. After adding BSA, about 75% brightness
enhancement of 0.1 mM 4A@SiO>—Py2PicNP suspension was realized. Accordingly, the
successive increase in Zn(ll) ions concentration in the BSA-containing solution gradually
amplified the image brightness. Thus, the relaxivity boosting in the presence of BSA and

Zn(11) ions has also been recognized in vitro phantom MR images.

4.10 Cytotoxicity Assay of 4A@SiO>—Py2PicNP

Before in vivo administration, the biocompatibility of 4A@SiO>—Py2PicNPs was examined
on PC3 and HeLa cells by performing the MTT assay. In the studies, cells were incubated

for 48 hours with an increasing concentration of the nanoparticle up to 150 uM level, and
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respective absorbance was measured at 570 nm. After that, cell viability was calculated,
considering 100% viability for untreated cells (Figure 4.29). About 80% cell viability was
realized at 150 uM concentration for both types of cells, emphasizing the biocompatibility

of the nanoparticle.

1204 Bl rcs
| Bl Hela

_100-

Qo
o
1

M
o
1

Cell viability (%
(o2}
?

N
O
1 "

o
[

0 5 10 20 30 40 50100150

Concentration (zM)

Figure 4.29. % Cell viability of HeLa and PC3 cell line after 48 hours of treatment of each with
increasing concentration of 4A@SiO>—Py2PicNPs. The concentrations are represented in terms of
Mn(ll) ions.

4.11 Invivo MRI of 4AA@SiO>—Py2PicNP, at 7 T

Depending on the aforementioned in vitro experimental results, we attempted to emulate the Zn(l1)
ion-driven contrast enhancement in the pancreas in the presence of glucose bolus in the biological
system.1*2 In this regard, in vivo MR imaging was recorded on a batch of healthy C57BL/6 male
mice (total number = 30), at 7 T. 12 hours fasted mice were anaesthetized with 1-3%
isoflurane/oxygen mixture maintaining normal respiration and the body temperature to 37 °C. It
was subsequently imaged at 7 T using a small-bore animal scanner (Biospec 70/20, M/s Bruker
Biospin GmBH, Germany). The imaging protocol at baseline comprised multislice two-
dimensional rapid acquisition with refocused echo (RARE) imaging to delineate anatomy. Imaging
parameters were: Coronal orientation, TR/TE = 3647.4 ms/8 ms, the field of view (FOV) = 50x50
mm, matrix = 256x256, slice thickness = 1 mm, 256 slices; Axial orientation: TR/TE = 3647.4

ms/8 ms, matrix = 256x256, slice thickness = 1 mm, 84 slices.
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In separate experiments, a bolus of 4A@SiO2—Py-PicNP (10 umol/kg w.r.t. [Mn(11)]) was
injected into the intraperitoneal (i.p.) space with and without the presence of glucose (2.2 mmol/kg)
in 12 hours of fasted mice. Elaborately, five groups of mice (n = 3/group) were each
intraperitoneally (i.p.) administered with (I) 10 umol/kg w.r.t. [Mn(11)] of 4A@SiO2—Py>PicNPs
plus 2.2 mmol/kg D-glucose (45 min post administration of contrast agent), (11) 10 umol/kg w.r.t.
[Mn(I)] of 4A@SiO>—Py,PicNPs plus saline (0.9%), (I111) 10 umol/kg w.r.t. [Mn(Il)] of
AA@SiO2—-NH2NPs plus 2.2 mmol/kg D-glucose (45-minute post administration of contrast
agent), (IV) 10 umol/kg w.r.t. [Mn(11)] of 4A@SiO>—NH2NPs plus saline (0.9%), and (V) 10
umol/kg w.r.t. [Gd(111)] of Dotarem® solution in PBS; followed with sequential T1-weighted scans.
Animals were scanned at different times, from 50 min post-contrast injection (5 min after glucose
bolus) to 24 h. ImageJ software was used to analyse image intensity in the region of interest (ROI)
of different organs, and the intensity values were normalized with the ROIs estimated on the back
muscle of that animal of the same slice and time point (considered as contrast-to-noise ratio, CNR).
The change in respective image intensity has been reported in percentage values compared to pre-
contrast injection scans (% ACNR). Signal intensities of ROIls of different organs were monitored
for 24 h post contrast administration, and the area under analysis and statistical significance was
calculated using unpaired two-tailed t-tests to correlate between each material; p-values < 0.05

were considered significant.

Ti-weighted MR images in coronal and axial view (post 1 h 4A@SiO>—Py>PicNPs
injection or 15 min post glucose injection) are presented in Figure 4.30. The contrast enhancement
became almost twice (ACNR ~ 100%) in the pancreas compared to the pre-injected MR image in
the presence of 4A@SiO>—Py.PicNP after 1 hour of the bolus injection. However, in the presence
of glucose, a substantial contrast enhancement (ACNR ~ 138%) was realized buttressing the
interaction of the contrast agent with the secreted Zn(ll) ions (Figure 4.30C) forming 4A@SiO2—
Py2PicNPseHSAeZn(ll) ternary complex. Further elucidation of Zn(ll) ions secretion and the
contrast enhancement due to entrapment of the ion within 4A@SiO>—Py,PicNPeHSA binary
system appeared when 4A@SiO>—NH2NP, which has already been recognized to promote a little
r1 relaxivity enhancement in vitro in the presence of Zn(ll) ions (vide supra), was investigated

under the same experimental condition (as control). A subtle contrast enhancement (~ 8%) was
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realized in this case, and the finding consolidated the effectiveness of 4A@SiO2>—Py>PicNP to bind
with HSA and Zn(Il) ions in vivo.
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Figure 4.30. (A) Coronal view, and (B) Axial view of T1-weighted MR images of 12-hour fasted
C57BL/6 mice, before and 1 hour after i.p. administration of 4A@SiO2-NH: or 4A@SiO>—Py-Pic
(10 umol/kg w.r.t [Mnll]), without or with single bolus (i.p.) of 2.2 mmol/kg D-glucose (given
after 45 min contrast injection), at 7 T animal MR scanner. The red arrow marks the Pancreas
region. Dotarem was injected at the same dosage, along with a glucose bolus. (C) Quantitative
image analysis by measuring signal intensity changes in each organ post-injection, normalized to
the muscle (n = 3 animal per group). Bars represent the standard error of the mean. =P < 0.05, **P
< 0.001.

Thus, the porous silica nanoparticle entrapped complex 4A with the Py-Pic silica-surface-

binding unit was successful in engendering Zn(l1) ion-responsive Ti-weighted MRI contrast agent

as previously reported by Sherry and coworkers employing [Mn'"PyC3A —BPEN(OH2)]

complex molecule.’ In the case of the small Mn(11) complex molecule, a maximum of ~ 55%
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contrast enhancement was realized. On the other hand, 4A@SiO>—Py-PicNP could provide ~

138% contrast enhancement in an hour due to the formation of a slow-moving system.
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Figure 4.31. (A) T1-weighted coronal images of mice showing contrast changes in the liver (blue
dotted line), pancreas (red line), and kidneys (yellow arrow) at different time points, post
administration of 4A@SiO>—NHz or 4A@SiO2>—Py-Pic, without or with D-glucose, at 7 T animal
MR scanner. Images at 0.8 h are the images immediately collected after the glucose bolus injection.
Average contrast-to-noise ratio (CNR) changes in the different regions of interest (ROIs): (B)
Liver, (C) Pancreas, and (D) Kidneys; plotted with time after contrast administration (pre-contrast

image intensity considered as baseline).

The biodistribution of 4A@SiO>—Py>PicNPs and 4A@SiO>—NH2NPs without and with the
presence of glucose was examined at 1 hour of post-injection of the nanoparticles (Figure 4.32).
In this context, the liver, pancreas, spleen, muscle, kidney, and bladder were resected, and the Mn
content was determined by the ICP-MS technique after digestion of the tissues in aqua-regia. The

time-dependent contrast enhancement studies in respective organs together with the biodistribution
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studies consolidated the presence of the manganese ions in the liver and the kidney. This reinforced
that the nanoparticles excreted from the body via both hepatobiliary (40%) and renal (60%)
pathways.? However, the renal path was more favourable. Further investigations are essential to
illuminate the interactions of the nanoparticles with various organs. Herein, it is noted that the
mice engaged in the experiments were monitored further for 15 days after the completion of in

vivo experiments. No death or abnormal behaviours were noticed.
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Figure 4.32. Manganese content in mice organ tissues, obtained by ICP-MS studies, 1 hour after

intraperitoneal administration of respective contrast agents (10 umol/kg w.r.t. [Mn(11)]) along

without or with glucose (2.2 mmol/kg).
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Figure 4.33. Schematic illustration of the glucose-stimulated insulin and Zn(Il) secretion (GSIZS)
and interaction with 4A@SiO2>—Py2PicNPs

4.12 Conclusion

» In this chapter, we have synthesized and characterized a novel ligand H.AIcDPA along
with the corresponding neutral and mono-aquated Mn(I1)-complex, 4A.

» The synthesized complex was found to be thermodynamically stable with a high logKmn.
value of 15.06. It was impervious in the vast pH range of 3-10, and in the presence of 200-

fold excess of physiological anions. However, it was kinetically labile.

» Complex was successfully incorporated within porous silica nanomaterial, with the surface
functionalized with NH2 or Zn(ll) selective PyzPic groups. Correspondingly, the
nanomaterials were characterized thoroughly to establish stability in the physiological

condition.

» The relaxometric studies of complex 4A, as well as the complex confined nanomaterials
(4A@SiO2-NH: and 4A@SiO>—Py-Pic) in water and in the presence of 0.67 mM serum
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albumin protein, consolidated the formation of Mn(ll)-based paramagnetic units with

promising MRI contrasting properties.

» The presence of Py.Pic units over the nanosphere favoured the interaction of the
nanoparticle with serum albumin protein and Zn(ll) ions selectively, constituting a bulky
ternary association [4A@SiO>—Py.PiceBSAeZn(l1)] with slow rotational correlation time,

and thus exhibiting superior relaxivity reaching up to 46.3 mMs?, at 1.41 T and 37 °C.

> In vivo intraperitoneal administration of 4A@SiO>—Py>PicNP suspension with a glucose
trigger evidenced a signal intensity boost of 138% in the pancreas, thus tracking the
secretion of Zn(Il) ions (GSIZS). Simultaneous ~ 52% contrast enhancement was noticed

in the kidney and ~ 60% in the liver.

» Nanomaterials were biocompatible and the biodistribution analysis on Mn(ll) ions after the
tissue digestion suggested its excretion from the body in both hepatobiliary and renal

pathways.

4.13 Reference

1. (a)S.Lange, W. Medrzycka-Dabrowska, K. Zorena, S. Dabrowski, D. Slezak, A. Malecka-
Dubiela and P. Rutkowski, Int. J. Environ. Res. Public Health, 2021, 18, 3000; (b) M.
Botta, F. Carniato, D. E.-Gémez, C. Platas-Iglesias and L. Tei, Future Med. Chem., 2019,
11, 1461-1483; (c) N. N. Nystrom, H. Liu, F. M. Martinez, X.-an Zhang, T. J. Scholl and
J. A. Ronald, J. Med. Chem., 2022, 65, 9846—9857; (d) G. J. Soufi, A. Hekmatnia, S.
Iravani and R. S. Varma, ACS Appl. Nano Mater., 2022, 5, 10151-10166.

2. (a) K. Chen, P. Li, C. Zhu, Z. Xia, Q. Xia, L. Zhong, B. Xiao, T. Cheng, C. Wu, C. Shen,
X. Zhang and J. Zhu, J. Med. Chem., 2021, 64, 9182-9192; (b) S. Aime and P. Caravan,
J. Magn. Reson. Imaging, 2009, 30, 1259-1267; (c) W. Cheng, I. E. Haedicke, J. Nofiele,
F. Martinez, K. Beera, T. J. Scholl, H. Margaret Cheng and X.-an Zhang, J. Med. Chem.,
2014, 57, 516—520.

Page | 165
TH-3359_186122030



Chapter 1V

3. (a) R. Antwi-Baah, Y. Wang, X. Chen and K. Yu, Adv. Mater. Interfaces, 2022, 9,
2101710; (b) R. Zheng, J. Guo, X. Cali, L. Bin, C. Lu, A. Singh, M. Trivedi, A. Kumar and
J. Liu, Colloids Surf. B. 2022, 213, 112432; (c) R. R. Zairov, B.S. Akhmadeev, S.V.
Fedorenko and A.R. Mustafina, Chem. Eng. J, 2023, 459, 141640; (d) J. Ruan and H. Qian,
Adv. Ther., 2021, 4, 2100018.

4. M. Veit, R. van Asten, A. Olie and P. Prinz, Eur. J. Clin. Nutr., 2022, 76, 1497 — 1501.

5. B. Thapa, E. H. Suh, D. Parrott, P. Khalighinejad, G. Sharma, S. Chirayil and A. Dean
Sherry, Front. Endocrinol., 2022, 12, 809867.

6. (a) A. Ojha, U. Ojha, R. Mohammed, A. Chandrashekar and H. Ojha, Clin. Pharmacol.,
2019, 11, 57-65; (b) E. Haythorne, M. Rohm, M. van de Bunt, M. F. Brereton, A. I.
Tarasov, T. S. Blacker, G. Sachse, M. S. dos Santos, R. T. Exposito, S. Davis, O. Baba, R.
Fischer, M. R. Duchen, P. Rorsman, J. . MacRae and F. M. Ashcroft, Nat. Commun., 2019,
10, 247; (c) P. E. MacDonald, J. W. Joseph and P. Rorsman, Philos Trans R Soc Lond B
Biol Sci, 2005, 360, 2211-25.

7. (a) G. D. S. Xavier, J Clin Med, 2018, 7, 1-17; (b) J. A. G. Pertusa, T. L. n-Quintol, G.
BernaA, J. R. Tejedo, A. Hmadcha, F. J. Bedoya, F. Mart6An and B. Soria, PLOS ONE,
2017, 12 (11), e0187547; (c) A. Fukunaka and Y. Fujitani, Int. J. Mol. Sci., 2018, 19, 476.

8. C.S.Bonnet and E. T6th, Curr Opin Chem Biol, 2021, 61, 154-169.

9. (a) Y. Stefan, P. Meda, M. Neufeld and L. Orci, J. Clin. Invest., 1987, 80, 175—183; (b) S.
Zhu, D. Larkin, S. Lu, C. Inouye, L. Haataja, A. Anjum, R. Kennedy, D. Castle and P.

Arvan, Diabetes, 2016, 65, 699 —709; (c) J. Yu, A. F. Martins, C. Preihs, V. C. Jordan, S.

Chirayil, P. Zhao, Y. Wu, K. Nasr, G. E. Kiefer and A. D. Sherry, J. Am. Chem. Soc., 2015,
137, 14173-14179 (d) A. F. Martins, V. C. Jordan, F. Bochner, S. Chirayil, N.
Paranawithana, S. Zhang, S. T. Lo, X. Wen, P. Zhao, M. Neeman and A. D. Sherry, J. Am.
Chem. Soc., 2018, 140, 17456—17464.

Page | 166
TH-3359_186122030



Chapter 1V

10. J. Wasko, M. Wolszczak, Z.J. Kaminski, M. Steblecka and B. Kolesinska, Biomolecules,
2020, 10, 1366.

11. (a) L. M. De Leon-Rodriguez, A.J. M. Lubag, J. A. Lépez, G. Andreu-de-Riquer, J. C.
Alvarado-Monzén and A. D. Sherry, Med. Chem. Commun., 2012, 3, 480-483; (b) G.-L.
Davies, |. Kramberger and J. J. Davis, Chem. Commun., 2013, 49, 9704-9721; (c) V. C.

Pierre, S. M. Harris and S. L. Pailloux, Acc. Chem. Res., 2018, 51, 342 —351; (d) P.

Khalighinejad, D. Parrott and A.D. Sherry, Pharmaceuticals, 2020, 13, 268.

12. (a) G. J. Stasiuk, F. Minuzzi, M. Sae-Heng, C. Rivas, H. P. Juretschke, L. Piemonti, P. R.
Allegrini, D. Laurent, A. R. Duckworth, A. Beeby, G. A. Rutter and N. J. Long, Chem.
Eur. J.,, 2015, 21 (13), 5023-5033; (b) A. J. M. Lubag, L. M. De Leon-Rodriguez, S. C.
Burgess and A. D. Sherry, Proc. Natl. Acad. Sci. U.S.A., 2011, 108, 18400—18405; (c) J.
Lux and A D. Sherry, Curr Opin Chem Biol., 2018, 45, 121-130; (d) G. Wang, H. Martin,
S. Amézqueta, C. Rafols, C. S. Bonnet and G. Angelovski, Inorg. Chem., 2022, 61 (41),
16256-16265; (e) A. C. Esqueda, J. A. Ldpez, G. Andreu-de-Riquer, J. C. Alvarado-
Monzon, J. Ratnakar, A. J. M. Lubag, A. D. Sherry and L. M. De Leon-Rodriguez, J. Am.
Chem. Soc., 2009, 131, 11387-11391; (f) G. Wang and G. Angelovski, Angew. Chem. Int.
Ed., 2021, 60, 5734-5738.

13. (a) R. Agarwal, S. M. Brunelli, K. Williams, M. D. Mitchell, H. I. Feldman and C. A.
Umscheid, Nephrol. Dial.

14. OTransplant., 2009, 24 (3), 856-863; (b) PRAC Confirms Restrictions on the Use of Linear
Gadolinium Agents; EMA/424715/2017; European Medicines Agency, July 7, 2017; (c)
FDA Drug Safety Communication: FDA Warns That Gadolinium-based Contrast Agents
(GBCAS) are Retained in the Body; Requires New Class Warnings; U.S. Food and Drug
Administration, December 19, 2017.

Page | 167
TH-3359_186122030



Chapter IV

15. (a) S. Chirayil, V. C. Jordan, A. F. Martins, N. Paranawithana, S. J. Ratnakar and A. D.
Sherry, Inorg. Chem., 2021, 60, 2168-2177; (b) R. Botar, E. Molnéar, Z. Garda, E.
Madarasi, G. Trencsényi, J. Kiss, F. K. Kalman and G. Tircsd, Inorg. Chem. Front., 2022,
9, 577-583.

16. (a) E. M. Gale, I. P. Atanasova, F. Blasi, I. Ay and P. Caravan, J. Am. Chem. Soc., 2015,
137, 15548—15557; (b) D. Ndiaye, M. Sy, A. Pallier, S. Méme, I. de Silva, S. Lacerda, A.
M. Nonat, L. J. Charbonniére and E. Téth, Angew. Chem. Int. Ed., 2020, 59, 11958-11963;
(c) Z. Garda, A. Forgécs, Q. N. Do, F. K. Kalman, S. Timari, Z. Baranyai, L. Teli, I. Toth,
Z. Kovacs and G.Tircso, J. Inorg. Biochem., 2016, 163, 206 —213; (d) S. Anbu, S. H. L.
Hoffmann, F. Carniato, L. Kenning, T. W. Price, T. J. Prior, M. Botta, A. F. Martins and

G. J. Stasiuk, Angew. Chem. Int. Ed., 2021, 60, 10736 — 10744.

17. L. Leone, A. Anemone, A. Carella, E. Botto, D. Livio Longo and L. Tei, ChemMedChem,
2022, 17, e202200508.

18. T. Kojima, Y. Hirai, T. Ishizuka, Y. Shiota, K. Yoshizawa, K. Ikemura, T. Ogura and S.
Fukuzumi, Angew. Chem. Int. Ed., 2010, 49, 8449 —8453.

19. (a) A. Forgacs, R. Pujales-Paradela, M. Regueiro-Figueroa, L. Valencia, D. Esteban-
Gomez, M. Botta and C. Platas-Iglesias, Dalton Trans., 2017, 46, 1546-1558; (b) M.
Khannam, T. Weyhermdiller, U. Goswami and C. Mukherjee, Dalton Trans., 2017, 46,
10426-10432.

20. (a) B. Drahos, J. Kotek, P. Hermann, 1. Lukes and E. Téth, Inorg. Chem., 2010, 49, 3224—
3238; (b) R. Uzal-Varela, D. Lalli, I. Brandariz, A. Rodriguez-Rodriguez, C. Platas-
Iglesias, M. Botta and D. Esteban-Gomez, Dalton Trans., 2021, 50, 16290-16303; (¢) R.
Uzal-Varela, F. Pérez-Fernandez, L. Valencia, A. Rodriguez-Rodriguez, C. Platas-Iglesias,
P. Caravan and D. Esteban-Gomez, Inorg. Chem., 2022, 61, 14173-14186.

21.Y.-H. Chiu and J. W. Canary, Inorg. Chem., 2003, 42, 5107-5116.

Page | 168
TH-3359_186122030



Chapter 1V

22.N. T. Vo, A. K. Patra and D. Kim, Phys. Chem. Chem. Phys., 2017, 19, 1937-1944.

23. M. Yu, L. Zhou, J. Zhang, P. Yuan, P. Thorn, W. Gu and C. Yu, J. Colloid Interface Sci.,

2012, 376, 67— 75.

24. (a) H. Tapiero, D. M. Townsend and K. D. Tew, Biomed Pharmacother., 2003, 57 (9),
386-398; (b) N. N. Paranawithana, A. F. Martins, V. Clavijo Jordan, P. Zhao, S. Chirayil,
G. Meloni and A. Dean Sherry, J. Am. Chem. Soc., 2019, 141, 11009-11018.

25. (a) J. R. Lakowicz, Principles of Fluorescence Spectroscopy, 3rd ed, Plenum Press, New
York, 2006, 277; (b) C. Moya, R. Escudero, D. C. Malaspina, M. de la Mata, J. Hernandez-
Saz, J. Faraudo, A. Roig, ACS Appl. Bio Mater. 2019, 2, 3084-3094.

26. (a) G. Ghibellini, E. M. Leslie and K. L. R. Brouwer, Mol. Pharm., 2006, 3, 198-211; (b)
K. Chen, P. Li, C. Zhu, Z. Xia, Q. Xia, L. Zhong, B. Xiao, T. Cheng, C. Wu, C. Shen, X.
Zhang and J. Zhu, J. Med. Chem., 2021, 64, 9182—9192.

Page | 169
TH-3359_186122030



Page | 170
TH-3359_186122030



Chapter V

Folate Decorated Mn(11)-Complex Confined
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5.1 Introduction

Carcinoma is a lethal disease that has caused an enormous threat to human health over the last few
decades.! It induces various abnormalities at the cellular level thereby, promoting the proliferation,
metastasis, and retarded immunity of the affected tumour tissues. Due to multiple recurrences, high
mortality rates, and various limitations toward recovery procedures, cancer has become one of the
most challenging and life-threatening diseases. Early diagnosis is a key factor for cancer treatment
and minimising its adverse effects. In fact, detecting tumour cells at the preliminary stage
decreased the mortality rate by 35%.2 Molecular imaging (M) has emerged as a pivotal diagnostic
technique for early identification of tumour cells in vivo.? In this context, Magnetic resonance
imaging (MRI) has evolved to be a prime molecular imaging modality over other techniques (X-
ray, PET, fluorescence imaging, etc.).* Being non-invasive, it is advantageous and provides three-
dimensional high-resolution images with no depth limit. Hence, it is routinely used to estimate the

location and size of the tumour site at the primary stages.

Commercially available Gd(I11)-based contrast agents are often administered prior to the
imaging to compensate for the low sensitivity issue and obtain accurate imaging.® The recent
concern raised by the FDA and EMA regarding gadolinium usage due to its link to renal toxicity
has become a critical drawback for the application of these contrast agents.® Meanwhile, there has
been a profound urge to develop alternative non-gadolinium-based contrast agents for targeted

tumour diagnosis.’

This group of contrast agents is responsive to the pathological changes induced by the
tumour environment imparting signal enhancement or contrast, preferably the brightening Ti-
weighted images, that is beneficial for the detection of lesions.2 Some Gd(I11)- and Mn(I1)-based
small molecules have been reported in the literature that behaved as a biomarker and exhibited
enhanced relaxivity near the tumour environment.® However, oncological imaging (visualization
and monitoring of cancer development) involves a longer scan time to achieve useful contrast.
Thus, conventionally investigated Mn(l1)-based complexes with low molecular weight and faster
clearance in the human body, are often not suitable for these applications.’>1° In this context,
nanoparticulate contrast agents are favourable as they demonstrate prolonged retention time in

vivo. A number of manganese oxide-based nanoparticles as well as Mn(l1)-complex conjugated to
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biomacromolecules have been extensively studied in the last few years (Table 5.1).!! Although
they exhibit promising advancements, the relaxivity values remained lower than the Gd(l11)-based
agents. Moreover, they suffer from poor bioavailability and internal toxicity which affects their
overall performance as potential in vivo contrast agents.!¥ Therefore, there has been a drive to
design an appropriate Mn(l1)-based nanoprobe with high relaxivity for efficient tracking of tumour

cells at the early stage.

Table 5.1. Longitudinal relaxivity values for some Mn(l1)-based nanoprobes employed in tumour-

targeted MR imaging.!

Mn(I1)-based Nanosystem  ri (mM-s?) Applied VI FELGEI FOT RV

Field signal enhancement
MnO-TETT 4.84
7T 2h
MnO-TETT-FA 483
Gd/MnCO;—PEG-Cy5.5-FA 6.58 7T 2h
FA-PAA-coated MnO 9.3 3T 4h
Mnz04@SiO—PEG 0.49
_ 05T 4h
MnsO.@SiO2(PEG)-FA 0.52
. 0.0,atpH 7.4
MnO, -PEG-FA/DOX with 2 p 05T 4h
mM GSH 2.0, atpH 5.0
FA-Mn:0,@PDA@PEG 14.47 3T 36 h
Mn(11)
GNs@PAA-[DFO-Mn(I1)J/FOA 13.0 15T —
Me&Flu@MSN@MnO,-FA 10.38, pH 6.0 47T 3h
MnO,-BSA 2.77 7T 2h

In the previous chapters, we have established the reverse microemulsion procedure to
confine Mn(Il)-complexes inside the porous silica nanoparticles. Synthesized nanomaterials
demonstrated enhanced longitudinal relaxivity value in water and physiological conditions (in the

presence of serum albumin) when compared to manganese oxide-based nanocontrast (Table 3.2).
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Being impervious to biologically relevant scavenger ions, these are suitable for further
modifications and thereafter in vivo applications. The metabolism and the surrounding
environment for tumour cells distinctively differ from the healthy cells. Consequently, there is a
change in nutrient concentration, alboumin content, pH, rate of folate receptor expression, etc. in
the vicinity of the tumour region.'*'? These cells are believed to show enhanced permeability and
retention (EPR) effect and hence can be easily penetrated.*® Judicious fabrication of target groups
onto the surface of the Mn(lIl)-complex confined porous silica nanomaterials could achieve
tumour-responsive change in r1 relaxivity value, rendering useful tumour-recognising contrast in

the corresponding Ti-weighted MR imaging.

The mesoporous silica nanoparticles offer an appreciable surface area that could be
efficiently modified to covalently link tumour-targeting ligands like antibodies, aptamers,
biomolecules, peptides, organic fragments, etc.** This technique has been adapted to augment cell-
membrane penetration. Antibody and peptide conjugation over the nanoparticle surface and further
application, even though gave promising initial results, eventually suffered from immunogenicity
and retarded tissue penetration ability. Alternatively, among these appendants, folic acid (FA)
moiety showed a high affinity towards the folate receptors.® To note, cancer cells are characterized
to have 500-fold overexpressed folate receptors compared to normal cells which facilitate the
movement of folate molecules across the lipid bilayer of the cell membrane (Figure 5.1 and 5.2).1
Contrast nanoprobes tethered with folic acid utilize this distinguishing feature to be preferentially
uptaken and accumulated within the cancer cells, thus furnishing the role of tumour-targeted cell
permeable biomarkers. Furthermore, folate receptors are overexpressed as a consequence of
chronic inflammation, as evidenced in the cases of autoimmune diseases like rheumatoid
arthritis.}” The folate-conjugated nanoprobes can facilitate the diagnosis of this fatal illness

altogether.
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(B)

Tr = Folate receptor

Figure 5.1. Schematic diagram of a (A) normal and (B) cancer cell representing overexpressed
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folate receptors (FR) in the latter one.
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Figure 5.2. Illustration demonstrating the three functionally distinct folate transport systems: the
folate receptor (FR), reduced folate carrier (RFC), and the proton-coupled folate transporter
(PCFT). PCFT and RFC exhibit no affinity for folate-targeted NPs and hence are not able to get
internalized, while high-affinity FRs are efficient in the internalization of folate-targeted NPs.

In recent times, few MnO-, MnO2- or Mn3O4-based nanoparticles with folic acid
appendant, as well as, Mn(ll)-complexes immobilized over graphene oxide systems had been
investigated exhibiting fair progress in tumour localisation (Table 5.1). However, they still
suffered from limited sensitivity as diffused contrast was achieved. This phenomenon could be
ascribed to the lower relaxivity values obtained for these systems than similar Gd(lll)-
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counterparts.* Moreover, efficient signal amplification was obtained after the administration of a
large dosage of nanoparticles, which imparted some toxicity afterwards. %" For a majority of these
nanoprobes, optimum contrast was visualized after a prolonged time (a minimum of 2 h) which
elongated the time scan of MR imaging. Notwithstanding, there is a challenge along with the
opportunity for betterment in developing novel Mn(ll)-based nanocontrast agents to provide a

conspicuous tumour-responsive diagnosis within a shorter time span.

In this context, we have successfully synthesized a thermodynamically stable complex 5A
and subsequently incorporated the complex molecules within the porous silica nanoparticles. The
outer surface of the silica nanoparticle has been modified by folic acid as a tether group producing
the nanomaterial SA@SiO2—FA which exhibited a promising r1 value of 21.45 mMs?, at pH ~
7.4, 1.4 T and 37 °C. The nanosystem positively interacted with the serum albumin protein
eventually lowering the overall tumbling rate. A distinctive boost in the relaxivity value was
achieved due to this association. Moreover, the grafting of the folic acid over the nanosphere
selectively accelerated the rate of cancer cell uptake. Cancer tissues with higher albumin
concentration at the extracellular space, as well as, overexpressed folate receptors could be
effectively double-targeted 5A@SiO>—FA, furnishing significant signal enhancement in the
localized affected region when subsequently scanned for T1-weighted MR images. The tumour-
responsive cell penetration properties of 5SA@SiO>—FA were examined by in vitro fluorescence
imaging experiments along with developing an in vivo tumour model in C57BL/6 mice.
Corresponding time-dependent Ti-weighted contrast enhancement studies were performed to

understand the aforementioned tumour-selective behaviour of the synthesized nanosystem.
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5.2 Synthesis and Characterization of Ligand Htpada

2 [
X OH
\N/O\/ O\/ @\J N
LiOH, THF/H,O NZ~N o
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CH3CN K,CO; HPFg, i-PrOH
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o 0
2-Picolylamine 6, Yield = 62% Hytpadas1HPFg
Yield = 85%

Scheme 5.1. Schematic presentation for the synthesis of ligand HztpadaelHPFe.

Ligand Hotpada was synthesized in two steps with an overall 52% yield, adopting the synthetic
procedure reported in the literature.!® In the first step, 2-Picolylamine was reacted with 2
equivalents of 6-(bromomethyl)picolinate in CH3CN in the presence of K.COgz to obtain compound
6 which was subsequently hydrolysed by an excess amount of aqueous LiOH solution. The crude
obtained was acidified with HPFs in an i-PrOH medium to obtain the ligand as colourless needle-
shaped crystals (Hztpadae1HPFg). The formation and purity of the ligand were examined through
FTIR, ESI-MS, *H-NMR and 3C-NMR spectral analyses.
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Figure 5.3. (A) FTIR and (B) ESI-MS (+ve) spectra of ligand Hatpada. The simulated spectrum is

given as an inset.
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The infrared spectrum of the ligand Hatpada (Figure 5.3A) evidenced the presence of 3614
cm™ and 3423 cm™? due to vo-n asymmetric stretching of water and the carboxylic acid group,
respectively. The broad band at 2853 cm™ appeared due to the vn_n stretching of the protonated
tert-amine group. The vc-o asymmetric stretching strong peak was observed at 1690 cm™
(carboxylic acid groups) and 1626 cm™ (u-bridged carboxylic group). The band at 1584 cm™
corresponded to the characteristic aromatic vc=n stretching (pyridine group). The sharp peak at 845

cm?

ascribped to the wpr stretching proved the existence of the ligand as a
monohexafluorophosphoric acid salt. The ESI-MS (+)ve mode spectrum of the aqueous solution
of the ligand demonstrated a 100% molecular ion peak at m/z = 379.1470, which corresponded to
the molecular composition [C20H1sN4O4+H]* (m/z = 379.1400) along with the isotropic pattern.

concerned Mn-complex (5A).

2
21
19
C
01
3
A
88
73
71
0
58
—4.44
—4.32

Z
x \Nl OH
lN/ N 0
= "N
s h__OoH
o]

J . Jbut L

4.02-=

T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25
ppm

Figure 5.4. 'H NMR spectrum of ligand Hotpada in CD3;OD solvent.

The *H-NMR spectrum of the ligand Hatpada, recorded in CD3OD solvent, showed the
presence of 10 aromatic protons in the range 8.99-7.58 ppm corresponding to three pyridine rings
in the ligand backbone (Figure 5.4). Six non-aromatic protons of the methylene groups appeared

as two singlets at 4.44 and 4.32 ppm. The 3C-NMR spectrum of the ligand in the D20 medium is
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presented in Figure 5.5. It indicated the presence of 11 types of aromatic and 2 types of non-

aromatic carbon atoms in the ligand framework.
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Figure 5.5. 3C NMR spectrum of ligand Htpada in D,O solvent.

5.3 Synthesis and Characterization of Mono-aquated Mn(ll)-

Complex of Ligand Hatpada, 5A

Z
N Sy I ou
| NZ N o MnCl,4H,0
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. | OH NaOH
(o)
H,tpadae1HPFg [C20H1N4O4Mn], 5A core

Yield = 38%

Scheme 5.2. Schematic representation for the synthesis of complex 5A, [C20H16N4OsMn].
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The synthesized ligand Hatpada was reacted with an equivalent amount of MnCl>e4H>0 in an
aqueous medium at pH 6.5, attained by the addition of to dilute NaOH solution, to obtain a
colourless solid as precipitate (Scheme 5.2). This crude was dissolved in methanol and kept in a
diethyl ether environment for 3 weeks to obtain needle-shaped pale-yellow X-ray suitable single
crystals of complex 5A in 38% vyield. It was further characterized by FTIR and ESI-MS

spectroscopy.
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Figure 5.6. (A) FTIR spectrum, and (B) ESI-MS (+ve) mass spectrum of complex 5A. The

simulated spectrum was given as inset.

The infrared and (+ve) mode ESI-MS spectra of complex 5A are illustrated in Figure 5.6.
The shift in the vc=o asymmetric stretching band to 1622 cm™ in the complex spectra from 1696
cm? in the case of ligand was observed corroborating the formation of Mn(ll)-coordinated
complex. The ESI-MS spectrum of complex 5A exhibited a 100% molecular ion peak at m/z =
432.0568 which corresponded to the molecular composition of the mononuclear complex 5A core
[C20H16N4OsMn + H]* (m/z = 432.0624) with reciprocating isotropic distribution pattern
confirming the complexation. Contrary to the molecular structure obtained from X-ray analysis
(vide infra), this indicated the dissociation of the carboxylate bridging at the axial position in the
aqueous medium. Water molecules presumably coordinate to the central Mn(l1) along this vacant

site forming the seven-coordinated mono-aquated complex.

Single crystal X-ray analysis of the complex 5A crystals was performed at 296(2) K and

was found to be crystallized in the ‘monoclinic” ‘C12/c1’ space group. The molecular structural
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view of the synthesized complex is shown in Figure 5.7. Moreover, selected bond distances and
angles are listed in Table 5.2. The ORTEP representation of complex 5A demonstrated three
interconnected molecular units through carboxylate carbonyl oxygen bridging. Each Mn(ll)
complex unit adopted a pentagonal bipyramidal geometry with two picolinate units and the tert-
amine nitrogen (N2) constituted the basal plane. The N3 atom of the picolyl ring occupied one of
the axial positions. Another apical position was occupied by the bridging oxygen atom (012) of
the carboxylate arm of another complex unit, completing the coordination geometry. Individual
complex units are neutral in charge. A sodium atom at the centre held the complex units and the
presence of the PFs counter-anion maintained the charge neutrality. The Mn—N1py = 2.208(10),
Mn—N4py = 2.278(9), Mn—N2amine = 2.435(13), MN—N3apicai = 2.298(12), Mn—024cid = 2.248(7),
Mn—03zcid = 2.207(6), and Mn—0124ridg = 2.209(6) A bond distances commensurate well with the
previously reported Mn(l11) complexes of this ligands.8

Figure 5.7. ORTEP representation of complex 5A, drawn at 40% probability level.

Table 5.2. Selected bond distances (A) and bond angles (°) for complex 5A.

Mn1-02 2.248(7) 02-Mn1-03 81.02(23)
Mn1-03 2.207(6) 02-Mn1-N1 72.48(31)
Mn1-012 2.209(6) 03-Mn1-N4 70.73(29)
Mn1-N1 2.208(10) 05-Mn1-N3 168.97(33)
Mn1-N2 2.435(13) N1-Mn1-N2 67.71(35)
Mn1-N3 2.298(12) N4-Mn1-N2 72.19(33)
Mn1-N12 2.209(6)
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Table 5.3. Crystallographic and Structural refinement parameters for complex 5A.

Empirical formula
CCDC Number
Formula weight

Crystal habit, color

Crystal size, mm?®
Temperature, T

Wavelength, A(A)
Crystal system

Space group

Unit cell dimension

Volume, V (A3)
z
Calculated density, mgemm-3
Absorption coefficient, z (mm)
F(000)

@range for data collection
Limiting indices
Reflection collected / unique
Completeness to 4
Max. and min. transmission
Refinement method
Data / restrains / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

Ce1H5:Mn3N1>2NaO13PFs
2334262
1492.91

Needle-shaped/ yellow
0.34x0.32x0.30
296(2)
0.71073
monoclinic
'C12/cl

a=24.8688(18) A, b = 32.669(2) A, ¢ = 19.1382(14) A,

a =90.00°, B = 94.674°, y = 90.00°
15496.7(19)
8
1.280
0.583
6080
2.274° to 25.000°
-27<h <29, -38<k<38, -22<I<22
13609/ 9138 [Ryiny = 0.1158]
99.7% (0= 25°)

1.0000/ 0.4575
'SHELXL 2018/3 (Sheldrick, 2015)’
13609/216/ 931
1.081
R: = 0.1158, WR, = 0.3246
R: = 0.1444, WR, = 0.3393

0.807/-0.709

5.4 Thermodynamic Stability of Complex 5A

The thermodynamic aspects of the 5A were estimated by determining the step-wise protonation

constant of the ligand Hotpada and the stability constant of the corresponding Mn(l1)-complex

direct pH-potentiometric titrations. Experiments were performed in the pH range from 2.3 to 12.0,

with 0.1 M NaOH as titrant and the ionic strength was maintained using 0.15 M NaCl.

The protonation constant of the ligand could be defined by the equation:

= [Hi,LI[H]

(1)

where, i = number of replaceable protons, and L = deprotonated ligand.

TH-3359_186122030
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The protonation and stability constants were calculated by simulations of respective curves
using Hyperquad2008 software. Ligand Hatpada exhibited logKi™ = 9.41(13), logK," = 6.36(11),
and logKs" = 4.53(9) (Figure 5.8A, Table 5.4). The data obtained agreed with the values reported
for the ligand H.PyDPA (Chapter 111B) with a similar framework. Correspondingly, the highest

pKa could be attributed to the protonation of the highly basic tert-amine nitrogen and the second

one was assigned to the Npyrigine. The lowest could be related to the protonation of the carboxylate

unit.
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Figure 5.8. Experimental and simulated curves representing pH-potentiometric titration of (A)

ligand Hotpada solution against standard NaOH solution, (B) ligand Hatpada:Mn(I1) (1:1) solution
against standard NaOH solution, and (C) Base equivalent plot in 0.15 M NaCl, 298 K; (D) Species
distribution diagram for Mn/Hatpada: [Mn?*] = [L] = 1 mM.
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The stability constant for the corresponding Mn(11) complex was determined by direct pH-
potentiometric titration using 1:1 ligand-to-metal [Mn(I1)/Cu(11)/Zn(I1)] molar ratio and collected

data sets were fitted to equation (2), (Figure 5.8B).

_ [MnL]

The thermodynamic stability constant (logKwmnL) for complex 5A was found to be 14.67(9).
The value obtained is commensurate with other reported mono-aquated Mn(ll)-chelates with
similar coordination motifs [PyDPA (14.80), trans-CDTA (14.32), PyC3A (14.14), etc.],®®
reciprocating commendable stability for the synthesized Mn(Il)-system. The pMn (pMn = -
l0g[Mn?*]sree, Where [Mn?*] = [L] = 10 uM) value for this system was calculated at pH = 7.4, to be
8.80. The base equivalent plot (Figure 5.8C) indicated the presence of three replaceable protons
in the ligand structure, thus implying the existence of Hjtpada as the protonated salt
(HzotpadaeHPFg). Considering the thermodynamic stability data, the species distribution diagram
is obtained (Figure 5.8D). It reflected the abundance of the mono-aquated Mn(I1)-complex of the
ligand Hatpada as the dominant species beyond pH 4.5 until 9.0.

Table 5.4. Ligand protonation constants and corresponding stability constants for Mn(ll)
complexes.!®

PyC3A!% {CDTA!® EDTAY CyBET-OMe'® PyDPA* Tpada**

logK.* 10.16 9.36 9.17 12.58 921  9.41(13)
logK,H 6.39 5.95 5.99 9.87 6.45 6.36(11)
. logKs™ 3.13 3.62 2.73 3.99 3.50 4.53(9)
H logK,H — 2.57 2.01 2.97 — —
logKs" - 1.49 1.38 > _ _
YlogKit! 19.68 22.99 21.28 29.41 19.16 20.30
logKwmt 14.14 14.32 12.46 14.61 1480  14.67(9)
logKmnHL 243 2.90 2.95 7.73 3.82 4.21(8)
logKnntzL — 1.89 — _ 255  3.02(11)
Mn?*
logKunL(or) — — — — 541(6)  5.36(4)
logKwmnL(oH)2 — — — — -8.06(2) = —4.64(9)
pMn 8.17 8.68 7.83 6.24 8.97 8.80

(1 Chapter HIB (I= 0.15 M NaCl, 25 °C), ©J This work (I= 0.15 M NaCl, 25 °C).
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Complex 5A, pH~7.4
Complex 5A, pH ~ 10.1, NH,OH
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Figure 5.9. UV-Vis spectroscopy of complex SA at pH ~ 7.4 and pH ~ 10.1 (attained by addition

of NH4OH).

The stability of complex 5A at the pH ~ 10.1, in the presence of ammonium hydroxide was
elucidated by recording the UV-Vis spectra of the aqueous solution of the complex at varied pH.
No alteration in the spectral envelope verified the rigidity of the Mn(Il)- coordination at the

experimental conditions necessary for further encapsulation technique.

5.5 Synthesis and Characterization of Complex 5A Confined PSNs

and Surface Modification with Folic Acid

The synthesized thermodynamically stable complex 5A was enclosed within porous silica
nanoparticles (PSNs) adopting the reverse microemulsion method. Methodically, an aqueous
solution of complex 5A (160 uL of 8 mM complex 5A stock solution mixed with 320 uL of
HEPES, 0.1 M, pH ~ 7.4) was doped into a solution of Igepal-CO-520 in cyclohexane, resulting
in the formation of a stabilized reverse microemulsion system. Ammonia hydrolysis of tetraethyl
orthosilicate (TEOS) added thereupon developed a silica nano-shell. The silanol groups were
further functionalized with the addition of (3-AminopropyDtriethoxysilane (APTES). Careful
removal of the surfactants produced the NH2-functionalized porous silica nanospheres,
incorporated with the complex molecules (5A@SiO>—NH>). Folic acid groups were covalently

tethered to the amine groups present in the silica surface, triggered by a combination of 1-(3-
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Dimethylaminopropyl)-3-Ethyl Carbodiimide (EDC) and N-Hydroxysuccinimide (NHS),
providing SA@SiO>—FA (Scheme 5.3).

-

Condensation i
Ammonium v
Hydroxide

Hydrolysed Silica Nucleated Silica
Precursor Particles

Purification

W

. i FA | ;

NHS/EDC-HC1

4
\V4

SA@SiOZ(-FANP 5A@SiO2-NH2NP 5A@SiO2NP

@D - Tetraethyl orthosilicate (TEOS) \/\0 =Igepal 0-520 () = Complex 54 () = Water

Scheme 5.3. Representative illustration for the preparation of SA@SiO>—NH2NP and 5A@SiO2>—
FA.

The finalized nanoparticles were recovered and eventually dispersed in 1 mL HEPES
buffer (pH ~ 7.4) to form 5A@SIiO>—FA stock solution. For the non-functionalized nanoparticle
system 5A@SIiO2, prepared omitting the subsequent addition of APTES and FA, an average of 40
complex 5A molecules were found to be incorporated within each nanosphere (calculated

according to the method presented in Chapter I11).

The formation and morphology of the synthesized nanomaterials were examined by
recording the FETEM images and performing corresponding EDX, FTIR, EPR, TGA and N>

adsorption-desorption isotherm analyses.
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Figure 5.10. (A) FETEM images of (A) 5A@SiO2-NH: and (B) 5SA@SiO.—FA nanoparticles;

inset- corresponding particle size distribution. (C) corresponding energy dispersive X-ray (EDS)

analysis of 5SA@SiO—FA.

The representative FETEM images of 5SA@SiO>—NH: revealed the formation of well-

defined, monodispersed and spherical-shaped nanoparticles with an average size of 19.3+2 nm.

Organic modification on the surface of NPs by covalent amide linkage of folate units led to a slight

increase in average particle size to 21.6+3 nm for 5A@SiO.—FA, along with a decrease in

uniformity (Figure 5.10B). The inclusion of complex 5A molecules inside the silica nanoparticles

was indicated by the coexistence of Mn, Si, and N elements in the corresponding energy-dispersive

X-ray spectroscopy (EDS) analysis of finalized nanomaterial 5SA@SiO>—FA (Figure 5.10C).

TH-3359_186122030
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——5A@Si0,-NH, —— 5A@SI0,-NH,
——5A@Si0, FA —— 5A@SIO,-FA

Complex 5A —— Complex 1
——SiO, NP ——Si0, NP
< 3118 cm” < 1648 cm
=2 - R

1622 cm™ 1548 cm’”

4000 3200 2400 16'010 800 1950 1800 1650 1500 1 1350
Wavenumbers, cm’ Wavenumbers, cm’
(C) 100 (D) 30 245
R — ] '
s 1 0 Tx—_ E
£ 90- 3 101 %
< T 1 sAa@sio
2 85 g of—pr—1 .
o s SA@SIO,-NH, 5A@SIO,-FA
L J
.% 801 5A@SIO, © -10-
. [4h] ]
g 751 _SA@SIO2—NH2 T N -20-
—— 5A@SiO,-FA o .
70 30

200 400 600 800
Temperature / °C

Figure 5.11. (A), (B) FTIR spectra and (C) TGA curves for 5A@SiO2, 5SA@SiO,—NH>, and

5A@SiO2—FA. (D) The zeta potential values of 5A@SiO2, 5SA@SiO>—NH2, and 5A@SiO—FA

aqueous suspensions at pH 7.4.

Moreover, the existence of complex molecules confined within the nanospheres was
further examined by recording the infrared spectra of lyophilized nanoparticles as presented in
Figure 5.11A. The FTIR spectra of 5A@SiO2, 5SA@SiO0.—NH2, and 5A@SiO.—FA evidenced the
presence of a low-intensity band at 1622 cm™ which corresponded to the vc=o asymmetric
stretching sharp peak of the bare complex 5A spectrum and it was absent in the pristine SiO2NP
spectrum. Considering the spectral line for SA@SiO.—NH> (Figure 5.11A, pink line), the
appearance of an additional broad band, centered at 3118 cm™ (w-n stretching) along with the
moderate hump at 1548 ( w-+ bending) confirmed the grafting of the amino groups onto the surface

of the complex confined nanoparticles. The additional peak at 1648 cm™ (w-n bending, amide
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group) in the spectra for SA@SiO.—FA (Figure 5.11B, green line) indicated the afterwards
organo-modification by covalent conjugation of folic acid moiety through amide bond formation
and the other peak at 1607 cm™ could be attributed to the non-bonded carboxylate unit of folic
acid ligand. Additionally, the thermogravimetric analyses (TGA) on all three types of
nanomaterials were done in the range of 30-800 °C (Figure 5.11C). 5A@SiO2—NH: (blue line)
evidenced an ~8.6 % increased organic weight loss compared to the naked SA@SiO; above 200
°C, designating the inclusion of amine groups. For 5SA@SiO>—FA, another steep decrease in weight
percentage (red line, ~8.3 % weight loss) directly reciprocated the tethering of folate units onto the
nanoparticle surface. The surface charge of the nanomaterials was assessed by recording the zeta
potential (&) of their respective aqueous suspension, at pH ~ 7.4 (Figure 5.11D). 5A@SiOz, having
a negatively charged surface with a large number of hydroxyl groups exhibited a ¢ value of -24.9
mV. The inclusion of surface-conjugated basic amine groups in 5SA@SiO>—NH> caused a sharp
inversion of the ¢ value to +24.5 mV. Thereafter introduction of negatively charged folate units
(with a free carboxylate arm at pH ~ 7.4) further reduced the £ value for SA@SiO.—FA to +17.1
mV. Thus, the characterization suggested the successful formation of complex 5A incorporated

porous silica nanoparticles with amine and folic acid units grafted on the outer surface.

A) . B) iO.-FA |
( 12004 "PToe | ( SA@SIO,-FAinH,0 |
‘o™ ] _7;0 0184 —_— 5A@S|02-FA in DZO
51000- :"QE:O'“Z‘
g 8004 %D.OOS- o < <
=) = ° 5
g 600 © 0.0044 B —
3 0.0001 : , . . ' al / o
% 400-' 20 40 Po?gwidﬁ?(}-\)mo 120 j/ / 3500W2322urﬁgg?5,i2’?9 1500
g 2001 g
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Figure 5.12. (A) N2 adsorption isotherm of degassed SA@SiO>—FA NPs. Inset: Pore size
distribution. (B) FTIR spectra of lyophilized 5SA@SiO>—FA NPs, isolated from H>O or D20

medium.
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The surface area along with the porous nature of the surface-modified SA@SiO>—FA NPs
was elucidated from the N2 adsorption-desorption isotherm, recorded at 77 K (Figure 5.12A). The
dried nanoparticles were degassed for 12 h before the experiment. SA@SiO>—FA NPs exhibited a
type-1V isotherm with a hysteresis loop, indicating a well-defined porous nature of the silica
shell.?® Based on the Brunauer—Emmett—Teller (BET) method, the overall surface area of the
nanomaterial was determined to be 216.0 m?/g. The pore-size distribution was obtained from
Barrett-Joyner-Helenda (BJH) calculations revealing two types of pore diameter, 3.1 nm and 4.3
nm. Other pores with larger diameters could be because of the inter-particle voids.?* The
unperturbed movement of water molecules across the pores of the organo-modified silica shell was
proved by comparing the FTIR spectra of SA@SiO>—FA NPs, lyophilized after suspending for 24
h in D.O medium (5A@SiO>—FA_D>O, red line), with that for H.O suspended nanoparticles
(Figure 5.12B). In the case of 5A@SiO.—FA_D-0, the emergence of a broad band centred at 2390
cm™ could be assigned to the vo_p asymmetric stretching, indicating the accessibility of the D,O
molecules into the core of nanoparticle through the available pores. This result warranted the water
exchange towards the core of the nanoparticle across the silica layer, even after the attachment of

bulky and hydrophobic folate appendants.

Table 5.5. Characterization of 5A@SiO2, 5A@SiO>—NH2, 5A@SiO>—FA nanomaterials:
corresponding FETEM particle size, zeta potential values (at pH 7.4) and percentage organic
weight loss, measured at 37 °C, pH ~7.4, 1.41 T.

. Particle Size ¢ potential TGA, weight
Material (nm) (mV) loss %
5A@SiO; 18.6 -24.9 4.66

5A@SiO,—NH> 19.3 24.5 13.24
5A@SiO—FA 21.6 17.1 21.62
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5.6 Relaxometric Studies of 5A and 5A-Confined Silica

Nanomaterials

The relaxometric studies of complex 5A along with the complex incorporated nanomaterials were
done using a buffered solution (HEPES, pH ~ 7.4) of four different concentrations, estimated by
ICP-MS analysis. Respective Ty values were recorded according to the inversion recovery method
using BRUKER minispec mg60 NMR, at pH ~ 7.4, 1.41 T and 37 °C. Corresponding plots for the
relaxation rates (1/T1) versus [Mn(ll)] were obtained. The slope represented the respective
relaxivity values (r1) which defined the contrast efficiency of 1 mM concentration of each

paramagnetic substance.

(A) 51y = 2.25426x + 0.33251 (B) 1.2 SA@SIO,FA )
R? = 0.99942 r,=2151mM’s", at 37 °C
4- 1.0
@ 3 20.8;
~ -
~ =
= 2 0.61
11 0.4. 5A@SIO,-NH,
r =225mM's” r,=12.75mM’s", at 37 °C
O v T v T ! v T v T 02 T T T T T T T T
00 04 08 12 16 000 001 002 0.03 0.04
[Mn(I)] (mM) [Mn(I1)] (mM)

Figure 5.13. 1/T1 versus [Mn(I1)] plot for (A) complex 5A, (B) 5A@SiO2—NH; and 5A@SiO>—FA
atpH~7.4,1.41T, and 37 °C.

For complex 5A, the r1 value was estimated to be 2.25 mM-st at pH ~ 7.4, 1.41 T, and
37 °C. The value was in accordance with the data reported for similar mono-aquated Mn(Il)
complexes. On impregnating the complex 5A molecules inside the porous silica nanoparticles
functionalized with the amine chains (5A@SiO2—NHz), an obvious 4.5-fold elevation in relaxivity
value was achieved as ri1 reached up to 12.75 mM1st. This increment could be attributed to the
longer rotation correlation time (zr) and faster water exchange of the paramagnetic centre upon
non-covalent confinement of 5A molecules along with sufficient water molecules inside the porous

silica nanosphere. About ~ 40 complex molecules are contained inside each nanosphere, leading
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to a closely spaced big cluster-type entity which was less prone to come out, rendering a stable
nanocomposite. Results were similar to other nanomaterials, previously reported in the earlier
chapters. Upon conjugation of the bulky folate units to the amine-functionalized 5A@SiO>—NH>
NPs via an amide linkage, the particle weight is increased by about 21% (TGA analysis, Table
5.5). Henceforth, the longitudinal relaxivity of the SA@SiO>—FA nanosystem correspondingly
increased to 21.51 mM1s™t. Multiple bulky folic acid units attached to the silica surface were
expected to create a corona over each nanoparticle trapping water molecules within the network
through hydrogen bonding with the non-coordinated carboxylate arm (of folic acid). This would
eventually increase the accessibility of water molecules and the overall weight of the nanosystem
altogether, thus positively affecting the relaxivity value of the folate-modified nanoparticle,
5A@SiO—FA.

Bl Complex 5A 40.97
401 [ 5A@Si0,NH,

{[_15A@SiO,-FA
™ an | (Ll 5A@Si0,-FA, 0.67 mM BSA

c 1 21 51

12.75

2.25

ol

Figure 5.14. Longitudinal relaxivity values for Complex 5A, 5A@SiO>—NH: and 5SA@SiO>—FA
in HEPES buffer (pH 7.4) and in the presence of 4.5% (w/v) BSA, measured at 1.41 T and 37 °C.

The interaction of the surface-modified nanomaterial SA@SiO>—FA with the serum
albumin protein was studied at the physiological condition (maintained at 0.67 mM BSA and 37
°C; Figure 5.14). A prominent improvement in the relaxivity was observed as the r1 value elevated
to 40.97 mM1st in the presence of albumin protein. This interaction is further investigated by
following the respective surface potential of the nanoparticle suspension, before and after the
addition of BSA. The nanomaterial exhibited a spontaneous decrease in the zeta potential to -10
mV (~27 units change from 17.1 mV) after the addition of 0.67 BSA solution, indicating an

extensive association with the albumin protein moiety. The results reflected a profound
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electrostatic and non-covalent interaction between the negatively charged albumin protein moiety
and the positively charged surface of SA@SiO>—FA NPs, at pH ~ 7.4. The hydrophobic rings of
the folate ligands attached to the nanoparticle surface were anticipated to bind the albumin protein,
forming a bulky corona (5A@SiO>—FAeBSA). The overall tumbling rate is further reduced

thereby increasing the longitudinal relaxivity value.

(A)

5A@SiO>-FA 5A@SiO-FASBSA

Figure 5.15. Schematic illustration of (A) SA@SiO>—FA and (B) BSA associated 5SA@SiO>—FA

along with the zeta potential values.

Consequently, 5SA@SiO>—FA NPs could potentially utilize the pathological condition of
cancer tissues of having higher albumin content, hence rendering brighter MR signals in the

localized region, creating a vivid contrast.

5.7 Stability of 5A Confined FA-Modified Silica Nanomaterial

The microenvironment of tumour tissues is slightly acidic (5.5-6.5) than healthy ones.'* Moreover,
the stomach, spleen, kidneys and other major organs that are involved in the clearance of
administered contrast agents are reported to have a pH varying from 7.4 (the pH of blood).
Physiologically important bicarbonates, biphosphates and citrates that are present inside the body
at non-negligible concentration could potentially hamper the stability along with the relaxometric
properties of the paramagnetic nanomaterial.? Thus, the stability of the complex 5A confined FA-
modified nanomaterials has to be tested in a broad pH range and challenging conditions with the

mentioned ions, before administration for in vivo studies.
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Figure 5.16. r1 values for 5SA@SiO>—FA in different mediums: (A) Variable pH solutions and (B)
in the presence of 200 equivalents of physiological anions, at pH ~ 7.4. Experiments were done at

37°Cand 1.41T.

In this context, the longitudinal relaxivity of 5A@SiO.—FA NPs was monitored in the pH
range of ~ 4-8. The value was almost unaltered between pH 6-8, but a 12% increase in relaxivity
value was evidenced approaching lower pH onwards 5 (Figure 5.16A). To introspect this effect,
the zeta potential of SA@SiO2—FA suspensions was recorded at varied pH. An increasing & trend
was observed on decreasing the pH with a major ~ 4 unit change at pH 5.05 [, mV: 17.1 (pH
7.4),17.6 (pH 6.1), 21.4 (5.05), 22.01 (4.06)]. To note, one of the pKa values of folic acid is 4.98.23
Consequently, protonation of the corresponding groups occurred at this pH region, increasing the
overall zeta charge of SA@SiO>—FA NPs. Henceforth, the higher surface zeta potential of the
nanoparticles would have increased the interparticle repulsion factor by lowering the pH to 5,
reducing the agglomeration rate. The pores on the nanoparticle surface were believed to be more
accessible for water exchange at this pH to reach the complex molecules confined within the core.
This could be a plausible explanation for the increase in relaxivity by decreasing the pH to 5.

The synthesized 5SA@SiO>—FA NPs were found to be stable when challenged by 200
equivalents of different physiological anions as relaxivity values remained unchanged when NPs

were incubated with the respective anions (Figure 5.16B).
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Figure 5.17. Time profile of 5SA@SiO>—NH2 and 5A@SiO.—FA suspensions in MES buffer, pH
~ 6.0, when challenged with 40 equivalents of Zn(ll) ions (concentration represented in terms of

Mn'"). Measurements were done at 37 °C and 1.41 T.

Kinetic inertness is a key factor in determining the applicability of contrast agents in vivo.?*
It is defined as the time required for 20% decrease in the initial relaxivity value for pristine material
in the presence of scavenger ions. Zn(ll) ions are present in significant concentration inside the
body and are capable of dechelation of the paramagnetic Mn(ll)-chelate. In this context, the
stability of 5SA@SiO>—NH> and 5A@SiO>—FA nanomaterials were tested by recording the r1 value
of aqueous suspensions of respective nanomaterial against time, in the absence and presence of 40
equivalents excess of Zn(ll) ions, at 37 °C. For 5A@SiO>—NHa, irrespective of Zn(Il) ions
concentration, a shuttle change in relaxivity value (~5%) was observed upto 24 hours. However,
in the same time scale, 8% and 15% decrease in r1 values were visualized for 5A@SiO2>—FA, in
the absence and presence of Zn(l1) ions, respectively. Conjugation of bulky folic acid units would
have caused an increased rate of agglomeration of nanoparticles, reducing the water accessibility
towards the core and diminishing the ry value. In the presence of Zn(ll) ions, the agglomeration of
nanoparticles is further enhanced. The negatively charged carboxylate parts of the different folate
moieties were expected to associate with the Zn(lIl) ions, hindering the suspendability of
5A@SiO>—FA. Notwithstanding, the overall diminishing effect is minimal in the time scale
required for in vivo MRI scans certifying the suitability of the synthesized nanomaterial

(5A@Si02—FA) for further biological applications.
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5.8 Phantom Imaging of 5SA@SiO>—FA NPs in water,at 1.5 T
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Figure 5.18. (A) T1-weighted phantom images of micro-centrifuge tubes containing pristine SiO;
NPs, Complex 5A and 5A@SiO.—FA, at 1.5 T and 25 °C. (B) Respective image intensity plots

versus paramagnetic metal concentration.

The applicability of the synthesized folic acid-modified nanomaterial as an efficient T1-weighted
contrast agent for MR imaging was investigated in vitro by recording clinical MR images of
5A@SiO>—FA suspension in HEPES buffer. Micro-centrifuges containing SA@SiO>—FA at
different [Mn(I1)] concentrations were considered as phantoms and imaged under MAGNETOM
Avanto 1.5 T clinical MRI scanner, at 25 °C (Figure 5.18A). For Ti-weighted images, respective
parameters were adopted: TR (repetition time) = 550 ms, TE (echo time) = 8.4 ms, slice thickness
= 2.5 mm, and field of view (FOV) = 175x200 mm?,

Successive increase in paramagnetic concentration revealed brighter T1-weighted images.
The intensity of each image was quantified using ImageJ software and plotted respectively (Figure
5.18B). The 5SA@SiO,—FA NP suspensions (0.2 mM w.r.t [Mn'"]) imparted a ~7-fold brighter

image when compared to bare complex 5A solution at the same concentration. Thus, a vivid boost
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in relaxivity, as well as, image brightness had been accomplished upon confinement of complex

5A inside the folate functionalized silica nanomaterial.

5.9 In Vitro Studies of 5A Incorporated Silica Nanomaterials
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Figure 5.19. Percentage cell-viability plot for HeLa and HEK293 cells 48 hours post-treatment
with SA@SiO.—FA.

Cytotoxicity of SA@SiO>—FA was assessed by performing MTT [3-(4,5-dimethyl-thiazol-2-yl)
2,5 diphenyltetrazolium bromide] assay on HeLa and HEK293 cell lines. During the experiment,
cells were incubated for 48 hours with an increasing concentration of the nanoparticle up to 200
uM Mn(I1) concentration, and the absorbance of each vial was measured at 570 nm. Subsequently,
viable cells were quantified considering 100% viability for untreated cells (Figure 5.19).
5A@SiO>—FA nanomaterial was found to be efficiently inert for bio-applications as more than

80% cells were tolerant towards the synthesized nanoprobe after the course of the experiment.

Folate-Mediated Cell Uptake

The selective internalization process of the synthesized complex 5A incorporated nanomaterials
inside the cancer cells was visualized by recording the fluorescent images of the treated cells. Prior
to the experiments, respective nanomaterials were tagged with the fluorescence-active FITC

(Fluorescein isothiocyanate) group by covalent conjugation (5A@SiO.—NH2/FITC and
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S5A@SiO>—FA/FITC). Both types of nanomaterials (25 uM, w.r.t. Mn concentration) were treated
on the HeLa and HeK293 cell line for 1 h and repeatedly washed with PBS buffer to remove the
unattached particles. Cells were resuspended in a buffer medium and trypan blue (200 png/mL) was
added to quench the fluorescence of exocellular nanoparticle residue. After another washing with

the buffer solution, suspended cells were viewed under Zoe fluorescence microscope.

(A)  Brighfield FITC Overla (B)  Brighfield FITC

Control
Control

SA@Si02-NH:2 SA@Si0:-FA

<
&
Q
@.
<
Wi
p
Z
o)
23
@.
<
Wi

Figure 5.20. Fluorescence imaging of HeLa cells or HEK293 cells before and 1 h after treatment
with 5A@SiO.—FA/FITC and 5SA@SiO>—NH/FITC. Trypan blue was added to each sample after

incubation to minimize the exocellular fluorescence.

For the folate-modified nanomaterial, a rapid uptake of the nanoparticle inside the HelLa
cell membrane was observed (Figure 5.20A, second line). Most of the SA@SiO>—FA/FITC
particles added to the cancer cells had entered the intracellular space as bright green fluorescence
was shown in the region corresponding to the cell positions. However, in the case of
5A@SiO>—NH/FITC system, particles mostly resided in the extracellular space and the
fluorescence was subsequently quenched by the addition of trypan blue. To compare the rate of
internalization of the SA@SiO>—FA/FITC NPs in cancer cells to the healthy cells, similar
fluorescence images of HEK293 cells were considered (Figure 5.20B). Lower fluorescence
intensity inside the cells corresponded to increased cell uptake in the cancerous Hela cell line.
Thus, the folate-mediated improved cell-uptake property of SA@SiO>—FA was established from
the study.
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Flow cytometric analysis was done to quantify the relative number of HEK293 and HelLa
cells targeted with SA@SiO>—NH>—NP/FITC or 5A@SiO>—FA-NP/FITC (Figure 5.21). The shift
of the chromatogram towards the high-intensity fluorescence region indicated increased cellular
uptake of the respective NPs. The mean fluorescence intensity value for cells with or without NP
uptake (after the addition of trypan blue) was recorded and a comparative plot is presented in
Figure 5.21E. Within an hour of treatment, almost 3 times higher 5A@SiO>—FA-NP/FITC uptake
for HeLa cells contrary to non-cancerous HEK293 cells has been observed, similar to the previous
results from fluorescence imaging. Thus, the contemplated MRI contrast agent for folate-mediated
cell uptake selectively for the cancerous cells has been materialized. Additionally, the
aforementioned studies unequivocally established the applicability of 5A@SiO>—FA-NP as dual-

mode fluorescent (in the presence of FITC) and MR imaging agents.
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Figure 5.21. Cellular uptake studies by flow cytometry on HEK293 and HeLa cells. HEK293 cells
were treated with (A) 5SA@SiO,—NH>—NP/FITC and (B) 5A@SiO>—FA-NP/FITC for 1 h. HelLa
cells were treated with (C) 5SA@SiO>—NH>—NP/FITC and (D) 5A@SiO>—FA-NP/FITC for 1 h.
Trypan blue was added to each sample after incubation to minimize the exocellular fluorescence.

(D) Mean fluorescence intensity plot for each sample.
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5.10 MRI of 5A Incorporated Silica Nanomaterials to Detect Cancer
Cells In Vivo,at7 T

Preceding in vitro studies concreted the capabilities of SA@SiO>—FA NPs to selectively
accumulate and penetrate inside the cancer cells, increasing the relaxivity value alongside. Herein,
to validate the applicability of the nanomaterial inside the living system, a batch of C57BL/6 male
mice (total number = 12) were procured and half of them were infected with HeLa cells (1.2 x 10°)
by intraperitoneal injection (i.p.). After 3 days, mice were anaesthetized with 1-3%
isoflurane/oxygen mixture maintaining normal respiration and subsequently imaged at 7 T post-
administration (i.p.) of the synthesized nanoparticles (SA@SiO>—NH> and 5A@SiO.—FA). A
small-bore animal scanner (Biospec 70/20, M/s Bruker Biospin GmBH, Germany) was used for
imaging. The protocol adopted at baseline comprised multislice two-dimensional rapid acquisition
with refocused echo (RARE) imaging to delineate anatomy. Imaging parameters were: Coronal
orientation, TR/TE = 3647.4 ms/8 ms, the field of view (FOV) = 50x50 mm, matrix = 256x256,
slice thickness = 1 mm, 256 slices; Axial orientation: TR/TE = 3647.4 ms/8 ms, matrix = 256256,

slice thickness = 1 mm, 84 slices.
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Figure 5.22. Coronal view of Ti-weighted MR images of cancer cell affected and healthy
C57BL/6 mice, pre- and post-i.p. administration of SA@SiO2—FA (10 pmol/kg w.r.t [Mnll]) at
different time points, measured at 7 T animal MR scanner. The yellow box indicated the region of

interest.
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The cancer cell-infected mice were separated into 2 groups (n = 3) and the healthy cells
were also similarly divided. In separate experiments, each group received a dosage of
5A@SiO>—FA NPs or 5A@SiO2—NH>, 10 umol/kg w.r.t. [Mn(11)] into the intraperitoneal (i.p.)
space of (A)/(B) cancer affected mice; (C)/(D) healthy mice. T1-weighted imaging sequences were
performed at different time points (Figure 5.22 and 5.23). Images were analyzed by quantizing
the signal intensity (SI) in the region of interest (ROI) of respective organs using ImageJ software,
after subtracting over the noise intensity. Normalized signal-to-noise ratio (\SNR) was calculated
by dividing the SI at each time point to the pre-contrast image SI. Contrast to noise ratio (CNR)
was estimated by normalizing the signal intensity of ROIs with that of the back muscles in the
same slide. Pre-injection SNRs and CNRs were considered as baseline and percentage change in
the respective CNR (% ACNR) upon contrast injection was plotted. The ROIls analyzed were
considered and statistical significances were examined using unpaired two-tailed t-tests to validate

the significance of the experiment; results with P-values < 0.05 were considered useful.

Before injection | 0.5 hour 1 hour 2 hours 4 hours

Figure 5.23. Coronal view of Ti-weighted MR images of cancer cells affected C57BL/6 mice,
pre- and post-i.p. administration of SA@SiO>—FA and 5A@SiO>—NH; (10 umol/kg w.r.t [Mnll])
at different time points, imaged at 7 T MR scanner. The yellow box indicated the region of interest.

Post 30 minutes administration of the 5SA@SiO>—FA NP suspension into the cancer-cell
infected mice provided a ~100% contrast enhancement in the region where the cancer cells were

accumulated, compared to that of the control mice (healthy mice, injected with the same dosage
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of 5SA@SiO>—FA NPs) (Figure 5.24A). A slight drop in signal intensity was observed by 1 h and
the significant contrast was evident till 4 h of contrast administration. The ASNR gradually

dropped with time, indicating the clearance of the nanoparticles (Figure 5.25B).

200 (A) ] 5A@SIO,-FA (B) —— Tumor mice () —+ BA@SIO,FA
- s . 24 —s— Control mice 2.4 —_— i -
s - SA@SIOZ NHZ B Dosage’ BA@SIO,-FA, 10 pmolikg by IP route | ™% SA@SIOZ NH2
> 7 _a —= ge: 10 pm in in
.‘é‘ 150 0.5 post infection @,_ 204 @“ 20 ﬂ;\ssuf \;f?séteg‘::ie Jbl:;rm\?’dn:lule
o) g g
=100 i 2, 2
0 x 1.6 x 16
5 50+ < <
% 1.2 1.2

5 &

3 0 1 2 3 4
Time (h) Time (h)

Tumour mice Control mice
Figure 5.24. Quantitative image analysis of the respective MR images of mice after receiving
5A@SiO>—FA or 5A@SiO>—NH> (10 umol/kg w.r.t [Mnll]) by measuring signal intensity changes
in the region of interest, normalized to the muscle (n = 3 animal per group). (A) Contrast
enhancement after 0.5 h of contrast administration. (B) and (C) Time-dependent changes in signal

intensity in each image. Bars represent the standard error of the mean. *P < 0.05, **P < 0.001.

The effect of the folate group in directing the cancer cell selectivity was rationalized by
comparing the signal enhancement induced by SA@SiO>—FA NPs to the similar images obtained
after injecting 5SA@SiO>—NH: NP suspensions (Figure 5.23). A modest increase in signal intensity
was imparted by the 5SA@SiO>—NH2 NPs at the mentioned time scale proving the superior cancer-
selective accumulation and contrast enhancement properties of 5SA@SiO2—FA NPs. Thus, the FA-
attached porous silica nanoparticle confined complex 5A was successful in targeting and

selectively enhancing the MR contrast of the cancer cell microenvironment inside the body.
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5.11 Conclusion

> Herein, we reported the synthesis and characterization of ligand Hotpada based mono-
aquated Mn(Il)-complex, 5A. The complex was thermodynamically stable exhibiting
logKwmnL value of 14.67 and pMn (at pH ~ 7.4) = 8.80. The chelate remained unchanged at
pH 10.1, attained by the addition of ammonium hydroxide.

» Complex 5A molecules were incorporated within the porous silica nanoparticles (PSNSs)
with the surface functionalized with amine groups, 5SA@SiO>—NH> (sized 19.3 nm). The
folic acid ligand was successfully grafted over the surface of the synthesized nanoparticles
yielding 5SA@SiO2—FA NPs.

» All of the synthesized nanoparticles were carefully characterized and a number average of

40 5A molecules were derived to be confined within each unfunctionalized nanomaterial.

> Relaxometric studies on 5A@SiO>—FA NPs revealed a longitudinal relaxivity value of
21.51 mM™s? in water and 40.97 mMs in 0.67 mM BSA solution, when measured at
pH~7.4,1.41 T and 37 °C.

» The synthesized nanomaterial exerted high stability against external protons, Zn(ll) ions

and other physiologically important anions.

» The contrast enhancement ability of 5SA@SiO>—FA NPs was studied by analyzing the

concentration-dependent phantom images, obtained at a 1.5 T clinical MRI scanner.

» The comparative cytotoxicity and cell uptake studies on cancerous HelLa and healthy
HEK?293 cell lines authenticated the folate-mediated rapid and selective accumulation of
5A@SiO2—FA NPs inside the cancer cells.

» The cancer cell-targeting and serum albumin binding contrast enhancement properties of
5A@SiO>—FA NPs were evidenced in vivo by performing MRI scans on cancer-affected
C57BL/6 mice.
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Thesis Conclusion and Perspectives

This work focused on the designing, syntheses, and detailed investigation of novel Gd(lll)- and
Mn(I1)-based paramagnetic complexes and nanomaterials with improved relaxivity and stability
compared to the clinically used chelates as potential contrast agents. The in vitro and in vivo
toxicity, contrast enhancement ability, and other biophysical aspects of the synthesized agents

were analyzed to estimate their aptness for further pre-clinical uses in the field of MRI.
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A bis-aquated Mn(lIl)-complex, 2A, including a hydroquinazoline unit in the ligand
backbone, provided higher thermodynamic and kinetic stability than mono-aquated MnEDTA and
clinically used GADTPA complexes. At physiological conditions, the complex is efficiently
associated with the hydrophobic albumin protein (2AeBSA, Ka = 1.66x10% M), rendering a high
longitudinal relaxivity value of 19.09 mMs* (~ 6-fold higher than GADTPA), at pH ~ 7.4, 1.41
T, and 37 °C. In vivo administration of the complex solution offered excellent vascularisation of

blood vessels in the liver region along with brightening of the gallbladder and the kidney.

In the search for kinetically stable acyclic contrast agents with high relaxivity values,
thermodynamically stable Gd(111) or Mn(11) complex molecules (3A/3B) with directly coordinated
water molecules were non-covalently confined within the porous silica nanoparticles
(BA@SIO./3B@Si0Oz). Varying the charge of the complex, the location of encapsulation of the

paramagnetic unit inside the silica nanosphere was controlled, thereby affecting the relaxivity of
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the composite nanosystem. Upon complex encapsulation, the nanoparticles exhibited remarkable
relaxivity values in water as well as serum albumin solution (r1 obtained to be 6- to 12-fold higher
than commercially available Mn(11)- and Gd(ll1)-based contrast agents). Ti-weighted phantom
imaging and cytotoxicity studies confirmed the development of nanomaterials with promising

potential for application in MR imaging.

The stable nanomaterial 4A@SiO>—NH, was obtained by confining complex 4A into a
porous silica nanoparticle having amine groups grafted over the nano-surface. A Zn(ll) ion-
selective group, Py-Pic, was subsequently conjugated through amide linkage generating
AA@SiO2—Py7Pic. In the presence of serum albumin protein, the finalized nano-suspension
demonstrated Zn(ll)-dependent enhancement in longitudinal relaxivity value indicating the
formation of a slowly rotating ternary system, 4A@SiO>—Py.PiceBSAeZn(l1); the relaxivity value
reached upto 46.3 mMs, at pH ~ 7.4, 1.41 T, and 37 °C. In vivo experiments proved this Zn(lI)-
dependent contrast enhancement, establishing the potential use of 4A@SiO>—Py-Pic to track

glucose-stimulated insulin and Zn(l1) secretion in the pancreas.

The surface of 5A@SiO,—NH> (another complex-incorporated nanomaterial) was utilized
to conjugate cancer-targeting folic acid units synthesizing 5SA@SiO2>—FA. It exhibited a significant
boost to the longitudinal relaxivity value in the presence of serum albumin (r: increasing from
21.51 mM st in water to 40.97 mMs? in 0.67 mM BSA solutions, at ~ 7.4, 1.41 T, and 37 °C).
Corresponding in vitro and in vivo studies suggested cancer cell-selective rapid accumulation and
cell permeability of SA@SIO.—FA, indicating its utility to visualize the selective detection of

cancer xenografts.

The results discussed in the thesis suggest these new ligands for Mn(Il)-complexation,
generating water soluble, aquated, and amphiphilic complexes with efficient stability. The
inclusion of a pH-sensitive arm (—NHTS) to the ligand framework (L.1) is expected to render a pH-
dependent change in relaxivity value, a crucial factor in marking tumour development inside the
body. L2 being a six-coordinate ligand, will increase the stability of the corresponding Mn(Il)-
complex. Moreover, the distant carboxylate functional group can be alternatively utilized to react
with the alcohol group (forming ester; liver targeting agent) or bind with amine-functionalized

silica nanoparticles or hydrogels to elevate the longitudinal relaxivity value. Additionally, the bis-
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aquated complex 2A, synthesized in Chapter Il, can be internalized within porous silica

nanoparticles to attain very high relaxivity values.

N N 0
N NP N N
. Regd - Ragd
NHTs [~ N =/ Ou oi [N =/ Ou
N oLi X OLi
0 0

L1 L2

Scheme: Proposed ligands for the syntheses of new Mn(I1)-based MRI contrast agents.The

The technique of incorporating paramagnetic complexes within porous silica nanoparticles
can be efficiently tuned by changing the concentration of the doping solution (complex solution)
or the size of each nanoparticle. Herein, an optimal condition can be achieved for the highest boost
toward relaxivity and kinetic inertness. The wide surface area of the silica surface can be
effectively utilized for conjugation with a vast scope of linker groups for specific applications.
Vividly, the conjugation of organic fragments like para-methoxybenzoic acid or para-
hydroxybenzoic acid over the amine-functionalized silica surface is expected to selectively
increase the uptake of CA in the hepatobiliary organs. Alongside, the attachment of suitable
peptides/antigens through PEG linkers can enable target-specific delivery toward various

metastatic cancers.
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6.1 Methods and Equipments

All the analyses were performed at the ‘Instrumental Lab, Department of Chemistry” and ‘Central

Instrumental Facility’ IITG, unless otherwise mentioned.

Chemicals and Solvents

All the chemicals and solvents were obtained from commercial sources and were used as supplied,

unless noted otherwise.

Infrared Spectroscopy
Solid state FTIR spectra were recorded (4000-400 cm™2) on the ‘Perkin Elmer Instrument’ at room
temperature. Samples were either placed as ATR or pallets made by grinding the sample with IR-

grade KBr powder.

NMR Spectroscopy

1H, 13C NMR spectra were recorded on ‘Bruker AVANCE 400 MHz’ and on ‘Bruker AVANCE
NEO 500 MHz’ nuclear magnetic resonance (NMR) spectrometer at 298 K. Chemical shifts, ¢ (in
ppm), are reported relative to TMS [6 (*H) 0.0 ppm, ¢ (*3C) 0.0 ppm] which was used as the inner
reference. Otherwise, the solvents (CHCIs) residual proton resonance and carbon resonance were
taken as reference [[For CDCls, ¢ (*H) 7.26 ppm, and ¢ (*3C) 77.2 ppm; for CD30D § (1H) 3.31,
4.87 ppm, and ¢ (13C) 49.0 ppm; for D20 ¢ (1H) 4.79 ppm]. The resultant spectrums were drawn
by using the ‘MestReNova’ NMR data processing software.

Mass Spectroscopy

Mass spectra were recorded on QTOF-MS Spectrometer (‘Waters, Model: Q-Tof Premier’) or
‘Agilent Accurate—Mass Q—-TOF LC/MS 6520’ spectrometer, and peaks were given in m/z (% of
basis peak). Mass spectra were taken in HPLC grade CH3CN solvent, CH3OH, and Milli Q water.

UV-Vis Spectroscopy
The electronic absorption spectrum (UV-Vis) of the sample(s) was recorded on the ‘Perkin Elmer,
Lambda 750, UV/Vis/NIR spectrometer’ in Milli Q water at room temperature, using a cuvette of

1 cm width.
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Elemental Analysis

The determination of the C, H, N was performed on the ‘FLASH EA 1112 series” CHN Analyzer
at SAIF, Mumbai.

Single Crystal X-ray Crystallography

Suitable crystals for X-ray diffraction study were obtained from solvent evaporation or solvent
diffusion method. X—ray crystallographic data were collected by using either a ‘Bruker SMART
APEX-II CCD diffractometer’, equipped with a fine focus 1.75 kW sealed tube Mo—Ka radiation
(A =0.71073 A) at 296(2) or 293(2) K, with increasing w (width of 0.3° per frame) at a scan speed
of 3 s/frame or a ‘Super Nova, Single source at the offset, Eos diffractometer’. The data refinement
and cell reductions were carried out by CrysAlisPro. Structure was solved with the Superflip,
structure solution program using Charge Flipping and refined by direct methods using ‘SHELXS—
97> or ‘SHELXS-2013" or ‘SHELXS-2018" and with full-matrix least squares on F2 using
‘SHELXL-97’, or ‘SHELXS-2013’ or ‘SHELXS—2018’ or with the Superflip structure solution
program using Charge Flipping and refined with the olex2.refine refinement package using Gauss—
Newton minimization. All the non—hydrogen atoms were refined anisotropically. SQUEEZE

operations were performed using the WinGX program to remove disordered solvent molecules.

X-band EPR Spectroscopy

First derivative X—Band EPR spectra of powdered or frozen solution samples were measured with
a ‘JEOL JES-FA200 Spectrometer’. The resulting data was simulated by using the W95EPR—
program written by Frank Neese (MPI for Bioinorganic Chemistry, Milheim, and University of

Bonn).

Potentiometric Titration

Potentiometric measurements were carried out in the ‘Metrhom 888 Titrando’ workstation
combined with ‘Metrhom 6.0259.100 glass electrode’. The number of the protonation constants of
the ligands and the stability constant of the metal complexes were determined by potentiometric
titrations at a constant ionic strength by using 0.15 M NaCl at 25 °C, against standardized 0.1 M
NaOH as the titrant. The protonation and stability constants were evaluated using base mL-pH

data pairs obtained in the pH range 2-12, using Hyperquad2008.
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Relaxivity Measurement

The longitudinal relaxation times at 1.41 T, were measured using ‘BRUKER minispec Mq60NMR
Analyzer’ at 25 °C, and 37 °C. Milli Q water was used as the solvent. Exact metal concentrations
in different samples were estimated by ICP-MS (Model-Element XR, Thermo Fisher Scientific)
and ICP-AES (Model- ARCOS, Simultaneous ICP Spectrometer, SPECTRO Analytical
Instruments GmbH, Germany) techniques after treatment of each with dilute HNO3 solution.

Inversion Recovery Method

In this method, the spin at the equilibrium position is first exposed to a 180° pulse which inverts
the magnetization Mo to its opposite direction and becomes antiparallel to the direction of the
applied magnetic field. After a delay time, known as inversion recovery time (T1), the system is
exposed to another 90° pulse. During this delay time, the magnetization starts to recover to its

original position, which becomes observable in xy-plane upon application of another 90° pulse. A

schematic representation of the method is shown in Figure 6.1.
180° 90°
N N

Figure 6.1. Pulse sequence and recovery curves in inversion recovery method.

Saturation Recovery Method

In this method, the spin system in the equilibrium position is first exposed to a 90° pulse which
tips down the magnetization in xy-plane. After a delay time known as repetition time (TR), the
system is exposed to another 90° pulse which again pushes the magnetization to xy-plane where
FID is monitored. During this delay time (TR), the magnetization starts to recover to its original
position, which is detected in the xy-plane upon application of another 90° pulse. A schematic

representation of the method is shown in Figure 6.2.
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Figure 6.2. Pulse sequence and recovery curves in saturation recovery method.

Competition Batch Titration Method

Spectrophotometric competitive batch titrations were done against NaH2EDTA, to estimate the
affinity of the ligand for Mn(Il) ions. Various aliquots of a standardized Na;HEDTA stock
solution ranging from 0.5 to 200 equivalents relative to the ligand concentration were added to a
constant [Mn(l1)-L] solution (with a typical concentration ratio of 1:1) and equilibrated for 48
hours to attain thermodynamic equilibrium. The ionic strength of the reacting mixture was
maintained with 0.15 M NaCl, at pH ~ 7.4 (0.01 M HEPES buffer). The overall UV-Vis
absorbance spectra were observed and a particular range of wavelengths was selected where
gradual spectral changes were considered. The absorbance value of each set was recorded with
respect to the value of ligand Li>Benz(pic)2 (represented as L) at that particular wavelength.
Na:H2EDTA solution of exact concentration and pH was used as background for each scan.
Utilizing the respective absorbance values, further calculations gave the concentrations of
MnBenz(pic). complex, MNEDTA complex, free ligand Li2Benz(pic),, and free NaH.EDTA for
each set were calculated from the variation in absorbance in each set of samples. The logarithmic
value of the concentration ratio of [MNnEDTA] to [MnL] was plotted against the similar logarithmic
value of the respective ratio of free [Na2H2EDTA] to free [L] of each sample. The X-intercept of
the linear plot obtained was employed to calculate the logKcond Value for the synthesized ligand

Li-Benz(pic)2, using the formula mentioned below.

[MnL] + [NazH:EDTA] = [MnEDTA] + [L];

[MnEDTA][L]
[MnL][Na:H.EDTA]’

Kcond =

log(IMNEDTA)/[MnL]) = logKcona* log([NazH2EDTAJ/[L]
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Transmetallation Kinetic Studies

Gradual changes in the relaxation rate (R1 or Rz2) of samples containing paramagnetic complex
solution, challenged with 10-40 equivalents of ZnCl> were monitored over the course of time.
Measurements were done in either an aqueous medium or in the BSA medium (0.67 mM), at pH
~ 6.0-6.5 (MES buffer) or ~7.0 (phosphate buffer), I = 0.15 M NaCl, 1.41 T, and 25 °C, using
BRUKER minispec mg60 NMR analyser.

Octanol-water Partition Coefficient

The aqueous solution of the complex was added to a mixture of octanol and water (2 mL, 1:1 v/v)
and gently shaken for 48 h to equilibrate the mixture. Further on, it was kept untouched for 24 h
to settle down. Layers were carefully separated and Mn(ll) content in each layer was estimated by
the ICP-AES technique. The partition coefficient, log P = log (Co/Cw). Here, P = partition

coefficient; Co and Cw = complex concentration in the octanol and water layers, respectively.

Transmission Electron Microscopy

The size and morphology of the synthesized nanoparticles were analyzed from Transmission
electron microscopy (TEM) images captured on a JEOL, Model:2100F electron microscope
operated at 200 kV, together with Energy-dispersive X-ray spectroscopy (EDS). 10 uL of prepared
mother suspension was diluted to 10 mL with ethanol, and 10 uL of the final solution was dropped
on a carbon-coated copper grid (CARBON FILM 300 MESH, COPPER) and kept overnight for
drying and then used for imaging. ImageJ software was used to calculate particle size distributions
from a sample containing at least 100 particles.

Surface Area and Pore Analysis

Nitrogen sorption Brunauer—Emmett—Teller (BET) isotherms were acquired on a Quantachrome,
Model: Autosorb-1Q MP surface area and pore size analyzer at 77 K. Ahead of the experiment,
dry samples (obtained by lyophilizing the suspension for 24 h) were degassed at 373 K for 10 h.

Pore diameters were calculated by the Barrett-Joyner-Helenda (BJH) method,

Thermogravimetric Analysis

Thermogravimetric analyses (TGA) of lyophilized solid nanomaterials were done using
PerkinElmer TGA 4000.
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Dynamic Light Scattering Analysis

Zeta potential and particle size distribution of suspended synthesized nanoparticles were measured
at 25 °C by Dynamic Light Scattering (DLS) using Malvern ZETASIZER Nano-ZS90
(equilibrium time set to 2 min; 5 measurements taken on each sample set, only quality criteria

values were accepted). Ambient pH was maintained using appropriate buffers.

Fluorescence Spectroscopy

Samples (aqueous suspensions) were recorded on FluoroMax-4 spectrofluorimeter (Horiba), at
25 °C, in a rectangular quartz cell with a path of 10 mm. Each set of suspensions was excited at
275 nm, using 5 per 5 nm (excitation/emission) slit widths. Emission spectra were recorded in
the 280 to 530 nm range.

Cytotoxicity and Cell-Uptake Studies

Cervical cancer cells (HeLa), Human Embryonic Kidney (HEK293), Human prostate cancer cells
(PC3), and macrophage cell lines RAW 264.7 were purchased from the National Centre for Cell
Science, Pune. All the cell lines were sustained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin and streptomycin at 37
°C in humidified air containing 5% CO>. Respective cells were seeded in a 96-well plate at a
density of 5x103 cells/well and grown overnight, replicating the abovementioned conditions. After
treatment with increasing concentration of synthesized complexes and nanoparticles (time scale
mentioned in each experiment), w.r.t. [Mn(Il)], 0.5 mg/ml of MTT in DMEM was added to each
well and incubated for 1.5 h. Thereafter, 150 ul DMSO was added to each well. Absorbance was
measured at 570 nm, and after that, cell viability was calculated, considering 100% viability for
untreated cells. For cell labeling studies, the treated cells were subsequently washed with PBS
(phosphate-buffered saline) to remove any unbound NPs. Cells were then trypsinized and fixed
using 4 % formaldehyde for 15 min and washed twice with PBS. Subsequently, for FETEM
imaging, the resuspended cells were added to the carbon-coated copper grid and allowed to air dry.
Images were collected in a FETEM microscope (JEOL, 2100F). Trypsinized were digested in
conc. HNOs for 12 h and concentration of metal attached/up taken by cell was quantified by ICP-
MS analysis. For fluorescence imaging to visualize cell uptake, the cells were thoroughly washed

after treatment with synthesized NPs with PBS to remove any unbound particles. Trypan blue (200
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ug/mL) was added and incubated. Cells were subsequently fixed with 4% formaldehyde solution
for 15 mins, subsequently washed thrice with PBS, and then observed under a Fluorescence
inverted microscope Nikon ECLIPSE Ti-U. For flow cytometry, the cells were resuspended in PBS
and the amount of endocytosed nanomaterials was analyzed by FACSMelody (BD Biosciences,
NJ, USA). Fluorescence intensity was quantified in the FITC-A channel, thereafter analyzed with

FlowJo (BD) software and histograms were plotted accordingly.

Phantom MRI
MR images were obtained using clinical 7 T Biospec 70/20, M/s Bruker Biospin GmBH, Germany,
or MAGNETOM Avanto 1.5 T MRI scanner, or BRIVO MR355 1.5 T MRI scanner.

In vivo MRI

8 weeks old male C57BL/6 mice (total number = 10) were acquired from the National Institute of
Biologicals (NIB), Noida, Uttar Pradesh (UP), India. They were housed in micro isolator cages at
biosafety level 2 in the animal house of Maharshi Dayanand University, Rohtak, India, and their
feeding pattern was regularly monitored. Animal experimental protocol was approved by the
Institutional Animal Ethical Committee (IAEC), with approval number CAH 114-120 dated 23-
05-2022. During studies, mice were anesthetized with 1-3% isoflurane/oxygen mixture. Normal
respiration and body temperature (37 °C) were maintained during experiments. Subsequently,
animals were scanned at 7 T using a small-bore animal scanner (Biospec 70/20, M/s Bruker
Biospin GmBH, Germany) at AIIMS Delhi, prior to and post-contrast administration implying T:-
weighted 3D fast low-angle low-shot (FLASH) and two-dimensional rapid acquisition with

refocused echo (RARE) imaging protocols.

Biodistribution Studies

Mice (n =3/group) were sacrificed at different time points post-administration of synthesized
paramagnetic complexes and nanomaterials along with the control group receiving saline (0.9%)
only. Selected organs were dissected and digested upon treatment with 2 mL of freshly prepared
aqua regia (1:3 mixture of HNO3z and HCI) and lysed for 24 h. The tissue samples were dried by
heating at 120 °C, sonicated thoroughly after the addition of 0.5 N HCI, and centrifuged (4000g,
5 min) to collect a clear supernatant solution. This crude was diluted with 4% HNO3 acid solution

and subsequent Mn content in each sample as estimated by the ICP-MS technique.
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6.2 Experimental Section

6.2.1. Synthesis of ligand Liz2[Benz(pic):]

. ) CH4OH HN NH
= 0 >
N rt, 16 h Ny
NH, NH, O o) o
~N
0

1, Yield = 86 %

] |
(o]

N/
Br (]

CH;CN, DIPEA, KiI,

60 °C, 20 h
N (i) LiOH, THF/H,0,
HN N O rt, 48 h
= ,N _ OLi (i) CH;OH JN
Y OLi =N = /0
&
o N
Li;[Benz(pic);] 0
Yield = 92 % 2, Yield =70 %

Scheme 6.1. Synthetic scheme for the preparation of ligand Li2[Benz(pic)z].

Synthesis of [CisH1sN302], (1): An equivalent amount of Methyl 6-formyl-2-
pyridinecarboxylate (0.66 g, 4.0 mmol) was dissolved
in methanol (5 mL) and slowly added to a methanolic

HN NH solution of 2-aminobenzyl amine (0.49 g, 4.0 mmol)
= ’N and stirred for 16 h. Removal of solvent gave a
N o brownish crude oil, which on trituration with hexane

1 © gave compound 1 as a white solid.

Yield = 0.92 g (86%).

Page | 227
TH-3359_186122030



Equipment and Experimental Section

FTIR (KBr pellet cm™): 3383, 3294, 3052, 3005, 2925, 2882, 2840, 1719, 1603, 1587, 1492, 1471,
1436, 1415, 1301, 1251, 1197, 1151, 1073, 1001, 962, 867, 836, 745, 622.

'H NMR (CDCls, 500 MHz): & 8.08 (d, J = 5 Hz, 1H), 7.88 (m, 2H), 7.06 (t, J = 5 Hz, 1H), 6.95
(d, J = 10 Hz, 1H), 6.72 (m, 2H), 5.35 (s, 1H), 5.20 (s br, 1H), 4.32 (d, J = 20 Hz, 1H), 4.05 (d, J
= 15 Hz, 1H), 4.00 (s, 3H) ppm.

13C NMR (CDCls, 125 MHz): § 165.69, 159.71, 147.44, 143.21, 138.02, 127.47, 126.25, 124.76,
124.68, 121.61, 118.46, 116.10, 69.15, 52.95, 46.84 ppm.

ESI-MS (+) m/z for [C15sN15N30O2 + H] " calcd., 270.1237; found, 270.1245.

=N SO MmO oo oo

B e e v . Y. R Y. )

A"
NH
HN
=N
l
NS
0\
o
i | i ‘
- _i\_ .L_I‘a.)lgl\- B L '.I- "L’-..\L — L —— —
i) g i I
== =z Z g a 2 =3
9.3 0.0 8.3 80 [ 1.0 6.5 6.0 35 0 43 40 33 3.0 25
1 (ppm)

Figure 6.3. *H NMR spectra for [C15N15sN3O2], (1).
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Synthesis of [C23H22N404], (2): A solution of compound 1 (0.79 g, 2.9 mmol) was prepared
q in dry acetonitrile (15 mL), KI (0.58 g, 3.5 mmol) and DIPEA
N

(0.95 g, 7.3 mmol) were added afterward under N> atmosphere and

HN / N\ 7 stirred for 15 minutes. Methyl 6-(bromomethyl)picolinate (0.80 g,
\/ ,N 5 = /O 3.5 mmol) was finally added, at a time, and the mixture was heated

N to 60 °C. After 20 h, the reaction ceased and the solvent was

2 ° evaporated to dryness. The residue was extracted with CH2Cl»

(3%x30 mL) after thoroughly washing with water and brine. The organic part was partitioned and
collected. After drying over Na>SQOg, the solvent was evaporated to obtain a yellow solid, which
was purified by column chromatography on silica gel using hexane/ethyl acetate (1:2) as eluent to

get compound 2 as a sticky yellow solid.
Yield = 0.84 g (70%).

FTIR (KBr pellet cm™): 3595, 3395, 3060, 3009, 2951, 2907, 2853, 1722, 1608, 1588, 1494, 1457,
1437, 1314, 1293, 1257, 1226, 1194, 1137, 1083, 994, 912, 759, 731, 647.

'H NMR (CDCls, 400 MHz): & 8.04 (d, J = 8 Hz, 1H), 7.98 (d, J = 8 Hz, 1H), 7.93 (d, J = 8 Hz,
1H), 7.87 (d, J = 8 Hz, 1H), 7.82 (t, J = 8 Hz, 2H), 7.09 (t, J = 8 Hz, 1H), 6.88 (d, J = 8 Hz, 1H),
6.79 (d, J =8 Hz, 1H), 6.70 (t, J = 8 Hz, 1H), 5.54 (s, 1H), 4.29 (d, J = 16 Hz, 1H), 4.02 (s, 3H),
3.94 (s, 3H), 3.82 (m, 4H) ppm.

13C NMR (CDCls, 100 MHz): 171.23, 161.56, 159.78, 151.67, 149.84, 140.61, 132.39, 130.80,
123.28, 121.92, 117.39, 112.79, 92.78, 60.69, 59.24, 49.62.

ESI-MS (+) m/z for [C23sH22N4O4 + H]* calcd., 419.1713; found, 419.1776.
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Synthesis of [C2:H16N4O4Li2], Liz[Benz(pic)z]: To a solution of compound 2 (0.33 g, 0.8
mmol) in THF (6 mL), aqueous solution of lithium

N hydroxide (0.04 g, 1.7 mmol) was slowly added and stirred

HN O .
J N\ for 2 days under dark condition. Afterward, the solvent was
= — OLi . .
N ,N ' evaporated to dryness to afford a pale-yellow solid. Rapid
OLi
wash with a minimum amount of methanol (~4 mL) gave
o]

Lio[Benz(pic)s] ligand Li2Benz(pic)2 as a white solid.

Yield = 0.29 g (92%).

FTIR (KBr pellet cm™): 3482, 3359, 3100, 2906, 2859, 1633, 1615, 1586, 1574, 1494, 1427, 1395,
1264, 1187, 1117, 1080, 1007, 858, 786, 748, 687, 491.
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'H NMR (D20, 400 MHz): § 7.82 (m, 1H), 7.76 (m, 3H), 7.56 (d, J = 8 Hz, 1H), 7.21 (m, 2H),
7.03 (d, J=4Hz, 1H), 6.91 (d, J=8 Hz, 1H), 6.84 (t, J = 8 Hz, 1H), 5.31 (s, 1H), 4.02 (d, J =12
Hz, 1H), 3.80 (m, 3H) ppm.

13C NMR (D20, 400 MHz): § 173.12, 172.95, 157.20, 157.08, 152.79, 152.65, 141.84, 138.31,
138.19, 128.00, 127.80, 125.77, 124.74, 123.50, 122.20, 119.34, 119.05, 115.84, 73.33, 55.52,
51.43 ppm.

ESI-MS () m/z for [C21H16N4O4— 2Li + H] ™ calc., 389.1249, found 389.1246.

6.2.2. Synthesis of ligand H2PyDPA

| X ~o S OH
/0 N/ Br ‘ P N

S ~ N o N N ~ (o}

fj\/\ o _ N NS LIOH, THF /H,0 |
- T
N NH, CH,CN, K,COs, KI X Z 1 M HCI, CH,OH | \N
| _N P
o
~o N0 HO

2-(2-Pyridyl) _ H,PYDPA+1HCI
ethylamine 3, Yield =54 % Yield = 75 %

Scheme 6.2. Synthetic scheme for the preparation of ligand H2PyDPA.

Synthesis of [C23sH24N404], (3): To a stirred solution of 2-(2-Pyridyl)ethylamine (0.244 g, 2

| \/ N O mmol) in dry acetonitrile, Methyl 6-(bromomethyl)picolinate
N N° /‘ © (1.012 g, 4.4 mmol), K2COs (1.104 g, 8 mmol) and KI (0.730

| :‘N g, 4.4 mmol) were added under a nitrogen atmosphere and the

~o o . resulting solution was refluxed for 5 days. After this, the

reaction mixture was cooled down to room temperature and
filtered. The filtrate was evaporated to dryness. A small amount of water (~ 5 mL) was added to
the residue and extracted with CHCI3 (3x30 mL). The organic part was collected and dried over
Na>SOj4, and the solvent was evaporated to obtain a brownish liquid, which was purified by column
chromatography on silica gel using ethyl acetate/methanol (50:1) as eluent to obtain a light-yellow
solid, 3.
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Yield = 0.454 g (54%).

FTIR (KBr pellet cm™): 3412, 3064, 3012, 2958, 2934, 2840, 1731, 1645, 1589, 1568, 1474, 1454,
1438, 1364, 1205, 1247, 1194, 1169, 1145, 1132, 1083, 995, 766.

IH NMR (CDCls, 400 MHz): & 8.48 (d, J = 4 Hz, 1H), 7.98 (d, J = 8 Hz, 2H), 7.71 (t, ] = 8 Hz,
2H), 7.58-7.53 (m, 3H), 7.13-7.09 (m, 2H), 4.00 (s, 4H), 3.99 (s, 6H), 3.05-2.99 (m, 4H) ppm.

13C NMR (CDCls, 100 MHz): §165.95, 160.53, 160.38, 149.22, 147.36, 137.50, 136.35, 126.07,
123.70, 123.64, 121.33, 60.17, 54.66, 53.01, 36.14 ppm.

ESI-MS (+) m/z for [C23H24N404 + H]" calcd., 421. 1870; found, 421.1888.
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Figure 6.5. *H NMR spectra for [C23H24N404], (3).
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Synthesis of [C2:H20N4O4], H2PyDPA: To a solution of 3 (0.204 g, 0.49 mmol) in THF (6

| “: " OH  mL), aqueous solution of LiOH (0.047 g, 1.94 mmol in 2 mL
N N | ; O H,0) was added dropwise and allowed to stir at room

l jN temperature for 48 h. After this, THF was evaporated and the pH

of the solution was adjusted to ~ 1 by adding 1 M HCI solution.

HO OHZPyDP A A white amorphous compound was obtained that was washed

thoroughly with diethyl ether. This residue was then dissolved
in methanol to obtain the colorless crystals of the ligand as its HCI salt with a crystallographic
composition of H.PyDPAeHCle5.5H0.

Yield = 0.184 g (75%; crystals).

FTIR (KBr pelletcm™): 3529, 3371, 3119, 3070, 3047, 2804, 2739, 2542, 2000, 1722, 1710, 1632,
1621, 1590, 1545, 1462, 1443, 1310, 1292, 1231, 1142, 1092, 995, 768, 661.

'H -NMR (CDCls, 400 MHz): & 8.71 (d, J = 4 Hz, 1H), 8.52 (t, J = 8 Hz, 1H), 8.06-8.04 (m, 4H),
7.98-7.95 (m, 2H), 7.67-7.65 (m, 2H), 4.75 (s, 2H), 4.72 (s, 2H), 3.92-3.85 (m, 2H), 3.75-3.70 (m,
2H) ppm.

13C NMR (CDCls, 100 MHz): § 166.83, 151.13, 150.27, 147.36, 146.78, 141.66, 140.61, 128.13,
127.65, 125.93, 125.34, 58.40, 53.97, 28.59 ppm.

ESI-MS (+) m/z for [C21H20N4O4 + H]* calcd., 393. 1557; found, 393.1565.

Anal. Calcd. for C21H20N4O4eHCle5.5H,0: C, 47.80; H, 6.12; N, 10.62. Found: C, 48.09; H, 5.87;
N, 10.54.
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6.2.3. Synthesis of ligand H2AlIcDPA

i =
/O\H/(Nj\(gr OH OH
HO/TNHz o > Om\/fj\fo DR T, om\/@o
THF, Et;N N N (i) 1 M HCI, CH3OH N N
0 O OH =HCI OH

(S)-(+)-2-Amino 4. Yield = 520 H,AlcDPA«HCI
-1-Propanol » Yield = 52% Yield = 89%

Scheme 6.3. Synthetic scheme for the preparation of ligand H2AICDPA.

Synthesis of [C19H23N30s], (4): To a solution of (S)-(+)-2-Amino-1-propanol (0.150 g, 2

OH mmol) in dry THF under N2 atmosphere, triethyl amine (0.61

o |t K']l/ \/| o mL, 4.4 mmol) was added at a time. Methyl 6-

0 N N 0 (bromomethyl)picolinate (0.92 g, 4.0 mmol) was subsequently
~ ~

4 added and the resulting mixture was allowed to stir for 24 h, at
room temperature. After this, the reaction mixture was dried to remove THF, and the residue was
extracted with CH2Cl> (3x30 mL) after thoroughly washing with water and brine. The organic part
was collected and dried over Na>SOg, and the solvent was evaporated to obtain a pale-yellow oil,
which was purified by column chromatography on silica gel using hexane/ethyl acetate (1:4) as
eluent to get 4 as a white solid.

Yield = 0.388 g (52%).
FTIR (KBr pellet cmt): 3413, 2957, 1728, 1590, 1441, 1316, 1248, 1140, 1085, 833, 764.

IH NMR (CDCls, 400 MHz): & 7.98 (d, J = 8 Hz, 2H), 7.59 (t, J = 8 Hz, 2H), 7.48 (d, J = 8 Hz,
2H), 5.46 (s br, 1H), 4.70 (s, 1H), 4.05 (m, 2H), 3.99 (s, 6H), 3.93 (d, J= 12, 2H), 3.55 (m, 2H),
3.15 (m, 1H), 1.04 (d, J = 8 Hz, 3H) ppm.

13C NMR (CDCls, 100 MHz): & 161.14, 138.65, 132.75, 129.54, 125.19, 121.01, 60.93, 57.34,
54.35, 49.78, 8.83 ppm.

ESI-MS (+) m/z for [C19H23N30s + H] " calcd., 374.1710; found, 374.1743.
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Figure 6.6. 'H NMR spectra for [C19H2sN30s], (4).

Synthesis of [C17H19N30s], H2AICDPA: Aqueous solution of LiOH (0.033 g, 1.36 mmol in

OH 2 mL H20) was dropwise added to a prepared solution of 4

o | t T \/ L o (0.230 g, 0.62 mmol) in THF (6 mL), and the mixture was

Oy N N on  Allowed to stir at room temperature for 24 h. Afterward, the
H2AIcDPA

THF part was evaporated, and the pH of the resultant aqueous
solution was adjusted to ~ 1 by adding 1 N HCI. A sticky compound was obtained after evaporation
of the solvent and washed thoroughly with diethyl ether. This residue was then dissolved in

methanol to obtain the colorless solid precipitate of the ligand H2AlcDPA as its HCI salt.

Yield = 0.211 g (89%).

Page | 235
TH-3359_186122030



Equipment and Experimental Section

FTIR (KBr pellet cm™): 3331, 3200, 3008, 2981, 2963, 2877, 2808, 1746, 1735, 1594, 1573, 1464,
1384, 1351, 1262, 1156, 995, 834, 750, 692.

H -NMR (D20, 400 MHz): § 7.87 (m, 4H), 7.51 (m, 2H), 4.77 (m, 2H), 4.73 (d, J = 8 Hz), 4.03
(d, J=8Hz, 1H), 3.95 (m, 2H), 1.52 (m, 3H) ppm.

13C NMR (D20, 100 MHz): § 167.03, 149.96, 146.55, 139.78, 127.75, 125.01, 63.93, 60.34, 55.35,
9.73 ppm.

ESI-MS (+) m/z for [C17H19N30s + H] " calcd., 346.1691; found, 346.1601.

6.2.4. Synthesis of ligand HPy2Pic

= |
S
(i) LIOH, THFH,0 S\ 2N

| x N HPF;
N" N CH3CN, K;_COs N (ii) HPFg, Iso- propanol T
™ I (0] S I (0]
o~ HPy,PiceHPF .
Di-(2-picolyl)amine 5, Yield = 82% Yi‘; d ‘:'78% 8

Scheme 6.4. Synthetic scheme for the preparation of ligand HPyzPic.
Synthesis of [C20H20N402], (5): To a solution of Di-(2-picolyl)amine (0.612 g, 3 mmol) in
K(] dry acetonitrile, K>COz (0.828 g, 6 mmol) and Methyl 6-
@\/ SN (bromomethyl)picolinate (0.690 g, 3 mmol) were added in succeeding
order, under a nitrogen atmosphere and the resulting solution was heated
at 60 °C for 3 h. The reaction mixture was thereafter cooled down to
N © room temperature and filtered. The filtrate was evaporated to dryness.
S o~ Water was added to the residue and extracted with ethyl acetate (3 x 30

mL). The organic part was collected, dried over Na>SOs, concentrated to 5 mL, refrigerated

overnight to obtain compound 5 as a white precipitate, and collected by filtration.

Yield = 0.857 g (82%).
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FTIR (KBr pellet cm™): 3406, 3008, 2950, 2841, 1721, 1588, 1569, 1434, 1316, 1291, 1138, 1082,
994, 977, 763.

!H NMR (CDCls, 400 MHz): § 8.55 (d, J = 4 Hz, 2H), 7.99 (d, ] = 8 Hz, 1H), 7.88 (d, J] = 8Hz,
1H), 7.80 (t, J = 8 Hz, 1H), 7.66 (t, J = 8 Hz, 2H), 7.58 (d, J = 8Hz, 2H), 7.17 (t, J = 4Hz, 2H), 4.04
(s, 2H), 3.98 (s, 3H), 3.95 (s, 4H) ppm.

13C NMR (CDCls, 100 MHz): & 159.47, 154.76, 151.64, 147.45, 144.37, 141.89, 138.23, 124.47,
122.19, 120.45, 64.65, 56.21, 55.76, 52.78 ppm.

ESI-MS (+) m/z for [C20H20N4O2 + H]* calcd., 349.1659; found, 349.1647.
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Figure 6.7. 'H NMR spectra for [C20H20N4O2], (5).
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Synthesis of [C19H18N4O2], HPy2Pic: To asolution of 5 (0.348 g, 1.0 mmol) in THF (6 mL),

| an aqueous solution of LiOH (0.048 g, 2.0 mmol in 2 mL H20) was
S (ENj slowly added and stirred at room temperature for 24 h. After this, THF
Ej\/ was evaporated, and the residue was diluted with water (1 mL) and
isopropanol (5 mL). The resulting mixture was acidified by the addition
X O of HPFs (88 pL, 1 mmol), leading to the precipitation of a white solid;
filtered, washed with isopropanol, and dried under air to obtain the
ligand HPy2Pic as HPFe salt.

Yield = 0.374 g (78%).

FTIR (KBr pellet cm™): 3430, 3245, 3132, 3070, 2998, 2927, 2853, 1718, 1632, 1614, 1603, 1594,
1536, 1440, 1308, 1268, 1156, 1055, 877, 839, 767, 557.

IH -NMR (CD30D), 400 MHz): 5 8.89 (d, J = 4 Hz, 2H), 8.45 (t, J = 8 Hz, 2H), 8.14 (d, J = 4 Hz,
1 H), 8.00 (m, 3H), 7.91 (t, J = 8 Hz, 2H), 7.57 (d, J = 4 Hz, 1H), 4.43 (s, 4H), 4.26 (s, 2H) ppm.

13C NMR (CD30D, 100 MHz): § 167.80, 158.56, 157.16, 149.43, 147.74, 141.69, 140.29, 127.94,
126.19, 125.21, 66.89, 59.81, 59.68 ppm.

ESI-MS (+) m/z for [C1oH1sN4O2 + H]calcd., 335.1502; found, 335.1500.

6.2.5. Synthesis of ligand Hxtpada

2 [
X OH
\N/O\/ O\/ @\J N
LiOH, THF/H,O NZ~N o

CH3CN K,CO; g HPFg, i-PrOH

Z N
x I oL X ! OH
o 0
2-Picolylamine 6, Yield = 62% Hytpadas1HPFg
Yield = 85%

Scheme 6.5. Synthetic scheme for the preparation of ligand Hztpada.
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Synthesis of [C22H22N40s], (6): To a solution of 2-polyamine (0.216 g, 2 mmol) in dry

= | | acetonitrile, 4 equivalents of K.COs (1.104 g, 8 mmol) and 2
| R SN © equivalents of Methyl 6-(bromomethyl)picolinate (0.920 g, 4 mmol)
N" N O \as added in succeeding order, under a nitrogen atmosphere and the
: IN . resulting solution was heated at 60 °C for 3 h. The reaction mixture

~

was thereafter cooled down to room temperature and filtered. The
filtrate was evaporated to dryness. Water was added to the residue and
extracted with ethyl acetate (3 x 30 mL). The organic part was collected, dried over Na>SOa,
concentrated to 5 mL, and refrigerated overnight to obtain compound 6 as a white precipitate. It is
collected by filtration and subsequently washed with a small amount of ethyl acetate/cyclohexane

mixture (1:1).
Yield = 0.567 g (70%).
FTIR (KBr pellet cm™): 3428, 3067, 2954, 2846, 1728, 1591, 1439, 1315, 1246, 1140, 1086, 766.

!H NMR (CDCl3, 400 MHz): § 8.54 (d, J = 4 Hz, 1H), 7.99 (d, J = 8 Hz, 2H), 7.87 (d, J = 4Hz,
2H), 7.80 (t, J =8 Hz, 2H), 7.64 (t, J = 8 Hz, 1H), 7.54 (d, J = 8Hz, 1H), 7.15 (t, J = 4Hz, 1H), 4.01
(s, 4H), 3.98 (s, 6H), 3.89 (s, 2H) ppm.

13C NMR (CDCls, 100 MHz): & 157.41, 154.64, 147.45, 144.37, 141.89, 138.23, 136.56, 124.47,
121.5, 122.19, 120.45, 64.65, 56.21, 55.76, 52.78 ppm.

ESI-MS (+) m/z for [C22H22N404+ H]+ CaICd., 4071713, found, 307.1687.
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Synthesis of [C20H1sN4O4], Hotpada: To a solution of 6 (0.406 g, 1.0 mmol) in THF (6 mL),

4
A~ Sy OH
N 0
N/
~ "N
s A _OH
)
Hotpada

HPy-Pic as HPFg salt.

Yield = 0.425 g (79%).

an aqueous solution of LiOH (0.096 g, 4.0 mmol in 2 mL H2>0) was slowly
added and stirred at room temperature for 24 h. After this, the solvent was
evaporated, and the residue was diluted with water (1 mL) and
isopropanol (5 mL). The resulting mixture was acidified by the addition
of HPFs (352 puL, 4 mmol), leading to the precipitation of a white solid,;

filtered, washed with isopropanol, and dried under air to obtain the ligand

FTIR (KBr pellet cm™): 3614, 3423, 3064, 2853, 2668, 1690, 1626, 1584, 1469, 1374, 1305, 1271,

1171, 845, 763.

TH-3359_186122030
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IH -NMR (CDsOD), 400 MHz): & 8.99 (d, J = 4 Hz, 1H), 8.21 (t, J = 8 Hz, 1H), 8.03 (d, J = 8 Hz,
2 H), 7.90 (t, J = 8 Hz, 2H), 7.73 (d, J = 8 Hz, 2H), 7.60 (d, J = 8 Hz, 2H), 4.44 (s, 2H), 4.32 (s,

4H) ppm.

13C NMR (D20, 100 MHz): & 172.68, 172.56, 157.08, 152.18, 148.02, 138.24, 137.65, 125.98,
124.29, 122.82, 122.26, 60.26, 59.73 ppm.

ESI-MS (+) m/z for [C19H18N4O2 + H]*calcd., 379.1400; found, 379.1470.

6.2.6. Synthesis of complexes and complex incorporated nanoparticles

Synthesis of complex 2A: Aqueous solution of LizBenz(pic)2 (0.12 g, 0.3 mmol), at pH ~ 6.5

[MnBenz(pic)2(H20):]; 2A

(maintained using dilute HCI solution), was reacted with MnCl2e4H>0
(0.05 g, 0.28 mmol) by stirring for 15 minutes at room temperature. pH
of the resultant solution was checked another time and allowed to stir
for another 24 h to obtain a dirty yellow solution. Slow evaporation of
the solution gave a brown solid, which was dissolved in a minimum
amount of methanol (~ 5 mL) and diffused under a diethyl ether

atmosphere to obtain complex 2A as a white shiny solid in 42 % yield

(0.06 g). High-Performance Liquid Chromatography (HPLC) was performed to ensure >95%

purity of the synthesized compound.

Yield = 0.060 g (42%).

FTIR (KBr pellet cm™): 3473, 3388, 3270, 3086, 3020, 2911, 2854, 1622, 1585, 1571, 1493, 1427,
1389, 1265, 1185, 1150, 1119, 1072, 1019, 981, 859, 770, 753, 701, 675, 651, 524.

ESI-MS (+) m/z for [C21H16MnN4O4 + H]" calc., 444.0624, found 444.0519.

TH-3359_186122030
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Synthesis of complex 3A: Complex was reproduced according to the procedure reported by

M. Khannam in ‘Synthesis, characterization and investigation on water-soluble, aquated Gd(III)
and Mn(II) complexes as MRI contrast agents’ (TH-2022 136122016), [Doctoral thesis, IIT
Guwahati]. Elaborately, GdClzexH>O (0.090 g, 0.34 mmol) was added to an aqueous solution of

ligand H2hbda (0.140 g, 0.38 mmol), and kept on stirring until the

N NI solution became transparent. The pH of the reaction mixture was
ZN—cq— P~ cl

-

HzOJ\"é-' \ adjusted to ~ 6.5 by adding an aqueous NaOH solution dropwise;

H0  OH, followed by continuous stirring at room temperature for 24 h. The
[Gd(hbda)(H20)s]CI; 3A resultant solution was filtered, and a white solid product was
obtained after complete evaporation of the filtrate. The obtained white solid was washed
thoroughly with MeOH and the absence of free Gd(III) was confirmed by the xylenol orange test.
The molar conductivity of 5 mM aqueous solution of complex 3A was evaluated to be 81 Scm’mol
at 25 °C, which is close to the typical molar conductivity range for (1:1) strong electrolytes.

Metal:ligand stoichiometry was established by Job’s plot.

Yield = 0.070 g (38%).

FTIR (KBr pellet cm™): 3436, 2851, 2829, 1626, 1591, 1468, 1444, 1406, 1378, 1279, 1226, 1188,
1156, 1116, 1093, 1046, 1012, 974, 955, 942, 812, 775, 690.

ESI-MS (+) m/z for [C16H1sN30sGd]": caled, 487.0209; found, 487.0291.

Synthesis of 3A@SiO:NP: 3A@SiONP was synthesized following the reverse
microemulsion procedure. A homogenous solution of Igepal-CO-520 (1.3
mL) in cyclohexane (10 mL) was prepared by stirring for 10 min. A doping
solution comprising complex 3A solution (160 L, 4.2 mM) in water (320
uL) at pH ~ 7.4 was cautiously added to the surfactant mixture. It was
followed by NH4OH (120 uL, 25% by w/v) and stirred for another 30

3A@SiO:NP
minutes. Finally, TEOS (100 gL) was added, and the resultant mixture was kept at room

temperature for 24 h with gentle stirring. 3A@Si10>NP was obtained by adding acetone (30 mL)
to the mixture, which was repeatedly washed with ethanol and water by centrifugation at 10,000

rpm for 15 minutes. The residue obtained was dispersed in 400 xL water (pH maintained at 7.4)
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to obtain 500 xL of 0.088 mM suspension, concentration given in terms of Gd(l1l), (8% complex
molecules incorporated inside nanoparticles). This mother suspension was further used for

relaxometry and other studies.

FTIR (KBr pellet cm™): 3466, 1639, 1626, 1470, 1099, 962, 799, 467.

Synthesis of complex 3B: MnCl,e4H,0 (0.051 g, 0.26 mmol) was added to a solution of
— — ligand H2PyDPA (0.140 g, 0.28 mmol) in water (5 mL), and it was

__ \/N I stirred for 15 minutes. pH of the resultant solution was adjusted to ~ 6.5
ﬁ N with dropwise addition of NaOH solution. The mixture was stirred for
© 0,._-\ M n/ —n7 \\| another 24 h at room temperature (25 °C). After this, it was filtered, and
) 0\ — | slow evaporation of the filtrate gave needle-shaped pale-yellow crystals

L 2 o _

of complex 3B, which were washed with methanol. The crystals

[Mn(PyDPA)(H:0)]; 3B gbtained were suitable for a single-crystal X-ray diffraction study.

Yield = 0.070 g, (45%).

FTIR (KBr pellet em™): 3392, 1635, 1625, 1586, 1487, 1438, 1404, 1387, 1304, 1273, 1156, 1124,
1081, 1016, 1002, 780, 755, 690.

ESI-MS (+) m/z for [{(C21H20MnN4Os)—(H20)}+H]" caled, 446.07; found: 446.09. Anal. Calcd.
for C21H20MnN4Ose5H,0: C, 45.56; H, 5.47; N, 10.13. Found: C, 45.58; H, 5.23; N, 10.15.

Synthesis of 3B@SiO:NP: 3B@SiO:NP was synthesized following the reverse
microemulsion procedure. Igepal-CO-520 (1.3 mL) was added to
cyclohexane (10 mL) and stirred for 10 minutes to obtain a homogenous
mixture. A doping solution was prepared by adding complex 3B solution
(160 pL, 13.40 mM) in water (320 pL) at pH ~ 7.4. This doping solution
was added carefully to the surfactant mixture followed by NH4OH (120
uL, 25% by wi/v), and stirred for another 30 minutes. Then, TEOS (100

3B@SiO:NP

uL) was added, and the final mixture was kept at room temperature for 24 h with gentle stirring.

3B@SiO:NP was obtained by adding acetone (30 mL) to the mixture, which was repeatedly
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washed with ethanol and water by centrifugation at 10,000 rpm for 15 minutes. The residue

obtained was dispersed in 400 pL water (pH maintained at 7.4), and this mother suspension was

further used for relaxometry and other studies.

FTIR (KBr pellet cm™): 3629, 3469, 1640, 1518, 1213, 1104, 959, 798.

Synthesis of complex 4A: MnCl,e4H,0 (0.057 g, 0.29 mmol) was combined with a solution

[Mn(AlcDPA)(H:0)]; 4A

of H2AIcDPA (0.119 g, 0.31 mmol) in water (5 mL), and the
solution was stirred for 15 minutes. pH of this reaction mixture was
adjusted to ~ 6.5 with the dropwise addition of aqueous NaOH. The
resultant was stirred for another 24 h at room temperature (25 °C).
After this, a clear solution was obtained and left for slow

evaporation to obtain a white solid residue. Methanolic solution of

the residue (with a few drops of water) was diffused in a diethyl ether environment for one week

to obtain needle-shaped colorless crystals of complex 4A, which were washed with Et20. Crystals

obtained were analyzed by single-crystal X-ray diffraction.

Yield = 0.090 g, (64%).

FTIR (KBr pellet cm™): 3471, 3317, 3172, 2966, 2937, 2890, 2317, 1692, 1649, 1613, 1587, 1443,
1398, 1268, 1159, 1026, 826, 789, 692.

ESI-MS (+) m/z for [{(C17H17CIMNnNzOs)—(Cl)}+H]" calcd: 399.0621; found: 398.9919.

TH-3359_186122030
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Synthesis of 4A@SiO2NP: Reverse microemulsion process was employed for the preparation
of 4AA@SIiO2NP. A pH ~ 7.4 buffered doping solution of complex 4A (480
uL, 2.50 mM) was carefully added to a homogenous mixture of Igepal-CO-
520 (1. 3 mL) in cyclohexane (10 mL) and stirred for 15 minutes. It was
followed by the addition of NH4sOH (120 uL, 25% by w/v) and TEOS (100

4A@SiO:NP L) afterward, the final mixture was kept at room temperature for 24 h with
gentle stirring. 4A@SiO2NP was obtained by the addition of methanol (10 mL) to the mixture,
which was repeatedly washed with methanol and water. Nanoparticles were collected by
centrifugation at 10,000 rpm for 15 minutes. The residue obtained was dispersed in 400 pL water
(pH maintained at 7.4), and this mother suspension was further used for relaxometry and other

studies.

FTIR (KBr pellet cm™): 3450, 1694, 1634, 1578, 1444, 1400, 1102, 955, 800.

Synthesis of 4A@SiO>—NH2NP: Aforementioned procedure (for preparation of
4A@SIO2NP) was repeated along with the addition of 3-
Aminopropyl)triethoxysilane (APTES, 50 uL) after 24 h of addition of
TEOS. The reaction mixture was left for another 24 h, thereby
disrupting the microemulsion with the addition of methanol (10 mL).
4A@SiO2-NH2NPs was obtained after subsequent washes with

copious amounts of methanol, ethanol, and water (centrifugation at
4A@SiO2-NH2NP 10,000 rpm, 15 minutes in each washing). The residue obtained was
dispersed in 400 uL water (pH maintained at 7.4) to obtain the stock suspension was further used

for further syntheses, relaxometry, and other studies.

FTIR (KBr pellet cm™): 3444, 3321, 3080, 2941, 2898, 1694, 1643, 1634, 1628, 1588, 1550, 1472,
1450, 1338, 1087, 953, 792.
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Synthesis of 4A@SiO>—Py-PicNP: A solution of HPy-Pic ligand (0.049 g, 0.1 mmol) was
7/

w % prepared in PBS buffer (7 mL, 0.01 M, at pH ~ 7.0), activated by

A successive addition of EDCeHCI (0.192 g, 1.0 mmol) and NHS

¢ (0.115 g, 1.0 mmol). After 1 h, monodispersed suspension of
AA@SiO>—NH2NPs (prepared by dispersing 1.6 mL, 0.80 mM
[Mn(11)] 4A@SiO>—NH2NPs stock solution in 5 mL PBS buffer by
30 minutes sonication) was added to the mixture and gently stirred

4A@SiO2-Py2PicNP  for 12 h, at room temperature. A pale-yellow turbid solution was
obtained and centrifuged (g = 10,000, 20 min) to get the 4A@SiO>—Py-Pic nanoparticles after
several washings with methanol and water. Nanoparticles were re-suspended in 1 mL HEPES
buffer (pH ~ 7.4) to form 4A@SiO>—Py,PicNP stock solution, further used for characterization

and relaxometry studies.

FTIR (KBr pellet cm™): 3453, 3246, 2946, 1765, 1665, 1657, 1651, 1643, 1632, 1619, 1546, 1470,
1394, 1094, 955, 796.

Synthesis of complex 5A: MnCl,¢4H,0 (0.036 g, 0.18 mmol) was combined with a solution
of Hztpada (0.120 g, 0.18 mmol) in water (5 mL), and the solution was
stirred for 15 minutes. pH of this reaction mixture was adjusted to ~ 6.5
with dropwise addition of aqueous NaOH. The resultant was stirred for

another 24 h at room temperature (25 °C). After this, a clear solution was

obtained and left for slow evaporation to obtain a white solid residue.

Methanolic solution of the residue (with a few drops of water) was

[Mn(tpada)(H:20)]; 5A ) ) . ]
diffused in a diethyl ether environment for three weeks to obtain needle-
shaped pale-yellow crystals of complex 5A, which were washed with Et20. Crystals obtained were

analyzed by single-crystal X-ray diffraction.
Yield = 0.061 g, (55%).

FTIR (KBr pellet cm™): 3435, 2921, 2851, 1622, 1591, 1438, 1406, 1388, 1272, 1124, 1078, 1013,
847, 763.

ESI-MS (+) m/z for [C20H16N4OsMn + H]* calcd: 432.0624; found: 432.0568.
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Equipment and Experimental Section

Synthesis of 5SA@SIO2NP: The reverse microemulsion process was utilized to synthesize
5A@SiO2NP. A pH ~ 7.4 buffered solution of complex 5A (480 uL, 2.50
mM) constituted the doping solution, which was gradually added to a
homogenous mixture of Igepal-CO-520 (1.0 mL) in cyclohexane (15 mL)
and stirred for 15 minutes. It was followed by the addition of NHsOH (150
uL, 25% by w/v) and TEOS (100 uL) afterward, the final mixture was kept

5A@SiO:NP

at room temperature for 24 h with gentle stirring. SA@SiO2NP separated
with the addition of methanol (10 mL) to the mixture, which was repeatedly washed with methanol
and water. Nanoparticles were collected by centrifugation at 10,000 rpm for 15 minutes. The
residue obtained was dispersed in 400 uL water (pH maintained at 7.4), and this mother suspension

was further used for relaxometry and other studies.

FTIR (KBr pellet cm™): 3640, 3452, 3238, 1637, 1622, 1477, 1102, 964, 806.

Synthesis of 5A@SiO>—NH2NP: The preceding method (for preparation of 5SA@SiO2NP)
was repeated along with the addition of 3-Aminopropyl)triethoxysilane
(APTES, 50 pL) post 24 h of addition of TEOS. The reaction mixture
“ ~was slowly stirred for another 24 h, thereby disrupting the
microemulsion with the addition of methanol (10 mL). 5A@SiO.—
NH2NPs was obtained after subsequent washes with copious amounts

%l of methanol, ethanol, and water (centrifugation at 10,000 rpm, 15
SA@SiO-NH:NP  minytes in each washing). The residue obtained was dispersed in 400
uL water (pH maintained at 7.4) to obtain the stock suspension was further used for further

syntheses, relaxometry, and other studies.

FTIR (KBr pellet cm™): 3646, 3433, 3118, 2938, 2880, 1638, 1622, 1548, 1472, 1415, 1388, 1099,
959, 794.
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Equipment and Experimental Section

Synthesis of 5A@SiO>—FA NP: A solution of folic acid (FA) ligand (0.009 g, 0.02 mmol)

, was prepared in DMSO (5 mL), activated by subsequent addition of
EDCeHCI (0.039 g, 0.2 mmol) and NHS (0.023 g, 0.2 mmol). After
1.5 h, a monodispersed suspension of 5A@SiO>—NH>NPs (prepared
by dispersing 0.8 mL, 0.2 mM [Mn(I1)] 5A@SiO>—NH:NPs stock
¥ solution in 5 mL DMSO by 15 minutes sonication) was added to the

mixture and stirred for 3 days, at room temperature. A yellow turbid

solution was obtained and centrifuged (g = 10,000, 20 min) to get

5A@SiOz-FA NP

the deep yellow 5SA@SiO.—FA nanoparticles after several washings
with DMSO, methanol, and water. Nanoparticles were re-suspended in 1 mL HEPES buffer (pH
~ 7.4) to form 5A@SiO>—FA NP stock solution, further used for characterization and relaxometry

studies.

FTIR (KBr pellet cm™): 3646, 3432, 3118, 3090, 2938, 2847, 1648, 1635, 1622, 1607, 1545, 1511,
1446, 1410, 1372, 1335, 1092, 959, 794.
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ABSTRACT: Magnetic resonance imaging has emerged as an indis-
pensable imaging modality for the early-stage diagnosis of many diseases.
The imaging in the presence of a contrast agent is always advantageous, as
it mitigates the low-sensitivity issue of the measurements and provides
excellent contrast in the acquired images even in a short acquisition time.
However, the stability and high relaxivity of the contrast agents remained
a challenge. Here, molecules of a mononuclear, mono(aquated),
thermodynamically stable [log Ky, = 14.80(7) and pMn = 8.97]
Mn(II)-complex (1), based on a hexadentate pyridine-picolinate unit-
containing ligand (H,PyDPA), were confined within a porous silica
nanosphere in a noncovalent fashion to render a stable nanosystem,
complex 1@SiO,NP. The entrapped complex 1 (complex 1@SiO,)
exhibited r, = 846 mM ™' s™' and r, = 33.15 mM ™' s! at pH = 7.4, 25 °C,
and 1.41 T in N-(2-hydroxyethyl)piperazine-N’-ethanesulfonic acid buffer. The values were about 2.9 times higher compared to the
free (unentrapped)-complex 1 molecules. The synthesized complex 1@SiO,NP interacted significantly with albumin protein and
consequently boosted both the relaxivity values to r; = 24.76 mM ™' s™' and r, = 63.96 mM ' s™! at pH = 7.4, 37 °C, and 1.41 T. The
kinetic inertness of the entrapped molecules was established by recognizing no appreciable change in the r; value upon challenging
complex 1@SiO,NP with 30 and 40 times excess of Zn(II) ions at pH 6 and 25 °C. The water molecule coordinated to the Mn(II)
ion in complex 1@SiO, was also impervious to the physiologically relevant anions (bicarbonate, biphosphate, and citrate) and pH of
the medium. Thus, it ensured the availability of the inner-coordination site of complex 1 for the coordination of water molecules in
the biological media. The concentration-dependent changes in image intensities in T}- and T,-weighted phantom images and uptake
of the nanoparticles by the HeLa cell put forward the biocompatible complex 1@SiO,NP as a potential dual-mode MRI contrast
agent, an alternative to Gd(III)-containing contrast agents.

KEYWORDS: magnetic resonance imaging, relaxivity, T;—T, contrast agents, Mn(II)-complex, porous silica nanoparticles

B INTRODUCTION

Magnetic resonance imaging is a noninvasive technique that

efficiency of a contrast agent is represented by the enhance-
ment of relaxivity of water protons in the presence of 1 mM

TH'%%mQations

provided in vivo anatomical soft tissue images with high spatial
resolution and has found its immense use as a diagnostic tool
in the last few decades.'~® In this imaging modality, images are
produced by recording the relaxivity (r; r = 1/T; T = relaxation
time) of water protons using NMR techniques. Hence, no
harmful ionizing radiation is required for MRI as necessary in
X-ray, computed tomography, and positron emission tomog-
raphy. However, the modality is limited by low sensitivity;
hence, imaging remains a prolonged process and often does
not provide conspicuous contrast in the images. To overcome
the issue, paramagnetic materials, called contrast agents, have
been administered prior to imaging as additional supplements.”
The contrast agents reduce longitudinal (spin—lattice)
relaxation time (T,) and transverse (spin—spin) relaxation
time (T,) of the nearby protons in many folds and
consequently provide better contrast in the images. The

© 2021 American Chemical Society

paramagnetic metal ion-containing species.8

Contrast agents are classified into two groups depending on
the overall signal enhancement property in the region of
interest.'~> The positive contrast agents (T;-contrast agents),
which are mainly low-molecular-weight Gd(11r),”~"* Mn-
(11),"73>%% and Fe(II1)***” complexes, render brighter images
by enhancing the signal intensity, while a loss in the signal
intensity results in darker images in the presence of negative
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contrast agents (T,-contrast agents), which are usually
superparamagnetic nanoparticles.”*~*' The clinical applica-
tions of T,-contrast agents have some drawbacks. Because of
the image darkening property, the use of T,-contrast agents
misleads with the signals that appeared due to endogenous
conditions,*”"" such as metal ion depositions, calcification,
blood clots, hemorrhage, and magnetic susceptibility artifacts.
In these concerns, the administration of only T)- or T,—T,
dual contrast agents is advantageous.'¥**~**

The clinically approved T)-contrast agents are small
molecule Gd(III)-based complexes that exhibit r, relaxivity
values in the range of 3.3—52 mM ™' s at 1.5 T, 37 °C in
water.”> The small relaxivity values require administering a
hefty dose of the T)-contrast agents to realize good image
contrast. However, the use of Gd(III)-based contrast agents in
a large concentration is not safe as the leached bare Gd(III)
ions are poisonous and known to develop nephrogenic
systemic fibrosis in patients with renal failure.'”*° Thus,
attention has been revived for alternative metal ions.

In this context, complexes of more biofriendly, five-unpaired
electrons-containing paramagnetic Mn(II) ions [3d°] have
drawn interest.*'” In fact, MnCl,-4H,0 (LumenHance) and
Mn(II)-DPDP complexes (DPDP = di-pyridoxal diphosphate;
Teslascan) have already been administered in wvivo for
neurological applications, cell-labeling, and liver-specific
contrast images.M_50 Nevertheless, the administration of free
Mn(II) ions in high doses is also not safe.”’ Although the
complexation of Mn(II) ions with organic chelates mitigates
the toxicity, the relaxivity values decrease as the number of
inner-sphere water molecules diminishes. Thus, a new strategy
is required to develop thermodynamically stable and kinetically
inert Mn(II)-based T, or T;—T, dual contrast agents with high
relaxivity values.

The SBM theory interpretation reveals that r, relaxivity
enhancement in a molecular system is possible by reducing the
tumbling rate within an applied magnetic field range of 0.5 to
1.5 T.'»'%%75% Thus, grafting of stable small Mn(II)
complexes onto a nanosystem or confining the complexes
within a nanosphere should serve the purposes. Furthermore,
the circulation time of contrast agent-loaded nanosystems
would be higher compared to small chelate molecules.
Therefore, the administration of such contrasting systems
would be advantageous for MR imaging that continues for a
long time (e.g, oncological imaging).56 In these regards,
investigation on Mn(Il)-containing nanomaterials is under
continuous progress by the following: (1) immobilizing
Mn(II)-complexes onto solid silica nanosphere and solid
nanodiamond; and (2) entrapping Mn(II)-complexes within
lipidic nanovesicles or nanobeads.”” ® Nevertheless, the
attainment of kinetic inertness of the surface-bound, aquated,
small-molecule Mn(II) complexes always remained an
intriguing task and required genuine kinetically inert Mn(1I)
complexes, which are very rare indeed.”'***

Herein, to develop an Mn(1I)-based contrast agent with high
r, and r, relaxivity values, we envisaged confining molecules of
a thermodynamically stable, aquated Mn(II)-complex within a
porous, biocompatible silica nanosphere. The porous nature
should permit the free movement of water molecules across
the pores and interact with the paramagnetic Mn(II)-complex
molecules. The silica nanosphere would help to retain kinetic
inertness by shielding the complex from exposure to the
external metal ions and anions. Furthermore, the rotation
dynamics of the entrapped molecules within the confinement
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zone are expected to be slower compared to the free
molecules; consequently, a high r, relaxivity value could be
achieved. The presence of many paramagnetic molecules
within a nanosphere might also increase r, relaxivity by
experiencing a greater extent of spin—spin interactions. Hence,
a T) or a T\—T, dual contrast agent could emerge.

To pursue the objective, a mononuclear, mono(aquated)
Mn(II)-complex (1; [Mn"(PyDPA)(OH,)]°), based on a
hexadentate ligand (H,PyDPA) containing one pyridine, one
amine, and two picolinate coordinating units, has been
synthesized. The complex was found thermodynamically stable
with log Ky, = 14.80(7) and pMn = 8.97. The r, = 2.88
mM™' s7' and r, = 11.10 mM ™" 57! exhibited by the complex
at 141 T, pH = 7.4, and 25 °C and the relaxivity values
remained almost unaltered in the presence of 200 equivalent
amounts of physiological anions (biphosphate, bicarbonate,
and citrate). However, the complex was kinetically labile
(Figure S11). Perceptibly, the entrapment of the complex
molecules within a porous nanosphere subdues the kinetic
lability. In addition, approximately a 2.9-fold enhancement in
the relaxivity values (r; = 8.46 mM ™' s and r, = 33.15 mM™*
s™') compared to the free-complex molecule was realized.
About 6% decrease in the r) relaxivity value in 48 h was noticed
in the presence of 30- and 40-fold excess Zn(Il) ions.
However, the decrease was not due to kinetic lability and
leaching of Mn(II) ions. Instead, it was being ascribed to a
subtle hindrance of water accessibility inside the nanoparticles
because of the coagulation. HeLa cell internalization of the
biocompatible complex 1@SiO,NP and phantom T- and T),-
weighted in vitro images unambiguously established a dual
contrast ability of the newly developed nanosystem.

B RESULTS AND DISCUSSION

The synthetic route for the preparation of ligand H,PyDPA-
HCI and the corresponding Mn(II) complex (1) is shown in
Scheme 1. Compound B was isolated in 54% yield by reacting
1:2.2 equivalent amounts of 2-(pyridin-2-yl)ethanamine (A)
and 6-(bromomethyl)picolinate in CH;CN in the presence of
K,CO; and KI. Ligand H,PyDPA was obtained as a
monohydrochloride salt (H,PyDPA-1HCI) in 75% yield by
the hydrolysis of compound B with an aqueous LiOH solution
in the THF/H,O solvent mixture, followed by acidification of
the solution with 1 M HCIL The reaction of equivalent
amounts of the isolated ligand and MnCl,-4H,0 in water at
pH ~ 6.5 followed by slow evaporation of the reaction mixture
provided complex 1 in the crystalline form in 45% yield. X-ray
single-crystal diffraction measurement revealed that in complex
1, the central Mn atom was seven-coordinate with trigonal
bipyramidal geometry (Scheme 1B). The coordination of two
picolinate units and aliphatic N2 atom constructed the basal
N;O plane. Pyridine N3 occupied one of the apical positions,
and the other position was empty and eventually occupied by a
solvent water molecule. The presence of a water molecule in
the primary coordination sphere of Mn(II) ion indicated that
the complex could be a potential T-weighted contrast agent.

pH-potentiometric titrations were carried out on the ligand
and a 1:1 ligand/Mn(II) ion mixture in 0.15 M NaCl solutions
at 25 °C to determine the thermodynamic stability constant of
complex 1. The stability constant was found to be log Ky, =
14.80(7) by the simulation of the experimental curve. The
value was comparatively higher than the previously reported
mono(aquated), seven-coordinate Mn(II) complexes of
PyC3A, DPAAA, trans-CDTA, and ethylenediaminetetraacetic
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Scheme 1. (A): Synthetic Route for the Preparation of
H,PyDPA-1HCI and Complex 1; (B,C): Representation of
Molecular Structures of Complex 1 and the Protonated
Ligand; C = Gray, N = Blue, O = Red, Cl = Green, and Mn =
Brown; (i) Methyl 6-(bromomethyl)picolinate, CH,CN,
K,CO;, and KI, (ii) LiOH in THF/H,0, (iii) 1 M HCI, and
(iv) MnCL4H,0, H,0, pH ~ 6.5

(A) A (i) X o
| L N

N NH, N N= S o
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Complex 1; [Mn"(PyDPA)(OH,)] HO” X0 H,PyDPAe1HCI
(B) ©

acid ligands (Scheme S1 and Table $2).°°"° The presence of
three pyridine moieties in the ligand H,PyDPA thus imparted
high thermodynamic stability in complex 1 due to Mn(II)(tzg)-
to-pyridine z*-interactions. Under physiological conditions,

the thermodynamic stability of any metal complex is
represented by its pM value.”"® The pM value is defined as
—log[M].., considering [M] = [L] = 107° M at pH ~ 7.4
The complex [Mn"(PyDPA)(OH,)]° exhibited a pMn value of
8.97 that further consolidated the high thermodynamic
stability.

A reverse microemulsion method was used to confine the
molecules of complex 1 within a porous silica nanosphere
(Scheme 2). In this process, Igepal CO-520 was dissolved in
cyclohexane, and an aqueous solution of complex 1 was added
to it to generate nanosized aqueous droplets. The hydrolysis of
added TEOS created the silica nanospheres around the water
droplets in the presence of ammonia solution. After that,
acetone was added to disrupt the microemulsion. Finally,
complex 1-entrapped porous silica nanospheres (complex 1@
SiO,NPs) were collected by centrifugation.

The formation of monodispersed and spherical nanoparticles
of complex 1@SiO, with a uniform size of 14.3 &+ 2 nm was
recognized by transmission electron microscopy (TEM)
images (Figure 1). The elemental analysis using the energy-
dispersive X-ray spectroscopy (EDS) technique consolidated
the existence of manganese and nitrogen elements (Figure 1B)
and indicated the presence of complex 1 within the
nanosphere. Furthermore, no appreciable change in the UV—
vis spectrum features of the complex measured at pH ~ 7.4
and ~9.5 (Figure S23) refuted the possibility of decomposition
of the complex during the encapsulation. The presence of an
infrared band at 1625 cm™ [1(C=0)] (Figure S24) and a six-
line X-band EPR spectrum (Figure S26), which is typical for
Mn(II) ions-based systems, also indicated the incorporation.

The hollow and porous nature of the silica nanosphere was
verified by nitrogen gas (N,) adsorption—desorption isotherm
recorded on dried complex 1@SiO,. Type-IV isotherm was
observed with hysteresis loop (Figure 1D) as expected for
silica nanospheres with mesopores.”” Nanospheres were of
211.03 m?/g surface area. By the Barrett—Joyner—Halenda

Scheme 2. Schematic Representation to the Formation of Complex 1@8iO,NPs
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Figure 1. (A) TEM image of freshly prepared complex 1@SiO,NP.
(B) Presence of Mn, Si, and N in the isolated NPs by TEM-EDS. (C)
Particle-size distribution plot. (D) 77 K N, adsorption/desorption
isotherms and pore size distributions (inset) of complex 1@SiO,NPs.

method, the pore diameter was calculated. The pore size
distribution plot (Figure 1D; inset) indicated the presence of
two peaks, one at 5.56 nm, which attributed to the internal
pores of complex 1@SiO,, and the other at 9.04 nm was
anticipated due to interparticle voids.”” The presence of such
large pores on the nanospheres is expected to allow free
movement of small water molecules across the silica layer and
interact with complex 1. Crystal structure analysis of complex 1
indicated the presence of z-to-7 interactions within the
complex molecules through pyridine units (Figure 2). Thus,

Figure 2. Stacking 77—z interactions among pyridine units of four
different molecules. Red- and yellow-color rings represent two
adjacent, interacting pyridine units of two closely located molecules.

a big cluster of molecules might result within the sphere, which
would be less prone to come out from the sphere rendering a
stable complex 1@SiO, system. To investigate water
exchangeability by complex 1@SiO,NPs through the pores,
complex 1@SiO,NP was suspended in D,O for 48 h and then
lyophilized for 24 h to isolate dry complex 1@SiO,NP with
feasibly incorporated D,O (complex 1@SiO,NP_D,0). Four-
ier transform infrared (FTIR) spectra of complex 1@SiO,NPs
and complex 1@SiO,NPs_D,0 were being recorded. The
decrease in the band intensity in the region 3100—3450 cm™"
and the appearance of a broad band, due to v(O—D) and
v(H—0-D) asymmetric stretches, centered around 2606 cm™
indicated the presence of D,O inside the nanoparticles via the
exchange of H,O (Figure S25). Hence, the water-exchange
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capability of the synthesized complex 1@SiO,NPs was
consolidated.

Concentration-dependent T and T, relaxation times were
recorded on complex 1 in N-(2-hydroxyethyl)piperazine-N'-
ethanesulfonic acid (HEPES) buffer at 1.41 T, pH ~ 7.4, 25
°C wusing the inversion recovery and Curr—Purcell-Mei-
boom—Gill methods. A linear increase in 1/T; as a function of
increasing Mn(II) ion concentration, determined by induc-
tively coupled plasma—mass spectrometry (ICP—MS) analyses
of each solution, was noticed (Figure 3A,B). By linear fitting of

5 20
(A) | y=2.87852x+0.34595 (B) ]y =11.09838x + 0.28039
] R? = 0.99841 16 R? = 0.99858
—‘Z 34 121
~ ~
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1 4
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0.0 02 0.4 06 08 1.0 12 1.4 00 04 08 1.2 1.6
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Figure 3. (A) (1/T;) and (B) (1/T,) vs [Mn(II)] plot for complex 1.
Likewise, (C) (1/T;), and (D) (1/T,) versus [Mn(II)] plot for
complex 1@SiO,NPs. Measurements were done at pH ~ 7.4, 1.41 T,
and 25 °C.

the plots, r; = 2.88 mM ™' s and r, = 11.10 mM " s™! were
obtained.”" The r, relaxivity value of complex 1 was higher
than Mn(II)-based contrast agent Teslascan (1.6 mM ™' sThH®
and lower, albeit close to Gd(III)-based contrast agents
Prohance (2.9 mM™ s7!), Dotarem (2.9 mM™ s7!),
Omniscan (3.3 mM™' s7"), Magnevist (3.3 mM™' s7'), and
Gadovist (3.3 mM™' s7').* Upon the entrapment of the
complex within a nanosphere, that is, of complex 1@SiO,NP,
the respective r; and r, values increased to 8.46 and 33.15
mM™" s7! (Figures 3C,D and S3) with r,/r, = 3.92. To note,
the ratio was found to be r,/r, = 5.62 mM™" s7!/2.12 mM™
s~' = 2.65 using MnCl, instead of complex 1 to the formation
of the NPs. Nonetheless, an approximately threefold increase
in the respective relaxivity values of complex 1 was attained by
confining the complex molecules within a porous nanosphere.
The relaxivity values of complex 1@SiO,NPs were greater than
those of reported manganese oxide impregnated silica
nanoparticles and were better or almost equal to the silica-
surface-attached mono(aquated) Mn(II) complexes (Table
S3). Noteworthy, the relaxivity values increased slightly (8.61
and 34.59 mM™' s7'; Figure S4) with the increase in the
temperature of medium from room temperature (25 °C) to
physiological temperature (37 °C). The observation demon-
strated stronger interactions between the molecules, and
because of these, the effect of temperature to rotation
correlation time was insignificant.”” Upon decreasing the
particle size of complex 1@SiO,NPs from 14.30 to 10.04 nm
(Figure S2), higher relaxivity values, r, = 12.45 mM ™' s~ and
ry, = 4576 mM™' s7' (Figure S6), could be achieved. It is
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noteworthy that the r; relaxivity value of complex 1@SiO, was
much greater than that found in clinically approved super-
paramagnetic iron oxide (SPIO)-based contrast agent Feridex
(4.7 mM™' s7') and very much similar to another SPIO-based
contrast agent Resovist (87 mM™ s_l).4S However, the
advantage of present nanovesicles, that is, complex 1-entrapped
nanosphere system, is the r,/r; = 4.02, which is much higher in
the case of Feridex (r,/r, = 8.72) and Resovist (r,/r; = 7.01).*
Thus, unlike the clinically approved superparamagnetic
contrast agents, which are mainly T, contrast agents, complex
1@SiO,NPs can be utilized as either a T}- or T;—T, dual-
mode contrast agent.

Serum albumin is the most abundant protein that exists in
the human blood plasma. The protein interacts with the
administered contrast agents and governs the uptake, trans-
portation, biodistribution, and finally, the excretion of the
contrast agents.””**’*~7> Therefore, to realize the possible
interactions of complex 1@SiO,NP with serum albumin, r,
and r, relaxivity values of the suspensions in 4.5% (w/v)
bovine serum albumin (BSA) were being recorded at pH ~
7.4, 37 °C, and 1.41 T. A significant increase in r; (24.76
mM ' s7") and r, (63.96 mM ™" s7!) (Figure 4) values inferred

(A) {y=2475924x + 0.448 (B)8{y = 63.95976x + 0.84448
301 r? = 0.99756 7{ R?*=0.9966
2.5 _ 6
“w20] e 5
K K44
= 1.5 = ]
1.0 24
0.5 r=2476 mM's"| 11 r,=63.96 mM's”
000 002 004 006 008 010 000 002 004 0.06 0.08 0.10
Mn(Il)] (mM) Mn(Il)] (mM)

Figure 4. (A) (1/T,) and (B) (1/T,) versus [Mn(II)] plot for
complex 1@SiO,NPs in the presence of 4.5% (w/v) BSA at pH ~ 7.4,
141 T, and 37 °C.

interactions between the protein and the Mn(II)-complex-
encapsulated nanoparticles which reduced the mobility and
rendered a higher relaxivity. The protein under the
experimental conditions remains in its anionic form. The
zeta ({) potential —18.3 mV of complex 1@SiO,NP at pH ~
7.4 evinced the negatively charged surface of the nanosphere.
Therefore, Coulombic interactions between the protein and
complex 1@SiO,NPs would not be feasible. It has previously
been established that negatively surface-charged protein
corona, generated by functionalizing mesoporous silica nano-
particles with hyaluronic acid, interacts with BSA at pH 7.4 via
van der Waal interaction.”® Akin to the report, herein,
noncovalent supramolecular interactions and van der Waal
interactions between complex 1@SiO,NP and BSA were being
suggested. Indeed, { potential of complex 1@SiO,NP
suspended in BSA was —27.5 mV at pH 7.4. Thus, the
decrease in { potential in the presence of BSA consolidated the
proposed interactions. Furthermore, the measurement of
dynamic light scattering (DLS) inferred that the increase in
the hydrodynamic diameter from 307.4 to 796.1 nm (Figure
S9) supported the association of complex 1@SiO,NP with
BSA.

To examine the effect of physiologically relevant anions,
both complex 1 [0.67 mM] and complex 1@SiO,NPs [0.10
mM] were treated with about 200 equivalent amounts of
biphosphate ([HPO,]*”), bicarbonate ([HCO;]'”), and
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citrate ([C¢HsO,]%") anions in HEPES buffer at pH = 7.4,
25 °C for 12 h. The anions could interact with the central
metal, Mn(II) ion, and could coordinate to the ion by
replacing the Mn(II)-coordinated (inner-sphere) water mole-
cule. In that case, the r, relaxivity value will decrease as the T
relaxation time of water protons will be affected only by the
secondary interactions and not by both primary and secondary
interactions. However, the substantial increase in the value
refers either to the decomposition of the complex and release
of Mn(1I) ions [r; = 6.62 mM ™' s7%; Figure S7] or aggregation
of complex molecules by the quaternary interactions with the
anions. This aggregation renders a slowly rotating molecular
system and consequently increases r; relaxivity. Complex 1
exhibited only a slight change in the r| value: Ar; = 0.17; ~6%
increase for biphosphate and Ar; = 0.24; ~8% decrease for
citrate (Figure SA). This feature indicated no pronounced

(A) ®) 9]
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44

HEPES  [HPOJ* [HCO]" [C,H.0]" 3 HEPES  [HPO,* [HCO,]" [C/H,0,1"

Figure S. Longitudinal relaxivity (r;) of (A) complex 1 and (B)
complex 1@SiO, estimated in the presence of 200 equivalents of
different physiological anions at pH ~ 7.4, 1.41 T, and 25 °C. During
experiments, Mn(II) concentrations were maintained at 0.67 and 0.10
mM for complex 1 and complex 1@SiO,NPs, respectively.

interactions between the complex coordination sphere and the
anions. For complex 1@SiO,NP, r, value remained almost
unaltered (Ar; = 0.33; ~4% decrease only for citrate) in the
presence of the anions (Figure SB). Thus, the synthesized
nanospheres were impervious to the anions.

To investigate the effect of pH on complex 1 and complex
1@SiO,NP, the change in r; relaxivity of the entities as a
function of pH was determined. A sharp increase in the
relaxivity value of complex 1 was noticed with the decrease in
the pH of the medium below 4, while, the relaxivity diminished
at a pH higher than 8 (Figure 6A). To rationalize the
phenomena, the species distribution of complex 1 across the
pH range 2—12 was examined. The formation of monoproto-
nated [Mn"(HPyDPA)(OH,),]" species followed by the
decomposition of complex 1 finally resulted in free Mn(II)
ions in the solution (Figure 6). The formed [Mn(OH,)¢]*"
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Figure 6. (A) Species distribution diagram for Mn/H,PyDPA:
[Mn(II)] = [L] = 1 mM, and pH-dependent relaxometry of complex
1, and (B) r, values for complex 1@SiO,NPs in the pH range from
4.0—10.0 at 1.41 T and 25 °C.
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exhibits r, = 6.62 mM™' s™!. Hence, r, increased with the
decrease in pH of the medium (pH < 3). In [Mn"(HPyDPA)
(OH,),]* species, the tert-amine N atom could undergo
protonation as suggested by the X-ray structure (Scheme 1) of
the isolated ligand, and hence, the N atom no longer
participated in the metal coordination. The originated vacant
site thus facilitated the inner-sphere coordination of another
water molecule. Therefore, due to the formation of species
with the inner-sphere coordination number, g = 2, an elevation
in the relaxivity resulted in the pH range 3—4. At a pH greater
than 8, the r; value diminished due to the appearance of
[Mn"(PyDPA)(OH)]~ species by either deprotonation of a
proton of the coordinated water molecule or substitution of
the water molecule by a hydroxyl anion (HO™). Contrarily, r,
= 8.45 mM™! s™! diminished by ~2% at pH 4 and elevated by
~5% at pH 10 in 1@SiO,NP. Hence, the influence of protons
to complex 1 was successfully eliminated by confining complex
1 within the nanosphere.

The kinetic inertness is the essential parameter that
determines the suitability of the contrast agent for its possible
in vivo application. The index for the kinetic inertness is the
time required for the 20% decrease of the initial r, relaxivity of
the pristine material in the presence of scavenger metal ions,
for example, Zn(II) ions.°° Herein, to evaluate the kinetic
inertness of 1@SiO,NP, the suspension of the NPs was
challenged with 30 and 40 equivalent amounts of ZnCl, at pH
6.0. The change in the relaxivity ratio was then monitored as a
function of time. Initially, a sharp change (~3% in 1.5 h) was
noticed, irrespective of the concentration of Zn(Il) ions, and
the rate of the change was almost equal in both cases (Figure
7). This result discarded the possibility of substitution of
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Figure 7. Percentage changes in r;(t)/r;(0) for complex 1@SiO,NPs
with time when challenged with 30 and 40 equivalent excess of Zn(II)
ions at pH ~ 6.0 (MES buffer), 1.41 T, and 25 °C. The sample
contained suspensions of complex 1@SiO,NPs at [Mn(II)] = 0.056
mM.

Mn(II) ions from the complex molecules by Zn(II) ions as no
Zn(II) ion-dependent decrease in the relaxivity was realized.
Gratifyingly, the change in the relaxivity ratio was limited to
only ~6% in 24 h and remained unaltered up to 48 h. The
slight change could be because of the lowering of water
accessibility inside the nanoparticles due to the coagulation
(vide infra).

To elucidate the effect of Zn(Il) ions on the NPs, TEM
images were recorded on the isolated NPs after 48 h exposure
to 40 equivalent amounts of Zn(II) ions at pH 6.0. No
disintegration in the nanosphere was noticed (Figure 8).
Additionally, the diameter of the isolated particles remained
almost unaltered as 14.6 + 3.0 nm (Figure 8). Thus, no
adverse effect was exerted by Zn(II) ions to the nanoparticle
morphology. To examine the possible adsorption of Zn(II)

TH-3359_186122030

8361

Mean diameter = 14.2 £ 3 nm

10 15 20
Diameter (nm)

25

Mean diameter = 14.6 £ 3 nm

10

15 20
Diameter (nm)

25

Figure 8. Representative TEM images of complex 1@SiO,NPs
obtained after 48 h suspension at pH 6.0 (A) without and (B) with 40
equivalent Zn(II) ions along with corresponding size distribution
plots.

ions on the surface of the nanoparticles, { potentials of the
pristine complex 1@SiO,NP and the Zn(Il)-added systems
were recorded at pH 6.0. The linear decrease of { potential of
complex 1@SiO,NP upon the progressive addition of Zn(II)
ions; —18.1 mV [0.0], —15.2 mV [10], —13.3 mV [20], —11.1
mV [30], and —9.07 mV [40] (parenthesis refers the
equivalence of added Zn(II) ions) inferred the adsorption.
Furthermore, DLS studies were carried out on complex 1@
SiO,NP and in the presence of 10, 20, 30, and 40 equivalent
amounts of Zn(II) ions at pH 6.0, 25 °C in MES buffer. A
squarely increase in the hydrodynamic diameter with the
increase in concentration of Zn(II) ions (Table 1 and Figure

Table 1. Hydrodynamic Diameters and Zeta Potentials of
Suspensions of Complex 1@SiO,NPs When Challenged
with Increasing Equivalence Excess of Zn(II) Ions at pH ~
6.0

Equivalence of Zn**  Zeta potential Hydrodynamic diameter

added (mV) (nm) PdI
0.0 —18.1 319.7 0.456
10.0 —15.2 543.1 0.400
20.0 —-13.3 716.4 0.364
30.0 —11.1 817.7 0.358
40.0 -9.07 833.2 0.350

$10) suggested the coagulation of the nanoparticles facilitated
by the decrease in the (-potential of the resulted particles.
Nonetheless, Zn(II) ion-based competition results demon-
strated that complex 1@SiO,NP was kinetically inert and
competent for in vivo application.
MTT/[3-(4,5-dimethyl-thiazol-2-yl)-2,5 diphenyltetrazolium
bromide] assays on HeLa (human cervical carcinoma) cell line
were performed to determine the cytotoxicity of complex 1@
SiO,NP. In the processes, cells were incubated at 37 °C with
different suspensions containing variable amounts of complex
1@SiO, [0—100 uM concentrations in Mn(II) ion]. Figure 9
illustrates the percentage of cell viability with the increased
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Figure 9. % Cell viability for complex 1@SiO,NP performed on HeLa
cell-line.

dosage of complex 1@SiO, relative to untreated cells. While
no damage in cells was noticed up to 20 uM in 48 h, a subtle
change in the viability was noticed at the elevated
concentrations. At 100 uM dosage of complex 1@SiO,NP,
82% HeLa cells were viable. This result interprets that
synthesized nanoparticles were biocompatible and could
suitably be employed for biological investigation.
Internalization of complex 1@SiO,NPs inside the HeLa cell
was visualized by performing TEM investigation of the cell line
after treatment with the nanoparticles (Figure 10). Elaborately,

Figure 10. TEM images of HeLa cells after internalization of complex
1@SiO,NPs. Yellow rectangle showing the presence of the NPs inside
a cell and magnified to visualize internalization of complex 1@
SiO,NPs. Red arrows indicate the NPs’ position inside the cells.

cells were seeded in a 30 mm” Petri plate and thereby treated
with 25 uM complex 1@SiO,NPs and incubated for 48 h at 37
°C in humidified air containing 5% CO,. Representative TEM
images of the cell confirmed the existence of complex 1@
SiO,NPs (size = 11.7 + 3 nm; Figure S12) inside the cell. Due
to the presence of electron-rich manganese, nanoparticles
appeared to be darker than the surrounding inside the cell.
Complex 1@SiO,NPs were not observed outside the cell and
it was obvious as cells were washed with phosphate-buffered
saline (PBS) to remove any unbound nanoparticles. EDS
analysis illustrated the existence of manganese, nitrogen, and
silicon elements inside the cell (Figure S12), further
corroborating the presence of complex 1@SiO,NPs.

To investigate the contrast ability of complex 1 and complex
1@SiO,NP, phantom images were recorded using MAGNE-
TOM Avanto 1.5 T clinical MRI scanner on different
concentrations of the paramagnetic species in HEPES buffer
at pH ~ 7.4, 25 °C. Herein, phantoms are micro-centrifuge
tubes filled with the solutions or suspensions. The gradual
increase in the concentration of complex 1 resulted in
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simultaneous brighter T)-weighted images and darker T,-
weighted images (Figure 11). The same effects were also
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Figure 11. (A) T,-weighted, and (B) T,-weighted phantom MR
images of micro-centrifuge tubes containing different concentrations
of complex 1 and complex 1@SiO,NP [concentration in terms of
Mn(II) ion] at 1.5 T, and 25 °C.

noticed for complex 1@SiO,NP in both the imaging
modalities (Figure 11). However, the contrast enhancement
(Figure S13), compared to water/silica NPs, in complex 1@
SiO,NP was significantly higher than that in complex 1. This
result consolidated the formation of a better contrast agent
upon the confinement of complex 1 in silica nanoparticles.

B CONCLUSIONS

To conclude, the aforementioned results demonstrated the
successful synthesis of a thermodynamically stable mono-
(aquated), seven-coordinate Mn(II) complex of the hexaden-
tate ligand H,PyDPA. With the help of the reverse micro-
emulsion method, molecules of the complex were impregnated
within porous (pore size = 5.56 nm) silica nanospheres of size
14 + 2 nm. The confinement achieved a commendable
increase in the kinetic inertness to the external anions, protons,
and Zn(II) metal ions. Thus, the present study paves the way
to develop a stable Mn(II)-based nanosystem-contrast agent
employing a kinetically labile complex. The relaxivity values of
complex 1@SiO, also increased about 3 folds to r; = 8.46
mM™' 57! and r, = 33.1S mM ™' s7' compared to the free
complex 1. The high r, value with the r,/r; = 3.92 indicated
that complex 1@SiO,NP could be utilized as a T, or a T,—T),
dual contrast agent. The association of the nanoparticles with
serum albumin protein elevated the relaxivity values further
with the improvement of r,/r, from 4.02 to 2.58 (37 °C, 1.41
T). The biocompatibility, HeLa cell internalization study, and
the significant contrast ability of the nanoparticles thus
conferred a genuine Mn(II)-based alternate to Gd(III)-
containing contrast agents.

B EXPERIMENTAL SECTION

Materials. All materials and solvents were obtained from
commercial sources and were used as supplied, unless noted
otherwise. 2-(2-Pyridyl)ethylamine (A), 2,6-pyridinedicarboxylic
acid, LiOH, and Igepal-CO-520 were purchased from Aldrich.
MnCl,-4H,0, K,CO;, KI, NH,OH, HCl, NaOH, and solvents were
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obtained from Merck (India). TEOS was purchased from Alfa Aeser.
HEPES and MES buffers were purchased from SRL. N-methylpiper-
azine was obtained from Spectrochem. Water used for experiments
was purified by millipore-water-purifier, MilliQ, Merck.

Physical Methods. X-ray crystallographic data were collected
using Super Nova, a single source at offset, Eos diffractometer. The
data refinement and cell reductions were carried out by CrysAlisPro.””
Structures were solved by direct methods using SHELXS-2013.”% All
the nonhydrogen atoms were refined anisotropically. FT-IR spectra
were recorded on a PerkinElmer Instrument at room temperature by
making the KBr pellet grind the sample with KBr (IR grade). Mass
spectra were recorded from either high-resolution mass spectrometry
or a Q- TOF/MS spectrometer. UV/vis spectra were recorded on a
PerkinElmer, Lambda 35, UV/vis spectrometer. 'H- and *C NMR
analyses were done using Bruker 400 MHz NMR machines. Nitrogen
sorption isotherms were acquired on a Quantachrome, Model:
Autosorb-IQ MP surface area and pore size analyzer at 77 K. Ahead of
the experiment, dry samples (obtained by lyophilizing the suspension
for 24 h) were degassed at 373 K for 10 h. Zeta potential and particle
size distribution of suspended complex 1@SiO, nanoparticles were
measured at 25 °C by DLS using Malvern ZETASIZER Nano-ZS90
(equilibrium time set to 2 min; five measurements taken on each
sample set, only quality criteria values were accepted). Ambient pH
was maintained using buffers. Longitudinal and transverse relaxivity
values at 1.41 T were recorded using a BRUKER minispec mq60
NMR analyzer.

Potentiometric Measurements. Protonation constants of the
H,PyDPA ligand and stability constant of the corresponding complex
1 were determined by direct pH-potentiometric titrations. Experi-
ments were performed at a constant ionic strength using 0.15 M NaCl
and 25 °C. For ligand protonation constants, pH-potentiometric
titration was done with 0.001 M ligand solution against standardized
0.1 M NaOH solution as titrant. Stability of complex 1 was obtained
by direct pH-potentiometric titration using 1:1 ligand to metal molar
ratio. Metrohm 888 Titrando titration workstation equipped with a
Metrohm-6.0259.100 glass electrode was used for titrations in the pH
range of 2.3—12.0. Extra 0.1 M HCl was added to the starting solution
to attain the pH range. Standard pH solutions (pH 4.0, 7.0, and 9.0)
were used to calibrate the pH electrode. Titration was done with
constant magnetic stirring, and an inert atmosphere was maintained
by bubbling Ar gas throughout the experiment. Equilibrium constants
were calculated from the data obtained from the titration curve using
Hyperquad2008.

Relaxometric Analyses. Longitudinal and transverse relaxation
times (T, and T,) for aqueous solutions of complex 1 and aqueous
suspensions of complex 1@SiO, were measured using a BRUKER
minispec mq60 NMR analyzer, at pH ~ 7.4, 1.41 T, 25 and 37 °C.
Samples were treated with diluted HNOj3, and the exact concentration
of Mn(II) was determined by the ICP—MS technique. Relaxation
rates (1/T; and 1/T,) versus Mn concentration values were plotted
and slope for linear regression gave relaxivity values (r; and r,,
respectively).

Relaxivity values for complex 1@SiO,NPs were estimated in the
presence of bovine serum albumin (BSA) at physiological conditions
(pH ~ 7.4, 310 K, BSA concentration maintained at 4.5% w/v;
measured at 1.41 T). Samples were incubated at 37 °C for 3 h before
the experiment.

Kinetic Measurements. Kinetic inertness of complex 1 and
complex 1@SiO, was investigated at 25 °C by relaxometry at 1.41 T
using a BRUKER minispec mq60 NMR analyzer. Zn(II) was used as
an exchanging ion, which was present in high excess (30—40 times) to
attain pseudo-first-order conditions, and ¢y = 0.056 mM was
maintained in the complex 1@SiO, suspension. Kinetic studies were
done at pH ~ 6.0 and noncoordinating buffer 2-(4-morpholino)-
ethanesulfonicacid (MES, pH range 4.7—6.0) was used at 0.01 M
concentration to maintain constant pH in the sample. Change in
relaxivity with time was followed for 3 days, and percentage change
versus time was plotted.

Transmission Electron Microscopy. The size and morphology
of the complex 1@SiO, nanoparticles were analyzed from TEM
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images captured on a JEOL, Model:2100F electron microscope
operated at 200 kV, together with EDS. 10 uL of the prepared mother
suspension was diluted to 10 mL with ethanol, and 10 yL of the final
solution was dropped on a carbon-coated copper grid (CARBON
FILM 300 MESH, COPPER) and kept overnight for drying and then
used for imaging. Image] software was used to calculate particle size
distributions from a sample containing at least 100 particles.

MTT Assay of Complex 1@SiO,NPs. Cervical cancer cells
(HeLa) were purchased from National Centre for Cell Science, Pune.
All the cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% penicillin and streptomycin at 37 °C in humidified air
containing 5% CO,. Cells were seeded in a 96-well plate at a density
of § X 103 cells/well and grown overnight, maintaining the same
conditions mentioned above. After 48 h of treatment with an
increasing concentration of complex 1@SiO,NPs [concentration in
terms of Mn(1I)], 0.5 mg/ml MTT in DMEM was added to each well
and incubated for 1.5 h. Thereafter, 150 yl of DMSO was added to
each well. The absorbance was measured at 570 nm, and after that,
cell viability was calculated, considering 100% viability for untreated
cells.

Cell Labeling Studies of Complex 1@SiO2NPs. Cervical
cancer cells (HeLa) were purchased from National Centre for Cell
Science, Pune. All the cell lines were maintained in DMEM
supplemented with 10% (v/v) FBS and 1% penicillin and
streptomycin at 37 °C in humidified air containing 5% CO,. Cells
were seeded in a 30 mm? Petri plate at a density of 1.5 X 105 cells and
allowed to attach. Thereafter, they were treated with 25 uM
suspension of complex 1@SiO,NPs and incubated for 48 h at 37
°C in humidified air containing 5% CO,. The cells were subsequently
washed with PBS to remove any unbound complex 1@SiO,. Cells
were then trypsinized and fixed using 4% formaldehyde for 15 min
and washed twice with PBS. Subsequently, for FETEM imaging, the
re-suspended cells were added to the carbon-coated copper grid and
allowed to air dry. Images were collected in a FETEM microscope
(JEOL, 2100F).

MR Imaging. MR images were obtained using clinical
MAGNETOM Avanto 1.5 T MRI scanner. For T,-weighted images,
following parameters were adopted: TR (repetition time) = 758 ms,
TE (echo time) = 10 ms, slice thickness = 2.5 mm, and field of view
(FOV) = 260 x 260 mm® For T,-weighted images, following
parameters were adopted: TR (repetition time) = 2690 ms, TE (echo
time) = 78 ms, slice thickness = 3.0 mm, and FOV = 320 X 320 mm?

Syntheses of [Cy3H,4,N,0,] (B). To a stirred solution of compound
A (0244 g, 2 mmol) in dry acetonitrile, Methyl 6-(bromomethyl)-
picolinate”” (1.012 g, 4.4 mmol), K,CO; (1.104 g, 8 mmol), and KI
(0.730 g, 4.4 mmol) were added under a nitrogen atmosphere and the
resulting solution was refluxed for 5 days. After this, the reaction
mixture was cooled down to room temperature and filtered. The
filtrate was evaporated to dryness. A small amount of water (~5 mL)
was added to the residue and extracted with CHCl, (3 X 30 mL). The
organic part was collected and dried over Na,SO,, and the solvent was
evaporated to obtain a brownish liquid, which was purified by column
chromatography on silica gel using ethyl acetate/methanol (50:1) as
eluent to obtain a light yellow solid. Yield = 0.454 g (54%). FTIR
(KBr pellet cm™): 3412, 3064, 3012, 2958, 2934, 2840, 1731, 1645,
1589, 1568, 1474, 1454, 1438, 1364, 1205, 1247, 1194, 1169, 1145,
1132, 1083, 995, 766. "H NMR (CDCl,, 400 MHz): 6 8.48 (d, ] = 4
Hz, 1H), 7.98 (d, J = 8 Hz, 2H), 7.71 (t, ] = 8 Hz, 2H), 7.58—7.53
(m, 3H), 7.13—7.09 (m, 2H), 4.00 (s, 4H), 3.99 (s, 6H), 3.05—2.99
(m, 4H) ppm. ®C NMR (CDCl;, 100 MHz): §165.95, 160.53,
160.38, 149.22, 147.36, 137.50, 136.35, 126.07, 123.70, 123.64,
121.33, 60.17, 54.66, $3.01, 36.14 ppm. ESI-MS (+) m/z: for
[Cy3H,,N,O,+H]* caled,, 421. 1870; found, 421.1888.

Syntheses of [C,;H,,N,O,] (H,PyDPA). To a solution of B (0.204 g,
0.49 mmol) in tetrahydrofuran (THF) (6 mL), aqueous solution of
LiOH (0.047 g, 1.94 mmol in 2 mL H,0) was added dropwise and
allowed to stir at room temperature for 48 h. After this, THF was
evaporated and pH of the solution was adjusted to ~1 by adding 1 N
HCI solution. A white powder-like compound was obtained that was
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washed thoroughly with diethyl ether. This residue was then dissolved
in methanol to obtain the colorless crystals of the ligand as its HCI
salt with a crystallographic composition of H,PyDPA-HCI-5.5H,0.
Yield = 0.184 g (75%; crystals). FTIR (KBr pellet cm™): 3529, 3371,
3119, 3070, 3047, 2804, 2739, 2542, 2000, 1722, 1710, 1632, 1621,
1590, 1545, 1462, 1443, 1310, 1292, 1231, 1142, 1092, 995, 768, 661.
'"H -NMR (CDCl,, 400 MHz): 6 8.71 (d,] = 4 Hz, 1H), 8.52 (t,] = 8
Hz, 1H), 8.06—8.04 (m, 4H), 7.98—7.95 (m, 2H), 7.67—7.65 (m,
2H), 4.75 (s, 2H), 4.72 (s, 2H), 3.92—3.85 (m, 2H), 3.75—3.70 (m,
2H) ppm. *C NMR (CDCl;, 100 MHz): § 166.83, 151.13, 150.27,
147.36, 146.78, 141.66, 140.61, 128.13, 127.65, 125.93, 125.34, 58.40,
53.97, 28.59 ppm. ESI-MS (+) m/z for [C,,H,,N,O,+H]*calcd., 393.
1557; found, 393.156S. Anal. Calcd. for C,;H,,N,0,-HCI-5.5H,0: C,
47.80; H, 6.12; N, 10.62. Found: C, 48.09; H, 5.87; N, 10.54.

Syntheses of Complex 1 [Cy;H;0MnN,Os]. MnCl,-4H,O (0.051 g,
0.26 mmol) was added to a solution of H,PyDPA (0.140 g, 0.28
mmol) in water (S mL), and it was stirred for 15 min. pH of the
resultant solution was adjusted to ~6.5 with the dropwise addition of
NaOH solution. The mixture was stirred for another 24 h at room
temperature (25 °C). After this, it was filtered, and slow evaporation
of the filtrate gave needle-shaped pale-yellow crystals, which were
washed with methanol. Crystals obtained were suitable for single-
crystal X-ray diffraction study. Yield = 0.070 g, (45%). FTIR (KBr
pellet em™): 3392, 1635, 1625, 1586, 1487, 1438, 1404, 1387, 1304,
1273, 1156, 1124, 1081, 1016, 1002, 780, 755, 690. ESL-MS (+) m/z
for [{(C,;H,0MnN,O5)-(H,0)}+H]" calcd, 446.07; found: 446.09.
Anal. Caled for C,H,)MnN,O,-5H,0: C, 45.56; H, 5.47; N, 10.13.
Found: C, 45.58; H, 5.23; N, 10.15.

Syntheses of Complex 1@SiO,NPs. Complex 1@SiO,NP was
synthesized following the reverse microemulsion procedure. Igepal-
CO-520 (1.3 mL) was added to cyclohexane (10 mL) and stirred for
10 min to obtain a homogeneous mixture. A doping solution was
prepared by adding complex 1 solution (160 xL, 13.40 mM) in water
(320 pL) at pH ~ 7.4. This doping solution was added carefully to
the surfactant mixture, followed by NH,OH (120 uL, 25% by w/v)
and stirred for another 30 min. Then, TEOS (100 L) was added, and
the final mixture was kept at room temperature for 24 h with gentle
stirring. Complex 1@SiO,NP was obtained by adding acetone (30
mL) to the mixture, which was repeatedly washed with ethanol and
water by centrifugation at 10,000 rpm for 15 min. The residue
obtained was dispersed in 400 yuL of water (pH maintained at 7.4),
and this mother suspension was further used for relaxometry and
other studies. FTIR (KBr pellet cm™): 3629, 3469, 1640, 1518, 1213,
1104, 959, 798.
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The electrostatic confinement of aquated
monocationic Gd(mn) complex-molecules within
the inner core of porous silica nanoparticles
creates a highly efficient T, contrast agent for
magnetic resonance imagingty

Riya Mallik,1> Mahmuda Khannam,$? Muktashree Saha,” Shivani Marandi,©
Sachin Kumar® and Chandan Mukherjee (0 *@

Contrast-agent enhanced magnetic resonance imaging (MRI) has been under continuous investigation for
the conspicuous imaging of lesions and the early-stage detection of tumors. To achieve the development
of a Ty-weighted contrast agent with a high relaxivity value, herein, porous silica nanoparticles that had
internalized about 20 aquated cationic Gd(i1) complexes (1) of the hexadentate hydroxyethyl-appended
picolinate-based ligand H,hbda were demonstrated. Complex 1 exhibited a longitudinal relaxivity value
per mM Gd() ions, r;, of 9.05 mM™ s (pH 7.4, 37 °C, 1.41 T), which increased to 86.41 mM™ s™*
because of the grafting of complex 1 in the inner core of porous silica nanospheres through electrostatic
interactions between the anionic silica surface and the cationic complex 1 molecules. A further augmen-
tation in the relaxivity value to 118.32 mM™ s* was realized because of the interaction of the complex
1@SiO,NPs with serum albumin protein. The synthesized nanosystem was impervious to physiologically
available anions (HPO42~ and HCOs!") and also kinetically inert, as evidenced via a transmetallation
experiment in the presence of Zn(i) ions. The developed complex-incorporated nanomaterial was bio-
and hemo-compatible. Cellular uptake measurements employing Hela cells and the concentration-
dependent enhancement in the brightness of in vitro phantom images, recorded under a clinical scanner
at 1.5 T, demonstrated that the developed biocompatible 1@SiO,NP complex has promising diagnostic
applications as a T;-weighted MRI contrast agent.

agents are mainly low-molecular-weight Gd(u) complexes that
shorten the longitudinal relaxation time (7;) of the nearby

Magnetic resonance imaging (MRI) is an NMR-based noninva-
sive bioimaging modality that provides anatomical tissue
images with high spatial resolution without using any ionizing
radiation." However, the low intrinsic sensitivity of the tech-
nique is the main disadvantage. To mitigate this issue, nowa-
days, about 40% of imaging is carried out in the presence of
contrast agents, which are paramagnetic species.” The clini-
cally approved T;-weighted (positive/brightening) contrast
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water molecule-protons by dipolar interaction and have relaxiv-
ity values ranging from 3.3 to 4.2 mM™"' s™! at 1.5 T.* Because
of the small relaxivity values, a hefty dose (about 0.1 mmol
kg™") of the paramagnetic complexes needs to be administered
prior to imaging. Thus, the probability of the accumulation of
free Gd(m) ions inside the human body increases. Free Gd(u)
ions are not biocompatible and are known to cause several det-
rimental effects, e.g., nephrogenic systemic fibrosis (NSF), Gd
() retention and accumulation in tissues, Fe(u) deficiency,
etc.* In addition, the small-size complexes extravagate from the
vascular system very rapidly.” Therefore, imaging that takes a
long time is not advantageous in the presence of such com-
plexes. Hence, the development of T;-weighted contrast agents
with high relaxivity values and higher vascular retention time
remains of primary interest.

The interpretation of SBM theory indicates that a high relax-
ivity value can be achieved within a 10-100 MHz external mag-
netic field (B) by increasing the rotational correlation time,*’

This journal is © The Royal Society of Chemistry 2022
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i.e., boosting the tumbling time (zg) of the system. The overall
longitudinal relaxivity value can be further amplified by elevat-
ing the number of inner-sphere water molecules (g) as the
longitudinal relaxivity (per mM of paramagnetic ions r; = 1/T;
mM ' s7!) is directly proportional to ¢g. Hence, in an attempt
to develop contrast agents with a high r, relaxivity value and a
sufficient vascular retention time, covalent and non-covalent
confinement/immobilization of aquated Gd(m)-complexes
within/onto nanosized units has been under continuous inves-
tigation for the last decade.”**'° For instance, Lin and co-
workers have reported mesoporous hybrid silica nanoparticles
with covalent grafting of bis(aquated) Gd(m)-Si-diethyl-
enetriaminetetraacetate (DTTA) complexes within the inner
core of the nanoparticles. The developed hybrid nanosystem
exhibits 7; of 28.8 mM™' s7' at 3 T, and 10.2 mM ™' s at 9.4
T.% A similar effect, ie., a boost in the relaxivity value
(60 mM™" s at 0.70 T), is also noticed upon covalent immo-
bilization of bis(aquated) Gd(u) complexes of a thiol derivative
of DTTA onto Au nanoparticles.'® Richard et al. showed that
non-covalent immobilization of a mono(aquated) Gd(u)
complex of an amphiphilic ligand, made of a lipid chain and
diethylenetriamine pentaacetate (DTPA) chelate, onto multi-
walled carbon nanotubes increases the r; relaxivity values to
50.3 mM™' s compared to 4.7 mM ™' s of [Gd(OH,)
(DTPA)*™ at 0.47 T.*” The confinement of a trianionictris
(aquated) Gd(ur) complex of 2,2’-(2-hydroxy-5-sulfonatobenzyla-
zanediyl)bis(methylene)bis(8-hydroxy-quinoline-5-sulfonic acid
(H;dhgN-SO;H) ligand, [Gd(OH,);(dhgN-SO;)]*”, into meso-
porous silica nanoparticles is reported to give a high r; relaxiv-
ity of 78 mM ™" s7! at 1.2 T.%® Although a significant improve-
ment in the quest for Gd(ur)-based contrast agents with a high
ry relaxivity value has been attained, an expected high relaxivity
value on the order of 100 mM ™" s~ has rarely been achieved."!

In this endeavor, we study biocompatible, porous silica
nanoparticles impregnated with monopositive, tris(aquated)
Gd(m) complexes {{Gd(OH,);(hbda)]'*} of hexadentate ligand,
6,6'-(2-hydroxyethylazanediyl)bis(methylene)dipicolinic ~ acid
(Hphbda). We envisaged that the confined-monopositive
complex core would be in close contact with the inner surface
of the negatively charged porous silica nanospheres, experien-
cing coulombic attraction. Thus, the stable non-covalent con-
finement of the complex near the inner surface and inside the
porous nanospheres could be achieved. The interaction is
expected to increase the effective mass and overall rotation cor-
relation time of the paramagnetic Gd(ur) complex, resulting in
r; relaxivity value augmentation. Furthermore, the implan-
tation of the complex-molecules near the inner surface would
facilitate the exposure of paramagnetic Gd(m) ions to the outer
nanosphere-water molecules. This arrangement would engen-
der better relaxivity in the nanosystem (complex 1@SiO,NPs;
NPs = nanoparticles). Additionally, by increasing the payload
of the complex within the porous nanospheres, a high r; relax-
ivity per nanosphere is envisaged to materialize.

In this report, we present the synthesis, biocompatibility,
and T;-weighted contrast ability of porous silica nanoparticles
each confining about 20 molecules of {{Gd(OH,);(hbda)]}Cl
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complex (1). The free (untrapped) complex molecule exhibited
r1=9.05mM ' s! at 1.41 T, pH 7.4, and 37 °C. Upon confine-
ment (complex 1@Si0,), the relaxivity value increased to
86.41 mM ' s7'/Gd(m) at 1.41 T, pH 7.4, and 37 °C. Thus, the
expected amplification in the relaxivity value has been success-
fully achieved in Gd(m)-complex-impregnated porous silica
nanoparticles, and described herein.

Results and discussion

A diagram illustrating the synthetic route of the ligand
H,hbda, and complexes 1 and 2 is presented in Scheme 1. The
reaction of 1:2.2 molar equivalent amounts of 2-aminoethanol
and methyl 6-(bromomethyl)picolinate in the presence of Et;N
in THF yielded a solid white compound A. Upon reacting with
an aqueous LiOH solution in THF and subsequent acidifica-
tion with 1 M HC], the compound provided the expected
ligand H,hbda-HCI in 89% yield. Complex 1 was isolated in
38% yield by reacting an equivalent amount of GdCl; salt with
the ligand in water at pH ~ 6.5. Several attempts could not
provide single crystals of complex 1 that were suitable for X-ray
diffraction analysis. Therefore, a photoluminescence study
needs to be performed to indirectly determine the number of
water molecules coordinated to the Gd(ur) ion. Gd(m) ions do
not show photoluminescence in the visible region, while Tb(m)
ions do. It is also known that Gd(ur) and Tb(m) ions form a
similar coordination complex. Therefore, the number of co-
ordinated-water molecules (g) in complex 1 can be determined
by measuring the luminescence-lifetime of the Tb(m)-conge-
ner. In this context, the corresponding Tb(u) congener was
synthesized by reacting ligand H,hbda with an equimolar
amount of TbCl;-6H,0 at pH ~ 6.5 in water.

The H,0 and D,O solutions of complex 2 at pH ~ 7.4 and
25 °C were excited at 272 nm, and the emission decay times

OH
i o (o
_N ZN
’ ,
HO 0 HO_~, o (i HOL_~, o
| N\ C)/ | N\ oH
P P
A Hzhbda

HO! HO
CNr sme
P | P i
wof o Y o wol o p e
S 2! .
o)\o ‘g\o o o%\o N

‘\‘ O/\O

HO  OH, H0  OH,

Complex 1 Complex 2

Scheme 1 A schematic diagram of the pathway for the preparation of
Hzhbda, complex 1, and complex 2. (i) Methyl 6-(bromomethyl)picoli-
nate, THF, and EtsN; (i) LIOH, THF/H,O, H*; (iii) GdCls-xH,0, water, pH ~
6.5; and (iv) TbClz-6H,0, water, pH ~ 6.5.
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Fig. 1 Luminescence lifetime decay curves of complex 2 in H,O and
D,O solvents. Mono-exponential convolution was used for the fitting of
both curves (R? = 0.9997).

were recorded at 548 nm (Fig. S1t). The exponential-decay
fitting of the experimentally obtained curves provided the
respective lifetimes (7) of the Tb (°D,) level in H,O (7,0
0.91 ms) and D,O (7p,,0 = 2.10 ms) (Fig. 1). Using the modified
Horrocks' equation,'” g = A (1/t4,0 — 1/7p,0 — @), where Aqy, =
5 ms, and ag, = 0.06 ms™ !, respectively, the number of inner-
sphere water molecules in complex 1 was calculated as g = 2.8
+0.1.

The pH-dependent UV-Vis spectra of [Gd(u)] = [Hyhbda] =
0.1 mM in 0.15 M NaCl solutions indicated the formation of
complex 1 at pH < 2.0 (Fig. 2A). Thus, the potentiometric titra-
tion method (pH = 2.0 to 12.0) would not be suitable for deter-
mining the thermodynamic stability constant of complex 1 as
the concentration of free Gd () ions would be negligible at pH
> 2. In this regard, the spectrophotometric competition titra-
tion method has been implemented. Herein, the conditional
stability constant pM value is used to express the thermo-
dynamic stability of the ligand with Gd(ur) ions. Under physio-
logical conditions, the most precise way to describe the stabi-
lity of any complex is the pM value, which is defined by —log
[M]free at pH ~ 7.4, and 25 °C, where [M] = 1 uM and [Lioear =
10 pM." The titrations were carried out by adding varying

A B
(Al 20 ——pH=1.19 [:.]03 y = 0.2158x + 0.1219 B
=20 3 0] RET0sEM
——pH= .
1.5 ——pH=835 5
g 201
S <
£10 & 00
£ 5
05 g-o.‘]
2-02
0.0 750 %0 350 15 10 05 00 05
A nm > log ([H,DTPAJ/[H,hbda])
Fig. 2 (A) Variable pH UV-vis spectra of [Gd(i)] = [ligand] = 0.1 mM in

0.15 M NaCl solution. (B) The competition batch titration of the ligand
Hzhbda against HsDTPA.
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volumes of a standard solution of H;DTPA to a constant con-
centration of the ligand and Gd(m) ions in HEPES buffer,
maintaining pH ~ 7.4 (Fig. S2t). HsDTPA was chosen as the
competing ligand as the thermodynamic stability of the [Gd
(DTPA)]*~ complex (Magnevist®) has already been reported.>
The concentrations of free and chelated ligand present in
those solutions were calculated by measuring the absorbance
spectra of the respective solutions. The difference of pGd value
between H;DTPA and the ligand was obtained from the x-axis
intercept of a linear plot of log[(GADTPA)/(Gdhbda)] vs. log
[(HsDTPA)/(H,hbda)] (Fig. 2B). This difference is the value of
log([HsDTPA]/[H,hbda]), when log(|GADTPA]/[Gdhbda]) = 0 or
when the concentration of H;DTPA generates an equal par-
tition of Gd(ir) ions between H,hbda and H;DTPA. The calcu-
lated ApM = pGd(HsDTPA) — pGd(H,hbda) was 0.58. The pGd
value of [GA(DTPA)]>™ is 19.1.> Therefore, the calculated pGd
value for complex 1 was 18.5. This value was indeed impressive
for a tris(aquated) Gd(u) complex and found to be better than
those of some of the already reported tris(aquated) Gd(u)-
based complexes, e.g., [Gd(dpaa)] (pGd = 12.3)'* and [Gd
(tpaa)] (pGd = 11.2)," and close to that of [Gd
(OH,);(dhqN-SO;)]*~ (pGd = 18.9).%* The high thermodynamic
stability indicated that the alcoholic group contributes signifi-
cantly to the improvement of the thermodynamic stability.

The synthesized stable {[Gd(OH,);(hbda)]}Cl complex
(complex 1) molecules were incorporated within porous silica
nanospheres by the reverse micelle mechanism (Fig. 3). In this
process, droplets of an aqueous solution of complex 1 were
generated within a cyclohexane medium (microemulsion). In
the presence of Igepal-CO-520 surfactant, reverse micelles were
constructed. After the addition of tetraethyl orthosilicate
(TEOS), followed by NH,OH, silica nanoparticles were created
by the sol-gel technique. The removal of the surfactant ren-
dered the expected porous nanoparticles with impregnated
complex 1, i.e., complex 1@SiO,NP. The morphology, presence
of the complex, and porous nature of the isolated nano-
particles were investigated by field-emission transmission elec-
tron microscope (FE-TEM) imaging (Fig. 4), elemental

Ammonium
Hydroxide

Hydrolysed Silica Nucleated Silica
Precursor Particles

Water-in-oil
Microemulsion

Purification
@D = Tetraethyl orthosilicate (TEOS)

= Igepal CO-520
|
@ - Water Q- ’”l /N 7
”2‘2\ Ze
H,

20' ol

Complex 1 ]
Complex 1 incorporated
silica nanoparticles

Fig. 3 A schematic illustration depicting the formation of complex
1@SiO,NPs.
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[B] Mean diameter = 23.4 + 4 nm

10 15 20 25 30 35 40
Diameter (nm)

Fig. 4 (A) A representative TEM image of complex 1@SiO,NPs and (B)
the corresponding particle size distribution diagram considering a
minimum of 100 particles.

mapping, energy dispersive X-ray spectroscopy (EDS), fourier
transform infrared (FTIR), and N, adsorption-desorption iso-
therm analyses.

The FE-TEM images of the synthesized nanoparticles
(complex 1@SiO,NPs) confirmed the formation of monodis-
persed and spherical nanoparticles of size 23.4 + 4 nm (Fig. 4).
EDS analyses (Fig. S31) confirmed the presence of Gd, N and
Cl atoms in the synthesized complex 1@SiO,NPs, and there-
fore the presence of the complex within the nanoparticles.
Furthermore, the FTIR spectrum of the complex 1@SiO,NPs
exhibited a stretching band at 1626 cm™" that could be attribu-
ted to the coordinated carboxylate 1(C=0) stretching found in
complex 1 and confirmed the incorporation of the complex
within the porous nanoparticles (Fig. S4 and S5t). To investi-
gate the hollow and porous nature of the isolated complex-
incorporated NPs, N, adsorption-desorption isotherm
measurements were carried out at 77 K. A type-IV isotherm
was observed with a hysteresis loop (Fig. S6 and Table S17),
which confirmed the formation of mesoporous nanoparticles.
The Barrett-Joyner-Halenda (BJH) pore diameter was 6.05 nm,
which was slightly smaller than that of the bare porous silica
nanoparticles (7.79 nm). A change in the hysteresis pattern
from H2-type to Hi-type upon confinement of complex 1
within the nanospheres (Fig. S61) implied the adsorption of
the complex in the inner core of the pores, rendering a cylind-
rical pore shape from an ink-bottle form.

The efficiency of a contrast agent is determined by its relax-
ivity value, which is defined as the change in the relaxation
time with respect to its medium in the presence of 1 mM para-
magnetic ions. The higher the value, the better the efficiency
of the contrast agent. To examine the efficiency, the r; relaxiv-
ity values of complex 1, the complex 1@SiO,NPs and the
complex 1@SiO,NPs in the presence of serum albumin
protein (BSA) were examined at 1.4 T, pH 7.4, and 37 °C.
Complex 1 gave r; = 9.05 mM ' s™* (Fig. 5B and Table S37).
The relaxivity value was almost three times those of the clini-
cally approved contrast agents; Magnevist® (3.3 mM™" s, 1.5
T, 37 °C), Gadovist® (3.3 mM~' s7!, 1.5 T, 37 °C), Omniscan
(3.3 mM™" s7', 1.5 T, 37 °C), Dotarem (2.9 mM™~" s™', 1.5 T,
37 °C), and Prohance® (3.3 mM~' s7', 1.5 T, 37 °C).>* The
higher relaxivity value was commensurate with the presence of
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‘o g80-

pH ~7.4,37°C

Complex 1 1@si0, 1@SiO, + BSA

Fig. 5 (A) A schematic representation of the complex 1@SiO,NPs,
showing the presence of complex 1 (blue) inside the silica layer and
water (cyan) molecules. (B) Longitudinal relaxivity values for complex 1,
the complex 1@SiO,NPs, and the complex 1@SiO,NPs in the presence
of 4.5% (w/v) BSA solution. Measurements were done at 37 °C, pH ~ 7.4,
and 1.41T.

three exchangeable inner-sphere water molecules in the
complex.

The relaxivity value of complex 1 increased by about 9.5-
fold in the complex 1@SiO,NPs (r; = 86.41 mM " s~ ') [Fig. 5B,
S7, Tables S2 and S31]. The porous nanoparticles of size 22.0 +
2 nm (Fig. S8%) in the absence of complex 1 exhibited a zeta ()
potential of —23.9 mV at pH 7.4 (Fig. S91). This value for the
complex 1@SiO,NPs at the same pH was -19.0 mV
(Table S31). Thus, the shift in the zeta potential to a more posi-
tive value is a clear indication that monopositively charged
complex 1 interacted with the layer of the silica nanoparticles
(Fig. 5A). This static entrapment and the geometrical confine-
ment within the nanosphere decreased the motion of complex
1 and resulted in the enhancement.

A further amplification in r; relaxivity value to 118.32 mM ™!
s~' (Fig. 5B) in the presence of serum albumin protein was
observed. This implied the formation of a slow tumbling
system due to interaction between the nanoparticles and the
protein. To investigate the possible interactions, the ¢ potential
values of the complex 1@SiO,NPs in the absence and the pres-
ence of serum albumin protein (4.5%, w/v) in the pH range of
3.0 to 8.6 were recorded. The hydrodynamic diameter of the
nanoparticles employing the dynamic light scattering (DLS)
technique has also been determined simultaneously in the
presence of the protein in the pH range of 3.4 to 8.6. The find-
ings are presented in Fig. S10 and S11.f Significant changes in
the ¢ potential values of the nanoparticles in the presence of
serum albumin protein were observed in the pH ranges of 3.0
to 4.0 and 5.0 to 8.6. Meanwhile, the { potential values
increased towards more positive values in the lower pH range
(below pH 5.5), and an increase in the potential towards more
negative values was noticed at pH values higher than 5.5. The
isoelectric point for BSA lies at pH 4.7. Below that pH, the
overall charge of the protein is positive, and at a higher pH it
is negatively charged. Therefore, the pH-dependent changes in
the ¢ potential values (positive-negative interaction at lower
pH, and negative-negative interaction at higher pH) indicated
interactions of the serum albumin protein with the nano-
particles, whose ¢ potential values range from —13.6 to —20.2
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at pH 3.0-8.6. These interactions could be a combination of
supramolecular, van der Waals, and electrostatic interactions.

The hydrodynamic diameter of the nanoparticles in the
presence of the protein increased with increased pH and
reached the maxima at pH 5.2. Above this pH, the diameter of
the nanoparticles diminished; however, it remained higher
than that found in the pH range of 3.4 to 4.0. These findings
suggested that the maximum interaction between the protein
and the nanoparticles occurred when it was neutral in charge,
followed by the negatively charged protein. These results also
discerned the presence of a substantial amount of supramole-
cular and van der Waals interactions between the nano-
particles and the protein.

To confirm the existence of these interactions, thermo-
gravimetric analysis (TGA) of the complex 1@SiO,NPs in the
absence and the presence of the protein was performed at pH
3.0, 5.0, and 7.4 (Fig. S127). The percentage of weight loss for
each protein-added sample was compared with that of the
complex 1@SiO,NPs. The weight loss sequence, pH 5 (26.0%)
> pH 7.4 (23.0%) > pH 3.0 (21.4%), suggested a higher protein
loading at pH 7.4 compared to pH 3.0. This protein adsorption
trend was in accordance with similar reports in the literature'®
and herein, it established that supramolecular and van der
Waals interactions predominated over the electrostatic inter-
actions. Hence, at pH 7.4, the association of the protein,
which was due to van der Waals and supramolecular inter-
actions, produced a slow-tumbling system and presumably
also lowered the mobility of the outer-sphere water molecules
as suggested previously.”* These cumulative effects conse-
quently elevated the r; relaxivity value to 118.32 mM™' s™*
compared to r; = 86.41 mM ™' s ' found for the complex
1@SiO,NPs. With an increase in the concentration of BSA, the
relaxivity value further increased and it attained the maximum
value of 128 mM " s™' at a 1.6 mM concentration of BSA
(Fig. S137).

Complex 1 exhibited r; = 9.82 mM ™' s™" at 1.41 T, pH 7.4
and 25 °C, which increased to 13.08 mM " s~ upon lowering
the pH to 2.13 (Fig. 6A). In contrast, the relaxivity value dimin-
ished to 6.70 mM " s™" at pH 10.0. Thus, a pH dependence in
the relaxivity of the complex was noticed (Fig. 6A). Firstly, to

[Al

2 3 45 6 7 8 910
pH

Fig. 6 (A) ry values for complex 1 recorded in the pH range of 2.1-10.0,
at 25 °C, and 141 T. (B) A diagrammatic representation of the H*-
influenced aggregation of the complex molecules at lower pH.
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rationalize the decrement, the g value was determined at pH
10.0 and it was found to be g = 1.78 + 0.10 (Fig. S147). Thus, at
high pH, the depletion in the relaxivity value was in accord-
ance with the reduction of the inner-sphere water molecules,
which might occur due to the replacement of the water mole-
cules by a hydroxyl anion or by the deprotonation of the co-
ordinated-water molecules. It should be noted that the
observed r;-value corroborated well with those reported for the
bis(aquated)Gd (u) complexes; [Gd(CyPic3A)(H,0),]~
(570 mM™' s7', 141 T, 37 ©°C),” [Gd(peada)(H,0),]
(6.08 mM™" s, 1.41 T, 25 °C)."® At low pH, pH 4.0 (r; =
12.51 mM™"' s7Y), the g value was found to be 2.99 + 0.10
(Fig. S15%). Thus, the elevation of the relaxivity value despite
no appreciable change in the number of inner-sphere water
molecules of complex 1 at that pH compared to pH 7.4
reflected the proton (H')-influenced aggregation'® of the
complex molecules, which possibly occurred through the
hydroxyethyl group (Fig. 6B). If the complexes aggregate, then
dipole-dipole intramolecular interactions amongst the proxi-
mal Gd(m) ions would persist, resulting in a higher electronic
relaxation rate.>® To ensure the pH-dependent aggregation,
X-band EPR spectra of complex 1 were measured at pH 7.4 and
2.13. The peak-to-peak linewidth, AHp, increased at pH 2.13
(AH,, = 53.08 mT) compared to pH 7.4 (AHp, = 24.64 mT)
[Fig. S171], reinforcing a faster electronic relaxation rate at low
pH. Furthermore, the aggregation of complex 1 was expected
to lead to a slowly rotating system, which increases the overall
correlation time and thus the longitudinal relaxivity.

The r; relaxivity of the complex 1@SiO,NPs [0.05 mM] was
recorded at 1.41 T and 25 °C within the pH range 2-10 to eluci-
date the effect of pH on the complex 1-molecules after their
impregnation within the nanoparticles. While a constant value
of 95.3 + 0.5 mM " s™' was observed between pH 4.0 to 9.0, a
subtle elevation in the relaxivity value (100.53 mM ™" s™") was
noticed at pH 10.0. In contrast, a discernible pH effect was
observed at pH = 2.13 and an approximately 37% drop in the
relaxivity value to 59.54 mM " s~ was realized. To rationalize
this observation, the ¢ potentials of the hollow porous pristine
silica nanospheres were considered in the pH range of 2.13 to
10.0 (Fig. S91). With a decrease in the pH from 7.4 to 2.13, the
{ potential increased to +2.65 mV from —23.9 mV. Because of
the change in ¢ potential to a positive value at pH 2.13, repul-
sive interactions between the cationic complex 1 and the nano-
particle-layers prevailed. As a result, some of the layer-con-
fined-complex-molecules, having a calculated volume of 631 A®
per molecule (Fig. S18%), transuded from the porous nano-
spheres to the solution. The Gd ion concentration in the super-
natant solution at pH 2.13 was measured as 38.3 pM after
20 hours, which was about 39% of the total concentration of
the confined molecules (experiment started with a suspension
of 100 pM of complex 1@SiO,NPs at pH 2.13). Complex 1 was
stable at pH 2.04 (Fig. 2A) and exhibited 7, = 13.08 mM ' s~ " at
1.41 T and 25 °C (Fig. 6A and 7A), which was lower than that
of the confined-form at the same pH. Therefore, the percola-
tion of complex 1 at pH 2.13 led to the coexistence of both
unconfined and confined complex 1 in the solution and conse-
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Fig. 7 ry values for complex 1@SiO,NPs recorded (A) in the pH range of
2.1-10.0, and (B) in the presence of 200 equivalents excess of different
physiological anions, at pH ~ 7.4. Experiments were performed at 25 °C
and 1.41T.

quently diminished the overall relaxivity value. At pH 10.0, the
reduction in ¢ potential to —25.7 mV strengthened the inter-
actions between the silica nanospheres and the cationic
complex 1. The interactions possibly reduced the molecular
motion further to engender a subtle increase in the relaxivity
value from 95.24 mM ™' s™" to 100.53 mM " s~

The physiologically available anions, which are present in a
non-negligible concentration in blood plasma, may remove the
inner-sphere water molecules by interacting with the metal ion
and consequently reduce the efficiency of the contrast agent."”
Thus, to examine the effect of anions, 200 equivalent amounts
of HPO,”>~ and HCO;"'~ were added to the complex 1@SiO,NPs
[0.05 mM] at pH 7.4 and 25 °C. The change in r; relaxivity
value of the complex 1@SiO,NPs was then monitored at 1.41
T. Gratifyingly, no change in r; = 95.24 mM ' s~ was realized
(Fig. 7B). This feature implied that the negatively charged
nanoparticles protected the positively charged complex 1 from
any deleterious interactions with external anions.

The kinetic inertness of complex 1 and the complex
1@SiO,NPs was evaluated by the transmetallation method
using Zn(u) ions as the scavenger cation in phosphate buffer at
pH 7.0 and 37 °C.*" In this process, the changes in the initial
ry relaxivity values of complex 1 and the complex 1@SiO,NPs
were monitored with respect to time in the presence of one
equivalent amount of Zn(u) ions. The index of kinetic inertness
is given as the time required for an 80% decrease in the initial
ry relaxivity value. The reduction would be because of dechela-
tion or transmetallation of Gd(m) and insoluble Gd(PO,) pre-
cipitate formation. For complex 1, an 80% decrease in the
value was reached at 43 min (Fig. S197). The values are 70 min,
250 min, and >5000 min for clinically approved mono
(aquated) GADTPA(BMA) [Omniscan®], GADTPA [Magnevist®]
and GdDOTA [Dotarem®], respectively.”> Herein, the lower
value complied with the low denticity of the H,hbda ligand.
Nonetheless, upon encapsulation within the porous nano-
particles, there was only a 3% decrease in the initial relaxivity
value at 50 min. The total reduction in the initial value was
restricted to only 12% in >4320 min (Fig. 8A). Thus, the encap-
sulation achieved kinetic inertness for complex 1. A similar
effect in terms of increase in kinetic inertness has also been

TH-3359_186122030

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

[A] [B]

©
S 0.964
O®
0.93-

N ©e

0.874 ‘

0 800 1600 2400 3200 4000
Time (min)

Fig. 8 (A) A time profile of the percentage changes in relative relaxivity,
ry (t)/r1 (0), of the complex 1@SiO,NPs [0.01 mM] when challenged with
an equivalent amount of Zn(i) ions. The pH was maintained at ~7.0
using phosphate buffer and the experiment was done at 37 °C. (B) T;-
weighted phantom MR images of micro-centrifuge tubes containing
suspensions of different concentrations of complex 1@SiO,NPs,
recorded at 25 °C, and 1.5 T.

observed by Mazzanti and colleagues, where 80% of the initial
relaxivity value was reached in 1000 min by entrapping the tri-
anionic [Gd(OH,);(dhgN-SO;)]>~ complex.® Thus, a significant
improvement in the depletion-time of the initial relaxivity
value has been achieved by implanting monocationic complex
1 closer to the inner surface of the nanoparticles. The attenu-
ation in the initial r; value of the complex 1@SiO,NPs was ori-
ginated merely because of agglomeration. In phosphate buffer,
the hydrodynamic diameter of the complex 1@SiO,NPs was
644 nm (PDI = 0.395), which increased to 1352 nm (PDI =
0.196) in the presence of Zn(u) ions (Fig. S207). The agglomera-
tion reduced the exposure of the entrapped-complex 1-mole-
cules to outer-nanosphere water molecules and consequently
diminished the value. Nonetheless, the agglomeration did not
result in a substantial change in the relaxivity value.

To judge the capability of the synthesized complex
1@SiO,NPs as a Ty-weighted contrast agent, in vitro phantom
images of varying concentrations were recorded at pH 7.4 on a
BRIVO MR355 1.5 T MRI scanner at TR = 560 ms, and TE =
15 ms. By considering the same area for all the images, the
relative image intensity was plotted as a bar diagram. The
images (Fig. 8B) and the diagram (Fig. S211) showed an
enhancement in brightness with increasing concentration of
the complex 1@SiO,NPs [Gd(m) ions], and thus, this consoli-
dated the complex 1@SiO,NPs as a T;-weighted contrast agent.

Cellular uptake, followed by cell tracking, therapy, drug
delivery, etc., leading to theranostic applications have become
important in modern medical sciences.”® In this context, the
biocompatibility of the complex 1@SiO,NPs was initially evalu-
ated in HeLa cells*® and macrophages®*‘ by performing an
MTT assay. In these studies, the cells were incubated with an
increasing concentration of complex 1@SiO,NPs. For the HeLa
cells, after 48 h of incubation, 88% cell viability (Fig. 9A) was
realized in the presence of 100 pM amount of the complex
1@SiO,NPs (i.e., [silica nanoparticles] = 32 mg mL™"). In the
case of macrophages, 82% viability (Fig. 9B) was noticed after
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Fig. 9 In vitro cytotoxicity analysis of complex 1@SiO,NPs done via
MTT assays on (A) the Hela cell line and (B) macrophages. (C) Hemolysis
percentages after the treatment of RBC with complex 1 and complex
1@SiO;NPs. Inset: photographs of RBC pellets after treatment with
negative control, positive control, complex 1 (50 uM) [denoted as C], and
complex 1@SiO,NPs (50 uM) [denoted as NPI. (D) The coagulation pro-
perties of complex 1@SiO,NPs, tested via PT and aPTT measurements.
All data are within limits.

Element Atomic%

Weight%
N 54.74 71.93
Si 42.29 2772
Gd 2:97, 0.35

Fig. 10 TEM images of Hela cells (A) after 12 hours of incubation, and
(B and C) after 48 hours of incubation with the complex 1@SiO,NPs,
showing the uptake of the nanoparticles. (B) Inset: a full view of the cell
that has been zoomed in on. Red arrows are used to locate the presence
of complex 1@SiO,NPs inside the cell. The yellow marked area in the
inset in (B) is magnified to visualize the internalization of the nano-
particles. (D) EDS analysis inside the cell indicating the presence of Gd,
Si, and N. The cell membrane is indicated by a blue-dotted line in the
zoomed-in images.
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4 h of incubation with 200 pM of the nanoparticles. Thus, the
biocompatibility of the synthesized nanoparticles was
confirmed.

Hemocompatibility was assessed by incubating freshly iso-
lated red blood cells (RBC) and plasma with various concen-
trations of the complex 1@SiO,NPs.?*? The results are pre-
sented in Fig. 9C and D. The complex 1@SiO,NPs exhibited
mild toxicity toward human RBCs and caused about 18%
hemolysis on treatment with 50 pM complex-incorporated
nanoparticles. Furthermore, no toxicity of the nanoparticles
was recorded towards the plasma.

The cell permeability of the complex 1@SiO,NPs was tested
in HeLa cells. To visualize the cell uptake, a TEM image was
recorded of HeLa cells after 12 h and 48 h incubation with
25 pM of the complex 1@SiO,NPs. The images and EDS
elemental analyses, presented in Fig. 10 and Fig. S22,f
suggested the incorporation of complex 1@SiO,NPs within the
cells in the measurement time frame. The cellular uptake was
quantified by ICP-MS of the solution prepared by digesting the
treated cells (48 h) in conc. HNO;. The Gd content was esti-
mated to be about 55% of the initially treated amount. In
order to further support the cell uptake phenomenon, cells
were treated with the nanoparticles incubated with a fluo-
rescence-active Tb(m) congener of complex 1, ie., complex
2@SiO,NPs. The fluorescence images of the cells showed
green fluorescence due to the intracellular incorporation of the
complex 2-based nanoparticles (Fig. S23t). Therefore, the
above-stated studies concurred with incorporating and poss-
ibly using the synthesized nanosystem for cell labelling.

Conclusions

To conclude, tris(aquated) Gd(m) complexes with an overall
monocationic charge/molecule have been successfully syn-
thesized employing the hexadentate [hbda]*~ ligating unit.
The encapsulation of about 20 molecules of complex 1 non-co-
valently through electrostatic interactions at the negatively
charged inner surface of porous silica nanospheres resulted in
complex 1@SiO,NPs. The entrapment of the complex within
the nanospheres imparted kinetic and coordination stability.
Additionally, the association of cationic complex 1 molecules
close to the porous surface rendered a very high relaxivity r;
value of 86.41 mM™" s™! at pH 7.4, 37 °C and 1.41 T, which
was further enhanced to 118.32 mM™" s™' in the presence of
serum albumin protein. Thus, the envisaged high r; relaxivity
has been achieved. The amplification of the relaxivity value in
the presence of the protein was possibly due to the reduction
of (1) the mobility of the nanospheres and (2) outer-sphere
water molecules trapped within the protein surface and the
outer nanoparticle surface.”” The concentration-dependent
enhancement in the brightness of the in vitro phantom images
established the T;-weighted contrast capabilities of the
complex 1@SiO,NPs. The synthesized biocompatible nano-
particles with negative surface charge were taken up by HeLa
cells. Thus, we have successfully demonstrated that a charged
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Gd(m) complex can be entrapped within the inner surface of
porous nanoparticles to develop a highly efficient Gd(m)-based
Ti-weighted contrast agent that could also be utilized for cell-
labelling purposes. Studies related to the functionalization of
the presented system for selective cell internalization and,
thereafter, its therapeutic application are in progress in our
laboratory.

Experimental section
Materials

All materials and solvents were acquired from commercial
sources and were used as supplied, unless mentioned other-
wise. 2,6-Pyridinedicarboxylic acid, LiOH, GdCl;-xH,O0,
TbCl;-6H,0, Hs;DTPA, xylenol orange, and Igepal® CO-520
were purchased from Sigma-Aldrich. 2-Aminomethan-1-ol, tri-
ethylamine, NaHCO;, Na,HPO,, NaF, HNO; (69%),
ammonium hydroxide (25%), acetone, HCl and NaOH solu-
tions were purchased from Merck (India). Tetraethoxysilane
(TEOS, 99 + %) was purchased from Alfa Aesar. THF and cyclo-
hexane were purchased from Spectrochem. HEPES buffer was
purchased from SRL. Ethyl alcohol was purchased from
TEDIA. Water used for the experiments was purified by using a
Millipore-water purifier, Milli-Q, Merck.

Physical methods

FTIR spectra were recorded on a PerkinElmer Instrument at
room temperature by making KBr pellets by grinding the
sample with KBr (IR Grade). Mass spectral data were obtained
using an HRMS spectrometer. Conductance was measured
with an aqueous solution of complex 1 on an ELICO CM180
CONDUCTIVITY METER. UV-Vis spectra were obtained using a
PerkinElmer, Lamda 25, UV/Vis spectrometer. Lifetime fluo-
rescence measurements were accomplished on a FluoroMax-4
spectrofluorometer (Horiba). Nitrogen sorption isotherms were
acquired on a Quantachrome, model: Autosorb-IQ MP surface
area and pore size analyzer at 77 K. Before the experiments,
dry samples (obtained by lyophilizing the suspension for 24 h)
were degassed at 100 °C for 4 h. The zeta potential and particle
size distribution of the suspended complex 1@SiO, nano-
particles were measured at 25 °C by Dynamic Light Scattering
(DLS) using a Malvern ZETASIZER Nano-ZS90 (equilibrium
time set to 2 min; 5 measurements taken on each sample set,
only quality criteria values were accepted). The desired pH was
maintained using appropriate buffers. The longitudinal relax-
ivity, r;, at 1.41 T was measured using a BRUKER minispec
mg60NMR Analyzer.

The exact concentration of Gd in the samples was deter-
mined by the ICP-MS technique (Model-Element XR, Thermo
Fisher Scientific) after treatment of the nanoparticle suspen-
sion with dilute HNO; solution (45%) at 90 °C for 12 hours,
and the supernatant solution was tested by ICP-MS for quanti-
fication of the Gd(m) content. Complex 1@SiO, was syn-
thesized and the metal content was determined thrice in inde-
pendent sets to secure the reproducibility and minimize the
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error in the relaxivity data. Complete digestion of Gd metal
was ensured by measuring the T; values of the left-over
residue.

Set T, of the residue T, of blank SiO,
I 2980 ms 2970 ms

II. 3019 ms

II1. 2960 ms

Additionally, the concentration of the complex 1@SiO, sus-
pension was determined by measuring the bulk magnetic sus-
ceptibility (BMS) of the suspension.*® A paramagnetic suspen-
sion of complex 1@SiO, in D,O (containing 1% tert-butanol)
was placed in the inner compartment of a coaxial tube and a
diamagnetic solution (1% tert-butanol in D,0) was placed in
the outer compartment. The frequency shift in the tert-butanol
signals in the NMR spectra represented the BMS shift. The Gd
(m) concentration of the suspension was subsequently
calculated.

Luminescence lifetime measurements

Lanthanide luminescence lifetime measurements were accom-
plished on a FluoroMax-4 spectrofluorometer (Horiba). A
50 pM solution of complex 2 was prepared in 10 mM HEPES
buffer maintaining the pH at ~7.4, at 25 °C. The solution was
excited at 272 nm with a pulsed Xenon lamp having a pulse
width of ~3 ps and time per pulse of 61 ms. Emission at
548 nm was recorded and the luminescence decay curves were
generated by the ‘decay by delay’ method with an initial delay
of 0.1 ms and maximum delay up to 10 ms. It was then evapor-
ated completely under reduced pressure. Addition of an equal
volume of D,0 to the completely dry residue resulted in a solu-
tion of the same concentration of the complex in D,O-buffer.
All transfers of D,0-containing samples were performed inside
a glove bag under an argon atmosphere to avoid contami-
nation of moisture (H,O) and lifetime measurements were
done in a cuvette, sealed under argon, maintaining all instru-
mental parameters at the same values as previously used in
H,0 (only the maximum delay was changed to 20 ms in the
case of the D,O sample).

Competition titration

The competition titration method was used to determine the
affinity of the ligand for Gd(ui) ions. Various volumes of a stan-
dardized H;DTPA stock solution were added to solutions con-
taining a constant concentration of ligand (H,hbda), Gd(m)
ions, electrolyte (NaCl) and HEPES buffer. All solutions were
brought to pH ~ 7.4 by adding NaOH solution. The samples
were kept for 48 h to attain thermodynamic equilibrium. The
concentration of free and complexed ligand in each sample
was determined from the absorbance spectra considering a
particular range of wavelengths where spectral changes
occurred. With respect to the absorbance of ligand H,hbda at
that particular concentration, the variation in absorbance for
each solution set was determined. The concentrations of
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Gdhbda complex, GADTPA complex, free Hyhbda and free
H;DTPA for each set were calculated from the variation in
absorbance in each set of samples.

Relaxometric analyses

Aqueous solutions of complex 1 and aqueous suspensions of
complex 1@8SiO, with increasing Gd(m) concentration were
prepared and longitudinal relaxation times (7;) were measured
using a BRUKER minispec mq60 NMR analyzer, at pH ~ 7.4,
1.41 T, 25 °C and 37 °C. Relaxation rates (1/T;) versus Gd con-
centration values were plotted and the slope for linear
regression gave the relaxivity values (r4).

The relaxivity values for complex 1@SiO,NPs were recorded
in the presence of bovine serum albumin (BSA) under physio-
logical conditions (pH ~ 7.4, 310 K, BSA concentration main-
tained at 4.5% w/v; measured at 1.41 T). The samples were
incubated at 37 °C for 3 hours before the experiment.

Kinetic measurements

Kinetic inertness was studied at 1.41 T and 37 °C using a
BRUKER minispec mq60NMR Analyzer. Equimolar aqueous
solution of ZnCl, was added to a suspension of complex
1@SiNPs (cggs+ = 0.010 mM) in PBS buffer, at pH ~ 7, and T
values were recorded at regular time intervals for 4 days. The
gradual decrease in longitudinal relaxivity was noted against
time and percentage change versus time was plotted.

Transmission electronic microscopy (TEM)

The size and morphology of the [Gd(hbda)(H,0);]'-doped
silica nanoparticles [complex 1@SiO,NPs]| were examined from
transmission electron microscopy (TEM) images obtained
from a JEOL, model: 2100F electron microscope operated at
200 kv, together with energy-dispersive X-ray spectroscopy
(EDS). 10 pL of the prepared mother suspension was diluted to
10 mL with ethanol and 10 pL of the final solution was
dropped onto a carbon-coated copper grid (CARBON FILM 300
MESH, COPPER) and kept overnight for drying and then used
for imaging. Image] software was used to calculate the particle
size distributions from a sample containing at least 100
particles.

MTT assay of complex 1@SiO,NPs

Cervical cancer cells (HeLa) and macrophage cell lines RAW
264.7 were purchased from the National Centre for Cell
Science, Pune. All the cell lines were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
(v/v) fetal bovine serum (FBS) and 1% penicillin & streptomy-
cin at 37 °C in humidified air containing 5% CO,. The cells
were seeded in a 96-well plate at a density of 5 x 10° cells per
well and allowed to attach for 24 h, maintaining the same con-
ditions as mentioned above. The HeLa cell line was treated for
48 h with increasing concentrations of complex 1@SiO,NPs
(concentration in terms of Gd**). For the macrophage cell line,
after 24 h, the cells were treated for 4 h with increasing con-
centrations of complex 1@SiO,NPs (concentration in terms of
Gd*"). 0.5 mg ml™* of MTT in DMEM was added to each well
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and incubated for 1.5 h (for HeLa) or 4 h (for macrophages).
Subsequently, 150 pl DMSO was added to each well. The absor-
bance was measured at 570 nm using a Cary 60 UV-Vis spectro-
photometer, and after that, cell viability was calculated, con-
sidering 100% viability for untreated cells.

Cell labelling studies of complex 1@SiO,NPs

Cervical cancer cells (HeLa) were purchased from the National
Centre for Cell Science, Pune. All the cell lines were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% (v/v) fetal bovine serum (FBS) and 1%
penicillin & streptomycin at 37 °C in humidified air containing
5% CO,. The cells were seeded in a 30 mm? Petri plate at a
density of 1.5 x 10° cells and allowed to attach. Subsequently,
they were treated with 25 pM of a suspension of complex
1@SiO,NPs and incubated for 12 h and 48 h, in two sets, at
37 °C in humidified air containing 5% CO,. The cells were
subsequently washed with PBS (phosphate-buffered saline) to
remove any unbound complex 1@SiO,. The cells were then
trypsinized and fixed using 4% formaldehyde for 15 min and
washed twice with PBS. Subsequently, for FETEM imaging, the
resuspended cells were added to the carbon-coated copper
grid and allowed to air dry. Images were collected in an
FETEM microscope (JEOL, 2100F).

The trypsinized cell suspension in PBS was digested in
conc. HNO; for 12 h and the concentration of Gd attached/
taken up by the cells was quantified by ICP-MS analysis.

Fluorescence microscopy

HeLa cells were seeded in a 96-well plate at a density of 1.5 x
10° cells and allowed to attach. Subsequently, they were treated
with 100 pM of a suspension of complex 2@SiO,NPs and incu-
bated for 24 h, at 37 °C in humidified air containing 5% CO,.
The cells were thoroughly washed with PBS to remove any
unbound nanoparticles and subsequently fixed with 4% for-
maldehyde solution for 15 min, then washed thrice with PBS
and then observed under a Nikon ECLIPSE Ti-U fluorescence
inverted microscope.

Hemolysis assay

RBC pellets were collected by centrifugation of 4 mL of EDTA-
stabilized human blood at 1600 rpm for 5 minutes. Blood
plasma was removed and the remaining RBCs were washed
with PBS 2 times. Finally, the RBC pellet collected was re-sus-
pended in PBS (10 mL). Increasing concentrations of complex
1/complex 1@SiO,NP suspension were mixed with the RBC
solution and incubated on ice for 2 hours. Positive and nega-
tive controls were prepared in a similar way with PBS and
0.1 mM Triton-x solution, respectively. Afterward, all samples
were centrifuged at 1600 rpm for 5 minutes and the super-
natant solution of each was taken in a 96-well plate and the
absorbance was recorded at 550 nm.

Coagulation assay

Citrated human blood (4 mL) was centrifuged at 1600 rpm for
5 minutes. RBCs were discarded and the supernatant plasma
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collected and thawed at 37 °C. Increasing concentrations of
nanoparticle suspension were added to the plasma and incu-
bated at 37 °C for 5 minutes. A control was prepared by adding
PBS to plasma. Then, the samples were centrifuged and the
upper clear solution was collected for PT and APTT measure-
ments on a fully automatic Tulip haemostar XF 1.0 blood
coagulation analyzer.

MR imaging

MR images were obtained using a clinical BRIVO MR355 1.5 T
MRI scanner. Parameters adopted while recording the images
were: TR (repetition time) = 560 ms, TE (echo time) = 15 ms,
slice thickness = 5.0 mm and field of view (FOV) = 512 x
512 mm?.

Synthesis of [C;5H,;N;05], A

2-Aminoethanol (0.275 g, 4.5 mmol) and Et;N (1.37 mL,
9.9 mmol) were added to a solution of methyl 6-(bromo-
methyl)picolinate (2.27 g, 9.9 mmol) in THF (20 mL). The
mixture was allowed to stir for a period of 24 h at room temp-
erature (25 °C). The resultant solution was concentrated to
dryness; the oily residue was extracted with a H,O/CH,Cl,
(1:3) mixture. The organic phase was evaporated to dryness to
give a yellowish liquid, which was purified by column chrom-
atography on silica with a methanol/ethyl acetate (gradient =
1%) mixture as the eluent to render 0.725 g of compound A as
a white solid. Yield = 45%. FTIR (KBr pellet per cm): 3358,
3088, 2988, 2948, 2869, 2809, 1738, 1722, 1591, 1440, 1370,
1346, 1324, 1305, 1287, 1269, 1226, 1202, 1191, 1163, 1140,
1082, 1066, 1039, 978, 962, 909, 888, 829, 791, 767, 719, 679,
627, 534. 'H-NMR (CDCl;, 600.17 MHz): § 7.98 (d, J = 6 Hz,
2H), 7.73 (t, J = 6 Hz, 2H), 7.58 (d, J = 6 Hz, 2H), 4.04 (s, 4H),
4.01 (s, 6H), 3.70 (t, J = 6 Hz, 2H), 2.90 (t, J = 6 Hz, 2H) ppm.
BC-NMR (CDCls, 101 MHz): § 165.11, 159.73, 146.75, 137.03,
125.85, 123.15, 59.74, 59.30, 56.92, 52.44 ppm. ESI-MS (+) m/z
for [C1gH,1N;05 + H]": caled, 360.1554; found, 360.1558.

Synthesis of [C;6H;;N;0;5], H;hbda

To a solution of compound A (0.359 g, 1 mmol) in THF (6 mL),
LiOH (0.051 g, 2.1 mmol in 2 mL H,0) was added and stirred
at room temperature for 24 h in the dark. The reaction mixture
was then acidified by adding 1 N HCI solution. The ligand was
obtained as the pyridinium chloride salt. After complete evap-
oration of the solvents followed by washing with diethyl ether
and methanol, the ligand was isolated. Yield = 328 mg, 89%.
FTIR (KBr pellet per cm): 3405, 3351, 3076, 3037, 2938, 2774,
2612, 1745, 1732, 1595, 1488, 1465, 1444, 1407, 1339, 1254,
1179, 1175, 1135, 1081, 997, 836, 755, 523.'H-NMR (D,O,
600.17 MHz): § 7.76 (t, ] = 6 Hz, 2H), 7.71 (d, J = 6 Hz, 2H), 7.46
(d, J = 6 Hz, 2H), 3.92 (s, 4 H), 3.74 (t,J = 6 Hz, 2H), 2.86 (d, ] =
6 Hz, 2H) ppm. "*C-NMR (D,0, 150.93 MHz): § 173.03, 157.36,
152.36, 138.20, 126.16, 122.12, 59.10, 58.68, 56.29 ppm.
ESI-MS (+) m/z for [C16H;,N305 + H]": caled, 332.1241; found,
332.1245 (Fig. S24-5271).
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Synthesis of [C;6H,;N3;03Gd], complex 1

GdCl;-xH,0 (0.090 g, 0.34 mmol) was added to an aqueous solu-
tion of ligand H,hbda (0.140 g, 0.38 mmol), and kept under stir-
ring until the solution became transparent. The pH of the reac-
tion mixture was adjusted to ~6.5 by adding an aqueous NaOH
solution dropwise, followed by continuous stirring at room
temperature for 24 h. The resultant solution was filtered, and a
white solid product was obtained after complete evaporation of
the filtrate. The obtained white solid was washed thoroughly
with MeOH and the absence of free Gd(m) was confirmed by a
xylenol orange test. Yield = 0.070 g, 38%. The molar conductivity
of a 5 mM aqueous solution of complex 1 was evaluated to be
81 Sem” mol at 25 °C, which is close to the typical molar con-
ductivity range for (1:1) strong electrolytes. Metal : ligand stoi-
chiometry was established by Job’s plot. FTIR (KBr pellet per
cm): 3436, 2851, 2829, 1626, 1591, 1468, 1444, 1406, 1378, 1279,
1226, 1188, 1156, 1116, 1093, 1046, 1012, 974, 955, 942, 812,
775, 690. ESI-MS (+) m/z for [C1¢H;5N305Gd]": caled, 487.0209;
found, 487.0291 (Fig. S28-5327).

Synthesis of [C;6H,;N3;05Tb], complex 2

An aqueous solution of ligand H,hbda (0.132 g, 0.36 mmol)
and TbCl;-6H,0 (0.125 g, 0.35 mmol) was stirred until it
became transparent. The pH of the solution was adjusted to
~6.5 by adding aqueous NaOH solution dropwise, followed by
stirring at room temperature for 24 h. The reaction mixture was
filtered, and a white solid compound was collected on complete
evaporation of the solvent. The obtained complex was washed
thoroughly with MeOH to remove excess ligand and Tb(m) salt.
Yield = 0.085 g, 45%. FTIR (KBr pellet per cm): 3413, 1623, 1591,
1472, 1447, 1409, 1280, 1224, 1191, 1158, 1116, 1085, 1017, 812,
774, 689. ESI-MS (+) m/z for [C16H;5N;05Th]": caled, 488.0265;
found, 488.0313 (Fig. S33 and $347).

Synthesis of complex 1@SiO,NPs

Complex 1@SiO,NPs were synthesized following the reverse
microemulsion procedure. A homogenous solution of Igepal-
CO-520 (1.3 mL) in cyclohexane (10 mL) was prepared by stir-
ring for 10 min. Doping solution comprising complex 1 solu-
tion (160 pL, 4.2 mM) in water (320 pL) at pH ~ 7.4 was cau-
tiously added to the surfactant mixture. This was followed by
the addition of NH,OH (120 pL, 25% by w/v) and the mixture
was stirred for another 30 minutes. Finally, TEOS (100 pL) was
added, and the resultant mixture was kept at room tempera-
ture for 24 h with gentle stirring. Complex 1@SiO,NPs were
obtained by adding acetone (30 mL) to the mixture, which was
repeatedly washed with ethanol and water by centrifugation at
10000 rpm for 15 minutes. The residue obtained was dis-
persed in 400 pL water (pH maintained at 7.4) to obtain
500 pL of 0.088 mM suspension, with the concentration given
in terms of Gd(u) (8% complex molecules incorporated inside
nanoparticles). The residue obtained was dispersed in 400 pL
water (pH maintained at 7.4), and this mother suspension was
further used for relaxometry and other studies. FTIR (KBr
pellet per cm): 3466, 1639, 1626, 1470, 1099, 962, 799, 467.
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Mn(i1) complex impregnated porous silica
nanoparticles as Zn(in)-responsive “Smart”
MRI contrast agent for pancreas imagingf
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Type-1 and type-2 diabetes mellitus are metabolic disorders governed by the functional efficiency of
pancreatic f-cells. The activities of the cells toward insulin production, storage, and secretion are
accompanied by Zn(i) ions. Thus, for non-invasive pathology of the cell, developing Zn(i) ion-responsive
MRI-contrast agents has earned considerable interest. In this report, we have synthesized a seven-
coordinate, mono(aquated) Mn(i) complex (1), which is impregnated within a porous silica nanosphere
of size 13.2 nm to engender the Mn(i)-based MRI contrast agent, complex 1@SiO,NP. The surface
functionalization of the nanosphere by the Py,Pic organic moiety for the selective binding of Zn(i)-ions
yields complex 1@SiO,-Py-PicNP, which exhibits r; = 13.19 mM™ s71. The relaxivity value elevates to
20.38 mM~* st in the presence of 0.6 mM BSA protein at pH 7.4. Gratifyingly, r; increases linearly with
the increase of Zn(i) ion concentration and reaches 39.01 mM~! st in the presence of a 40 fold excess
of the ions. Thus, Zn(i)-responsive contrast enhancement in vivo is envisaged by employing the
nanoparticle. Indeed, a contrast enhancement in the pancreas is observed when complex 1@SiO,-
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Introduction

Magnetic resonance imaging (MRI) has already been established
as an indispensable diagnostic modality for the early-stage detec-
tion of many diseases.'"® However, the imaging process is limited
by its low sensitivity due to its NMR-based operational technique.
The administration of a paramagnetic species (approximately
0.1 mmol kg™ "), which is known as a contrast agent, has been
recognized to mitigate the low-sensitivity issue by producing
conspicuous images in a relatively shorter measurement
period.” ™ In fact, nowadays, about 40% of MR imaging is
accompanied by a contrast agent. Although several Gd(m)-based
small molecules have been clinically approved as MRI contrast
agents, the prolonged retention of the Gd(u) ions in the central
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Py,PicNP and a glucose stimulus are administered in fasted healthy C57BL/6 mice at 7 T.

nervous system and ion-aggravated nephrogenic systemic fibrosis
(NSF) in patients with renal impairment have switched attention
to Mn(i) complexes.’>™"” Furthermore, the Gd(im)-based contrast
agents are primarily nonspecific and the observed signal is solely
due to the distribution of the contrast agent across the body.'®2°
Hence, developing non-gadolinium-based, organ-specific and bio-
responsive contrast agents through pH, enzyme action, tempera-
ture, and ion reflux has drawn paramount attention for better
diagnosis of lesions and for non-invasive pathology.”*>*

Blood glucose level is one of the factors that control the
normal functionality of the human body.>® The pancreas, a vital
gland nestled behind the stomach, secrets glucagon and insu-
lin hormones into the blood to maintain glucose levels.?*™® In
pancreatic B-cells, present in the islets of Langerhans along
with four other types of cells (a-cells, §-cells, y-cells, and e-cells),
Zn(u) ions participate in the synthesis and storage of insulin as
Zn(u)-insulin (2:6) hexamer crystals in the secretory
granules.>* ' Hence, normal B-cells have relatively high Zn(u)
content. At a higher glucose level in the blood, insulin, along
with Zn(u) ions, is secreted from the cells. Consequently, the
concentration of Zn(u) ions across the extracellular space
increases from 40 puM to 500 uM.**> Hence, Zn(u) ion
concentration-dependent contrast enhancement as a whole or
as “hot spots” would reveal the pathological condition of the
pancreas and/or the B-cells.**®
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The association of the co-released free Zn(u) ions within a
contrast agent in the presence of human serum albumin (HSA)
protein has thus been considered when developing Zn(u)-
responsive contrast agents for the pancreas by engendering a
slowly rotating ternary system.>*° Although some Gd(m)-based
Zn(u)-responsive contrast agents have been reported in the
literature,**™*” Mn(n)-based contrast agents are scarce.*** In
the recent past, Sherry and colleagues have reported a Zn(u)
ion-responsive contrast agent by implanting a BPEN [BPEN =
N,N-bis(2-pyridinylmethyl)-1,2-ethanediamine] tether unit with
an acyclic PyC3A (PyC3A = N-picolyl-N,N',N'-trans-1,2-cyclo-
hexylenediaminetriacetate) ligand in the [Mn"PyC3A(OH,)]”
complex that provides glucose-stimulated contrast enhance-
ment in the pancreas and prostate.*® However, Mn(u)-based
contrast agents with high thermodynamic stability and kinetic
inertness along with high relaxivity values are scarce. As attain-
ing high kinetic inertness in acyclic ligand-based Mn(u) com-
plexes remains a significant challenge, Mn(1) complexes with
macrocyclic ligands imparting high thermodynamic stability
and large relaxivity values are rare.’*>* Furthermore, the core
structural modification scope for the macrocyclic ligands is
limited.

In this context, we envisaged encapsulating thermodynami-
cally stable Mn(u)-complex molecules in a porous silica nano-
particle. Silica nanoparticles (NPs) are biogenic and their
porous nature permits free access to water molecules within
the nanoparticles. Furthermore, the silica core will protect the
incorporated Mn(u)-complex molecules from exposure to other
external metal ions, e.g., Zn(u), Cu(u), etc. Hence, the kinetic
inertness can be retained. Incorporating Mn(u)-complex mole-
cules within the core of nanoparticles also restricts their
molecular free rotation. Thus, the rotational correlation time
(Tr) is expected to increase, leading to a higher relaxivity value.

Herein, we synthesized the hexadentate ligand H,AlcDPA.
The ligand, upon complexation with Mn(u) ions, engendered the
corresponding neutral, mono(aquated) Mn(n) complex [Mn"(AlcD-
PA)(OH,)]° (complex 1) with a thermodynamic stability constant of
log Ky, = 15.06 (pvn = 9.56). Impregnation of the complex
molecules within a porous silica nanoparticle of size 13.2 nm
rendered complex 1@SiO,. Gratifyingly, a 4.6-fold enhancement in
the longitudinal relaxivity (r,) value, from 2.86 mM ' s
(complex 1) to 13.27 mM ' s~ " (complex 1@Si0,), was realized
at 1.41 T, 37 °C, and pH ~ 7.4. To promote the synthesized
contrast agent as a Zn(u)-responsive “smart” contrast agent, the
outer surface of the nanoparticle was functionalized with Py,Pic
[Py,Pic = 6-((bis(pyridin-2-ylmethyl)amino)methyl)picolinamide]
units. The generated complex 1@SiO,-Py,Pic nanoparticle
[complex 1@SiO,-Py,PicNP] exhibited 7, = 13.19 mM ' s!
which increased to 20.38 mM ' s~ in the presence of 0.6 mM
bovine serum albumin (BSA) protein at pH 7.4. A further
amplification in the value to 39.01 mM ' s~ was noticed in
the presence of 40 equivalent amounts of Zn(u) ions (w.r.t.
[MnII]). Thus, Zn(u)-responsive contrast enhancement is
expected to be realized in the presence of serum albumin
protein in humans. Indeed, a brightness enhancement in the
pancreas was noticed when the contrast agent and glucose
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solutions were administered intraperitoneally in fasted healthy
C57BL/6 mice at 7 T, as discussed herein.

Results and discussion

Ligand H,AlcDPA-HCI was synthesized in an overall 46% yield
by substituting both the amine-H atoms of (S)-(+)-2-amino-1-
propanol with 6-(methylene)picolinic acid units (Scheme 1 and
Fig. S1-S4, ESIt). The ligand, upon reacting with an equivalent
amount of MnCl,-4H,O in water at pH ~ 6.5 provided complex
1 (yield = 64%, Fig. S5 and S6, ESIt). The anchoring ligand
6-((bis(pyridin-2-ylmethyl)amino)methyl)picolinic acid [HPy,.
Pic] was synthesized as described in Scheme 2 (Fig. S7-510,
ESIT).>* Di-(2-picolyl)amine in acetonitrile was heated with one
equivalent of 6-(bromomethyl)picolinate in the presence of
K,CO; to provide compound A. The hydrolysis of compound
A in LiOH solution followed by acidification with HPF, gave
HPy,Pic-HPF, salt in 78% yield. Detailed synthetic procedures
are provided in the experimental section.

Single crystal X-ray diffraction was carried out for the
complex at 298 K to evaluate the geometry and the metal ion-
ligand coordination motif. The complex crystallized in the mono-
clinic space group P21. The ORTEP diagram is presented in
Scheme 1. Selected bond distances and bond angles are provided
in the ESLj Table S1. In the complex, the central Mn atom was
seven-coordinate, where the pentagonal basal plane was com-
prised of the amide N atom and two N atoms and two O atoms
from the two picolinate units. A chloride atom and the alcoholic O
atom of the propanol unit occupied the axial positions. The

(A) Yield =52 % * o7

l (i, Gi) j / § /?/

.
Ho Y(L OY(jV “(j\( ;\}*/\i/b‘/

H,AIcDPASHCI O

Yield = 89 % ( ')C H0%MnCl Na

Complex 1
Yield = 64 %

Scheme 1 (A) Synthetic pathway for the preparation of ligand H,AlcDPA.
HCLl and its corresponding Mn(i) complex, complex 1. [(i) THF, EtzN;
(i) LIOH in THF/H,O (3:1); (i) 1 M HCL, MeOH; (iv) MnCl,-4H,0, H,0,
pH ~ 6.5]. (B) ORTEP representation of complex 1 drawn at 40% probability.

Weypic |
Yield = 78% O

Scheme 2 (A) Synthetic route for the preparation of ligand HPy,Pic-HPFg,
[() CHsCN, K;COs; (ii) LIOH in THF/H,O (3:1); (i) HPFs, 'PrOH]. (B)
Representative illustration for the preparation of complex 1@SiO,-
NH,NP and complex 1@SiO,-Py,PicNP.
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Mn-N1p, = 2.276(2), Mn-N3p, = 2.251(2), MD-N2pmide = 2.540(2),
Mn-02,.q = 2.256(2) and Mn-04,.q = 2.261(2) A bond distances
were commensurate with previously reported Mn(u) complexes
with similar ligands.>*>° Thus, in complex 1, the Mn atom was in
the +2 oxidation state. The complex core was mononegative in
charge due to the presence of the coordinated chloride ion. A
sodium ion was present as the counter cation.

The electrospray ionization mass spectrum (ESI-MS) of
complex 1 was recorded in the positive mode in water, providing
a100% molecular ion peak at m/z = 398.99 (Fig. S6, ESIT). The peak
corresponded to [(M-CI) + H]', where M—-Cl = C;,H;,N;0sMn,
which is the molecular composition of the complex core. The
appearance of the mass peak in the positive mode indicated the
chloride ion disintegration from the complex core in water. There-
fore, water molecules are expected to interact with the Mn(u) ion at
the same position as that occupied by the chloride ion in the
molecular structure of the complex.

The stability constant of complex 1 was determined by the
potentiometric titration method. In this regard, the potentio-
metric titrations were carried out with bare ligand H,AlcDPA
and 1:1 ligand:MnCl, solutions at 25 °C in 0.15 M NaCl. The
stepwise protonation constant values® for the ligand were
found to be log K, = 7.69(3) and log K,™ = 3.75(2). The highest
pKa value was ascribed to the tertiary nitrogen unit and the
PK, = 3.75 was due to the carboxylic group of a picolinate
moiety. The thermodynamic stability constant®® (log Kyn) of
the complex was determined to be 15.06 (Table S2 and Fig. S11,
ESIT). Noteworthily, the stability constant of complex 1 was in
line with those of [Mn"PyC3A(OH,)]” = 14.14 and [Mn(PC2A-
DPA)] = 15.87.*>°° Hence, a thermodynamically stable complex
was created by the coordination of the [AlcDPA]*~ ligand.

Prior to the incubation of complex 1 within the porous silica
nanoparticle (NP), the stability of the complex was evaluated
under the condition of nanoparticle synthesis. In this context,
the UV-Vis spectra of complex 1 were recorded at pH ~ 7.4 and
~10.1 (Fig. S13, ESIt). No appreciable change in the spectral
features was noticed. Thus, no impairment of the complex
during nanoparticle formation was anticipated. A reverse
microemulsion method was then followed to create complex
1@SiO,NP (Scheme 2). In the presence of Igepal-CO-520 sur-
factant solution in cyclohexane, aqueous complex 1 was added
dropwise, forming a stable water-in-oil reverse microemulsion.
Tetraethyl orthosilicate (TEOS) was added afterward and was
hydrolysed by ammonium hydroxide to form the silica outer
nanosphere. (3-Aminopropyl)triethoxysilane (APTES) was
added at this point for further amine-functionalization of the
silica-surfaced hydroxide units. Surfactant removal finally pro-
duced the complex 1 confined amine surface-functionalized
porous silica nanoparticle, complex 1@SiO,-NH,NP. Afterward,
the HPy,Pic ligand was combined with the amine unit by amide
bond formation, promoted by the 1-(3-dimethylaminopropyl)-3-
ethyl carbodiimide (EDC) and N-hydroxysuccinimide (NHS)
activators, to engender the surface modified complex 1@SiO,-
Py,PicNP (Scheme 2).

Spherical and monodispersed nanoparticles of complex
1@8Si0,-NH, and complex 1@SiO,-Py,Pic with respective sizes
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Table 1 Characterization of complex 1@SiO,, complex 1@SiO,-NH,, and
complex 1@SiO,-Py,Pic nanomaterials: corresponding FE-TEM particle
size, zeta potential values (at pH 7.4), percentage organic weight loss and
longitudinal relaxivity values measured at 37 °C, pH ~ 7.4, 1.41 T

Particle ( potential TGA, weight ry

Material size (nm) (mV) loss % (mM s
Complex 1 @SiO, 13.22 —21.3 6.39 13.27
Complex 1 @SiO,-NH, 14.05 22.5 15.75 12.19
Complex 1 @SiO,-Py,Pic 14.95  16.6 20.73 13.19

of 14.05 nm and 14.95 nm were examined using field emission
transmission electron microscopy (FETEM) images (Table 1
and Fig. 1(A), (B)). Energy-dispersive X-ray spectroscopy (EDS)
analysis on the synthesized nanomaterials demonstrated the
presence of Mn, N, Cl, and Si atoms (Fig. S14 and S15, ESI¥).
Hence, the study confirmed the confinement of complex 1-
molecules within the nanospheres. To buttress the confine-
ment, X-band EPR spectra of the dried complex 1@SiO,-NH,
and complex 1@SiO,-Py,Pic nanomaterials were compared
with that of complex 1. All the spectra exhibited a similar broad

Mean diameter = 14.05 - 2 nm

X 1@Si0-NH: q 5o 2
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(C) —— Complex 1 (D) 30

—— Complex 1@SiO,-NH,NP — 20 225

—— Complex 1@SI0,-Py,PicNP z 9 166
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Complex 1@SiO,
Complex 1
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@SiO,-NH, @SiO,-Py,Pic

&
o
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Fig.1 Representative FETEM images of (A) complex 1@SiO,-NH,;NP and
(B) complex 1@SiO,-Py,PicNP; inset: corresponding particle size distribu-
tions. (C) X-band EPR spectra of complex 1, complex 1@SiO,-NH,, complex
1@SiO,-Py,Pic and MnCl,@SiO, measured in solid state at room tempera-
ture, power = 0.995 mW, modulation frequency = 100 kHz, and modulation
amplitude = 100 G. (D) Zeta potentials [measured at pH ~ 7.4] and (E) TGA
analysis spectra of complex 1@SiO,NP, complex 1@SiO,-NH,NP, and
complex 1@SiO,-Py,PicNP. (F) Nitrogen adsorption—desorption isotherm
and pore size distribution (inset) of complex 1@SiO,-Py,PicNP.
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signal, verifying the existence of incorporated complex
1-molecules within the nanomaterials (Fig. 1(C)). Note that the
X-band EPR spectral envelope differed significantly compared to
that of bare MnCl, solution-doped SiO, nanoparticles prepared
by the identical method (Fig. 1(C), pink line).

To further support the incorporation, infrared (IR) spectra of
complex 1@8SiO, (prepared by omitting the addition of APTES),
complex 1, and pristine silica NPs were compared. In the
complex 1@SiO, IR spectrum, low-intensity bands at 1694,
1578, 1444, and 1400 cm™ ' appeared which were also present
in the IR spectrum of complex 1 (Fig. S16A and B, ESIT). Thus,
we inferred the inclusion of complex 1-molecules within the
nanoparticle. The presence of the additional broad band at
3321 cm ™! due to vn_u stretching and the moderate peak at
1559 cm ™! because of vy_x bending confirmed the formation
of complex 1@Si0,-NH,NP (Fig. S16C, ESIt). The appearance of
additional peaks in the 1665-1619 cm ™' region ascertained the
conjugation of the Py,Pic moiety with the amine group, result-
ing in the amide linkage (Fig. S16D, ESIT).

The surface modification was further examined by determining
the change in the zeta ({) potential profile of each nanomaterial in a
buffered solution at pH ~7.4 (Table 1 and Fig. 1(D)). Complex
1@Si0, exhibited a strongly negative { potential value (—21.3 mV)
due to the presence of -OH functional groups at the surface of the
NP. Upon functionalization with the highly basic amino group, an
inversion of { potential value to 22.5 mV was noticed. The value
diminished moderately to 16.6 mV upon Py,Pic conjugation with
some of the amino groups.

Thermogravimetric analyses (TGA) of the three different
nanomaterials were performed to discover the organic loading
percentage (Fig. 1(E)) on the outer surface. A steep increase in
weight loss from 6.39% in complex 1@SiO, to 15.75% in
complex 1@SiO,-NH, was observed above 120 °C. This feature
implied the inclusion of APTES units on the silica surface. The
percent of weight loss further increased by 5 units in the case of
complex 1@Si0O,-Py,PicNP, suggesting the successful inclusion
of Py,Pic units.

The N, adsorption-desorption isotherm was recorded at
77 K to evaluate the porous nature of the silica nanosphere in
complex 1@SiO,-Py,PicNP. A type-IV isotherm was seen, typical
for porous silica nanoparticles (Fig. 1(F)).” The overall surface
area of the nanoparticle was 219.48 m> g~ '. The pore size
distribution, derived by the Barrett-Joyner-Halenda (BJH)
method, showed the presence of two different sizes of pores:
3.2 nm and 4.85 nm. The larger pores might be because of inter-
particle voids.®® To evaluate the free access of water molecules
across the pores, complex 1@8SiO,-Py,PicNP was suspended in
H,O for 48 hours in the presence of 0.6 mM BSA and
40 equivalent amounts of Zn(u) ions and then lyophilized for
24 hours to isolate the dry complex 1@SiO,@Py,-PicNP-BSA-Zn
ternary system (vide infra). A portion of the isolated system was
again immersed in D,O for 48 hours. After lyophilization for
24 hours, the dried nanoparticles were isolated. The IR spectral
comparison of the isolated particles from H,O and D,0O media
revealed the appearance of additional 1(o_p) asymmetric stretch-
ing in 2400-2500 cm ™" region in the presence of D,0, indicating

TH-3359_186122030

8254 | J Mater. Chem. B, 2023, 11, 8251-8261

View Article Online

Journal of Materials Chemistry B

the existence of the molecules inside the nanoparticle (Fig. S17,
ESIt). Therefore, IR spectral analyses confirmed the accessibility
of outside water molecules across the nanopores.

The longitudinal relaxivity (r;) value of complex 1 was
determined to be 2.86 mM ™' s™' at 1.41 T, 37 °C, and pH
~7.4. The value increased to 13.27 mM ™' s~' in complex
1@SiO,NP (Table 1). This result implied that the rotational
correlation time (tg) of the impregnated complex 1 molecules
(about 34 molecules per nanosphere; calculation provided in
ESLt eqn (S1)) increased upon confinement. Note that a similar
observation has already been made previously.> Notwithstand-
ing, the surface functionalization of complex 1@SiO,NP either
with APTES or APTES-Py,Pic imparted no appreciable changes
in the relaxivity value (Table 1 and Fig. S18, ESIY), indicating
that the increase in the weight of the nanoparticles by means of
the outer sphere surface functionalization did not exert any
profound effect on the tx of the incubated complex 1 molecules.

Gratifyingly, a 53% increase in the relaxivity value to r; =
20.38 mM ' s ' occurred in the presence of 0.6 mM BSA at
141 T, 37 °C, and pH ~ 7.4, suggesting a considerable
interaction between the nanoparticle and the negatively
charged serum albumin protein to engender a slowly rotating
binary system (Fig. 2(B), (C) and Fig. S21, ESIT). The change in
the { potential value from 16.6 mV to —11.4 mV proved the
substantial electrostatic and non-covalent interactions of the
negatively charged serum albumin protein with the nanoparti-
cle, forming a corona (Fig. S22 and Table S3, ESIt). The
thermogravimetric weight loss analyses of complex 1@SiO,-
Py,PicNP (Fig. S23A, ESIt) in the absence and presence of BSA

(W) 241 1@Si0,-NH, with Zn(ll) (B) 48{—a"1@sio, Py,Pic with zn()
2214~ 1@Si0,-NH, with Zn(ll) and BSA a0 —A—1@Si0,-Py,Pic with Zn(ll) and BSA
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Fig. 2 Relaxometric titrations for (A) complex 1@SiO,-NH, and (B)
complex 1@SiO,-Py,Pic suspensions, [Mn(i)] = 0.1 mM, as a function of
increasing Zn(i) ions, w.r.t. [Mn(i)] with or without bovine serum albumin
(constant concentration of 0.6 mM). (C) Comparative representation of the
r1 values for complex 1@SiO,-NH;NPs and complex 1@SiO,-Py,PicNPs in
different mediums. (D) r; value for complex 1@SiO,-Py,PicNPs suspended
in an aqueous medium containing 50 equivalent excesses of Zn(i), Cu(i),
Mg(i), and Ca(i) ions, in the absence and presence of 0.6 mM BSA.
Experiments were done with nanoparticle suspensions containing
[Mn()] = 0.1 mM at pH ~7.4,141T, and 37 °C.
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Table 2 Relaxivity values for complex 1@SiO,-NH,NP and complex
1@SiO,-Py,PicNP in the absence and presence of Zn(i) ions/serum
albumin

ry (mM ' s™"), at pH ~7.4,1.41 T, and 37 °C

(+) 0.6 mM (+) 0.6 mM

Nanomaterial type (=) Zn(u) (+) Zn(un) BSA BSA (+) Zn(u)

Complex 1@SiO,-NH, 12.19
Complex 1@SiO,-Py,Pic 13.19

12.25
12.92

17.02
20.38

19.85
39.01

Each relaxivity value was obtained from 1/T; versus [Mn(u)] ((Mn(u)] =
0.02, 0.04, 0.08, 0.10 mM) plots with samples suspended in different
mediums, as mentioned. [Zn(un)] was maintained at a 40 equivalent
excess amount with respect to Mn(u) concentration.

exhibited about 19% more weight loss for the nanoparticle
isolated after the interactions with BSA and proved the corona
formation. Akin to complex 1@SiO,-Py,PicNP, an increase of r;
relaxivity to 17.02 mM ™' s~ from 12.19 mM ' s, ie., about
40%, in complex 1@Si0,-NH,NP (Fig. 2(A), (C) and Table 2) was
also found in the presence of 0.6 mM BSA at 1.41 T, 37 °C, and
pH ~7.4. The TGA showed about 18% more weight loss for the
BSA-interacting complex 1@SiO,-NH,NP than for the pristine
nanoparticle (Fig. S23B, ESIt). Therefore, almost the same
loading of BSA onto both nanoparticles was accounted for.
The higher relaxivity value for complex 1@SiO,-Py,PicNP in the
presence of BSA thus suggested superior interaction between
the BSA and the nanoparticle which materialized due to the
existence of the Py,Pic units.

Unlike in complex 1@SiO,-NH,NP, a discernible and gradual
augmentation in r; relaxivity was noticed in complex 1@SiO,-
Py,PicNP with successive elevation of the concentration of Zn(u)
ions in HEPES buffer at pH 7.4; it reached a constant value of
1 =39.01 mM ' s~ in the presence of 40 equivalent amounts of
the ion (Fig. 2(B) and Table 2). Hence, the presence of the surface-
bound Py,Pic unit reinforced the interaction of the nanoparticle
with BSA in the presence of Zn(u) ions. To further investigate the
interaction phenomenon, the nanoparticle [0.1 mM Mn(u)
concentration] was added to a solution premixed with 0.6 mM
BSA protein and 4 mM Zn(u) ions (40 equiv. excess w.r.t [Mn(u)])
at pH 7.4. In this case, the relaxivity value was found to be
46.3 mM ' s~ . Thus, better interaction between the nanoparticle
and Zn(u)-interacting BSA compared to the BSA-interacting nano-
particle with Zn(u) ions was shown.

Fluorescence quenching experiments were also conducted
to evaluate the nature of the interactions between serum
albumin protein and complex 1@SiO,-Py,PicNP (Fig. S24,
ESIt).*" To an aqueous 16 uM solution of BSA, an increasing
concentration of the nanoparticle (0 to 0.4 pM) was added. It
was noticed that the quenching was expedited with the increase
of concentration (Ksy = 3.5 x 10° M ', K, = 6.03 x 10° M~ 's™ %,
K,=29x10°M % Fig. S24, and Table S3, ESIY). Interestingly,
the quenching process was further boosted in the presence of
40 equivalent amounts of Zn(u) ions (Ksy = 6.1 x 10° M ™', K, =
10.5 x 10® M™' s7! K, = 5.4 x 10° M'; Table S3, ESIY),
suggesting that the ion promoted higher interaction between
the nanoparticle and the protein. The K, value provides infor-
mation on the nature and strength of the interactions. For a
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dynamic interaction, the value is below 2 x 10> M~ s, while
a Kq greater than 2 x 10'> M~' s~ refers to a static interaction.
Herein, the high K, = 6.03 x 10" M~ ' s~ ' emphasized a static
interaction between complex 1@SiO,-Py,PicNP and BSA. The
interaction further escalated in the presence of Zn(u) ions
(kq = 10.5 x 10'%), proving a higher static interaction. The
quenching experiments justified the uplift of r; relaxivity via
the formation of a slowly rotating system in the presence of
Zn(u) ions.

In complex 1@SiO,-Py,PicNP, no alteration in the relaxivity
(13.19 mM ™' s7') was realized in the pH range 4-8 in the
presence of 50 equivalent amounts of Zn(u) and Cu(u) ions or
200 fold excess of the biologically relevant anions citrate,
biphosphate, and bicarbonate (Fig. 2(D) and Fig. S18-520,
ESIT). Furthermore, the kinetic inertness of the synthesized
nanomaterial complex 1@SiO,-Py,Pic was evaluated against
40 fold excess Zn(u) ions at pH ~ 6.0, 1.41 T, and 37 °C.
The synthesized nanomaterial with a positively charged surface
(¢ = +16.6 mV) showed efficient inertness towards Zn(u) ions, as
only a ~3% decrease in r; value was observed after 24 hours
(Fig. S20, ESIt). This minute change could be ascribed to
spontaneous coagulation of the nanoparticles with time, lead-
ing to a lowered accessibility of water molecules towards the
core, as previously reported for a similar nanomaterial.>® Thus,
it is expected that the contrast efficiency of the nanoparticle
in vivo would not be hampered due to the presence of the
cations and anions prevalent in the human body.

In order to find out the ion selectivity in the presence of BSA,
complex 1@Si0,-Py,PicNP and 0.6 mM BSA were allowed to
interact with a 50-fold excess of the biologically relevant metal
ions Ca(u), Mg(u), and Cu(u) at 1.41 T, 37 °C, and pH ~7.4
(Fig. 2(D)). While no alteration in the relaxivity was noticed in
the presence of Ca(u) and Mg(u) ions, amplification in the
relaxivity value to r; = 31.17 mM ' s~ ' was realized in the
presence of 40 equivalent amounts of Cu(u) ions (w.r.t [Mn(u)]).
Firstly, the concentration of free Cu(u) ions is lower than that of
Zn(n) in the extracellular space.’>®® Secondly, the relaxivity
enhancement was lower than that for Zn(u) ions. Hence, the
prepared complex 1@SiO,-Py,PicNP can be utilized as a pro-
mising Zn(u) ion-selective biomarker.

To shed light on the contrast ability of complex 1@SiO,-
Py,PicNP in the presence of BSA and Zn(u) ions in vitro,
phantom images were recorded using a MAGNETOM Avanto
1.5 T clinical MRI scanner at 25 °C. Herein, the phantoms are
micro-centrifuge tubes filled with (1) only complex 1@SiO,-
Py, PicNP suspension, (2) complex 1@SiO,-Py,PicNP suspension
and 0.6 mM BSA, and (3) complex 1@SiO,-Py,PicNP suspension,
0.6 mM BSA and Zn(u) ions of various concentrations in HEPES
buffer at pH 7.4. The observed contrast changes are depicted in
Fig. 3(A). The gradual increase in the concentration of complex
1@Si0,-Py,PicNP from 0.1 to 0.3 mM resulted in simultaneously
brighter T;-weighted images. Hence, the nanoparticle can be
recognized as a brightening (positive) contrast agent. After
adding BSA, about 75% brightness enhancement of 0.1 mM
complex 1@SiO,-Py,PicNP suspension was realized (Fig. 3(B)).
Gratifyingly, the successive increase in Zn(u) ion concentration
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Fig. 3 In vitro studies of complex 1@SiO,-Py,PicNPs. (A) T;-weighted
phantom MR images of micro-centrifuge tubes containing different con-
centrations of complex 1@SiO,-Py,PicNPs (top). At the bottom, complex
1@SiO,-Py,PicNPs, 0.1 mM [Mn(i)], was suspended in different mediums.
(B) Respective MR-image intensity plots using Imaged software. (C) % cell
viability of Hela and PC3 cell-lines after 48 hours of treatment with
increasing concentrations of complex 1@SiO,-Py,PicNPs. All the concen-
trations are represented in terms of Mn(i) ions. MR images were recorded
at 15T, 25 °C.

in the BSA-containing solution gradually amplified the image
brightness. Thus, the relaxivity boosting in the presence of BSA
and Zn(u) ions was also recognized in the in vitro phantom MR
images.

Prior to in vivo administration, the biocompatibility of
complex 1@SiO,-Py,PicNPs was examined in PC3 and HeLa
cells by performing a MTT assay. In the studies, cells were
incubated for 48 hours with increasing concentrations of the
nanoparticle up to 150 uM (Fig. 3(C)). About 80% cell viability
was realized at the 150 uM concentration for both types of cells,
emphasizing the biocompatibility of the nanoparticle.

Based on the aforementioned in vitro experimental results
(Fig. 3), we attempted to emulate the Zn(u) ion-driven contrast
enhancement in the pancreas in the presence of a glucose bolus
in the biological system."® The in vivo MR imaging was recorded
on a batch of C57BL/6 mice at 7 T. In separate experiments, a
bolus of complex 1@SiO,-Py,PicNP (10 pmol kg ' w.r.t.
[Mn(u)]) was injected into the intraperitoneal (i.p.) space with
and without the presence of glucose (2.2 mmol kg™") in mice
fasted for 12 hours. In the experiment with glucose, the glucose
bolus was injected 45 minutes after the initial complex 1@SiO,-
Py,PicNPs injection. T;-weighted MR images in coronal and
axial views (1 hour post complex 1@SiO,-Py,PicNPs injection or
15 min post glucose injection) are presented in Fig. 4.

The contrast enhancement in the pancreas almost doubled
(ACNR ~ 100%) compared to the pre-injection MR image in the
presence of complex 1@SiO,-Py,PicNP 1 hour after the bolus
injection. However, in the presence of glucose, a substantial
contrast enhancement (ACNR ~ 138%) was realized, support-
ing the interaction of the contrast agent with the secreted Zn(u)
ions (Fig. 4(C)) in the presence of HSA, forming the complex
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(A) :
Pre injection :

1@SiO:NH:+ Glucose

1@SiO:-NH. Liver Pancreas Spleen Kidney Bladder

Fig. 4 (A) Coronal view and (B) axial view of T;-weighted MR images of
12-hour fasted C57BL/6 mice, before and 1 hour after i.p. administration of
complex 1@SiO,-NH, or complex 1@SiO,-Py,Pic (10 pmol kg™t w.r.t
[Mnll}), without or with single bolus (i.p.) of 2.2 mmol kg~* p-glucose
(given 45 min after contrast injection) in 7 T animal MR scanner. The red
arrow marks the pancreatic region. Dotarem was injected at the same
dosage, along with a glucose bolus. (C) Quantitative image analysis
measuring signal intensity changes in each organ post-injection, normal-
ized to the muscle (n = 3 animal per group). Bars represent the standard
error of the mean. *P < 0.05, **P < 0.001.

1@Si0,-Py,PicNPs-HSA-Zn(u) ternary complex. Further elucida-
tion of Zn(u) ion secretion and the contrast enhancement due to
entrapment of the ion within the complex 1@SiO,-Py,PicNP-
HSA binary system appeared when complex 1@SiO,-NH,NP,
which has already been recognized to promote a little r;
relaxivity enhancement in vitro in the presence of Zn(u) ions
(vide supra), was investigated under the same experimental
conditions. A subtle contrast enhancement (~ 8%) was realized
in this case (Fig. 4(C)) and the finding solidified the effective-
ness of complex 1@8SiO,-Py,PicNP binding with HSA and Zn(u)
ions in vivo. Thus, the porous silica nanoparticle entrapped
complex 1 with the Py,Pic silica-surface-binding unit was suc-
cessful in engendering a Zn(u) ion-responsive T;-weighted MRI
contrast agent as previously reported by Sherry and coworkers
employing the [Mn"PyC3A-BPEN(OH,)]~ complex molecule.*® In
the case of the small Mn(u) complex molecule, a maximum of
~55% contrast enhancement was realized. Here, complex
1@8SiO,-Py,PicNP could provide ~138% contrast enhancement
in an hour due to the formation of a slow-moving system.

The biodistribution of complex 1@SiO,-Py,PicNPs and
complex 1@SiO,-NH,NPs without and with the presence of
glucose was examined at 1 hour post-injection of the nano-
particles (Fig. S26, ESIT). For this, the liver, pancreas, spleen,
muscle, kidney, and bladder were resected and the Mn content
was determined by ICP-MS after digestion of the tissues. The
presence of the ion in the liver and the kidney reinforced that the
nanoparticles are excreted from the body via both hepatobiliary
(40%) and renal (60%) pathways.®***® However, the renal path was
more favourable. Further investigations are essential to illumi-
nate the interactions of the nanoparticles with various organs.
Note that the mice used in the experiments were monitored
further for 15 days after the completion of the in vivo experi-
ments. No death or abnormal behaviour was noticed.
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Conclusions

To summarize, we successfully synthesized complex 1 and the
complex-entrapped surface unfunctionalized and functiona-
lized porous nanoparticles complex 1@SiO,, complex 1@SiO,-
NH,NP, and complex 1@SiO,-Py,PicNP. It was demonstrated
that the presence of Py,Pic over the nanosphere favoured the
interaction of the nanoparticle with serum albumin protein
and, selectively, Zn(u) ions. Utilizing the ion-selective property
of complex 1@SiO,-Py,PicNP, the T;-weighted contrast
enhancement of the pancreas of healthy C57BL/6 mice was
studied employing a clinical MRI scanner at 7 T. Indeed, a
138% contrast enhancement of the organ was recorded in the
presence of glucose which stimulated Zn(u) ion secretion. Apart
from that, ~52% contrast enhancement was noticed in the
kidney and ~60% in the liver (Fig. 4). The biodistribution
analysis on Mn(u) ions after tissue digestion suggested that the
nanoparticle is excreted from the body through both hepato-
biliary and renal pathways. The time-dependent contrast ana-
lyses indicated that the nanoparticles are ejected from the body
almost entirely in 24 hours (Fig. 4). In short, we report a non-
gadolinium-based Mn(u)-complex entrapped silica nanoparticle
as an MRI contrast agent that can behave as a “smart” contrast
agent in the presence of Zn(u) ions.

Experimental section
Materials and methods

All materials and solvents were acquired from commercial
sources and were used as supplied, unless noted otherwise.
2,6-Pyridinedicarboxylic acid, 2-picolylamine, 2-pyridinecarb-
oxaldehyde, SeO,, LiOH, and Igepal-CO-520 were purchased
from Aldrich. (S)-(+)-2-Amino-1-propanol, MnCl,-4H,0, triethyl-
amine, sodium citrate, NaHCO;, Na,HPO,, HNO; (69%), NH,OH,
HCI, NaOH, and solvents were obtained from Merck (India). TEOS
and APTES were purchased from Alfa Aesar. HEPES and MES
buffer were purchased from SRL. N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimidehydrochloride (EDC-HCI), N-hydroxysuccini-
mide (NHS), albumin bovine fraction V, THF, and cyclohexane
were obtained from Spectrochem. Water used for experiments was
purified by a Millipore water purifier (MilliQ, Merck).

X-Ray crystallographic data were collected using an Oxford
SuperNova diffractometer. The data refinement and cell reduc-
tions were carried out in CrysAlisPro.®® Structures were solved
by direct methods using SHELXS-2018.%” All the non-hydrogen
atoms were refined anisotropically. FT-IR spectra were recorded
on a PerkinElmer instrument at room temperature in a KBr
pellet made by grinding the sample with KBr (IR grade). Mass
spectra were obtained from either HRMS or a Q-TOF/MS
spectrometer. UV/Vis spectra were obtained on a PerkinElmer
Lambda 25 UV/Vis spectrometer. 'H- and *C-NMR analyses
were done using Bruker 400 MHz and 500 MHz NMR machines.
Nitrogen sorption isotherms were acquired on a Quantachrome
(Model: Autosorb-IQ MP) surface area and pore size analyzer at
77 K. Before the experiment, lyophilized dry samples were
degassed at 373 K for 10 h. X-band EPR measurements were
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performed using a JEOL (Model: JES-FA200) spectrometer.
Thermogravimetric analyses (TGA) of lyophilized solid nano-
materials were done using a PerkinElmer TGA 4000. Zeta
potential and particle size distribution of all suspended nanoma-
terials were measured at 25 °C by dynamic light scattering (DLS)
using a Malvern ZETASIZER Nano-ZS90 (equilibrium time set to
2 min, 5 measurements taken on each sample set, only quality
criteria values accepted). Optimum pH was maintained using
buffers. Longitudinal and transverse relaxivity values at 1.41 T
were measured using a BRUKER minispec mq60 NMR analyzer.
Exact Mn concentrations in different samples were estimated by
ICP-MS (Model: Element XR, Thermo Fisher Scientific) and ICP-
AES (Model: ARCOS, Simultaneous ICP Spectrometer, SPECTRO
Analytical Instruments GmbH, Germany) after treatment of the
nanoparticle suspensions with dilute HNO; solution.

Potentiometric measurements

Direct pH-potentiometric titrations were employed to deter-
mine the protonation constants of the H,AlcDPA and HPy,Pic
ligands along with the stability constant of the corresponding
metal complexes. Each set of experiments was performed at
room temperature and a fixed ionic strength of 0.15 M NaCl.
For ligand protonation constants, titration was done with
0.001 M ligand solution against standardized 0.1 M NaOH
solution as titrant. The stability of complex 1 was obtained by
direct pH-potentiometric titration using a 1:1 ligand to metal
molar ratio. A Metrohm 888 Titrando titration workstation
equipped with a Metrohm-6.0259.100 glass electrode was used
for titrations in the pH ranges of 2.3-12.0 for H,AlcDPA and
2.0-12.0 for HPy,Pic. Extra 0.1 M HCIl was added to the starting
solution to attain the pH range. Standard pH solutions (pH 4.0,
7.0, and 9.0) were used to calibrate the pH electrode. Titration
was done with constant magnetic stirring and argon gas was
bubbled to maintain an inert atmosphere throughout the
experiment. Equilibrium constants were evaluated from the
data obtained by simulating the titration curve using Hyper-
quad2008 software.

Field emission transmission electronic microscopy (FETEM)

The size and morphology of the complex 1 incorporated nano-
materials (complex 1@Si0,-NH, and complex 1@SiO,-Py,Pic)
were analyzed from transmission electron microscopy (FETEM)
images taken on a JEOL Model:2100F electron microscope
operated at 200 kV, together with energy-dispersive X-ray
spectroscopy (EDS). An ethanolic dilution of 10 pL of each
prepared mother suspension was dropped on a carbon-coated
copper grid (CARBON FILM 300 MESH, COPPER), kept over-
night for drying, and imaged. Image] software was employed to
calculate particle size distributions from a sample containing at
least 100 particles.

Relaxometric analyses

Relaxometric properties (7; and T5) of complex 1 solutions and
1@8Si0,, 1@Si0,-NH,, and 1@SiO,-Py,Pic suspensions were
determined using a BRUKER minispec mq60 NMR analyzer at
pH ~7.4, 1.41 T, and 37 °C. Samples of each stock solution
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were prepared by digesting solutions/suspensions in nitric acid
solution. Clear aliquots were used to measure exact Mn con-
centrations using ICP-MS and ICP-AES techniques. Plots of
relaxation rates (1/7; and 1/T,) versus [Mn(u)] gave straight
lines, with the slopes representing the respective relaxivity
values (r4).

ry values for complex 1@SiO,-NH, and complex 1@SiO,-
Py,Pic suspensions were measured in the presence of bovine
serum albumin (BSA) at physiological conditions (pH ~7.4,
310 K, BSA concentration maintained at 4.5% w/v; measured at
1.41 T) or, as mentioned, in the absence and presence of
external ions (zn", Cu", Mg", and Ca"). Samples were incu-
bated at 37 °C for 3 hours before the experiments.

Relaxometric titrations of complex 1@SiO,-Py,PicNP sus-
pension (0.06 mM w.r.t. Mn(u) concentration) in HEPES buffer
at pH 7.4 were done with increasing concentrations of BSA, in
the absence and presence of 40 equivalents excess of Zn(u) ions
(2.4 mM, equal to the highest concentration of BSA). Exponen-
tial fits of the corresponding curve gave the r,*** value.

Kinetic measurements

Kinetic inertness was examined by following the time-dependent ry
values for 0.1 mM [Mn(u)] complex 1@SiO,-Py,PicNPs suspension
at 37 °C and 1.41 T using a BRUKER minispec mgq60 NMR
analyzer. Zn>* was used as the exchanging ion and was present
in 40 equivalents excess to attain a pseudo-first-order condition.
Kinetic studies were done at pH ~ 6.0 and non-coordinating buffer
2-((4-morpholino)ethanesulfonic acid) (MES, pH range 4.7-6.0) was
used at 0.01 M concentration to maintain constant pH in the
sample. Change in relaxivity was recorded for three days and the
percentage change versus time was plotted.

Fluorescence measurements

Samples (aqueous suspensions) were recorded on a FluoroMax-
4 spectrofluorometer (Horiba) at 25 °C in a rectangular quartz
cell with a path of 10 mm. Each set of suspensions was excited
at 275 nm, using 5 per 5 nm (excitation/emission) slit widths.
Emission spectra were recorded in the 280 to 530 nm range.

MTT assay

Human prostate cancer cells (PC3) and cervical cancer cells
(HeLa) were purchased from the National Centre for Cell
Science, Pune. All the cell lines were sustained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% (v/v) fetal bovine serum (FBS) and 1% penicillin and
streptomycin at 37 °C in humidified air containing 5% CO,.
The respective cells were seeded in a 96-well plate at a density of
5 x 103 cells per well and grown overnight in the abovemen-
tioned conditions. After 48 h of treatment with increasing
concentrations of complex 1@SiO,-Py,PicNPs w.r.t. [Mn(u)],
0.5 mg ml™' of MTT in DMEM was added to each well
and incubated for 1.5 h. Thereafter, 150 pl DMSO was added
to each well. Absorbance was measured at 570 nm and, after
that, cell viability was calculated, assuming 100% viability for
untreated cells.
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In vitro MR imaging

Phantom MR images were obtained using a clinical MAGNE-
TOM Avanto 1.5 T MRI scanner. For T;-weighted images, these
parameters were adopted: TR (repetition time) = 550 ms, TE
(echo time) = 8.4 ms, slice thickness = 2.5 mm, and field of view
(FOV) = 175 x 200 mm®. Increasing concentrations of complex
1@8Si0,-Py,PicNP in microcentrifuge tubes were treated as
phantoms and scanned for images.

In vivo MR imaging

Healthy C57BL/6 male mice (total number = 30) were purchased
from the National Institute of Biologicals (NIB), Noida, Uttar
Pradesh (UP), India. They were kept in micro isolator cages at
biosafety level 2 in the animal house of Maharshi Dayanand
University, Rohtak, India. The experimental protocol was
approved by the Institutional Animal Ethical Committee (IAEC),
with approval number CAH 201-209 dated 23/10/2017. 12 hour
fasted mice were anesthetized with a 1-3% isoflurane/oxygen
mixture, maintaining normal respiration and a body temperature
of 37 °C. They were subsequently imaged at 7 T using a small bore
animal scanner (Biospec 70/20, M/s Bruker Biospin GmBH,
Germany). The imaging protocol at baseline was comprised of
multislice two-dimensional rapid acquisition with refocused echo
(RARE) imaging to delineate anatomy. The imaging parameters
were as follows. Coronal orientation: TR/TE = 3647.4 ms/8 ms,
field of view (FOV) = 50 x 50 mm, matrix = 256 x 256, slice
thickness = 1 mm, 256 slices. Axial orientation: TR/TE = 3647.4
ms/8 ms, matrix = 256 x 256, slice thickness = 1 mm, 84 slices.

Five groups of mice (n = 3/group) were each intraperitoneally
administered with (I) 10 pmol kg~" w.r.t. [Mn(u)] of complex
1@Si0,-Py,PicNPs plus 2.2 mmol kg ' p-glucose (45 minutes
post administration of contrast agent), (ii) 10 pmol kg™ w.r.t.
[Mn(u)] of complex 1@SiO,-Py,PicNPs plus saline (0.9%), (III)
10 pmol kg~' w.r.t. [Mn(m)] of complex 1@Si0,-NH,NPs plus
2.2 mmol kg™ p-glucose (45 minutes post administration of con-
trast agent), (IV) 10 pmol kg™ w.r.t. [Mn(u)] of complex 1@SiO,-
NH,NPs plus saline (0.9%), and (V) 10 pmol kg ' w.r.t. [Gd(m)] of
Dotarem solution in PBS, followed by sequential T;-weighted scans.
Animals were scanned at different times, from 50 min post contrast
injection (5 min after glucose bolus) to 24 hours after. Image]
software was used to analyze the image intensity in the region of
interest (ROI) of different organs and the intensity values were
normalized with the ROIs estimated on the back muscle of that
animal at the same slice and time point (considered as contrast to
noise ratio, CNR). The change in respective image intensity was
reported in percentage values compared to pre-contrast injection
scans (% ACNR). Signal intensities of ROIs of different organs were
monitored for 24 hours post contrast administration and the area
under analysis and statistical significance were calculated using
unpaired two-tailed ¢ tests to correlate between each material; p
values <0.05 were considered significant.

Biodistribution

Another four groups (n = 3/group) were similarly administered
as mentioned above and sacrificed at 1 hour post contrast
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administration. The fifth group of mice was administered with
saline (0.9%) only and sacrificed. The kidney, liver, spleen,
muscle, pancreas, and bladder of each animal were incised to
monitor Mn accumulation/excretion in different tissues. Whole
organ tissue was digested by treatment in 2 mL of freshly
prepared aqua regia (1:3 mixture of HNO; and HCI) and lysing
for 24 h. The lysed tissue samples were heated at 120 °C to dry the
aqua regia. Leftover digested tissue was further dissolved in 0.5 N
HCI by sonicating for 15 min. For each sample, a clear super-
natant solution, obtained after centrifugation (4000 g, 5 min) of
the tissue mixture, was diluted to 5 mL with 4% HNO; and
subsequent Mn content was estimated by ICP-MS measurements.

Syntheses

Syntheses of [C49H,3N305], (A). To a solution of (S)-(+)-2-
amino-1-propanol (0.150 g, 2 mmol) in dry THF under N,
atmosphere, triethyl amine (0.61 mL, 4.4 mmol) was added.
Methyl 6-(bromomethyl)picolinate (0.92 g, 4.0 mmol) was sub-
sequently added and the resulting mixture was stirred for 24 h
at room temperature. After this, the reaction mixture was dried
to remove THF and the residue was extracted with CH,Cl, (3 X
30 mL) after thoroughly washing with water and brine. The
organic part was collected and dried over Na,SO, and the
solvent was evaporated to obtain a pale yellow oil, which was
purified by column chromatography on silica gel using hexane/
ethyl acetate (1:4) as eluent to get colourless solid. Yield =
0.388 g (52%). FTIR (KBr pellet cm™*): 3413, 2957, 1728, 1590,
1441, 1316, 1248, 1140, 1085, 833, 764. '"H NMR (CDCl;, 400
MHz):  7.98 (d, J = 8 Hz, 2H), 7.59 (t, / = 8 Hz, 2H), 7.48 (d, J =
8 Hz, 2H), 5.46 (s br, 1H), 4.70 (s, 1H), 4.05 (m, 2H), 3.99 (s, 6H),
3.93 (d, J= 12, 2H), 3.55 (m, 2H), 3.15 (m, 1H), 1.04 (d, ] = 8 Hz,
3H) ppm. **C NMR (CDCl;, 100 MHz): § 161.14, 138.65, 132.75,
129.54, 125.19, 121.01, 60.93, 57.34, 54.35, 49.78, 8.83 ppm.

ESI-MS (+) m/z for [C1oH,3N305 + H]" caled., 374.1710; found,
374.1743.

Syntheses of [C,;H;4N;05], (HAlcDPA). Aqueous solution of
LiOH (0.033 g, 1.36 mmol in 2 mL H,0) was added dropwise to
an as prepared solution of A (0.230 g, 0.62 mmol) in THF (6 mL)
and the mixture was stirred at room temperature for 24 h.
Afterward, the THF part was evaporated and the pH of the
resultant aqueous solution was adjusted to ~1 by adding 1 N
HCI. A sticky compound was obtained after evaporation of the
solvent and was washed thoroughly with diethyl ether. This
residue was then dissolved in methanol to obtain the colorless
solid precipitate of the ligand as its HCI salt. Yield = 0.211 g
(89%). FTIR (KBr pellet cm™"): 3331, 3200, 3008, 2981, 2963,
2877, 2808, 1746, 1735, 1594, 1573, 1464, 1384, 1351, 1262,
1156, 995, 834, 750, 692. 'H NMR (D,0O, 400 MHz): § 7.87
(m, 4H), 7.51 (m, 2H), 4.77 (m, 2H), 4.73 (d, J = 8 Hz), 4.03 (d,
J = 8 Hz, 1H), 3.95 (m, 2H), 1.52 (m, 3H) ppm. *C NMR (D,0,
100 MHz): ¢ 167.03, 149.96, 146.55, 139.78, 127.75, 125.01, 63.93,
60.34, 55.35, 9.73 ppm. ESEMS (+) m/z for [Ci;H1oN;05 + H]®
caled., 346.1691; found, 346.1601.

Syntheses of complex 1, [C,;H;;MnN;05Cl]. MnCl,-4H,0
(0.057 g, 0.29 mmol) was combined with a solution of
H,AlcDPA (0.119 g, 0.31 mmol) in water (5 mL) and the solution
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was stirred for 15 minutes. The pH of this reaction mixture was
adjusted to ~6.5 with dropwise addition of aqueous NaOH.
The resultant was stirred for another 24 h at room temperature
(25 °C). After this, a clear solution was obtained and left for
slow evaporation to obtain a white solid residue. A methanolic
solution of the residue (with a few drops of water) was diffused
in a diethyl ether environment for one week to obtain needle-
shaped colorless crystals which were washed with Et,O. The
obtained crystals were analyzed by single-crystal X-ray diffraction.
Yield = 0.090 g (64%). FTIR (KBr pellet cm™"): 3471, 3417, 3172,
2966, 2937, 2890, 2317, 1692, 1649, 1613, 1587, 1443, 1398, 1268,
1159, 1026, 826, 789, 692. ESI-MS (+) m/z for [{(C;,H,,CIMnN;0;)-
(CD)} + H]" caled: 399.0621; found: 398.9919.

Syntheses of [CyoHoN,0,], (B). To a solution of di-(2-
picolyl)amine (0.612 g, 3 mmol) in dry acetonitrile, K,CO;
(0.828 g, 6 mmol) and methyl 6-(bromomethyl)picolinate
(0.690 g, 3 mmol) were added successively under a nitrogen
atmosphere and the resulting solution was heated at 60 °C for
3 h. The reaction mixture was then cooled to room temperature
and filtered. The filtrate was evaporated to dryness. Water was
added to the residue and extracted with ethyl acetate (3 x 30
mL). The organic part was collected, dried over Na,SO,, con-
centrated to 5 mL, and refrigerated overnight to obtain a
colourless precipitate which was collected by filtration. Yield
=0.857 g (82%). FTIR (KBr pellet cm~*): 3406, 3008, 2950, 2841,
1721, 1588, 1569, 1434, 1316, 1291, 1138, 1082, 994, 977, 763.
'"H NMR (CDCl;, 400 MHz): § 8.55 (d, J = 4 Hz, 2H), 7.99 (d,
J = 8 Hz, 1H), 7.88 (d, J = 8Hz, 1H), 7.80 (t, ] = 8 Hz, 1H), 7.66
(t,] = 8 Hz, 2H), 7.58 (d, J = 8Hz, 2H), 7.17 (t, ] = 4Hz, 2H), 4.04
(s, 2H), 3.98 (s, 3H), 3.95 (s, 4H) ppm. *C NMR (CDCl;, 100
MHz): 6 159.47, 154.76, 151.64, 147.45, 144.37, 141.89, 138.23,
124.47, 122.19, 120.45, 64.65, 56.21, 55.76, 52.78 ppm.

ESI-MS (+) m/z for [C,3H,4N,0,4 + H]" caled., 349.1659; found,
349.1647.

Syntheses of [C,oH;3N,O,], (HPy,Pic). To a solution of B
(0.348 g, 1.0 mmol) in THF (6 mL), an aqueous solution of LIOH
(0.048 g, 2.0 mmol in 2 mL H,0) was slowly added and stirred at
room temperature for 24 h. After this, the THF was evaporated
and the residue was diluted with water (1 mL) and isopropanol
(5 mL). The resulting mixture was acidified by addition of HPF,
(88 pL, 1 mmol), leading to the precipitation of a white solid,
which was filtered, washed with isopropanol and dried under
air to obtain the ligand HPy,Pic as its HPF, salt. Yield = 0.374 g
(78%). FTIR (KBr pellet cm™1): 3430, 3245, 3132, 3070, 2998,
2927, 2853, 1718, 1632, 1614, 1603, 1594, 1536, 1440, 1308,
1268, 1156, 1055, 877, 839, 767, 557. 'H NMR (CD;0D, 400
MHz): 6 8.89 (d, J = 4 Hz, 2H), 8.45 (t, / = 8 Hz, 2H), 8.14 (d, /=4
Hz, 1 H), 8.00 (m, 3H), 7.91 (t, J = 8 Hz, 2H), 7.57 (d, J = 4 Hz,
1H), 4.43 (s, 4H), 4.26 (s, 2H) ppm. *C NMR (CD;0D, 100 MHz):
5 167.80, 158.56, 157.16, 149.43, 147.74, 141.69, 140.29, 127.94,
126.19, 125.21, 66.89, 59.81, 59.68 ppm.

ESI-MS (+) m/z for [C,;H,oN,O,4 + H]" caled., 335.1502; found,
335.1509.

Syntheses of complex 1@SiO,NPs. A reverse microemulsion
process was employed for the preparation of complex
1@SiO,NP. A pH ~ 7.4 buffered doping solution of complex
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1 (480 pL, 2.50 mM) was carefully added to a homogenous
mixture of Igepal-CO-520 (1.3 mL) in cyclohexane (10 mL) and
stirred for 15 minutes. This was followed by the addition of
NH,OH (120 pL, 25% by w/v) and TEOS (100 pL). The final
mixture was kept at room temperature for 24 h with gentle
stirring. complex 1@SiO,NP was obtained upon the addition of
methanol (10 mL) to the mixture and was repeatedly washed
with methanol and water. The nanoparticles were collected by
centrifugation at 10000 rpm for 15 minutes. The residue
obtained was dispersed in 400 pL water (pH maintained at
7.4) and this mother suspension was further used for relaxo-
metry and other studies. FTIR (KBr pellet cm™"): 3450, 1694,
1634, 1578, 1444, 1400, 1102, 955, 800.

Syntheses of complex 1@Si0,-NH,NPs. The aforementioned
procedure (for the preparation of complex 1@SiO,NP) was
repeated along with the addition of (3-aminopropyl)trieth-
oxysilane (APTES, 50 pL) 24 h after the addition of TEOS. The
reaction mixture was left for another 24 h, then the microemul-
sion was disrupted with the addition of methanol (10 mL).
Complex 1@SiO,-NH,NPs were obtained after subsequent
washes with copious amounts of methanol, ethanol, and water
(centrifugation at 10 000 rpm, 15 minutes in each washing). The
residue obtained was dispersed in 400 pL water (pH maintained
at 7.4) to obtain a stock suspension which was used for further
syntheses, relaxometty, and other studies. FTIR (KBr pellet cm™):
3444, 3321, 3080, 2941, 2898, 1694, 1643, 1634, 1628, 1588, 1550,
1472, 1450, 1338, 1087, 953, 792.

Syntheses of complex 1@SiO,-Py,PicNPs. A solution of
HPy,Pic ligand (0.049 g, 0.1 mmol) was prepared in PBS buffer
(7 mL, 0.01 M, pH ~ 7.0) and activated by the successive
additions of EDC-HCI (0.192 g, 1.0 mmol) and NHS (0.115 g,
1.0 mmol). After 1 h, a monodispersed suspension of complex
1@Si0,-NH,NPs (prepared by dispersing 1.6 mL of 0.80 mM
[Mn(1)] complex 1@SiO,-NH,NPs stock solution in 5 mL PBS
buffer by 30 minutes sonication) was added to the mixture and
gently stirred for 12 h at room temperature. A pale-yellow turbid
solution was obtained and centrifuged (g = 10000, 20 min)
to get colourless complex 1@SiO,-Py,Pic nanoparticles after
several washings with methanol and water. Nanoparticles were
re-suspended in 1 mL HEPES buffer (pH ~ 7.4) to form
complex 1@SiO,-Py,PicNP stock solution which was further
used for characterization and relaxometry studies. FTIR (KBr
pellet em™): 3453, 3246, 2946, 1765, 1665, 1657, 1651, 1643,
1632, 1619, 1546, 1470, 1394, 1094, 955, 796.
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ABSTRACT: Since the finding of nephrogenic systemic fibrosis (NFS) in patients
with renal impairment and the long-term accumulation of Gd(III) ions in the central
nervous system, the search for nongadolinium ion-based MRI contrast agents made of
nutrient metal ions has drawn paramount attention. In this context, the development of
Mn(II)-based MRI contrast agents has been a subject of interest for the last few
decades. Herein, we report a pentadentate ligand (Li,[BenzPic,]) composed of two
picolinate moieties and a rigid 1,2,3,4-tetrahydroquinazoline unit and the corresponding
bis(aquated) Mn(II) complex (Complex 1). The complex exhibited high thermody-
namic stability (log K,,q = 11.62) and kinetic inertness similar to that of the clinically
approved Gd(III)-based contrast agent Magnevist. Complex 1 exerted longitudinal
relaxivity (r;) of .32 mM ™ s™! at 1.41 T, 37 °C, pH 7.4, and it increased by 3.6-fold in
the presence of serum albumin protein, confirming a substantial rigidifying interaction
(albumin association constant K, = 1.66 X 10> M) between the protein and the

amphiphilic (log P = —0.45) contrast agent. An intravenous dose of 0.08 mmol/kg in a healthy mouse, excellent MRI signal intensity
enhancement in the vasculature of the mouse liver, and brightened images of the gallbladder, kidney, and liver were realized.

KEYWORDS: magnetic resonance imaging, MRI contrast agents, manganese(1I) complex, rigid complex, blood pool contrast agent,

bis(aquated), lipophilicity, serum albumin affinity

B INTRODUCTION

Nuclear magnetic resonance (NMR)-based imaging, i.c.,
magnetic resonance imaging (MRI), provides anatomical
tissue images with a high spatial resolution (1-2 mm).' ¢
Nonetheless, the methodology suffers from low sensitivity.
In this context, the administration of a contrast agent (CA)
prior to the imaging has been popularized. Nowadays, about
40% of clinical MR imaging is carried out in the presence of a
contrast agent to engender conspicuous images in a relatively
shorter period.'’~" Contrast agents (CAs) are paramagnetic
substances that shorten the longitudinal (T;) and transverse
(T,) relaxation times of the nearby water protons. The change
in the relaxation times per mM concentration of the
paramagnetic species is designated as relaxivity (r,, = 1/
T,,[M]; [M] in mM). The high efficiency of a CA is thus
determined by its high relaxivity value. A brightened image can
result from diminishing the T, relaxation time, while the
shortening of the T, relaxation time engenders a darkened
image.”” A dark image inside a human body can also appear
from metal ion depositions, blood clots, tissue burning, and
internal hemorrhage, which mislead the diazc:»;nosis.““’15 Hence,
the administration of T, -weighted or T,-T,-weighted dual

TH-3359_186122030
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mode CAs has retained the priority to avoid such
ambiguity.'°~"?

To develop low molecular weight paramagnetic complexes
as T,-weighted MRI CAs; thermodynamically and kinetically
stable, slowly rotating metal complexes with a high total spin-
value (S) and a large number of inner sphere water molecules
(9) have been the primary interest.”’™>* Consequently,
Gd(III) complexes with an § = 7/2 electronic spin state
were the center of attention until the reports on Gd(III)
aggravated nephrogenic systemic fibrosis (NSF) in patients
with renal failure and long-term accumulation of Gd(III) ions
in the central nervous system.”” > In fact, the U.S. Food and
Drug Administration (FDA) and the European Medicines
Agency (EMA) have already raised their concern regarding the
safety of using clinically approved, kinetically less stable
Gd(IlI)-based MRI CAs made of acyclic 1igands.26_29
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Notwithstanding, [Gd(EOB-DTPA)(OH,)]*~ (Eovist) and
[GA(BOPTA)(OH,)]*~ (Multihance) are the two available
hepatocyte-specific MRI CAs allowed only for the diagnosis of
severe liver diseases.’’*” Hence, developing Gd-free contrast
agents is of paramount interest.

An Mn(II) ion in its high-spin state contained five unpaired
electrons, and the Mn(II)-H (water proton) distance was
found to be in the 2.5-2.8 A reing(e.33_35 Hence, the ion has
been considered as a possible substitute for the Gd(III) ion.
Nonetheless, the metal ion belongs to the 3d transition series
and does not possess additional stability through d-orbital
splitting (CFSE = crystal field stabilization energy = 0). Thus,
in the Mn(II)-based complexes, the stability materializes only
in the form of the metal ion-ligand interactions. Pyridine is a o-
donor and m-acceptor unit and has been recognized as the
crucial ligating unit to engender stability in Mn(II) complexes
of acyclic coordinating ligands.*>*® In addition, the recent
report by Comba, Toth, and colleagues indicates that in the
acyclic ligands, the ligand rigidity bestows high thermodynamic
stability and kinetic inertness to the corresponding Mn(II)
complex.'”*” Considering the aforementioned points, we
envisaged synthesizing a rigid acyclic ligand containing
picolinate moieties as the metal coordinating units. In Mn(II)
complexes, the +II ionic charge and the small ionic radius of
the Mn(1I) ion restrict the coordination number mostly within
seven. It is known that r; relaxivity is directly prog)ortional to
the number of inner-sphere water molecules (q).2 Hence, to
enhance the contrast efficiency by increasing the g value to 2 in
the corresponding Mn(II) complex, we restricted the potential
coordination number of the ligand to five.

Herein, we report the new pentadentate ligand
Li,[BenzPic,] (Scheme 1) comprising two picolinate moieties

Scheme 1. Synthetic Representation for the Formation of
Ligand Li,Benz(pic), and Complex 1¢

X .
+ lLHN Y\NH
?\ ((Nj\,(o

N

NH, NH, O o) N
0\
o}

(ii)

HN- Ny O
/ N
“ N _ o—
A )
0\
0
(2), Yield =70 %

\ (i

OLi

(1), Yield = 86 %

(4), Complex 1
Yield =42 %

o
(3), Liz[Benz(pic),]

Optimized structure
Yield =92 %

“(i) CH;0H, (ii) methyl 6-(bromomethyl)picolinate, CH,CN,
DIPEA, and KI, (iii) LiOH in THE/H,0, and (iv) MnCl,-4H,0,
H,0, pH ~ 6.5. Inset: The optimized structure of bis(aquated)
Complex 1 at the @B9I7XD/cc-pVDZ level.

and a rigid 1,2,3,4-tetrahydroquinazoline unit. The idea of
using hydroquinazoline is threefold: 1) the rigidity exerted by
the unit can impose high thermodynamic and kinetic stability
in the corresponding bis(aquated) Mn(II) complex, 2) the
phenyl ring present in the hydroquinazoline unit can
strengthen the interaction of the complex with serum albumin
protein; conse uentg(,) the circulatory lifetime of the CA will
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increase, and 3) the lipophilic nature of the unit along with the
picolinate moieties can engender an amphiphilic CA that can
excrete via both hepatobiliary and renal paths facilitating the
imaging options of both systems.””**~*" Indeed, the ligand
upon reacting with MnCl,-4H,O endowed a mononuclear,
bis(aquated) [g = 2], water-soluble complex (1). The complex
exhibited the longitudinal relaxivity (r,) value of 5.32 mM™
s™'at 1.41 T, 37 °C, and pH 7.4, which increased by 3.6-fold in
the presence of 0.67 mM bovine serum albumin (BSA)
protein, indicating an appreciable interaction and consequent
rigidification of the complex as contemplated. It was also
noticed that the complex imparts high thermodynamic stability
and kinetic inertness similar to that of the clinically approved
Gd(III)-based contrast agent Magnevist.“’43 A subtle change
in the relaxivity value within 24 h in human serum
consolidated the substantial stability of the complex in the
blood. A contrast enhancement in the liver, gallbladder,
intestine, and kidney was realized when the complex was
intravenously injected into a healthy mouse. The biodistribu-
tion and time-dependent contrast-decrement/depletion of the
organs were also studied to discern the clearing pathways and
the organ-residual time and are included in this article.

B RESULTS AND DISCUSSION

The pentadentate ligand Li,[Benz(pic),] and the correspond-
ing water-soluble Mn(II) complex (Complex 1) were prepared
as presented in Scheme 1. Compound 1 was synthesized in
86% yield by reacting equivalent amounts of 2-aminobenzyl-
amine and methyl 6-formyl-2-pyridinecarboxylate in a
methanolic medium. The isolated compound was then reacted
with an equal quantity of methyl 6-(bromomethyl)picolinate in
CH;CN, in the presence of N,N-diisopropylethylamine
(DIPEA), and KI, to yield compound 2 in 70% yield. Base
hydrolysis of this compound by LiOH in a THF/H,O solvent
mixture provided the expected ligand Li[Benz(pic),] as a
white solid with 92% yield in almost racemic form ([a]} =
0.313, ¢ = 3.2 g in 100 mL of water) [Figures S1—S6]. The
corresponding Mn(II)-complex was prepared by reacting a
stoichiometric amount of the isolated ligand Li,[Benz(pic),]
and MnCl,-4H,0 in an aqueous medium at pH ~ 6.5.
Followed by diethyl ether diffusion in the methanolic solution
of the isolated solid, Complex 1 precipitated as a white powder
in 42% yield (Figures S7—S11). The electrospray ionization
mass spectrum (ESI-MS) in an aqueous medium in the
negative mode for the ligand Li,[Benz(pic),] and the positive
mode for the isolated complex exhibited a 100% molecular ion
peak at m/z = 389.12 and 444.06, respectively. The isotope
distribution patterns (Figures S6 and S8) of the observed
masses corresponded to the compositions [C,;H;,N,0,]” for
the ligand and [C,;H;(MnN,O, + H]* for the Mn-complex.
The compositions corroborated well with the compositions of
the ligand (C, H;4N,O,Li,) and Complex 1
(C,H;eMnN,O,). Thus, mass spectral analyses confirmed
the successful formations of the ligand and the corresponding
Mn-complex (Figures S6 and S8). Repeated trials for obtaining
single crystals suitable for X-ray diffraction analyses were
unsuccessful. Thus, the Mn(II) ion-concentration-dependent
'H-chemical shift (vide infra) and DFT-based theoretical
calculations have been carried out to determine the q and the
most favorable structure of Complex 1 (Scheme 1, Inset).
The hydration number (q) of the synthesized Mn(II)-
complex (1) was estimated by the concentration-dependent
paramagnetic chemical shift studies, as proposed by Gale et
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al.** According to Equation S1, the paramagnetic shift (Aw,)
of the 'H NMR or 7O NMR resonance peak generated due to
the presence of Mn(Il) ions is proportional to the hydration
number. Thus, q could be determined from the slope of the
linear plot of Aw, versus the concentration of the para-
magnetic Mn(II) ion at a constant temperature. Consequently,
'"H NMR analyses of samples containing increasing concen-
trations of Complex 1 in H,0/D,0 medium (1:2) were
executed. An increase in the paramagnetic chemical shift with
increasing [Mn(II)] concentration was realized at 55 °C and
9.4 T (Figure 1). A similar experiment was done for the well-

(A) - (B) 2504 Temperature = 328 K Complex 1
Field=94T .
Temperature: 328 K, 200
[Mn] = 8.9 mM N >
‘ 150 [Mn(EDTA)(H,O)
Mn(AIcDPA)(HzO -
<100
l [Mn(AICDPA)(H,0)]
[ 50
Complex 1 o i | L .
- 0 4 6 10
P [Mn(Il)], mM
; é OH, HO
HN NS N \’\N/ OY\N/ \N/Yo
\/_N= =N_\/ N N4
\’— N‘M.n\ Mn—N — OA /Mn\ AO
4 8 H
c’,'.‘o o o o/;\0 070" oo
d  OH, H20 ° H0
Complex 1 [Mn(AIcDPA)(H;0)] [Mn(EDTA)(H,0)]

Figure 1. (A) 'H NMR resonance peak broadening for the Complex
1 solution (wine line) and Mn(AlcDPA) (cyan line), [Mn] = 8.9 mM
in D,O, at pH ~ 7.4, 94 T, and 5S °C. (B) Comparison of the
paramagnetic concentration dependence on the '"H NMR chemical
shift for Complex 1 to monoaquated Mn(EDTA) and Mn(AlcDPA)
complexes.

established mono(aquated) Mn(EDTA) and Mn(AlcDPA)
complexes.**® The slope for Complex 1 was found to be ~2-
fold higher than that for the previously reported mono-
(aquated) complexes, suggesting the presence of two metal-
coordinated water molecules in Complex 1.*” Moreover, at the
identical experimental conditions, the paramagnetic resonance
signal for the synthesized complex solution was vividly broader
than that of the monoaquated Mn(AlcDPA) complex
indicating the presence of more than one water molecule in
the inner coordination sphere.

The DFT-level structural optimizations on the complex in
the mono(aquated) and bis(aquated) forms have also been
carried out. The addition of water molecules to the Mn(II)-
ligand framework had a significant impact on the complex’s
geometry and thermodynamic stability. The calculated results,
including relevant energy parameters, are reported in Table S1.
When one water molecule was present in the inner
coordination sphere, the complex exhibited a distorted
octahedral geometry, where a picolinate N atom and the O
atom of the water molecule were situated at the apical
positions (Figure S9A, Table S3). The N,O, basal plane was
constituted by picolinate-belonging N and O atoms, one ring
N atom, and one ring O atom of the second picolinate moiety.
The addition of the second water molecule to the Mn center
resulted in a pentagonal bipyramidal geometry with a higher
complex stability. In the complex, the ligand coordinated to the
Mn(1II) ion at the basal position by employing N,O, atoms,

icolinate units, and a ring N atom (Figure S9B, Table

two
TH-3359 186122030

1833

S4). The two water molecules were situated at the two apical
positions (Scheme 1, Inset).

The spectrophotometric batch titrations against the
competing hexadentate H,Na,EDTA ligand were performed
in determining the conditional stability constant (log K_,,4) of
the corresponding Mn(II) complex of the Li,Benz(pic), ligand
(eq 1).*® The equilibrium constant for the competition
reaction was determined at specific experimental conditions:
[M] = 10 uM, [L] = 10 M, I = 0.15 M NaCl, at pH ~ 7.4
(HEPES buffer), and 25 °C. An increasing volume of the
standardized H,EDTA stock solution ranging from 0.5 to 200
equiv relative to the ligand [Li,Benz(pic), = L] concentration
was added to a [Mn(II)-L] solution. The resulting solutions
were allowed to equilibrate for 48 h at 25 °C. The free and the
complexed ligand concentration in each solution mixture was
then estimated from the subsequent UV—vis absorption
spectrum (Figures S11 and S12). The X-intercept of the
[Mn-EDTA]/[Mn-L] versus [EDTA]/[L] plot represented
the relative affinity of the Li,Benz(pic), ligand for Mn(I),
which was found to be 0.6 log K units higher than that for
EDTA.* Noteworthy, the hexadentate [EDTA]*" ligand
results in a seven-coordinate mono(aquated) Mn(II)-EDTA
complex, while the bis(aquated) Complex 1 with the
pentadentate Li,Benz(pic), ligand provided a seven-coordinate
complex with superior stability (Table S2). Thus, the ligand
rigidity imparted by the 1,2,3,4-tetrahydroquinazoline back-
bone was found to impose significantly higher thermodynamic
stability in the complex with the pentadentate ligand.

Mn(II)-complexes of acyclic ligands often succumb to in
vivo transmetalation in the presence of Zn(II) jong*®*¥49751
and release free Mn(II) ions. The Mn(II) ion is a nutritional
element and can be either physiologically absorbed or excreted
from the body.>* Thus, it discards the possibility of long-term
accumulation and subsequent toxicity, which is the neuro-
logical disorder called m'a.nganism.43’53”54 However, an
accumulation of free Mn(II) ions over 3.38 mmol/kg would
engender such toxicity.””*° Complex 1 exhibited a high |
relaxivity (vide infra); hence, a lower dose of 0.1 mmol/kg
could be administered for MR imaging. Nonetheless, the
kinetic inertness of Complex 1 has been investigated in the
presence of a 10-fold excess of Zn(II) ions in 0.15 M NaCl, pH
6.5, and 25 °C. To compare the kinetic stability of Complex 1,
the same experiment was repeated employing the standard
[Mn(EDTA)(OH,)]*" and the clinically approved commer-
cially available [Gd(DTPA)(OH,)]*~ (Magnevist) contrast
agents.“’ ° The change in the R, relaxation rate of water
protons with time has been plotted and is presented in Figure
S13A. It was observed that the kinetic inertness of Complex 1
(pseudo-first-order, k = 1.04 X 107> s™") was about 8.5 times
higher than that of [Mn(EDTA)(OH,)]*” (k = 8.86 X 107>
s7!) and almost the same as that of [Gd(DTPA)(OH,)]*” (k=
1.16 X 1072 s7!). Furthermore, a 5-fold enhancement in the
kinetic stability (k = 2.13 X 107 s7!) was realized when the
kinetic inertness studies were performed by following the time
profile of the R, value of the Complex 1 solution challenged
with a 10-fold excess of Zn(Il) ions in serum albumin (0.67
mM), in 0.15 M NaCl, pH 6.5, and 25 °C (Figure S13B).
Thus, despite having two inner-sphere water molecules and the
pentadentate coordinating ligand, a higher kinetic inertness in
the Mn(Il) ion-based Complex 1 can be harnessed by
imposing the ligand-based rigidity.

Complex 1 showed impressive relaxometry properties with
r=677mM s at 25 °C and 5.32 mM ' s7! at 37 °C; r, =
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Figure 2. (A) Schematic representation of Complex 1 along with different bis(aquated) Mn(II)-chelates; (B) Corresponding r, values,

measurements were done at pH 7.4, 1.41 T, and 25 °C.

Table 1. Comparison of Relaxivity, Serum Affinity Constants, and Octanol—Water Partition Coeflicients of Complex 1 and

Other Reported Mn(II)-Based Systems

r, (mM's71)
logP ‘Water Serum albumin
Complex 1 —0.45 5.32 19.09
Mn-PC2A-BP? = 3.8 23.5
Mn-1,4-DO2AMBz? — 3.5 17.50
Mn-EOB-PC2A° — 2.83 5.85
Mn[EDTA-BTA} —1.84 3.5 15.1
Mn-BnO-TyrEDTAS 0.18 434 15.81
Mn[EDTAJ® 227 2.83 3.46

r, (mM™'s7")

Water Serum albumin r? (mMs7Y) Ky, MY
19.20 45.80 27.62 1.66 x 10°
= — 35.7¢ 2.51 X 10%
— — 27.4 1.90 x 10°

527 14.31 — —

4.9 34.5 — 95

621 20.70 = —

3.90 4.57 — —

“Measurements done without and with 0.67 mM BSA, at pH ~ 7.4 (HEPES), 1.41 T and 37 °C. "Data obtained from ref 40. Experimental
conditions: 0.67 mM HSA, at pH ~ 7.4, 0.49 T, and 37 °C. “Data obtained at 25 °C. “Data obtained from ref 58. Experimental condltlons 0.67
mM HSA, at pH ~ 7.4, 0.49 T, and 25 °C. “Data obtained from ref 59. Experimental conditions: 0.67 mM HSA, at pH ~ 7.4 and 1.5 T./Data
obtained from ref 43. Experimental conditions: 0.67 mM HSA, at pH ~ 7.4, 1.5 T, and 24 °C. *Data obtained from ref 41. Experimental conditions:

0.67 mM BSA, at pH ~ 7.4, 0.47 T, and 32 °C.

23.94 mM™! s71 at 25 °C and 19.20 mM ! s7! at 37 °C, 1.41
T, and pH ~ 7.4 (Figures S1SA and S15B). The observed
relaxation values were a little higher than the previously
reported acyclic bis(aquated) Mn(II) complexes, as presented
in Figure 2.>***%**" The effect of anions, which are prevalent
in the biological system, on the relaxivity of Complex 1 has
been investigated by recording the change in the relaxivity in
the presence of a 200-fold excess of biphosphate (HPO,*"),
bicarbonate (HCO; "), and citrate (CsHsO,*) anions (Figure
S1SD). No appreciable difference in the relaxivity value
confirmed that the coordination sphere of the complex was not
affected by the anions. Furthermore, no appreciable change in
the UV—vis spectra of Complex 1 in the presence of the anions
also supported the stability of the complex (Figure S14B). A
slight increase in the relaxation value in the presence of
HPO,>” and C¢H;O,’” alluded to a supramolecular
aggregation in the presence of the anions, which increased
the rotational correlation time.>”

Mn-complexes can undergo dechelation at low pH via ligand
protonation. Furthermore, the substitution of inner-sphere
water molecules or deprotonation of water molecules to the
hydroxide anion at a higher pH can significantly affect the
contrast ability and the stability of the Mn(II)-based contrast
agents. Thus, UV—vis spectra of the complex were recorded at
various pH values to examine the stability of Complex 1

re S14A). The Bpectra obtained at pH 2.1 and pH 7.4

1834

were the same, confirming the complex’s stability at pH 2.1.
The longitudinal relaxivity value of water protons was also
measured in the pH range of 2.1 to 10.0 at 1.41 T and 37 °C
(Figure S15C). Gratifyingly, no alteration in the value was
noticed that buttressed the stability of the bis(aquated) form of
the complex in the pH range.

Serum albumin, the most prominent protein in blood
plasma, is known to bind with various lipophilic ligand
systems.*”® Interaction between small molecules of para-
magnetic contrast agents with the bulky protein moiety
significantly increases the rotational correlatlon tlme (1)
and, consequently, enhances the relaxivity value.® Complex
1 showed ~360% amplification of the longitudinal relaxivity
value (r; = 19.09 mM™" s7!) in the presence of 0.67 mM BSA
at pH ~ 7.4, 141 T, and 37 °C (Table 1, Figures S16 and
S17A). This feature demonstrates a substantial interaction
between the protein and Complex 1. Notably, the relaxivity
values obtained are considerably higher than previously
reported [EDTA]*" or various macro?chc -based Mn(II)
systems, mentioned in Table 1.***"*%°> A deeper insight
into the noncovalent interaction between Complex 1 and the
albumin protein was done by following the observed relaxation
rate (R,°™) values of the complex aqueous solutions with a
constant Mn(II) ion concentration in the presence of an
increasing amount of protein at 37 °C. R,°* gradually
amplified with the increment in the albumin concentration.
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This finding was due to the increment in the albumin-bound
complex 1 fragment fraction, as determined by the ultra-
filtration method (Figure S17B). Experimental data were fitted
to a 1:1 binding isotherm following the Proton Relaxation
Enhancement (PRE) equations (Supporting Information).
Assuming one independent binding site of the protein moiety
for the complex, i.e, n = 1, the relaxivity of the bound complex
(r,®) was found to be 27.62 mM™! s7!, and the albumin
association constant K, = 1.66 X 10> M™'. The obtained values
were comparable to reported Mn(II)-based ligand systems
containing the hydrophobic benzyl unit.** Noteworthy, the
complex solution used for the study contained both
enantiomers in almost an equal concentration as evidenced
by [@]® = 0.0, c = 0.65 g in 100 mL of water. Thus, the
realized interactions with the protein are the combined effect
of each of the isomers. A pure stereoisomer might experience
different interactions compared to the other.

The protein affinity of Complex 1 could be directly related
to the octanol—water partition coefficient (log P) value of
—0.45, reflecting the considerable lipophilicity of the ligand
system. This property improved the relaxivity of Complex 1
and reciprocated to 65% binding of complex molecules to the
albumin protein at physiological conditions (Figure S17B).
Parallelly, ~252% augmentation in the r, value (45.80 mM ™"
s™1in 0.67 mM BSA versus 19.17 mM™! s™! in water, at pH ~
7.4, 1.41 T, and 37 °C) has also been noticed (Figure S16B),
which reflected the possibility of the T-T, dual-mode imaging
character of Complex 1 in vivo.

The serum stability for Complex 1 was evaluated by
monitoring the change in the longitudinal relaxation rate (R,
value) of an aqueous Complex 1 solution (0.28 mM) with
time, in the presence of 0.67 mM BSA, at pH ~ 7.4, 37 °C, and
1.41 T (Figure S18A). The relaxivity value (r;) increased to
18.6 mM ™" s~ within 90 s due to binding of the complex with
the albumin protein (vide supra). To note, under the same
measurement conditions, the relaxivity value of 70.74 mM™
s~' was observed by employing an aqueous MnCl, solution as
the complex substitute. A minor change in the relaxivity value
from 18.6 mM ™" 57! to 19.93 mM ™" s! was noticed within 24
h in the presence of Complex 1, thus eliminating the possibility
of serum albumin protein-induced complete dechelation of the
complex (Figure S18).

The stability of the complex was also been investigated in
human plasma by replicating the in vivo analysis condition, i.e.,
maintaining the complex concentration at 0.8 mM as
administered in mice blood (vide infra). The r, relaxivity
value in this case escalated to 13.95 mM ™ s} in 60 s, and the
maximum value attained was ~15.6 mM ™" s™! in 24 h (Figure
S18B). A complete dechelation would provide r; = 30.11
mM ™' s7" as determined using free Mn(II) ions of the same
concentration, thus, reflecting the existence of Complex 1 in
the chelated form during the course of in vivo studies.

To evaluate the protein-dependent boost in the relaxivity in
terms of magnetic resonance image brightness, T -weighted
phantom images of the aqueous 0.5 mM Complex 1 solution in
the absence and presence of 0.67 mM BSA at 7 T, pH ~ 7.4,
and 25 °C were recorded in vitro (Figures 3A, S19). The signal
intensity was enhanced by 43% in the presence of the complex,
confirming the signal brightening property (T -contrast agent).
Perceptibly, a substantial boost in the image contrast (57%) on
adding 0.67 mM BSA to the Complex 1 solution complied
with the {rotein-binding—dependent r, amplification.

86122030
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Figure 3. (A) T,-weighted phantom MR images of (i) water, (ii) 0.5
mM Complex 1, (iii) 0.67 mM BSA, and (iv) 0.5 mM Complex 1 in
the presence of 0.67 mM BSA, at 7 T, pH ~ 7.4, and 25 °C. (B)
Percentage of cell viability analysis for the treatment of Complex 1 on
HeLa cells.

Prior to the in vivo examination of Complex 1 as an MR-
contrast agent, the biocompatibility of the complex was
investigated by performing an MTT [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] assay on a HeLa cell
line. After 48 h of incubation of the cells with an increasing
concentration of Complex 1, the percentage of viable cells was
quantified and presented in Figure 3B. A modest decline in the
viability was noticed up to a 200 uM concentration of the
complex. Upon increasing the concentration, the cell viability
decreased gradually and reached 74% at the concentration of 1
mM. Thus, the cell viability experiments conferred the low
cytotoxicity of the complex.

The contrast ability of Complex 1, in vivo, was tested by
imaging healthy CS7BL/6 mice (n = 3) on a small-bore animal
MRI scanner (Biospec 70/20, M/s Bruker Biospin GmBH,
Germany) at 7 T, before and after 0.08 mmol/kg intravenous
administration. The mice were anesthetized with a 1-3%
isoflurane/oxygen mixture maintaining the body temperature
at 37 °C and sequentially imaged prior to- and postcontrast
injection up to 90 min using T,-weighted 3D fast low-angle
low-shot (FLASH) and two-dimensional rapid acquisition with
refocused echo (RARE) imaging protocols. Coronal and axial
T,-weighted MR images at different time points are presented
in Figures 4A and S.

An intense contrast enhancement in the gallbladder (160%;
Figure 4C) and kidneys (110%; Figure 4C) was noticed after
10 min of the contrast agent application. Moreover, as reflected
by serum protein association experiments for Complex 1, the
highly vascularized liver region corresponding to the long
retention of the contrast material in the blood vessels was
realized (Figure S, Liver part). Thus, Complex 1 could also be
examined as a blood pool contrast agent. Neutral Complex 1
molecules with amphiphilic nature (log P = —0.45) are
believed to be partially assimilated by hepatocytes with low
retention time and excreted via the biliary system.*'
Consequently, the high signal intensity in the gall bladder
and intestine was apprehended within 10 min of the contrast
agent administration.

The time-dependent signal intensity changes under the
region of interest (ROI) of different organs, as depicted in
Figure 4, were analyzed by Image] software. Precontrast signal
values were considered as the baseline, and the normalized
signal-to-noise ratio (nSNR) for different organs was calculated
and plotted as a function of time in Figure 4B. While the
brightness engendered by the contrast agent in the gallbladder
region gradually fades out within an hour, a considerable
residual contrast was noticed in the kidneys compared to the

https://doi.org/10.1021/acsabm.3c01236
ACS Appl. Bio Mater. 2024, 7, 1831—-1841


https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01236/suppl_file/mt3c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01236/suppl_file/mt3c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01236/suppl_file/mt3c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01236/suppl_file/mt3c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01236/suppl_file/mt3c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01236/suppl_file/mt3c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01236/suppl_file/mt3c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01236/suppl_file/mt3c01236_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.3c01236/suppl_file/mt3c01236_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig3&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.3c01236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

TH-335

ACS Applied Bio Materials

www.acsabm.org

Pre contrast Post injection of Complex 1

min

A)

10 min

®) Cver (©)_200

3.5 - <
- —+—Gall-bladder|
—%a 0] —— Intestine 5160+
@m 3.0 —v— Kidney g
_& —+— Muscle S120 *H
®», 25 S
c :

.

% 2.0 bt 80
= o

1.54 § 40

<
1.0+ . . : r o4
Pre 20 40 60 80 100 Liver Gall-bladder Intestine Spleen Kidney
contrast Time (min)

Figure 4. (A) Ti-weighted coronal (FLASH sequence) images of
CS7BL/6 mice showing contrast changes in liver (red dotted line),
gallbladder (yellow dotted line), intestine (cyan dotted line), and
kidneys (green dotted line) at different time points, pre- and
postadministration of Complex 1 (0.08 mmol/kg w.r.t. [Mn"]), at 7 T
from an animal MRI scanner. (B) Normalized signal-to-noise ratio
(nSNR) (relative to preinjection) plot for different ROIs as a function
of time subsequent to Complex 1 administration. (C) Quantitative
image analysis by measuring signal intensity changes in each organ
post 10 min of contrast injection, normalized to muscle. Bars
represent the standard error of the mean (n = 3 animals per group; *P
< 0.05, ¥*P < 0.02, ***P < 0.001).

Pre contrast Post injection of Complex 1

15 min 30 min 90 min

Gall bladder

Figure S. T,-weighted axial (RARE sequence) images of CS7BL/6
mice showing contrast changes in gallbladder (yellow dotted line),
liver (red dotted line), intestine (cyan dotted line), and kidneys
(green dotted line) at different time points, pre- and postadministra-
tion of Complex 1 (0.08 mmol/kg w.rt. [Mn"]), at 7 T from an
animal MRI scanner.

precontrast images (Figures 4B and 5). This indicated a longer
retention of Complex 1 in the tubules of the cortex. It is to be
noted that no acute toxicity in the mice was observed

postinbection while monitored for 15 days.
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Nonetheless, in vivo biodistribution of Complex 1 after 10
min of its administration was determined by estimating the Mn
content in the various organ tissues (liver, gall bladder,
pancreas, spleen, kidneys, and bladder). In this context, the
organs were resected and digested in aqua regia, followed by
ICP-MS analysis. The highest manganese content was
obtained in the kidneys (Figure 6) followed by gallbladder

I Complex 1 o
I baseline

Kk

350
5300
3 250
g250
<200
[=
= 150
100-
50

Liver Gall

Pancreas Spleen Kidneys Bladder
Bladder

Figure 6. Manganese content in mice organ tissues, obtained by ICP-
MS studies, 10 min after intravenous administration of Complex 1. n
= 3/group; *P < 0.05, **P < 0.01.

and liver. These findings corroborate well with the organ-based
contrast enhancement and consolidate the hepatic and renal
uptake of the contrast agent as realized from the MR contrast
images.

B CONCLUSIONS

To summarize, we have demonstrated that by imparting the
structural rigidity in the pentadentate chelate [BenzPic,]*", the
thermodynamically stable (log K.,,q = 11.62) and kinetically
inert (k = 1.04 X 1072 s7') bis(aquated) Mn(II) complex
(Complex 1) can be realized. The presence of a 1,2,3,4-
tetrahydroquinazoline unit in the ligand backbone engendered
a lipophilic character (log P = —0.4S) in the complex, which
facilitated the interaction of Complex 1 with serum albumin
protein with an association constant, K, = 1.66 X 10° M.
The complex exhibited r; = 5.32 mM™' s™' that amplified to
19.09 mM ™' s7! at 1.41 T, 37 °C, and pH 7.4 in the presence
of 0.67 mM BSA protein due to rigidification of the contrast
agent. Thus, with an intravenous dose of 0.08 mM/kg in a
healthy mouse, an excellent vascularization of the mouse liver
along with brightening of the gallbladder, the kidney, and the
liver was realized. A further modification of the coordination
motif and the lipophilicity of the ligand is ongoing for the
materialization of organ-specific Mn(II)-based contrast agents.

B EXPERIMENTAL SECTION

Materials. All materials and solvents were acquired from
commercial sources and used as supplied, unless noted otherwise.
2,6-Pyridinedicarboxylic acid, 2-aminobenzylamine, SeO,, LiOH,
Na,H,EDTA, and H;DTPA were purchased from Sigma-Aldrich.
MnCl,-4H,0, GdCly«H,0, sodium citrate, NaHCO;, Na,HPO,,
HNO; (69%), NH,OH, HCl, NaOH, and solvents were obtained
from Merck (India). HEPES and MES buffers were purchased from
SRL. DIPEA was procured from TCI India. Albumin bovine fraction
V was obtained from Spectrochem. Water used for experiments was
purified by a Millipore water purifier, Milli-Q, Merck. HeLa cells
(human cervical carcinoma) were procured from the National Center
for Cell Sciences (NCCS), Pune, India.

Physical Methods. FT-IR spectra were recorded on a
PerkinElmer Instrument at room temperature by making a KBr pellet
and grinding the sample with KBr (IR grade). Mass spectra were
obtained from either HRMS or a Q-TOF/MS spectrometer. UV/vis

https://doi.org/10.1021/acsabm.3c01236
ACS Appl. Bio Mater. 2024, 7, 1831—-1841


https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c01236?fig=fig6&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.3c01236?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

spectra were obtained on a PerkinElmer, Lambda 750, UV/vis/NIR
spectrometer. 'H- and "*C NMR analyses were done using Bruker 400
and 500 MHz NMR machines. Optimum pH was maintained using
buffers. Longitudinal and transverse relaxivity values at 1.41 T were
measured using a BRUKER minispec mq60 NMR analyzer. Exact Mn
concentrations in different samples were estimated by ICP-MS
(Model-Element XR, Thermo Fisher Scientific) and ICP-AES
(Model-ARCOS, Simultaneous ICP Spectrometer, SPECTRO
Analytical Instruments GmbH, Germany) techniques after treatment
of each with a dilute HNO; solution.

Computational Details. The computational simulations are
performed using the Gaussian 16%* program and visualized with the
GaussView V.5.09% packages. The calculations are done at the
@B97XD(ref 65)/cc-pVDZ(ref 66) level. The advantage of using
long-range corrected RS-functionals is the range separation parameter
®, which provides a better description of the charge transfer prospect
in the calculations.”” Moreover, the use of all-electron basis sets (cc-
PVDZ), including the transition metal atoms for the system,
maintains consistency throughout the calculations.

Competition Titration. Spectrophotometric competitive batch
titrations were done against Na,H,EDTA to estimate the affinity of
the ligand for Mn(Il) ions. Various aliquots of a standardized
Na,H,EDTA stock solution ranging from 0.5 to 200 equiv relative to
the ligand concentration were added to a constant [Mn(II)-L]
solution (with a typical concentration ratio of 1:1, 0.1 mM) and
equilibrated for 48 h to attain thermodynamic equilibrium. The ionic
strength of the reacting mixture was maintained with 0.15 M NaCl, at
pH ~ 7.4 (0.01 M HEPES buffer). The overall UV—vis absorbance
spectra were inspected, and a particular range of wavelengths was
selected where gradual spectral changes were considered. The
absorbance value of each set was recorded with respect to the value
of ligand Li,Benz(pic), (represented as L) at that particular
wavelength. The Na,H,EDTA solution of exact concentration and
pH was used as the background for each scan. Utilizing the respective
absorbance values, further calculations gave the concentrations of the
MnBenz(pic), complex, MnEDTA complex, free ligand Li,Benz-
(pic),, and free Na,H,EDTA for each set which were calculated from
the variation in absorbance in each set of samples. The logarithmic
value of the concentration ratio of [MnEDTA] to [MnL] was plotted
against a similar logarithmic value of the respective ratio of free
[Na,H,EDTA] to free [L] of each sample. The X-intercept of the
linear plot obtained was employed to calculate the log K4 value for
the synthesized ligand Li,Benz(pic),, using the formula mentioned
below.

[MnL] + [Na,H,EDTA] = [MnEDTA] + [L]
[MnEDTA][L]
[MnL][Na’H’EDTA]
log([MnEDTA]/[MnL]) = log K,,,.4 + log([Na,H,EDTA]/[L])
(1)

Transmetalation Studies. Gradual changes in the transverse
relaxation rate (R,) of samples containing the Complex 1/MnEDTA/
GdDTPA solution (1 mM) challenged with 10 equiv amounts of
ZnCl, were monitored over time. Measurements were performed
either in an aqueous medium or in a BSA medium (0.67 mM), at pH
~ 6.5 (MES buffer), I = 0.15 M NaCl, 1.41 T, and 25 °C, using a
BRUKER minispec mq60 NMR analyzer. The AR, value versus time
was plotted for each sample, and data points were fitted to the
pseudo-first-order equation to evaluate the rate constant values.

Relaxometric Analyses. T and T, values of Complex 1 solutions
were recorded using a BRUKER minispec mq60 NMR analyzer at pH
~ 74, 141 T, 25 and 37 °C. Relaxivity values (r, i = 1/2) were
obtained from the slope of linear plots of relaxation rates (1/T;)
versus Mn(II) concentration. The exact metal concentration in the
sample stock was determined by the ICP-AES technique after
digesting the solution with nitric acid. An anion tolerance study was
done by measuring T, of the Complex 1 solution, after incubation
with 200 equiv of the respective anion, at 37 °C.
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BSA Interaction Study. r, values for Complex 1 solutions were
measured after 30 min of incubation of samples in the presence of
0.67 mM bovine serum albumin (BSA) at physiological conditions
(pH ~ 7.4, 37 °C, BSA concentration maintained at 4.5% w/v;
measured at 1.41 T).

Determination of the Affinity Constant for the Complex 1-
BSA System. The binding constant of Complex 1 with serum
albumin was determined following the established procedure.”® The
proton relaxation enhancement titration experiment was performed.
The R, value (longitudinal relaxation rates) of incubated samples
containing a fixed concentration of Complex 1 (0.35 mM) and
increasing concentration of BSA (0—1.8 mM) were recorded at pH ~
7.4, 37 °C, and 1.41 T. Free- and serum albumin-bound Complex 1
molecules were separated by ultrafiltration (5000 Da cutoff) and
subsequently quantified by ICP-MS. Nonlinear increasing points were
obtained by plotting the R, values against BSA concentration. Fitting
of the data points using Equation S2 gave the binding constant, K.

Stability of Complex 1 in Serum Albumin and Human
Plasma. The R, values for Complex 1 or MnCl, solutions ([Mn"] =
0.28 mM in 0.67 mM BSA and [Mn"] = 0.80 mM in human plasma)
were monitored for 24 h and plotted against time. Experiments were
performed at pH ~ 7.4, 1.41 T, and 37 °C.

Octanol-Water Partition Coefficient. The lipophilicity of
Complex 1 was tested following the reported procedure.*” To
elaborate, Complex 1 was added to a mixture of octanol and water (2
mL, 1:1 v/v), and the mixture was gently shaken for 48 h to
equilibrate the mixture. Further on, it was kept untouched for 24 h to
settle down. Layers were carefully separated, and the Mn(II) content
in each layer was estimated by the ICP-AES technique. The partition
coefficient was calculated by using the formula log P = log(C,/C,,).
Here, P represented the partition coefficient; C, and C,, implied the
concentration of Complex 1 in the octanol and water layers,
respectively. The experiment was performed in triplicate to improve
accuracy.

In Vitro MR Imaging. T;-weighted phantom MR images of
microcentrifuge tubes containing the Complex 1 solution (0.5 mM),
in the absence and presence of 0.67 mM BSA, were recorded using a 7
T Biospec 70/20, M/s Bruker Biospin GmBH, Germany. Parameters
adopted are mentioned: Bruker:RAREVTR sequence, TR (repetition
time) = 700.0 ms, TE (echo time) = 8.5 ms, slice thickness = 2.5 mm,
field of view (FOV) = 6.00 cm, and matrix = 256 X 192.

MTT Assay. Cell viability of Complex 1 was assessed by
performing the MTT [3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetra-
zolium bromide] test on the cervical cancer (HeLa) cell line. Cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
buffer, supplemented with 10% (v/v) fetal bovine serum (FBS), 1%
penicillin, and streptomycin at 37 °C in humidified air containing 5%
CO,. Cells were grown overnight in a 96-well plate at a density of 5 X
103 cells/well. A succeeding cell-line was treated with the increasing
concentration of Complex 1 (0—1 mM) for 48 h, and 0.5 mg/mL
MTT in DMEM was added to each well and incubated for 1.5 h,
afterward. DMSO (150 uL) was added to each well, and absorbance
was recorded at 570 nm. Untreated cells were considered as control
with 100% viability, and respective cell viability was calculated,
accordingly.

In Vivo MR Imaging. 8-week-old male C57BL/6 mice (total
number = 10) were acquired from the National Institute of Biologicals
(NIB), Noida, Uttar Pradesh (UP), India. They were housed in micro
isolator cages at biosafety level-2 in the animal house of Maharshi
Dayanand University, Rohtak, India, and their feeding pattern was
regularly monitored. Animal experimental protocol was approved by
the Institutional Animal Ethical Committee (IAEC), with approval
number CAH 114-120 dated 23-05-2022. During the studies, mice
were anesthetized with a 1-3% isoflurane/oxygen mixture. Normal
respiration and body temperature (37 °C) were maintained.
Subsequently, animals were scanned at 7 T using a small-bore animal
scanner (Biospec 70/20, M/s Bruker Biospin GmBH, Germany) prior
to and postcontrast administration implying T,-weighted 3D fast low-
angle low-shot (FLASH) and two-dimensional rapid acquisition with
refocused echo (RARE) imaging protocols. Imaging protocols
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adopted were as follows: T|-FLASH, TR/TE = 316.0 ms/4.5 ms, Flip
angle = 30°, matrix = 256 X 256, slice thickness = 0.7 mm, 22 slices;
T,-RARE, TR/TE = 3647.4 ms/8.0 ms, Flip angle = 90°, the field of
view (FOV) = 50 X S0 mm, matrix = 256 X 256, slice thickness = 0.5
mm, 86 slices.

At first, a batch of healthy mice (n = 4) was selected, anesthetized,
and imaged by the MRI scanner. Afterward, each mouse received
intravenous administration of the Complex 1 solution in PBS, at a
dosage concentration of 0.08 mmol/kg w.r.t. [Mn"], in the tail vein.
The sequential T,-weighted scans were performed on the mice at
different time points, up to 90 min. Images were analyzed by
quantizing the signal intensity (SI) in the region-of-interest (ROI) of
the respective organs using Image] software after subtracting over the
noise intensity. The normalized signal-to-noise ratio (nSNR) was
calculated by dividing the SI at each time point by the prior contrast
image SI. The contrast-to-noise ratio (CNR) was estimated by
normalizing the signal intensity of ROIs with that of the back muscles
in the same slide. Preinjection SNRs and CNRs were considered as
the baseline, and the percentage change in the respective CNR (%
ACNR) upon the contrast agent injection was plotted. Considering
the analyzed-ROls, the statistical significance was examined by using
unpaired two-tailed t tests to validate the significance of the
experiment. The results with P-values < 0.0S were considered useful.

Biodistribution. Mice (n = 3/group) were sacrificed after 10 min
post a similar dosage of Complex 1 along with another group
receiving only saline (0.9%). Selected organs were dissected and
digested upon treatment with 2 mL of freshly prepared aqua regia
(1:3 mixture of HNO; and HCl) and lysed for 24 h. The tissue
samples were dried by heating at 120 °C, sonicated thoroughly after
the addition of 0.5 N HCI, and then centrifuged (4000g, S min) to
collect a clear supernatant solution. This crude was diluted with a 4%
HNO; acid solution, and subsequently, the Mn content in each
sample was estimated by the ICP-MS technique.

Syntheses. Synthesis of C;sH;sN;O, (1). Methyl 6-formyl-2-
pyridinecarboxylate was prepared following the reported procedure.®”
An equivalent amount of it (0.66 g, 4.0 mmol) was slowly added to a
methanolic solution of 2-aminobenzyl amine (0.49 g, 4.0 mmol), and
the mixture was stirred for 16 h. Removal of the solvent gave a
brownish crude oil, which on trituration with hexane gave compound
1 as a white solid. Yield = 0.92 g (86%). FTIR (KBr pellet cm™):
3383(br), 3294(m), 3052(w), 3005(w), 2925(w), 2882(w), 2840(w),
1719(s), 1603(s), 1587(s), 1492(m), 1471(s), 1436(m), 1415(s),
1301(m), 1251(s), 1197(m), 1151(s), 1073(m), 1001(w), 962(m),
867(m), 836(m), 745(m), 622(w). '"H NMR (CDCl,, 500 MHz): §
8.08 (d, ] = S Hz, 1H), 7.88 (m, 2H), 7.06 (t, ] = S Hz, 1H), 6.95 (d, ]
=10 Hz, 1H), 6.72 (m, 2H), 5.35 (s, 1H), 5.20 (s br, 1H), 4.32 (d, J
=16 Hz, 1H), 4.05 (d, ] = 16 Hz, 1H), 4.00 (s, 3H) ppm. *C NMR
(CDCl,, 125 MHz): § 165.69, 159.71, 147.44, 14321, 138.02, 127.47,
12625, 124.76, 124.68, 121.61, 118.46, 116.10, 69.15, 52.95, 46.84
ppm. ESI-MS (+) m/z for [CsN;N3O, + H]* caled, 270.1237;
found, 270.1245.

Synthesis of Cy3H;,N,0, (2). Methyl 6-(bromomethyl)&)icolinate
was reproduced according to the literature reported earlier.”’ KI (0.58
g, 3.5 mmol) and DIPEA (0.95 g 7.3 mmol) were subsequently
added to a solution of compound 1 (0.79 g 2.9 mmol) in dry
acetonitrile (15 mL), under N, atmosphere, and stirred for 15 min.
Methyl 6-(bromomethyl)picolinate (0.80 g, 3.5 mmol) was finally
added, over time, and the mixture was heated to 60 °C. After 20 h, the
reaction ceased, and the solvent was evaporated to dryness. The
residue was thoroughly washed with water and brine and then
extracted with CH,Cl, (3 X 30 mL). The organic part, after drying
over Na,SO,, was evaporated to obtain a yellow solid, which was
further purified by column chromatography on silica gel using
hexane/ethyl acetate (1:2) as an eluent to get compound 2 as a sticky
yellow solid (R; = 0.4). Yield = 0.84 g (70%). FTIR (KBr pellet
em™): 3595(w), 3395(br), 3060(w), 3009(w), 2951(w), 2907(w),
2853(w), 1722(s), 1608(s), 1588(s), 1494(m), 1457(s), 1437(m),
1314(s), 1293(s), 1257(m), 1226(m), 1194(m), 1137(s), 1083(s),
994(m), 912(m), 759(w), 731(w), 647(w). '"H NMR (CDCl,, 400
MHz): 5 8.04 (d, ] = 8 Hz, 1H), 7.98 (d, ] = 8 Hz, 1H), 7.93 (d, J = 8
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Hz, 1H), 7.84 (m, 3H), 7.09 (t, ] = 8 Hz, 1H), 6.88 (d, ] = 8 Hz, 1H),
6.79 (d, ] = 8 Hz, 1H), 6.70 (t, ] = 8 Hz, 1H), 5.54 (s, 1H), 429 (d, ]
= 16 Hz, 1H), 4.02 (s, 3H), 3.94 (s, 3H), 3.89 (m, 1H) 3.78 (m, 2H)
ppm. *C NMR (CDCl,;, 100 MHz): 171.23, 161.56, 159.78, 151.67,
149.84, 140.61, 132.39, 130.80, 123.28, 121.92, 117.39, 112.79, 92.78,
60.69, 59.24, 49.62. ESI-MS (+) m/z for [C,3H,,N,O, + H]" calcd,
419.1713; found, 419.1776.

Synthesis of C,;H;6Li,N,O, (3, LiBenz(pic),). To a solution of
compound 2 (0.33 g, 0.8 mmol) in THF (6 mL) was slowly added an
aqueous solution of lithium hydroxide (0.04 g, 1.7 mmol), and the
mixture was stirred for 2 days under dark conditions. Afterward, the
solvent was evaporated to dryness to afford a light-yellow solid. Rapid
washing with a minimum amount of methanol (~4 mL) gave ligand
Li,Benz(pic), as a white solid. Yield = 0.29 g (92%). FTIR (KBr
pellets cm™): 3482(w), 3359(br), 3100(w), 2906(w), 2859(w),
1633(w), 1615(s), 1586(s), 1574(s), 1494(m), 1427(s), 1395(s),
1264(s), 1187(m), 1117(m), 1080(m), 1007(m), 858(m), 786(s),
748(m), 687(m). '"H NMR (D,0, 400 MHz): § 7.82 (m, 1H), 7.76
(m, 3H), 7.56 (d, ] = 8 Hz, 1H), 7.21 (m, 2H), 7.03 (d, ] = 4 Hz,
1H), 6.91 (d, ] = 8 Hz, 1H), 6.84 (t, ] = 8 Hz, 1H), 5.31 (s, 1H), 4.02
(d,J = 12 Hz, 1H), 3.80 (m, 3H) ppm. *C NMR (D,0, 400 MHz): §
173.12, 172.95, 157.20, 157.08, 152.79, 152.65, 141.84, 138.31,
138.19, 128.00, 127.80, 125.77, 124.74, 123.50, 122.20, 119.34,
119.05, 115.84, 73.33, 55.52, 5143 ppm. ESIMS (+) m/z for
[CyH,,N,O,Li + H]* caled 397.1473, found 397.1459.

Synthesis of C,;H,yMnN,O4 (Complex 1). An aqueous solution of
Li,Benz(pic), (0.12 g, 0.3 mmol), at pH ~ 6.5 (maintained using a
dilute HCl solution), was reacted with MnCl,-4H,0 (0.0S g, 0.28
mmol) by stirring for 15 min at room temperature. The pH of the
resultant solution was checked another time and allowed to stir for
another 24 h to obtain a dirty yellow solution. Slow evaporation of the
solution gave a brown solid, which was dissolved in a minimum
amount of methanol (~5 mL) and diffused under a diethyl ether
atmosphere to obtain Complex 1 as a white shiny solid with 42% yield
(0.06 g). High-Performance Liquid Chromatography (HPLC) was
performed to ensure >95% purity of the synthesized compound
(Figure $10). FTIR (KBr pellets cm™): 3473(m), 3388(br),
3270(br), 3086(w), 3020(w), 2911(w), 2854(w), 1622(s), 1585(s),
1571 (s), 1493(s), 1427 (m), 1389(s), 1265(s), 1185(m), 1150(m),
1119(m), 1072(s), 1019(s), 981(m), 859(m), 770(m), 753(m),
701(m), 675(m), 651(m). ESI-MS (+) m/z for [C,;H;(MnN,O, +
H]" calcd, 444.0624, found 444.0519.
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