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Synopsis Report

Reactive oxygen species (ROS) play important roles in physiological as well as
pathological conditions. These are chemically reactive oxygen-containing species such as
hydrogen peroxide (H20-), superoxide (O2’), hydroxyl radical (‘OH), hypochlorite (OCI"),
and singlet oxygen (*O2).! H,02 is comparatively less reactive and relatively more stable
among all the ROS. Therefore, it can translocate from one organelle to other organelles of
the cells and acts as a signalling molecule.? Moreover, H,0 plays a crucial role in
physiological functions when levels of ROS are optimum.® However, H,O2 plays a major
role in the production of more toxic hydroxyl radicals ("OH) in the presence of iron metal
(Fe?*). Hydroxyl radical is defined as the most reactive oxidizing species and has an
extremely short half-life.* Therefore, it reacts with biological membranes, proteins, and
lipids, which leads to a condition known as oxidative stress.® Furthermore, oxidative
stress is the cause of oxidative damage of DNA, biological membranes, proteins, and
lipids, which induces various diseases, including neurodegenerative disorders,
inflammatory diseases, thyroid diseases, cardiovascular diseases, and cancer.® To protect
the cells from different pathogens, GSH plays a crucial role as an antioxidant to detoxify
the ROS.” It is to be noted that hydrogen sulfide (H.S) is indirectly involved in
synthesizing the GSH, which is a more abundant non-enzymatic anti-oxidant in the cells.®
Although several drugs marketed for the treatment of ROS-related diseases specially
cancer and inflammatory diseases. However, these drugs have several side-effects and
limitations. Therefore, ROS-responsive prodrugs of anti-cancer drugs developed over
time to overcome the side-effects of corresponding conventional drugs. Further, ROS-
responsive prodrugs of anti-cancer and anti-inflammatory drugs with co-delivery of H2S
are necessary to develop for overcoming the side-effects of conventional drugs
effectively.

The present thesis, entitled “Development of ROS-responsive Turn-on Fluorogenic
Prodrugs for the Delivery of Anti-inflammatory and Anti-cancer Drugs along with
Hydrogen Sulfide” consists of five chapters, based on the results of experimental works

performed during the complete course of PhD research tenure.

Chapter 1: Introduction

A general introduction relevant to ROS, H>S, and their pharmacological functions have
been discussed in chapter 1. The introduction has been divided into five sections; firstly,

the production of ROS (intracellular and extracellular sources) and its detoxification

TH-3161_176122050
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process has been discussed elaborately. Secondly, the development of ROS-responsive
prodrugs of anti-inflammatory and anti-cancer drugs (1-4) has been reviewed thoroughly
(Figure 1).%12
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H202-responswe

unit :
Bpin = —B E
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Figure 1. Chemical structures of some representative H.O»-responsive fluorogenic

prodrugs.

Thirdly, the biological functions of H>S and its correlation with ROS have been
elaborated (Figure 2A). Fourthly, owing to the emergence of H.S research in medical
science, methods for accurate and quantitative detection of H.S in biological samples
have been discussed. Finally, along with intracellular and dietary sources of H.S, a
discussion has been made on the development of various stimuli-triggered organic donors
of HS, such as (i) hydrolysis-based H>S donors, (ii) biothiol-triggered H>S donors, (iii)
ROS-responsive H,S donors etc. (Figure 2A).1*18 Furthermore, a brief discussion has
been made on the importance of H>S delivery with anti-inflammatory drug as HS-

NSAID conjugates as reported in the literature, which are non-fluorogenic (Figure 2B).1"

19

vi
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Figure 2. Chemical structures of some representative (A) H.O-responsive fluorogenic

H>S donors and (B) H>S-NSAID hybrids.

Inspired by the previous reports on ROS-responsive turn-on fluorogenic prodrugs of anti-

cancer drugs and peroxide-triggered fluorogenic H>S donors, we developed the interest in

designing ROS-responsive fluorogenic prodrugs of anti-inflammatory and anti-cancer
drugs along with HS delivery. The current thesis explored the following possibilities:

1. It is unclear which types of linkers will be chosen for developing boronate ester-
coupled ROS-responsive probes for sensing H20- or prodrugs for sustained drug
delivery. Therefore, a proper investigation is necessary to understand the importance
of fluorophores as well as linkers.

2. A ROS-responsive fluorogenic prodrug of anti-inflammatory drugs, which is
necessary for delivering the drug selectively towards inflammatory sites over normal
sites and real-time monitoring of drug release, has not been developed yet.

3. Although a non-fluorogenic H2S-NSAID conjugated system has been developed to
reduce the side-effects of NSAIDs, stimuli-triggered fluorogenic prodrugs of
NSAIDs are still missing.

4. ROS-responsive turn-on fluorogenic prodrugs of anti-cancer drugs have been
developed; however, ROS-responsive fluorogenic prodrugs of anti-cancer drugs with
concomitant release of H2S are yet to be developed.

Chapter 2: Peroxide-responsive boronate ester-containing turn-on fluorogenic
probes: impact of the self-immolative linkers on peroxide-triggered sustained drug

delivery
vii
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As discussed in chapter 1, several ROS-responsive non-fluorogenic as well as fluorogenic
prodrugs have been developed over time; however, a proper rationalization is missing in
understanding the importance of different linkers for connecting the boronate ester
moiety with different fluorophores. In order to achieve our objective, we designed and
synthesized nine probes where boronate ester was coupled via three different linkers
(direct, ether, and carbonate) with three different fluorophores (coumarin, naphthalimide,

and fluorescein units) (Scheme 1).

% &, &o-&

Scheme 1. Chemical structures of the designed turn-on fluorogenic probes and the

schematic representation for fluorophore release in the presence of H,O,.

Furthermore, we thoroughly carried out spectroscopic studies, HPLC, and cellular studies
to understand the importance of different linkers. We observed in spectroscopic studies
that, as compared to the ether- or carbonate-linked probes, directly connected boronate
ester probes 5, 8, and 11 exhibited strong sensitivities towards H>O. (Figure 3A-C).
Furthermore, we noticed that all three probes 11-13 are compatible with cellular
conditions, and they detected the endogenous level of H>O. (Figure 3D). However, a
higher emission response in the green channel was observed for probe 11 as compared to
probes 12 and 13, indicating the higher sensitivity of the directly linked probe 11. It can
be concluded that a directly coupled boronate ester probe is capable of detecting very
trace amounts of H>O». However, a sustained drug delivery system will be an additional

benefit from the self-immolative probes.
viii
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Figure 3. Emission spectra of (A) coumarin-, (B) naphthalimide- and (C) fluorescein-
based probes (10 uM) with and without H>O (200 uM) over 90 min in phosphate buffer
(20 mM) of pH 7.5. (D) Fluorescence microscopy images (bright field, green channel,
and overlay) of HeLa cells in the presence of fluorescein-based probes 11-13 for the
detection of the endogenous level of H,O..

Chapter 3: Peroxide-responsive prodrug of non-steroidal anti-inflammatory drug
diclofenac: sustained drug release with turn-on near-infrared fluorescence

As we observed in chapter 2, self-immolative boronate ester-coupled ROS-responsive
fluorogenic probes will be suitable for developing a prodrug for sustained delivery of the
drug. Therefore, we developed a unique peroxide-responsive fluorogenic prodrug (DCI-
ROS) of NSAID diclofenac (DCF) using NIR-fluorophore (DCI-OH) in such a way that
the drug will be released sustainably (Figure 4). In addition, a negative control prodrug
(DCI-Con) was also synthesized without any H20-triggering unit to understand the role

of boronate ester moiety in activating the drug release.

TH-3161_176122050



Synopsis Report

ROS:sensitive Group Sustained Drug Release o
: cl OH

NH

Cl

ST ROS DCF (Diclofenac)
5 X \ o — +
< %

ROS-triggered Drug Delivery

NIR Fluorophore N CN
S

O ' DCI-ROS Near-infrared Emission Ho CN

NSAID (Diclofenac) DCI-OH (Fluorophore)

Figure 4. Schematic representation of our rationally designed ROS-responsive prodrug
of diclofenac (DCI-ROS).

Preliminary spectroscopic studies indicated the release of the fluorophore in the presence
of H2O. (Figure 5A). Moreover, the fluorophore was released from the prodrug
continuously throughout 10 h and became saturated, which validated our hypothesis of
sustained drug release (Figure 5B). Since the fluorophore release was increased with
increasing the concentration of H2O2, more amounts of drugs per mole will be released in
regions with elevated levels of H>O> (inflammatory sites) (Figure 5C). In addition, the
prodrug DCI-ROS was found to be non-toxic towards triple-negative breast cancer cells
MDA-MB-231 and macrophage cells RAW 264.7 (Figure 5D and 5E). Furthermore, we
observed the LPS pre-treated RAW 264.7 cells showed significant enhancement in red
emission compared to those without treating LPS, indicating the LPS-induced ROS
production, which results in higher fluorophore release from inflamed cells. (Figure 5F).
This result indicates that more amount of drugs per mole would be released from the
prodrug in inflammatory sites over normal tissues. To study the anti-inflammatory
activity, COX-2 was overexpressed in RAW 264.7 cells using lipopolysaccharide (LPS)
followed by prodrug DCI-ROS was treated dose-dependently (50 and 100 uM).
Interestingly, 100 uM of the prodrug downregulated COX-2 significantly, which is
consistent with the activity of free diclofenac (Figure 5G). This outcome amply the

release of the drug from the prodrug and showed its anti-inflammatory activity.
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Figure 5. (A) Emission spectrum of prodrug DCI-ROS (10 uM) with and without H20-
(200 pM) along with the emission spectrum of pure DCI-OH (10 uM). The emission
spectra of DCI-ROS + H,O, was recorded after 14 h; (B) Emission spectra of DCI-ROS
(20 pM) in the absence and presence of H.O, (200 uM) with variable time (0-18 h); (C)
Emission spectra of DCI-ROS (10 uM) with variable concentration of H.O, (0-500 puM)
with a fixed incubation time of 14 h; Phosphate buffer (20 mM, pH 7.5, with 50% DMSO
VIV). Aex = 550 nm, Aem = 670 nm. Cellular viability of MDA-MB-231 and RAW 264.7 cells
in the presence of (D) DCI-ROS and (E) DCF. (F). Fluorescence microscopy images
(bright field, blue channel, red channel, and merged) of RAW 264.7 cells in the presence
of DCI-ROS (50 uM) for endogenous ROS-triggered and LPS-induced ROS-triggered
fluorogenic drug release. RAW 264.7 cells were pre-incubated with LPS (50 pgmL-1) for
14 h to elevate the ROS level. DAPI (blue channel) was used for the nuclear staining of
cells. Scale bar: 50 um. (G). Anti-inflammatory activity of the prodrug DCI-ROS as well
as the DCF in RAW 264.7 cells. Western blot analysis for COX-2 protein expression
level in RAW 264.7 cells and the effect of DCI-ROS (50 and 100 pM) and pure DCF in
the LPS (50 pug/mL) pre-treated cells. GAPDH was used as a housekeeping gene.
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Chapter 4: Peroxide-activatable turn-on fluorogenic prodrug of diclofenac:

adjuvant drug delivery with hydrogen sulfide

We observed in chapter 3 that ROS-responsive prodrug DCI-ROS was capable of
delivering the active drug in a sustainable manner and showed similar anti-inflammatory
properties as the parent drug. However, the side-effects (gastrointestinal damage) of non-
selective COX-2 inhibitors (NSAIDs) could be overcome by delivering the H2S along
with the NSAID. Therefore, we developed a peroxide-responsive fluorogenic prodrug
(DCF-HS) of diclofenac and H.S to deliver H,S along with the drug diclofenac in a

sustained manner and it may reduce the side-effects of the drug (Figure 6).

O Peroxide-activatable turn-on fluorogenic prodrug of NSAID and H,S 0

NH
NSAID (Diclofenac) H,S-source . , oy 0 ol CA, (hsd + @C B
(o] - BN SN
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1
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x g CN
cl %Y DCF-HS @ X
HN CN

YellowFluorescence Red Fluorescence

(4200
QIYSN 3AnOY
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Figure 6. Schematic representation of our rationally designed ROS-responsive prodrug
of diclofenac and delivery of H.S (DCF-HS).

Upon synthesizing the prodrug DCF-HS, spectroscopic, HPLC, and cellular studies were
carried out to investigate the sustained release of the drug and H.S and its anti-
inflammatory activity. From spectroscopic studies, we found that the drug was released
from the prodrug DCF-HS in the presence of H.O: (Figure 7A and 7B). Since the
fluorophore release was increased with increasing the concentration of H202, more
amounts of drugs per mole will be released in regions with elevated levels of H>O»
(inflammatory sites) (Figure 7C). Interestingly, the prodrug DCF-HS was found to be
non-toxic up to 100 uM in cancer cells (HeLa) as well as normal cells (HEK-293) (Figure
7D). To investigate the H.S release from the prodrug DCF-HS, HelLa cells were pre-
treated with HxS-triggered probe WSP2, followed by prodrug DCF-HS (Fluorophore was
connected through thiocarbamate linker) or control prodrug DCF-Con (fluorophore was
connected through carbamate linker) were treated (Figure 7E). Interestingly, blue
fluorescence was observed for DCF-HS-treated cells due to the release of umbelliferone
in the presence of released H>S from the prodrug DCF-HS. Furthermore, the anti-

inflammatory property of DCF-HS was analyzed in COX-2-overexpressed (LPS pre-
Xii
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treated) RAW 264.7 cells (Figure 7F). Interestingly, 100 uM of the prodrug DCF-HS
downregulated COX-2 significantly, which is consistent with the activity of free
diclofenac (Figure 7F). This outcome amply the release of the drug from the prodrug and
showed its anti-inflammatory activity.
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Figure 7. (A) Emission spectrum of prodrug DCF-HS (5 uM) with and without H20, (200
uM) along with the emission spectrum of pure DCI-NHz (10 uM). The emission spectra of
DCF-HS + H,O; were recorded after 10 h. (B) Emission spectra of DCF-HS (5 uM) in the
absence and presence of H>O> (200 uM) with variable time (0-17 h). (C) Emission
spectra of DCF-HS (5 pM) with variable concentration of H.O, (0-500 pM) with a fixed
incubation time of 10 h. The experiments were carried out in PBS (20 mM, pH 7.4, with
50% DMSO VIV). Aex = 472 nm. (D). Cellular viability of HeLa and HEK-293 cells in the
presence of DCF-HS (E). Fluorescence microscopy images (bright field, blue channel,
red channel, and merged) of HelLa cells in the presence of DCF-HS (50 pM) for the
detection of released H,S from the DCF-HS using the H,S-selective turn-on fluorogenic
probe WSP2. (F) Schematic representation for the detection of released H.S from DCF-
HS using H>S-selective turn-on fluorogenic probe WSP2. (G). Anti-inflammatory activity
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of the prodrug DCF-HS in RAW 264.7 cells. Western blot analysis for COX-2 protein
expression level in RAW 264.7 cells and the effect of DCF-HS and pure DCF in the LPS

pre-treated cells. GAPDH was used as a housekeeping gene.

Chapter 5: Peroxide-responsive turn-on fluorogenic prodrug of the anti-cancer drug

amonafide: adjuvant drug delivery with hydrogen sulfide

ROS-responsive fluorogenic prodrugs of anti-cancer drugs developed over time to reduce
the side-effects of conventional drugs and drug release were monitored using turn-on
fluorophore. Since H>S has several pharmacological properties, including antioxidant,
anti-inflammatory and cytoprotective properties, the side-effects of anti-cancer drugs
might be overcome by delivering H>S with anti-cancer drugs. Therefore, we developed a
peroxide-responsive turn-on fluorogenic prodrug of anti-cancer drug amonafide and

delivery of H.S along with it (Figure 8).

- ;l/
0 > H,0, O _N_-O 5
3  — g
3 ) o
. B 2
00 & 0!
N l CA H,N
Amonafide
(Fluoroscence Off) HaS (Fluoroscence On)

Figure 8. Schematic representation of peroxide-responsive turn-on fluorogenic prodrug

for the co-delivery of amonafide and H.S.

Upon synthesizing the designed prodrug AM-TCB, spectroscopic, HPLC, and cellular
studies were carried out to investigate the drug and H»S release from the prodrug. The
spectroscopic results indicated that amonafide was released in the presence of H>O>
slowly over time and the amount of drug release increased gradually with increasing the
concentration of H2O, (Figure 9A and 9B). Moreover, the release of H2S was confirmed
by fluorescence spectroscopy using an H>S-responsive fluorogenic probe WSP2 (Figure
9C). At 450 nm, emission intensity increased when AM-TCB reacted with H>O,
followed by the addition of carbonic anhydrase and WSP2 probe (green line), further
confirmed with free umbelliferone (red line). In addition, cell viability was analyzed for
normal cell line (HEK-293) (Figure 9D) and the cancer cell line (HeLa) (Figure 9E)
against prodrug AM-TCB and drug amonafide. Interestingly, the prodrug AM-TCB
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TH-3161_176122050



Synopsis Report

exhibited cytoprotective properties for normal cells compared to drug amonafide and

showed similar anti- cancer activity as the parent drug for cancer cells HelL a.
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Figure 9.(A) Emission spectra of AM-TCB (5 uM) in the absence and presence of H,O;
(200 pM) with variable time (0-240 min); (B) Emission spectra of AM-TCB (5 uM) with
variable concentration of H;O, (0-500 pM) with a fixed incubation time of 90 min.
Phosphate buffer (20 mM, pH 7.4). Aex = 405 nm. Cellular viability of HEK-293 (D) and

HeLa (E) cells in the presence of AM-TCB and Amonafide. (F) Schematic representation

for the detection of released H,S from AM-TCB using H.S-selective turn-on fluorogenic

probe WSP2. (G) Fluorescence microscopy images (bright field, green channel, and

merged) of HelLa cells in the presence of AM-TCB (25 pM) for detection of the drug

release. (H) Fluorescence microscopy images (bright field, blue channel, and merged) of

HeLa cells in the presence of AM-TCB (25 uM) for the detection of released H,S from

the AM-TCB using the H»S-selective turn-on fluorogenic probe WSP2.
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The plausible mechanism of umbelliferone from the WSP2 probe in the presence of H.S,
which was released from the prodrug is shown in Figure 9F. Moreover, strong green
emission was observed for AM-TCB-treated HelLa cells, indicating the drug release in
the presence of endogenous ROS (Figure 9G). Finally, H»S release from the prodrug was
analyzed under a cellular medium (Figure 9H). Very negligible blue fluorescence was
observed when WSP?2 treated alone. Interestingly, strong blue fluorescence was observed
due to the release of umbelliferone when cells were post-treated with AM-TCB, which
indicated the release of H>S from the prodrug AM-TCB. Additionally, to understand the
interference of cellular H.S for showing the blue fluorescence, cells were pre-treated with
N-acetyl cysteine (NAC) as a ROS quencher and DL-propargyl glycine (PAG) as an
inhibitor of cystathionine-y-lyase (H2S producer enzyme) followed by WSP2 and AM-
TCB were treated. The resulting negligible emission indicated that H>S was not released
from the prodrug AM-TCB in the absence of ROS

Conclusions

In summary, we analyzed the importance of different linkers for connecting the boronate
ester unit to the fluorophore for developing peroxide-responsive fluorogenic prodrug for
the delivery of drugs in a sustained manner. Moreover, a peroxide-responsive turn-on
fluorogenic prodrug of the anti-inflammatory drug diclofenac (DCI-ROS) was developed
for real-time monitoring of the drug diclofenac release. In addition, we developed a
peroxide-triggered fluorogenic prodrug of diclofenac (DCF-HS) for the delivery of active
drug diclofenac and H»S concomitantly from the prodrug. Finally, we developed a
peroxide-responsive turn-on fluorogenic prodrug (AM-TCB) for the adjuvant delivery of
the anti-cancer drug amonafide and H>S.

References

1. D. B. Zorov, M. Juhaszova and S. J. Sollott, Physiol. Rev., 2014, 94, 909-950.

2 T. Finkel, Curr. Opin. Cell Biol., 2003, 15, 247-254.

3 D. E. Handy and J. Loscalzo, Antioxid. Redox Signaling, 2012, 16, 1323-1367.

4. M. Schieber and N. S. Chandel, Curr. Biol., 2014, 24, R453-R462.

5 Y. Yang, S. Karakhanova, J. Werner and A. V Bazhin, Curr. Med. Chem., 2013,
20, 3677-3692.

6. V. Vallyathan and X. Shi, Environ. Health Perspect., 1997, 105, 165-177.

XVi

TH-3161_176122050



Synopsis Report

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

H. J. Shields, A. Traa and J. M. Van Raamsdonk, Front. Cell Dev. Biol., 2021, 9,
181.

M. Giorgio, M. Trinei, E. Migliaccio and P. G. Pelicci, Nat. Rev. Mol. Cell Biol.,
2007, 8, 722-728.

E.J. Kim, S. Bhuniya, H. Lee, H. M. Kim, C. Cheong, S. Maiti, K. S. Hong and J.
S. Kim, J. Am. Chem. Soc., 2014, 136, 13888-13894.

R. Kumar, J. Han, H.-J. Lim, W. X. Ren, J.-Y. Lim, J.-H. Kim and J. S. Kim, J.
Am. Chem. Soc., 2014, 136, 17836-17843.

O. Redy-Keisar, S. Ferber, R. Satchi-Fainaro and D. Shabat, ChemMedChem,
2015, 10, 999-1007.

X. Gao, J. Cao, Y. Song, X. Shu, J. Liu, J. Z. Sun, B. Liu and B. Z. Tang, RSC
Adv., 2018, 8, 10975-10979.

Y. Zhao and M. D. Pluth, Angew. Chem., Int. Ed., 2016, 128, 14858-14862.

Y. Hu, X. Li, Y. Fang, W. Shi, X. Li, W. Chen, M. Xian and H. Ma, Chem. Sci.,
2019, 10, 7690-7694.

N. Zhang, P. Hu, Y. Wang, Q. Tang, Q. Zheng, Z. Wang and Y. He, ACS sensors,
2020, 5, 319-326.

M. Yao, Y. Lu, L. Shi, Y. Huang, Q. Zhang, J. Tan, P. Hu, J. Zhang, G. Luo and
N. Zhang, Bioact. Mater., 2022, 9, 168-182.

L. Li, G. Rossoni, A. Sparatore, L. C. Lee, P. Del Soldato and P. K. Moore, Free
Radic. Biol. Med., 2007, 42, 706-719.

M. Chattopadhyay, R. Kodela, N. Nath, Y. M. Dastagirzada, C. A. Velazquez-
Martinez, D. Boring and K. Kashfi, Biochem. Pharmacol. , 2012, 83, 715-722.

M. V. Chan and J. L. Wallace, Am. J. Physiol. Gastrointest. Liver Physiol., 2013,
305, G467-G4T73.

XVil

TH-3161_176122050



TH-3161_176122050



Chapter 1

Introduction

TH-3161_176122050



TH-3161_176122050



Chapter 1

1.1  Reactive oxygen species (ROS)

Reactive oxygen species (ROS) are highly reactive oxygen-containing molecules. They are
generated either by the partial reduction of molecular oxygen in the cells or from external
sources such as smoking, radiation, cytotoxic chemicals, and so on.! Free radical ROS,

including hypochlorite (OCI"), superoxide (O2™), hydroxyl radical (OH), and singlet oxygen

(*O,) are short-lived species due to their high reactivity. Therefore, they cannot leave the
intracellular location from their site of generation.? In contrast, non-radical ROS, specifically
hydrogen peroxide (H20>) is relatively less reactive and more stable than radical ROS.
Therefore, it can leave the intracellular location and acts as a signaling molecule. Both radical
and non-radical ROS are interconvertible in the presence of metals or enzymes.! In addition,
ROS known as potent oxidants and play a crucial role in physiological processes.>* ROS are
scavenged by antioxidants in a regulated manner to prevent them from rising above the
physiological threshold level. The failure of antioxidants to quench the ROS leads to a
situation where the rate of its production and detoxification is imbalanced, thus leading to
oxidative stress. Furthermore, oxidative stress causes of damage to DNA, biological
membrane, proteins, and lipids, which induces various diseases such as neurodegenerative

disorders, inflammatory diseases, thyroid, cardiovascular diseases, and cancer.t 56

1.1.1. The biological function of ROS

ROS play a crucial role in several biological processes based on their concentration. When
the intracellular level of ROS is optimum, these interact with cysteine (Cys) residues in
proteins to maintain and regulate physiological functions.” For example, H,O2 oxidize the
cysteine residues (Cys-S°) to their sulfenic acid form (Cys-SOH) at physiological pH that
changes the structure and function of the targeted proteins (Figure 1.1A). These changes in
protein function caused by the redox process can affect transcription, phosphorylation, and
other important signaling events. They can also change the metabolic fluxes and reactions in
cells by modulating the enzymatic characteristics of the proteins. According to research, ROS
are necessary for the release of pro-inflammatory cytokines such as interleukin 1§ (IL-1),
tumor necrosis factor o (TNF-a), and interferon  (IFN-), which are essential for regulating
the immunological responses.® However, high levels of ROS can oxidize the intracellular
macromolecules such as proteins, nucleic acids, and phospholipids, which further leads to

many diseases such as diabetes, inflammatory diseases, cancer, neurodegenerative disorders,

3
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and so on.® Moreover, cytostasis is a cellular condition when the intracellular level of ROS
is lower than optimal. It suppresses cell proliferation and negatively impacts cellular
differentiation and immunity (Figure 1.1B).% Therefore, maintaining an optimal basal level
of ROS between cytostasis and cytotoxic allows correct redox biology reactions. Since ROS
are beneficial as well as harmful for our body based on their concentration, it is important to

know the sources of ROS intracellularly and extracellularly.

(A) Redox biology Oxidative stress (B) Basal level

Lipid peroxidation Sca\l““é\“?/—‘
-

S’— Protein T
\ 4 Fe2*
H2°2‘FL———D H

ROS

Cytostasis Homeostasis Oxidative stress

HOS — Protein
DNA damage Physiological celldeath Cancer,
Suppress cell Signal transduction inflammatory diseases,
Signalling proliferation Cellular proliferation ~ cardiovascular diseases

Figure 1.1. (A) Schematic representation of ROS and redox biology. (B) The effect of

different ROS levels on the regulation of different cellular processes.

1.1.2. Generation of ROS

ROS are continuously produced in living cells and are often advantageous for metabolic
processes. The principal sources of endogenous ROS generation in the biological system are
mitochondria, endoplasmic reticulum, microsomes, endothelial cells, phagocytic cells, and
nuclei. Among these, mitochondria is the important organelle for the production of
endogenous ROS during the typical metabolic processes such as oxidative phosphorylation
process. This process occurs in the mitochondria where adenosine triphosphate (ATP) is
produced using oxygen and carbohydrates. During this process, mitochondrial ROS (mMROS)

is produced through the electron transport chain (ETC) in the mitochondria.'® In ETC process,
O- is reduced partially to O~ because of leaking electrons from the complex I and IlI.
Approximately, (0.2-2.0)% of O2 consumed by mitochondria is converted into O™~ during the

ETC process (Figure 1.2A).1* The produced O is converted into less reactive ROS H20; in
the presence of superoxide dismutase (SOD) enzyme, which could be transformed further
into a more stable molecule H20 in the presence of catalase.

Multiple non-mitochondrial processes are involved in producing ROS, including NADPH
oxidase, cytochrome P450 oxidase, and xanthine oxidase (Figure 1.2B). In all cases, O>" is

produced first, then it is further converted into either H2O: in the presence of SOD or reactive

4
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nitrogen species (ONOQ") in the presence nitroxyl radical (NO-). Additionally, other ROS

such as ‘OH, and HOCI are produced from H202 in the presence of Fe?* (Fenton reaction)
and myeloperoxidase (MPO), respectively (Figure 1.2B). The produced HOCI is further

converted to 1O by reacting with Hz0x.

(A) Cytosolic (B) Hzoz H,0
RARRRRARARRRRRARRARARRRRARRARRKRNR) Outer
SUNM NN MM NN 3N M 3 M M M 3N WM M W Y MY membrane 0, .> 4 -
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H * H* Intermembrane P
space NADPH L]
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A AR DA AR W Y W W YN J '\ membrane ‘NO ‘ i
. c Fe2+ Fe3*
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NADH  \ap+ FADH,  FapH 2 HO ADP L. ATP \ SOD = Superoxide dismutase
SOD 2 GPX ONOO" MPO = Myeloperoxidase
0, —>H,0, — H,0 0,

Figure 1.2. Schematic representation of ROS generation at mitochondria (A) and non-

mitochondria sources (B).

In addition, ROS are produced in biological processes from a variety of exogenous sources
such as tobacco, smoking, harmful gases, radiation, chemicals, dust particulates, and
poisonous ambient air. Moreover, industrial processes, congested metropolitan areas, and
automobile emissions can also cause oxidative stress in cells leading to several ROS-related
diseases.*? Since the overproduction of ROS leads to several diseases, detoxification of ROS
IS necessary to maintain homeostasis in cells keeping the biological function normal and

preventing ROS-related diseases.

1.1.3. Detoxification of ROS

Maintaining a homeostatic level of ROS is essential for protecting the cells from oxidative
damage and retaining an optimal redox environment for the physiological process. Therefore,
the overproduction of ROS are detoxified in a regulated manner by antioxidants. ROS are
neutralized by antioxidants (enzymatic and non-enzymatic) through several processes
enabling the conversion of highly reactive ROS into less reactive ROS or stable molecules.*?
ROS are quenched by several enzymatic antioxidants, such as peroxiredoxin (Prx),
superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT), and thioredoxin
(Trx) to maintain the homeostasis in the cells (Figure 1.3). In addition, non-enzymatic

antioxidants such as glutathione (GSH), N-acetyl cysteine (NAC), flavonoids, vitamin C,
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vitamin E, and dietary nutrients, such as vegetables and fruits also quench the ROS in the

cells.4

SeOH

X Hzoz)( N
XS‘DB Xz GSH XQZS NADPH + H*
SH

Figure 1.3. Schematic pathway of ROS quenching by the enzymatic antioxidants, SOD (A)
and GPx (B).

Due to several reasons, intracellular and extracellular antioxidants fail to detoxify the
overproduction of ROS effectively, which leads to oxidative stress. Since H,O: is the
relatively more stable ROS among all, the concentration of intracellular H.O> can be
monitored easily by administering the small molecules containing H2O»-sensitive functional

groups, which are discussed in the next section.

1.2. H202-sensitive functional groups

Since H2O> has a relatively lower cellular reactivity and exists at a substantially higher
concentration than other ROS, it is easy to estimate the level of H>O> in diseased cells.
Therefore, various probes and prodrugs were developed using different H2O2-sensitive
function groups over time.*>!® There are several H,O-responsive functional groups such as
boronic acid, boronate ester, thioether, selenium, tellurium, aryl oxalate, and thioketal, which
are used for the development of probes and prodrugs (Scheme 1.1).1” Among different H2O,-
responsive functional groups, boronate ester and boronic acid are most widely used to

develop the ROS-responsive probes and prodrugs.'® 1°

Sybstrates Products Sybstrates Products

-\/\/x \/\/SH ii. ‘;\Te,\)‘ H,0, 3 ;\Te,\/\

o ]

: (o} OH
- H0, i o DS
i iii. i/se\/}‘, —_— ‘,Se\/y iv. ¥/©/ jo‘])j\o ﬂ’ v©/

Scheme 1.1. Schematic representation of the reaction of different H>O»-responsive

functional groups with H,O..
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1.3. Activation mechanism of the boronate ester-based probes and prodrugs

Boronate ester or boronic acid is connected to a substrate (fluorophore or drug) to synthesize
the H>O»-responsive probes and prodrugs. The boron atom in boronate has a vacant p-orbital,
which acts as an electrophilic center and it is attacked by the nucleophile like H2O,. The
phenolic hydroxyl group is generated because of a subsequent rearrangement followed by
hydrolysis. In the case of directly connected boronate ester probes, the fluorophore/drug is
released once it is generated the phenolic hydroxyl group. However, self-immolative
processes are required to release the fluorophore/drug from the linker-based boronate ester
probes or prodrugs.? As shown in Scheme 1.2A, H2O- or its conjugate base (HOO") attacks
the boron center of the probe 1.1a to form a tetrahedral boronate intermediate 1.1b. In the
next step, 1,2-rearrangement reaction leads to the formation of the borate intermediate 1.1c.
Under physiological conditions, the borate intermediate 1.1c undergoes hydrolysis into a
boric acid/ester to form the phenolic intermediate 1.1d. It is interesting to note that 1.1a is

entirely converted to 1.1d within a shorter period.?
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Scheme 1.2. Proposed mechanism for the release of drug/fluorophore from the H,O.-

responsive prodrugs/probes.

The intermediate 1.1d undergoes a spontaneous 1,6-elimination process to release the parent

compound 1.1e and p-benzoquinone methide (p-QM) (1.1f). The highly reactive p-QM
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undergoes rapid hydrolysis to form p-hydroxybenzyl alcohol (1.1g) as shown in
Schemel.2A. However, the release of fluorophore/drug from the H.O2-responsive probes
without any linker follows a similar mechanism as Scheme 1.2A except the 1,6-elimination
process as shown in Scheme 1.2B. The active fluorophore/drug (1.2d) is released upon
hydrolysis of intermediate 1.2c.

It is to be mentioned that boronate ester moiety is also reactive towards ONOO™ and Oy~
partially. However, these bio-analytes are not stable enough as H2O: in the cells. Since the
diseased cells have higher levels of H.O> than normal cells, researchers have developed
H20.-responsive probes, prodrugs, and theranostic prodrugs over time for the treatment and
diagnosis of the ROS-related disorders accurately 2> 2 H,O,-responsive probes can be
categorized into two types such as non-fluorogenic and fluorogenic prodrugs. Both types of

H>0»-responsive prodrugs have been discussed in the next sections elaborately.

1.4, H202-responsive non-fluorogenic prodrugs

Since anti-inflammatory drugs have several limitations such as poor bioavailability,
selectivity towards inflammatory tissues over normal tissues, and so on, it is important to
develop their prodrugs to overcome limitations. As described above, oxidative stress is the
key feature of inflammatory diseases.?* Intracellular H2O- levels are observed to be almost
100-times higher in the inflammatory sites than in the normal tissues.? 2® Taking it as an
advantage, H2O»-responsive anti-inflammatory prodrugs were developed over the years. In
2015, Khang and co-workers developed the H.O»-responsive prodrug 1.3 from p-
hydroxybenzyl alcohol (HBA) (Figure 1.4).%” Upon the reaction with intracellular H20,
HBA released from the prodrug and showed potent antioxidant and anti-inflammatory
activities. In addition, the released component HBA suppressed the pro-inflammatory
cytokine TNF-a. Prodrug 1.3 showed a significant protective effect against hepatic and
cardiac ischemia-reperfusion (I/R) injury at less than 5 mg/kg, while free drug HBA required
at least 25 mg/kg to provide similar therapeutic activity. These results indicated that the H2O»-
responsive prodrug would be beneficial over conventional drugs. In 2018, the Clausen group
developed ROS-responsive prodrug (1.4) of methotrexate (MTX), a potent anti-
inflammatory drug for the treatment of arthritis (Figure 1.4).%8 Interestingly, the group of
mice treated with prodrug 1.4 showed no side effects such as losing body weight. However,
the group receiving MTX directly, experienced a considerable drop in body weight. These

8
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results suggested that the H>O»-responsive prodrugs could be synthesized from the
corresponding anti-inflammatory drugs to enhance the effectiveness of the drug. In addition,
cancer is the most dangerous malady among all the diseases associated with oxidative stress
in cells. It contributes to around 13% of all fatalities worldwide and is the second biggest
cause of mortality in the entire world.?® There are several ways to treat cancers such as
surgery, radiotherapy, and chemotherapy. Among different processes, chemotherapy is the
most convenient choice of treatment for cancers because of its high efficiency. However, it
shows several limitations such as poor bioavailability, several side-effects, lack of selectivity
(i.e., failure to differentiate between healthy and cancerous cells), and multidrug resistance
(MDR) of tumor cells.*®* To overcome the problems associated with chemotherapy, it is
desirable to develop a drug delivery approach with known anti-cancer drugs with improved
survival rates, bioavailability, and reduced side-effects. Provided that, as cancer cells produce
more H>O than healthy cells do, converting anticancer drugs into prodrugs by incorporating
H>O»-responsive moieties will be an appealing strategy for enhancing the action of non-
selective anti-cancer drugs.3!

In 2011, Peng and co-workers developed the H20.-responsive anticancer prodrugs 1.5 and
1.6 (Figure 1.4) of nitrogen mustard.? They observed that both the prodrugs are selectively
reactive toward H>O2 over other relevant bio-analytes. The cytotoxicity of nitrogen mustard
was greatly increased in cancer cells when phenylboronic acid or phenylboronate prodrugs
of it were treated in the lung (NCI-H460), leukemia (SR), and renal (CAKI-1 and SN12C)
cancer cell lines, although the intrinsic toxicity of the prodrugs was decreased significantly.
In normal lymphocytes under the same cell circumstances, both the prodrugs did not induce
apoptosis, whereas showed promising in vitro early safety profiles. In 2014, Peng and co-
workers performed extensive research with several electron-withdrawing linkers and
discovered potent anticancer prodrugs 1.7 and 1.8 by connecting boronate ester unit as the
electron-withdrawing group with the drug nitrogen mustard via directly or carbamate linker
(Figure 1.4).2 In vitro cytotoxicity studies with the prodrugs 1.7 and 1.8 revealed substantial
inhibitory activity against several cancer cell lines, including lung, breast, leukemia, and renal
cancers with Glsg values under 1 uM. Moreover, the formation of the cytotoxic aziridinium
intermediate was suppressed because of decreasing the electron density of the aromatic ring.

Interestingly, the prodrug was converted to electron-rich aromatic nitrogen mustard in the
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presence of H2O. and showed the highest cellular activity in vitro due to increased cell
permeability and solubility. These outcomes indicated that H2O.-responsive anticancer
prodrugs would be a useful technique to minimize the side-effects of conventional anti-cancer
drugs. Moreover, in 2018, Wang and co-workers developed an H2O»-responsive anti-cancer
prodrug of the histone deacetylase inhibitor (HDACI) belinostat, 1.9.3 In the prodrug, the
H>0»-responsive moiety boronate ester was used to mask the hydroxamic acid zinc-binding
domain of HDACI. Interestingly, prodrug 1.9 showed lower efficacy than the parent drug
against breast (MDA-MB-231), lung (A549 and NCI-H460), and skin (SK-MEL-28) cancer
cells. Due to the partial release of the active drug from the prodrug 1.9 in vitro, unexpected
results were obtained. Despite of this unexpected result, they extended their studies in a
mouse breast xenograft model (MCF-7) based on their previous experience. It is interesting
to note that both the free drug (belinostat) and the prodrug 1.9 showed prevention of tumor
formation significantly in an in vivo assay. These results validated the enhancement of
biocompatibility and bioavailability of the prodrug 1.9.

A first-line drug for treating pancreatic cancer is gemcitabine.*® However, its clinical use was
restricted because of its serious side-effects like myelosuppression. In the year of 2019, a
novel prodrug of gemcitabine, 1.10 was developed by Matsushita and co-workers to reduce
the off-target side-effects of gemcitabine (Figure 1.4).% Since the cancer cells were found to
be at high levels of H20>, the active drug was released effectively from the prodrug 1.10 in
the presence of H.O2 and showed a significant anti-cancer effect as the parent drug.
Importantly, the side-effect of gemcitabine, myelosuppression was diminished significantly
upon the administration of the prodrug 1.10 in vivo because of its activation in cancer cells

specifically.

However, the drug release was monitored for the non-fluorogenic prodrugs using either NMR
spectroscopy, mass spectrometry, or analytical HPLC method, which are not sensitive
enough. In addition, it is difficult to monitor the drug release as well as the drug metabolism
in the cellular medium. Nevertheless, the molecular mechanisms of H>O. generation,
accumulation, trafficking, and function remain poorly analyzed, even in the most basic
eukaryotic species.®” Therefore, it is very important to develop a new tool to investigate the

physiological and pathological effects of H20, and associated ROS in living systems.
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Figure 1.4. Chemical structures of H>O,-responsive non-fluorogenic anti-inflammatory and

anti-cancer prodrugs.

1.5. H202-responsive fluorogenic probes

Fluorogenic probes are well-adapted tools to fulfill the requirement of examining the
biological chemistry of H2O, in cells. Developing water-soluble fluorescent probes that
measure H2O> selectively over competing biological ROS and lipid alkyl peroxides was a big
challenge in reaching this goal. Such probes can be synthesized using small synthetic
molecules and many other reagents evaluated for H.O> detection. In 1965, Ketson and co-
workers  developed the most frequently wused fluorescent probe 2°,7°-
dichlorodihydrofluorescein diacetate (H,-DCFDA), to detect the intracellular ROS.% Apart
from this, dihydroethidium (DHE) is also used for the detection of ROS. H.DCFDA shows
very negligible fluorescence emission in the absence of ROS. Once it is incubated in a cellular
medium, the H.DCFDA is converted into H.DCF by cleaving the ester group in the presence
of intracellular esterase followed by the oxidation occurs in the presence of ROS, and shows
strong fluorescence emission (Scheme 1.3).%°

However, these compounds take part in non-specific redox reactions, which result in the
formation of a distinct but comparable fluorescent adduct. Therefore, it is difficult to

distinguish from fluorescent products produced by the interactions with ROS. Most

11
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importantly, these are not selective towards H202 only. Therefore, several scientific groups

developed selective H202-sensing probes over time.
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Scheme 1.3. Schematic representation of fluorescent changes of DCF indicator in the

presence of ROS.

1.6. ROS-responsive directly-coupled boronate ester-based fluorogenic probes

Due to the great sensitivity of boronate ester for the primary ROS in cells under pathological
as well as physiological conditions, researchers paid attention to developing the boronate
ester-based probes to achieve ROS-specific imaging.*® % In 2004, peroxyfluor-1 (1.11), a
new boronate-based fluorescent probe was developed by Chang and co-workers for imaging
the intracellular H20; in cells (Figure 1.5).*> In comparison with the previously reported
probes, compound 1.11 exhibited a 10-100 times enhancement in emission in the presence of
H20, selectivity. Moreover, probe 1.11 showed selectivity towards H»O> over other
competing bio-analytes. Next year in 2005, the same group developed peroxy resorufin-1
(1.12) and peroxy xanthone-1 (1.13) probes, and both of the probes displayed outstanding
selectivity for the intracellular H202.** Additionally, these probes are suitable for monitoring
the micromolar changes in H>O> in living cells. However, earlier reported probes showed the
fluorescence emission in the presence of H2O; through the intramolecular charge transfer
(ICT) mechanism. In this process, donors and acceptors are present in the same molecule. In
2006, the same group developed a fluorescence resonance energy transfer (FRET)-based
probe 1.14 for the detection of H2O> ratiometrically. In the FRET system, two fluorophores
are connected using a rigid spacer in such a way that one fluorophore acts as a donor and the
other fluorophore acts as an acceptor. Moreover, the emission wavelength of the donor should
be overlapped with the excitation wavelength of the acceptor for showing FRET properties.
In probe 1.14, the coumarin unit acts as a donor, and fluorescein moiety acts as an acceptor.
FRET was off in the absence of H.O2 and showed only blue fluorescence emission
corresponding to the coumarin unit. Interestingly, fluorescence emission red-shifted (blue to
green) gradually in the presence of H>O.. Moreover, this probe was capable of quantifying
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the H2O> concentration more accurately than other probes. However, all the probes were
developed by connecting two boronate esters unit in a single fluorophore. In 2007, Chang
and co-workers developed boronate ester-based probes such as peroxy green 1 (1.15) and
peroxy crimson 1 (1.16) (Figure 1.5) to detect the H20,.** Both the probes showed high
selectivity towards H>O> over other bio-analytes and were suitable for detecting intracellular
H>0O>. However, as previously discussed all the fluorescent probes inadequate for detecting
the H20- in specific organelles such as mitochondria, lysosome, endoplasmic reticulum, etc.
Since mitochondria are the main sources of H20. production in cells, it is important to
develop mitochondria-targeting fluorescent probes. To monitor endogenous H>O> changes in
mitochondria, numerous probes were developed over time. Since the mitochondrial
membrane (180 mV) is negatively charged, generally the positively charged molecules such
as triphenylphosphonium (TPP) or quaternary ammonium salts were connected to the
fluorophore for developing the mitochondria-targeting probes. In this regard, in 2008, Chang
and co-workers developed a mitochondrial-targeting fluorescent probe (1.17) for imaging
H»0; in mitochondria (Figure 1.5).*° Arylboronate ester was connected to dihydrorhodamine
(DHR) as the turn-on fluorescent reporter to synthesize the probe 1.17 for sensing ROS, and
TPP moiety was connected to target the mitochondria. Interestingly, probe 1.17 detected
H>O> selectively compared to other ROS. The probe showed mitochondria-targeting
properties in cells, which was confirmed by co-localizing with MitoTracker™ Red.*
However, the utility of probe 1.17 in deep tissue imaging was constrained by its shallow
penetration depth (<80 um) and relatively shorter emission wavelengths (510 nm). It was
important to develop fluorescent probes with higher excitation/emission wavelength to
address this issue, which can easily penetrate the tissue without harming the cells. Near-
infrared (NIR) fluorescent probes are exhibited exceptional performance and evolved as a
viable tool in bio-imaging because of their special qualities, including deeper tissue
penetration power, least damage to bio-samples, and minimum auto-fluorescence
interferences.*® In 2016, Peng and co-workers developed a near-infrared (NIR) fluorescence
probe (1.18) for detecting H.O. in vivo that targets mitochondria (Figure 1.5).%
Aarylboronate moiety was used for sensing H202 and a quaternary ammonium group was
connected to target the mitochondria. Importantly, the probe was excited with 635 nm and

emission was observed in the 700-750 nm range in the presence of H20,. For the first time,
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probe 1.18 was used to detect the intracellular H202 associated with an autophagy process in

Vivo.
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Figure 1.5. Chemical structures of the H>O,-responsive directly connected boronate ester

fluorescent probes.

So far, all the fluorescent probes were developed by connecting the boronate ester moiety
directly to the fluorophore, known as intensity-based probes. However, the intensity-based
probes are limited by variations in excitation and emission efficiency, sample environment,
and probe distribution, which can make them difficult to utilize in the quantitative
measurement of H.O,. To overcome these limitations, ratiometric probes provide the
advantage of having built-in corrections for these variabilities because they permit the
simultaneous detection of two signals originating from the reacted and unreacted forms of

the probe in the same sample.*8

1.7. ROS-responsive linker-based fluorogenic probes

In 2008, Chang and co-workers developed the H2O2-responsive ratiometric fluorescent probe
1.19 for the first time.*® Boronate ester moiety was connected with the corresponding
fluorophore via a carbamate linker in this probe. It is to be noted that probe 1.19 showed blue
fluorescence emission at 475 nm in the absence of H2O.. Interestingly, fluorescence emission

red-shifted to 540 nm (green emission) in the presence of H>O». In addition, this probe
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showed selectivity towards H>O. over other bio-analytes. However, this ratiometric probe
1.19 was incompatible with measuring the organelle-specific H.O2 concentration in cells due
to the absence of any organelle-targeting moiety in the probe. Therefore, in 2012, Kim and
co-workers developed a mitochondria-targeting probe 1.20 where the TPP moiety served as
the mitochondria-targeting unit. The aryl boronate ester was connected to the fluorophore via
carbamate linker to detect H.O. and aminonaphthenyl benzothiazole was taken as a two-
photon fluorescence reporter. (Figure 1.6).>° Probe 1.20 exhibited a significant emission
change (red-shifted) in the presence of H»O,. It showed outstanding stability under
physiological conditions. It is important to be noted that probe 1.20 detected H.O>
quantitatively in living tissues and showed a penetration depth of 100-180 pm.*
Additionally, in 2013, Cohen and co-workers developed a benzyl ether linkage boronate ester
probe 1.21 for sensing the H202.%! Probe 1.21 was synthesized just in a one-step reaction
where fluorescein was reacted with boronate benzyl bromide in the presence of cesium
carbonate. However, a weak emission under the green channel was observed while the RAW
264.7 cells were treated with 50 uM of 1.21, which is quite a high concentration. Moreover,
in 2014, Zhang and co-workers developed an ether linkage probe 1.22, where the
naphthalimide unit was connected with the H2O2-responsive unit boronate ester via an ether
linkage.>? This probe also acted as a ratiometric fluorescent probe and exhibited 100 nm red-
shifted accompanied by the color changes from colorless to yellow upon addition of H20..
Therefore, probe 1.22 can serve as a “naked-eye” probe for detecting H.O». Lysosomes are
organelles with a single membrane layer that are acidic (pH 4.5-5.0) and responsible for
recycling and degrading cell components.>® The accumulation of considerable amounts of
proteins and peroxidized lipids in lysosomes as a result of lysosomal disruption brought on
by the elevated ROS levels, which is linked to several diseases, including inflammation,
cancer, and neurodegenerative disorders.>® 5 Therefore, developing lysosome-targeting
H20.-responsive fluorogenic probes are very important. A basic moiety, such as morpholine
or N,N-diethyl/methyl moiety is frequently utilized as a lysosome-targeting group for the
development of lysosome-targeting probes or prodrugs.®

In 2015, Yoon and co-workers developed a boronate-based probe 1.23 where H20»-
responsive moiety boronate ester was connected to naphthalimide fluorophore through

carbamate linker and morpholine was connected to target the lysosome, which showed high
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selectivity towards H>O> both in the solution and in living cells (Figure 1.6). The outcomes
of the cell imaging study indicated that probe 1.23 could be utilized to monitor both
intracellular and extracellular H20,.%° Probe 1.23 showed extremely weak emission without
the addition of H20O. externally in HeLa cells; however, significant enhancement of red
emission was observed while cells were pretreated with 100 uM of H.O,. Despite the
advantages of carbamate and ether linkage-based probes, carbonate linkage-based probes
also will be interesting as H»O.-responsive linker-based fluorescent probes. In 2016,
Floreancig and co-workers developed a carbonate linkage-based probe 1.24 using a non-toxic
and water-soluble fluorophore coumarin unit.>® Same year in 2016, Zhao and co-workers
developed a ROS-responsive lysosome targeting fluorogenic probe 1.25 for detection and
quantification of the intracellular H,O, (Figure 1.6).>" Probe 1.25 showed very negligible
fluorescence emission in the absence of H20.. Interestingly, fluorescence emission increased
significantly in the presence of H20,. The protonated form showed increased fluorescence
emission at low pH. However, the deprotonated form showed weak emission, indicating a
significant selectivity of the probe toward acidic lysosomes in cells. Moreover, in 2017, the
same group developed another lysosome-targeting fluorescent probe (1.26) for detecting
endogenous H»Oz in the lysosome of HelLa cells by connecting the morpholine moiety. The
designed fluorescent probe 1.26 has many advantages such as quick response time, high
sensitivity, high selectivity, optimal pKa for lysosomal surroundings, and effective lysosome-
localizing ability. In addition, having a great cell-membrane permeability, benzorhodol
fluorophores are easily dissolved in water.®® Moreover, in 2018, Zhang and co-workers
designed a coumarin-based fluorescent probe 1.27 with the use of the pyridinium cation, that
may specifically target the mitochondria.>® The probe showed extremely good sensitivity,
selectivity, and quantitative H2O. detection abilities. When the probe detected H.Oo, it
particularly displayed a selective strong emission change with a 105 nm shift and an
associated color change from red to green (blue shift).

However, different linkers (direct, carbamate, ether, and carbonate) were chosen for
developing H20.-responsive fluorescent probes randomly without any proper study.
Therefore, proper rationalization is required to understand the reason behind choosing a

linker for developing a probe/prodrug for sensing H>O>. Since the concentration of H20- is
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higher in oxidative-stressed cells than in normal cells, H.O>-responsive fluorescent probes

can be utilized further for delivering the drug selectively in diseased cells over normal cells.

o

Figure 1.6. Chemical structures of H.O»-responsive linker-based boronate ester probes.

1.8. H202-responsive fluorogenic prodrugs

Theranostic prodrugs are a new and interesting prodrug technique that has the potential to
diagnose diseases in their early stages while administering drugs to the affected site. It is
suitable for evaluating the phase of disease progression and monitoring the kinetics of the
drug release. Therefore, the patient can receive precise, efficient, and quick therapies owing
to this one-step approach.®® The general scheme for the H,O-responsive theranostic prodrugs
is shown in Scheme 1.4. In this system, fluorescence emission is either weak or turn-off for
the prodrug in the absence of H2O2. Upon the treatment with H>O,, the boronate ester moiety
is oxidized and releases the active drug as well as the fluorophore via self-immolative
processes. The released fluorophore shows turned-on fluorescence emission and helps to

monitor the drug release in a real-time manner.

Peroxide-responsive turn-on fluorogenic prodrug

H,O0 j h
Bpin— Linker ~—{fluorophore— pyygq —22 4, Linker  + (Fluorophoré + A;:tlve
rug

Fluorescence Off Fluoroscence On

Scheme 1.4. Schematic representation of the delivery of H>O,-sensitive theranostic prodrug

using fluorescence turn-off/on strategy.

17
TH-3161_176122050



Chapter 1

Several H20»-responsive non-fluorogenic prodrugs for the treatment of cancers as well as
inflammatory diseases reported over time and discussed in the earlier section. However,
theranostic prodrug approach utilized for the development of anti-cancer prodrugs not for
anti-inflammatory prodrugs until now. Utilizing this concept, glutathione (GSH)-responsive
theranostic prodrugs for the treatment of cancers developed by several scientific groups over
time.%2-5 There was no report on H.O-responsive theranostic prodrugs for cancer treatments
until 2014. In 2014, Kim and co-workers developed the H>O--triggered theranostic prodrug
(1.28) for the treatment of metastatic malignancies (Figure 1.7).%° Prodrug 1.28 was designed
using three components, these are the boronate ester moiety serves as an H2Oz-responsive
unit; the potent anticancer drug SN-38; and a coumarin unit serves as a self-immolative linker
as well as a fluorescent reporter to track the release of SN-38. A high level of H,O:> in cancer
cells helped to activate the prodrug 1.28 for releasing the anti-cancer drug SN-38 selectively
towards cancer cells over normal cells. Therefore, it showed significant cytotoxicity towards
cancer cells whereas less toxic to normal cells and inhibited the cell growth of tumors
selectively. The drug release process was monitored conveniently by the increase in emission
intensity at 456 nm due to the release of the free coumarin unit. However, prodrug 1.28 was
incompatible with delivering the active drug into a specific organelle in the cells, as there is
no organelle-targeting unit in the prodrug. In addition, due to the shorter excitation
wavelength of the coumarin, it was difficult to monitor the drug release in vivo. Considering
the limitations of the prodrug 1.28, in that year itself, they developed the H>O--responsive
another theranostic prodrug (1.29) of 5-fluorouracil (5-FU) with mitochondria targeting
property (Figure 1.7).% Prodrug 1.29 was designed using four different ligands such as
boronate ester as an H2O2-responsive moiety, ethidium bromide as a fluorophore, biotin as a
tumor-targeting unit, and 5-FU as an anti-cancer drug. Upon reaction with the high level of
H20> in tumor tissues, 5’-deoxy-5-fluorouracil is released, which is further converted to the
parent anticancer drug 5-FU upon reaction with thymidine phosphorylase, which is present
in high concentration in the carcinoma cells. Moreover, the self-immolative process releases
the mitochondria-targeting fluorophore ethidium bromide, which is weakly fluorescent in an
aqueous solution and strongly fluorescent (Aem = 590 nm) on intercalating with the DNA of
the mitochondria. Prodrug 1.29 improved the anti-cancer activity effectively in cancer cells

and reduced the cytotoxicity of the normal cells as compared to 5-FU. The prodrug (1.29)
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showed almost seven times higher fluorescence emission in the tumor cells over the normal
cells because of the biotin. Moreover, a study in A549-inoculated xenograft mice showed
that the prodrug 1.29 inhibited tumor growth significantly during the eight weeks of
treatment.

However, both the prodrugs 1.28 and 1.29 were designed with shorter excitation wavelength-
based fluorophores such as coumarin and ethidium bromide, respectively, which were
incompatible for in vivo study. The limitations of the shorter excitation-based fluorophores
could be overcome using the NIR fluorophore, which exhibits a longer excitation wavelength.
Therefore, Shabat and co-workers developed the H>O.-responsive cyanine-based prodrug
1.30in 2015 (Figure 1.7).%” The fluorescence emission at 720 nm enhanced significantly upon
the reaction with H,O, indicating the release of cyanine moiety (NIR fluorophore) that
confirmed the co-release of active drug camptothecin. Moreover, the released active drug
camptothecin from the prodrug 1.30 showed similar anti-cancer activity as the parent drug.
Furthermore, in 2018, Tang and co-workers developed a theranostic prodrug 1.31 of
doxorubicin using a FRET-based fluorophore (Figure 1.7).%8 Upon reaction with H2O,,
fluorophore and doxorubicin were released from the prodrug, which was confirmed by
spectroscopy as well as cellular studies. To analyze the cytotoxicity of the released drug from
the prodrug 1.31, Hela cells were treated with the prodrug 1.31 and observed negligible
cytotoxicity upto 10 uM, indicated that the drug was not released completely in the presence
of endogenous H>O». Therefore, cells were pretreated with the ROS-inducer Pherol-12-
Myristate-13-Acetate (PMA), and then prodrug 1.31 was incubated for 48 h. Cell viability
decreased dose-dependently and exhibited ICso at around 1.5 M as the parent drug. This
result indicates the release of an active drug (Dox) in the presence of a higher level of H.O>
and showed cytotoxicity toward HelLa cells.

It is to be noted that H>O»-responsive theranostic prodrugs showed great achievements in the
prodrug strategy by releasing the active drug in cancerous cells over normal cells selectively
and monitoring it using fluorophore in living cells. In addition, the drug release profile was
monitored in vivo efficiently by connecting NIR-fluorophore in the theranostic prodrug.
Despite the advantages of above discussed theranostic prodrugs, the design of the prodrug
further can be improved by adding hydrogen sulfide (H2S) sources along with the active drug

(co-delivery of H2S with the drug), which may help to improve the activity of the drug and
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can be reduced the off-target side effects of the corresponding drug. It is to be noted that H.S

shows several pharmacological effects such as cytoprotective effects, anti-inflammatory

effects, anti-cancer effects, etc.5% 7
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Figure 1.7. Chemical structures of some representative H;O.-responsive fluorogenic

prodrugs.

1.9. ROS and H2S
As described in the earlier section, the overproduction of ROS is responsible for oxidative

stress, which leads to several diseases. To protect the cells from different pathogens, GSH
plays a crucial role as an antioxidant to detoxify the ROS. It is to be noted that H.S is
indirectly involved to synthesize the GSH, which is a more abundant antioxidant in the cells.
H>S is a colorless gaseous chemical that emits a potent rotten-egg odor at ambient
temperatures. It is also known as the third member of the family of gasotransmitters after
carbon monoxide (CO) and nitric oxide (NO) with a wide range of biological applications.
H2S is also involved to activate the SOD enzyme, which detoxifies the O2."* Furthermore,
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H>S inhibits mitochondrial ROS production through the sulfhydration of pro-apoptotic
protein, p66Shc."

1.10. Biological functions of H2S

H2S exhibits several biological effects, such as antioxidant, anti-cancer, anti-inflammatory,
cytoprotective, neuroprotective, and vasodilatory effects (Figure 1.8).5% 707374 H,S plays a
crucial role in scavenging the ROS by interacting with the SOD enzyme (enzymatic
antioxidant).” In 1995, Searcy and co-workers reported that H,S is the important substrate
of SOD and binds to the Cu-core of it catalytically.” The rate of scavenging O increased
synergistically when HS- interacted with SOD. Moreover, similar to NO, HzS also relaxes
blood vessels via modifying K* channel function and increase the guanosine 3°,5°-cyclic
monophosphate (cGMP) levels in vascular smooth muscle cells (SMCs).”® In the year of
2008, Li and co-workers studied the effect of H2S in the cardiovascular system using a well-
known slow H.S donor, morpholin-4-ium 4-methoxyphenyl(morpholino) phosphinodithioate
(GYY4137).”® The acute vasorelaxant effects of GY'Y4137 were investigated in rat aortic
rings, perfused rat kidneys in vitro and the anesthetized rat (male Sprague-Dawley) in vivo.
Interestingly, GY'Y4137 showed slow relaxation of rat aortic rings dilates the perfused renal

vasculature by activating Kate channels of vascular smooth muscle cells.”
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Figure 1.8. Some of the pharmacological effects of H,S.

’ Vasodilatiory

In addition, H.S shows anti-inflammatory effect by reducing the expression of several pro-
inflammatory cytokines such as interleukin 1-B (IL-1B), tumor necrosis factor a. (TNF-a),
and so on. It inhibits the expression of the pro-inflammatory cytokines by suppressing the
activity of nuclear factor kB (NF-«kB), which is a protein complex that controls the production
of cytokines and transcription of DNA. Furthermore, H>S shows cytoprotective effect
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through an anti-apoptotic mechanism. Although H.S has anti-apoptotic effects in several
organs, many researchers focused on I/R injury to the heart. It has been found that H.S
inhibited myocardial I/R-induced cardiac myocyte apoptosis.’” Sivarajah et al. shown that
the decrease in cardiac myocyte apoptosis and caspase-9 activity brought on by H.S was
eliminated by the administration of 5-hydroxy decanoate (5-HD), a Kate channel blocker.”
In addition to decreasing the activity of caspase-9, H»S improved the expression of the Bcl-
2 protein brought on by localized myocardial I/R, which was suppressed by 5-HD. These
results suggest that H>S inhibits apoptosis significantly, possibly as a result of the opening of
putative mitochondrial Kate channels.”® Therefore, several pharmacological effects of H2S

encouraged us to explore its sources.

1.11. Detection of Hz2S

Since H2S shows several pharmacological effects in mammalian cells under normal as well
as pathological conditions, it is very important to estimate the level of HzS under both
conditions. Therefore, several methods such as the spectrophotometric method,
electrochemical method, and fluorogenic method were developed over time.”® 8 Among
many H>S detection spectrophotometric methods, methylene blue (MB) assay is a very
convenient method for the detection of H.S using UV-Vis spectroscopy. In this method, MB
dye is formed from p-(dimethylamino)aniline (1.32) in the presence of H,S under an acidic

conditions, which exhibits a typical absorbance pattern at 670 nm (Scheme 1.5A).5!
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Scheme 1.5. (a) Schematic representation for the formation of MB dye from 1.32 under an
acidic medium; (b) the reaction of H»S with 1.33 with the formation of monosulfide 1.34, used

for the detection and quantification of H,S.
However, the limit of detection (LOD) is quite high (~1.0 uM) and the assay is performed

under acidic conditions, which may restrict its application in the cellular medium.® As an
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alternative method, monobromobimane (1.33) is reacted with H2S under alkaline conditions
and forms a highly fluorescent compound 1.34, which is measured using fluorescence
spectroscopy (Scheme 1.5B).8! However, non-specific reaction with other thiols is one of the

limitations of this method.
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Figure 1.9. Chemical structures of different classes of turn-on fluorogenic probes for

detecting HS.

The development of response-based probes for the detection of H.S has attracted a lot of
attention in recent years. Such probes were often designed with some H>S-sensitive
functional groups. However, this chemical process is typically irreversible, and can only
measure the ultimate accumulated product not the dynamics of H.S in real-time.8! Despite
these limitations, fluorogenic probes are very helpful for detecting endogenous H»S in

mammalian cells and tissues at sub-micromolar levels.

23
TH-3161_176122050



Chapter 1

Most of the azido-based (1.35-1.38) and nitro-based (1.39 and 1.40) probes were designed in
such a way that these probes showed very negligible fluorescence emission in the absence of
H2S and exhibited strong emission in the presence of H,S (Figure 1.9A and B).83-8¢

However, these probes were interfered with other thiols also and showed turned-on
fluorescence emission. For selective detection of H>S, researchers developed WSP2 and
probe 1.41, which showed a turned-on fluorescence signal upon the nucleophilic attack
followed by cyclization in the presence of H2S specifically (Figure 1.9C).8" # In addition,
turn-on fluorogenic organometallic compounds (1.42 and 1.43) for the specific detection of
H.S developed over time (Figure 1.9D).%° The insoluble metal sulfide is precipitated out when

the metal ion reacts with H.S and showed strong emission.

1.12. Sources of H2S

1.12.1. Dietary sources of H2S

The allium and cruciferous family of vegetables such as garlic, onion, broccoli, and asparagus
contain many organosulfur compounds (OSCs), which metabolize further in our body to
produce the H2S (Figure 1.10A). In garlic alone, more than 33 distinct OSCs have been found.
Garlic contains several polar OSCs such as allicin, alliin, methyl-allyl thiosulfinate, and S-
allyl cysteine. Moreover, allylic sulfides such as diallyl sulfide (DAS), diallyl disulfide
(DADS), and diallyl trisulfide (DATS) are reported to be the active constituents of crushed

garlic (Figure 1.10B).% These are well-investigated for their antioxidant and anti-cancer

activities.™
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Figure 1.10. Examples of some representative allium cruciferous vegetables and chemical

structures of some key OSCs present in those vegetables.

Sulforaphane has been found in cruciferous vegetables such as Brussels sprouts, broccoli,
and cabbages. It activates the expression of the protein nuclear factor erythroid 2-related

factor 2 (Nrf2), which has a promising impact on chemoprotection.®® A popular nutritional
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item consumed throughout the world is onion, which contains a variety of phytochemicals
such as polysaccharides, saponins, phenolic compounds, and OSCs. Notably, OSCs in onion
such as onionin A, cycloalliin, methiin, and propiin have antioxidant, anti-inflammatory, and
anti-cancer effects.®? Asparaptine, a recently identified chemical found in asparagus, acts as

a potent inhibitor of the angiotensin-converting enzyme (ACE).%

1.12.2. Biosynthesis of H2S

In addition to dietary sources of H»S, it produces in our body enzymatically in the presence
of different enzymes, including cystathionine-y-lyase (CSE), cystathionine-p-synthase
(CBS), and cysteine aminotransferase (CAT) in combination with 3-mercaptopyruvate
sulfurtransferase (3-MST) (Figure 1.11).°* Recent research has shown that D-amino acid
oxidase (DAOQ) and 3-MST can produce H2S when D-cysteine is used as the substrate.® It
has been found that 3-MST is responsible for 90% of the H>S generation in the brain. It is
interesting to note that 3-MST is mostly present in mitochondria and uses the metabolism of
CAT to produce H.S from o-ketoglutarate and L-cysteine.®® A significant portion of the H2S
synthesis in brain is dependent on 3-MST in neurons.®’
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Figure 1.11. Biosynthetic pathways of H>S production in mammalian cells.

H>S has been found to control the metabolic demand in mitochondria like nitric oxide (NO).%

However, the generation of H2S is exclusively controlled in the cytoplasm and further utilized
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in the mitochondria through oxidation. Moreover, it has been demonstrated that H2S protects
mitochondria and controls several processes including respiration, redox balance, and
metabolism.% Current studies shows that using low concentrations of sulfide (as an energy
substrate) to treat human colon cancer is safe and effective.'® It is interesting to note that
Abe and Kimura's seminal 1996 article highlighted the role of endogenously produced H>S
in cell signaling and cellular process regulation.’® For cellular homeostasis and redox
equilibrium, HaS biosynthesis is essential. The quantity of H.S is dysregulated in many
diseases.1% Therefore, in the case of a cellular H.S deficiency, exogenous H2S donation is
required to maintain its ideal cellular concentration. Several exogenous H2S donors such as

hydrolysis-based, thiol-triggered, ROS-responsive, etc. were developed over time.

1.12.3. Hydrolysis-based H2S donors
Sulfide salts like sodium hydrosulfide (NaSH) and sodium sulfide (Na>S) are the most often
used inorganic donors of H>S in the biological system. Sulfide salts were used extensively as

a therapeutic tool to comprehend the signaling pathways of HzS. The sulfide salts tend to
create an equilibrium between H,S, HS, and S species. However, HzS can produce instantly

after administration and evaporation can occur rapidly. As a result, using inorganic salts as
H2S donors make it difficult to obtain the necessary concentration of H,S.1% Therefore, the
development of slow H>S donors were necessary, which might be useful against various
disease models.1% Several hydrolysis-based H.S donors developed over time as shown in
Figure 1.12.1% For instance, a Lawesson's reagent (LR) is a commercially available sustained
donor of H»S that can release H>S for a prolonged period. In addition, it was found that a
water-soluble LR derivative called GYY4137 produced H.S continuously under
physiological conditions. It is interesting to note that an aqueous solution of GYY4137
caused plasma sulfide levels to considerably increase after 30 minutes of treatment and
remain elevated for the following two hours.”® A different class of H.S donors based on
hydrolysis are 1,2-dithiol-3-thiones (DTTs) and derivatives. It is noteworthy that an analog
of DTT called ADT-OH is employed during chemotherapy for certain forms of aggressive

malignancies.®
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Figure 1.12. Chemical structures of some representative hydrolysis-triggered H.S donors.

1.12.4. Bio-thiol-triggering H2S donors

Since bio-thiols (glutathione, L-cysteine, and L-homocysteine) are more abundant in the
mammalian cellular environment, thiol-triggered H>S donors would be more advantageous
over other chemical donors. In the presence of bio-thiols, garlic-derived polysulfides (DATS
and DTTS) are well-known as H.S donors. However, these are volatile and difficult to handle.
Therefore, in 2017, Pluth and co-workers reported synthetic phenyl analogs of DTTS (S-
tetrasulfides) (Figure 1.13).1% They observed that the synthesized tetrasulfides release more
H>S per molecule than DATS or DTTS in the presence of glutathione (GSH). Moreover, in
2020, Bhabak and co-workers developed thiol-triggered non-fluorogenic (DBTS) and
trisulfide-linked fluorogenic donors of H2S (UTS-1 and UTS-2) (Figure 1.13).1%” Both the
probes are suitable for releasing H2S in the presence of GSH significantly and monitored the
release of H.S using MB assay. It is to be noted that the lysosome targeting moiety
morpholine was connected in UTS-2 to track the release of intracellular H2S and its

subsequent trafficking to the lysosomes.
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Figure 1.13. Chemical structures of some representative bio-thiol-triggering H>S donors.

1.12.5. H202-responsive H2S donors

Hydrogen sulfide exhibits strong anti-inflammatory effects in cells and antioxidant
properties, protective benefits against ROS.1%® H,S also protects against myocardial
ischemia-reperfusion (MI/R) injury by consuming ROS produced by mitochondria and
maintains heart activity.'% Biomarker-responsive thiocarbamate linker-based probes are also
another class of substance that release H.S. When the triggering unit reacts with the
biomarker, carbonyl sulfide (COS) is released through self-immolation, and further transform

into H,S in the presence of carbonic anhydrase (CA) enzyme.
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In 2016, Pluth and co-workers developed the first H.O2-responsive H>S donor PeroxyTCM-
1, where boronate ester was connected to the other substrate via thiocarbamate unit (Figure
1.14).11 Interestingly, the donor showed dose-dependent cytoprotective properties (10-50
MM) in HelLa cells against H.O2-induced toxicity. This result indicates that boronate esters
reacted with intracellular H2O; and generated the COS, which further transformed into H.S
and protected the cells from oxidative damage. Fluorescence spectroscopy has received a lot
of interest, which offers superior spatial and temporal sampling capacities and great
sensitivity. Therefore, fluorogenic H2S donors will be extremely useful for monitoring the
H>S in a real-time manner in biological systems. In 2019, Xian and co-workers developed
the first H.O,-triggered fluorogenic HzS donor NAB (Figure 1.14).1! To get this probe,
H20,-triggering moiety aryl boronate was connected to the fluorophore, 3-amino-N-butyl-
1,8-naphthalimide (NAH) via thiocarbamate. When NAB released COS and NAH in the
presence of H>O> through a self-immolative process. The ubiquitous enzyme CA then
converted COS rapidly to H.S. Most significantly, NAB showed a cytoprotective effect
against ROS in RAW 264.7 cells. Since H20: is generated in mitochondria, in 2020, He and
co-workers developed mitochondria-targeted H2O>-responsive fluorogenic H2S donor HSD-
B.!'?2 In addition to precisely targeting mitochondria, HSD-B exhibited ratiometric
fluorescence for the visualization and measurement of H.S release. Furthermore, the released
H>S exhibited protective properties in a cellular model of cardiac I/R injury. Nevertheless,
because of its shorter emission wavelength (455 nm), HSD-B was incompatible to provide
the desired in vivo self-reporting fluorescence. To overcome the aforementioned crucial
problems, in 2021, Luo-Zhang and co-workers developed a novel H>S donor HSD-R by
incorporating a NIR fluorophore (Aem = 705 nm) with an H2O.-responsive moiety via
thiocarbamate linker.!*® Since the NIR fluorophore have high cell penetration power and
minimum interference with biomolecules, the distribution profiles and release kinetics of H2S

measured in vivo using this probe.
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Figure 1.14. Chemical structures of some representative H.O,-responsive H,S donors

1.13. HzS-conjugated anti-inflammatory prodrugs

Non-steroidal anti-inflammatory drugs (NSAIDs) are primarily available over the counter
and frequently used to treat both acute and chronic inflammation.*'* Over 30 million people
worldwide take NSAIDs regularly to alleviate pain, fever, and various inflammatory
conditions such as rheumatoid arthritis (RA), osteoarthritis, migraine, gout, and oral
infections.!?® Injured tissues release an excessive amount of prostaglandins, which are linked
to the signs and symptoms of acute inflammation.**> Cyclooxygenase (COX-1 and COX-2)
enzymes play a major role in the biosynthesis of prostaglandins from arachidonic acid, and
their reversible inhibition by NSAIDs is a significant contributor to their anti-inflammatory
actions.!® 116 The COX-2 isoform is induced at inflammatory sites and promotes
inflammation and pain, whereas COX-1 expression is constitutive and related to protecting
the gastric mucosa.’*” To control inflammation and other disorders, it is crucial to reduce
COX-2 overexpression selectively. However, because of an elevated risk of heart attacks and
strokes, the selective COX-2 inhibitors (the coxib family) except celecoxib have been
removed from the market.!!® The carboxylic acid group in drugs like aspirin, ibuprofen, and
diclofenac, as well as the acidic enolic group in oxicams like piroxicam, are additional factors
that contribute to the gastrointestinal side effects of non-selective COX inhibitors. These
acidic groups of NSAIDs produce local irritation, resulting in gastrointestinal side effects
either on their own or in conjunction with the inhibition of the COX-1 enzyme.!t% 120
Moreover, The use of NSAIDs involves an unacceptable risk of gastrointestinal bleeding and
ulceration.'?* The effectiveness of H,S to minimize the gastrointestinal (GI) tract damage is
remarkable, especially cytoprotective action also prevents the severe bleeding and injury that

can be carried in the small intestine by continuous NSAID treatment.!?? To address these
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issues, DTTs, and ADT-OH coupled with NSAIDs to develop hydrogen sulfide and NSAIDs
hybrid prodrug (HS-NSAIDs) (Figure 1.15).

In 2007, Moore and co-workers developed HS-NSAID-hybrid prodrug HS-Diclofenac,
where ADT-OH was coupled to diclofenac in an attempt to improve the anti-inflammatory

effects of the prodrug.'®

It is interesting to note that the oral administration of HS-Diclofenac
decreased COX-1 and COX-2 activity dose-dependently and the effectiveness was
comparable to that of diclofenac. Moreover, pretreatment with HS-Diclofenac and diclofenac
resulted in a decrease in the volume of carrageenan-induced paw edema. The treatment with
HS-diclofenac at 10 mmol/kg reduced the production of edema in a manner comparable to
that observed following diclofenac at 30 mmol/kg. The release of H.S from HS-Diclofenac
was largely responsible for this improved potency. Several HS-NSAIDs, such as HS-
Sulindac, HA-Aspirin, HS-Ibuprofen, and HS-Naproxen developed to exhibit anti-
proliferative effects against human colon, breast, pancreatic, prostate, lung, and leukemia
cancer cell lines in addition to their anti-inflammatory effects.'?* Interestingly, they exhibited
a notable decrease in gastro-intestinal damage compared to the parent NSAIDs.*?® Also, the
anti-inflammatory effects of HS-NSAIDs are enhanced compared to their NSAID
counterparts.

However, it is not clear whether the active drug was released or activity was observed from
the modified NSAIDs, which were formed after hydrolysis of DTT to release the HsS.
Additionally, the drug delivery is not specific and selective towards inflammatory sites.
Therefore, the development of ROS-responsive prodrugs of NSAIDs is very important,
which may overcome the limitations of existing drugs as well as prodrugs. However, in
comparison to non-fluorogenic prodrugs, the strategies of turn-on fluorogenic prodrugs have
extra advantages for real-time monitoring of the drug release, suitable for the in vitro and in

vivo applications.
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Figure 1.15. Chemical structures of some representative HS-NSAID hybrids.

1.14. Thesis Objectives

From the above reported literatures, we found that several H2O2-responsive fluorogenic
probes were developed over time to measure or detect the most abundant cellular ROS (H20.)
in vitro as well as in vivo. However, the linkers to connect the fluorophore with the H>O»-
responsive unit were chosen randomly. Therefore, a solid rationalization is necessary for the
sensitivity and reactivity of the probes to the target analyte (H202), which may help to choose
the proper linker for the development of probes/prodrugs for sensing H.O> for the delivery
of drugs in a sustainable way. It is to be mentioned that NIR fluorophore is the best choice
for the development of different H.O2-responsive fluorescent probes or theranostic prodrugs
because of its high cell penetrating power, and minimum interference with different
biomolecules. Since anti-inflammatory drugs have several serious side-effects, the
development of anti-inflammatory prodrugs is very important in recent days. However, very
few reports are there on the H>O»-responsive non-fluorogenic prodrug of anti-inflammatory
drugs. Therefore, H2O2-responsive fluorogenic prodrugs of anti-inflammatory drugs need to
be developed further for monitoring the drug release in real-time in living cells. From the
previous literature reports, several H>S-conjugated non-steroidal anti-inflammatory drugs
(NSAIDs) prodrugs developed over time to reduce the side effects of NSAIDs and to improve
the anti-inflammatory activity. Despite showing enhancement in anti-inflammatory activity
and reducing side effects of NSAIDs by these prodrugs, the active drug is not released from
the prodrug due to the absence of any triggering unit to activate the prodrug. Additionally,
these prodrugs are inadequate to monitor the drug as well as H.S release in real-time manner

in living cells. Therefore, it is very important to develop an H>O2-responsive theranostic
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prodrug of anti-inflammatory drugs with co-delivery of H.S. Furthermore, peroxide-
responsive fluorogenic anti-cancer prodrug can be developed for adjuvant delivery of the

anti-cancer drug with H.S to reduce the side-effects of corresponding anti-cancer drug.

1.15. Thesis overview

The thesis comprised five chapters. Chapter 1 highlighted the basic information about ROS
generation and its biological roles in the body. Moreover, in this chapter, we discussed the
development of H»>O»-responsive probes, non-fluorogenic prodrugs, and fluorogenic
prodrugs for cancer and inflammatory diseases. Furthermore, we discussed on the importance
of H,S in the biological system and elucidated the development of external H2S donors and
their corresponding applications. In chapter 2, we rationally designed and synthesized H2O»-
responsive probes using three different fluorophores, which were connected to an H2O»-
responsive unit boronate ester via three different linkers (direct, ether, and carbonate) to
understand the suitable linker for sustained drug delivery. From the spectroscopic studies and
in vitro studies, we observed that directly connected boronate ester probes were found to be
appropriate for sensing H>O: effectively. However, the self-immolating linker-based probes
may find wider application in H20-responsive prodrug development, which requires a
sustained and regulated drug release profile. As we observed in chapter 2, self-immolative
linked boronate ester probes are suitable for sustained drug delivery; therefore, H20,-
responsive turn-on fluorogenic prodrug (DCI-ROS) of an NSAID (diclofenac) developed in
chapter 3, where the fluorophore was connected with the ROS-responsive unit through an
ether linker. The spectroscopic and in vitro studies were carried out thoroughly to understand
release of the fluorophore and drug. Spectroscopic studies confirmed the sustained release of
the drug. Furthermore, the prodrug DCI-ROS exhibited selectivity towards inflammatory
sites over normal tissues, which was confirmed from fluorescence microscopic studies in
RAW 264.7 cells (with and without LPS pre-treatment). In chapter 4, we took the initiative
to develop an H2O»-responsive theranostic prodrug of an NSAID (diclofenac) with H2S
(DCF-HS). The release of fluorophore DCI-NH2, drug DCF, and H.S were studied in both
an aqueous and cellular medium. Spectroscopic studies indicated the sustained release of
fluorophore and drug. Importantly, the effect of released drug DCF and H.S were
investigated using western blot analysis. The prodrug DCF-HS showed similar anti-

inflammatory activity as the parent drug DCF, which indicated the release of the active drug

32
TH-3161_176122050



Chapter 1

from the prodrug in the presence of endogenous ROS. In chapter 5, we developed a ROS-
responsive fluorogenic prodrug (AM-TCB) of the anti-cancer drug amonafide along with the
delivery of H.S. We carried out several studies such as spectroscopic, HPLC, and cellular
studies to investigate the release of the drug and H»S and its activity. The results from several
studies supported the release of the drug and H2S in the presence of H202. Most importantly,
our designed prodrug AM-TCB showed selectivity towards cancer cells (HeLa) over normal
cells (HEK-293). The cytotoxicity of the prodrug AM-TCB is similar to free drug amonafide

for cancer cells and less toxic towards normal cells as compared to amonafide.
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Peroxide-responsive boronate ester-containing
turn-on fluorogenic probes: impact of the self-
Immolative linkers on peroxide-triggered sustained

drug delivery
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2.1. Introduction

Reactive oxygen species (ROS), specially hydrogen peroxide (H20>) is an important non-
radical oxidant, which is produced in the cells by the metabolism of molecular oxygen.t In
addition, the overproduction of H.O> (known as oxidative stress) is directly linked to several
diseases such as cancer, inflammatory diseases, and neurodegenerative disorders etc.
Therefore, it is very important to detect endogenous H;O2 under normal as well as
pathological conditions.?® Turn-on fluorogenic probes with H2O,-responsive groups (e.g.
boronate ester or boronic acid) are shown to be an effective, non-invasive, and sensitive tools
for monitoring the endogenous level of H20, under a specific diseased condition.” Therefore,
several ROS-responsive fluorogenic probes were developed over time (chapter 1). The
boronate ester group was connected to the fluorophore for sensing H>O> or drug delivery
system using two main strategies, namely- i) direct installation by replacing the -OH group
of the fluorophore;®* ii) via the ether,*? ** carbonate or carbamate**° linkage to couple the
self-immolative boronatebenzyl moiety with the -OH or -NH2 group of the fluorophore
(chapter 1). As shown in Scheme 2.1A, the active fluorophore is released in the second
strategy upon the reaction with H2O> followed by a self-immolation process via quinone
methide (QM) intermediate. However, it is released in one-step from the directly linked
probes in the presence of H20.. To consider the directly connected or self-immolative
boronate ester-containing probes reported till now, there are a few points to be noted: 1)
coupling strategies (direct vs. self-immolative) were chosen randomly or without considering
their sensitivity to the analyte; 2) there are no comparative data when a new probe with a
different coupling strategy was reported; 3) several of the reported probes are not sensitive
enough to detect the endogenous level of H202 in the cellular medium, and therefore H20:
was added externally.?® 2t However, a proper rationalization is necessary for the sensitivity

and reactivity of the probe towards H2O».

2.2. Outline of the chapter

In this chapter, we reported nine probes, where three different fluorophores (coumarin,
naphthalimide, and fluorescein) were connected with the H>O.-responsive boronate ester unit
through three linkers (direct, ether, and carbonate) to comprehend the sensitivity of the linkers
in the presence of H202 (Scheme 2.1B). We observed in the spectroscopic studies that as

compared to the ether- or carbonate-linked probes, directly connected boronate ester probes
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2.1, 2.4, and 2.7 exhibited higher sensitivity towards H.O>. Moreover, the cellular viability
assay confirmed that all the synthesized probes were non-toxic to HelLa cells upto 25 pM
concentration. Due to the blue fluorescence emission of coumarin and the lack of complete
solubility of naphthalimide probes in an aqueous medium, further studies were carried out
only with fluorescein-based probes (2.7-2.9).

(A) Reported schemes: Peroxide sensing and drug delivery

Fluorescence OFF  Fluorescence ON Fluorescence OFF Self-immolation
o
j; @ = oH <:| .—Q— fF O~ QI
N ‘
;0 S \ /
0\ ;Self-immolative Self |mmolat|ve -
o

0~ ~o
Peroxide sensing Peroxide-mediated drug dellvery Quinone methide (QM)
(B) Present work: Coupling strategies vs sensing efficiency Bpin
Set-| Set-ll . Set-llI -
Bpin Me
Me Me Me H,O ~
2 2’
o 0o OH
(o) Bpin O (o] o o’go 2.10
21 2.2 2.3
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Bpin ﬂ» Oe
Bpm (@
OH

Dy

0::.@5::.@ -

Scheme 2.1. (A) Reported schemes for H,O2-sensing and H,O,-mediated drug delivery. (B)

Chemical structures of the designed turn-on fluorogenic probes and the schematic

representation for fluorophore release in the presence of H,O,.

The limit of detection (LOD) analysis showed that the directly-linked boronate ester probe
2.7 detected H20- in nanomolar concentrations whereas ether and carbonate coupled probes
2.8 and 2.9, respectively detected the micromolar level of H>O». Furthermore, we noticed that

all three probes 2.7-2.9 were compatible with cellular conditions and they detected the
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endogenous level of H>O,. Moreover, a better intense emission response in the green channel
was observed for probe 2.7 compared to probes 2.8 and 2.9, indicating the stronger sensitivity
of the directly-linked probe 2.7. It can be concluded that a directly-coupled boronate ester
probe is suitable for detecting very trace amounts of H>O,. However, a sustained drug

delivery system will be an additional benefit from the self-immolative probes.

2.3. Results and discussion

2.3.1. Design and synthesis of the probes

In the present study, three different sets of turn-on fluorogenic probes were developed
considering fluorophores 2.10-2.12. In the first set, boronate ester group was incorporated
directly to the aromatic nuclei with the replacement of hydroxyl group (probes 2.1, 2.4 and
2.7). The boronate ester group was installed by the Pd-catalyzed transmetalation reaction of
triflate/bromide derivative of the fluorophores with bis(pinacolato)diboron under inert
conditions. In the second set, the boronate benzyl moiety was installed on the fluorophores
via ether linkage (probes 2.2, 2.5 and 2.8). These probes were synthesized by coupling
fluorophore with boronate benzyl bromide in the presence of Cs,CO3 or K2COs. Whereas, in
the third set, the boronate benzyl alcohol was coupled to the fluorophores via carbonate
linkage (probes 2.3, 2.6 and 2.9). These probes were achieved either by coupling fluorophore
with 4-nitrophenyl carbonate adduct of boronate benzyl alcohol or by the conventional
coupling using triphosgene. All the final boronate ester-based probes were obtained in

reasonably good yields, which were purified and characterized by analytical methods.
2.3.2. Absorption and emission spectroscopic studies

The initial UV-Vis spectroscopic studies were carried out with the directly-linked probes
(2.1, 2.4 and 2.7) with and without H>O> to identify the absorption maxima of the intact
probes and the released fluorophores. As shown in Figure 2.1 (A-C), a significant red-shift
was observed upon their reactions with H2O2 and the spectra overlapped well with that of
pure fluorophores (2.10-2.12). For the probe 2.7, very weak absorption band above 300 nm
was probably due to the protection of both hydroxyl groups in fluorescein. Knowing the
absorption maxima of all fluorophores 2.10-2.12, the turn-on fluorescence efficacy of the
probes 2.1, 2.4, and 2.7 were evaluated using fluorescence spectroscopy. As shown in Figure

2.1 (D-F), highly intense emission response was observed for all the probes in the presence
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of H20. and the emission pattern matched well with that of the respective released

fluorophores, indicating the H20»-triggered turn-on fluorescence.
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Figure 2.1. Absorption (A-C) and emission (D-F) spectra of directly-linked probes 2.1, 2.4
and 2.7 (10 pM) in the absence and presence of H2O, (200 pM) along with the spectra of
pure released fluorophores (2.10-2.12, 10 puM) in PBS of pH 7.5. The final spectra of the

probes with H,O, were recorded after 90 min.

Similar experiment was carried out for ether (2.2, 2.5, and 2.8) and carbonate (2.3, 2.6, and
2.9) linked probes. Similarly, we observed red shifted absorption for all, which were closely
matched with the corresponding fluorophores (Figure 2.2A-E). Moreover, turn-on emission
was observed for all the probes in the presence of H20O> and the emission pattern was matched
well with the standard fluorophore (Figure 2.3). These results indicated that all the probes are

capable of releasing fluorophores in the presence of H20..
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Figure 2.2. Absorption (A-F) spectra of probes 2.2, 2.3, 2.5, 2.6, 2.8 and 2.9 (10 uM) in the
absence and presence of H.O, (200 puM) along with the spectra of pure released
fluorophores (2.10-2.12) in PBS (20 mM, pH 7.5). The final UV-Vis spectra of the probes
with H.O were recorded after 90 min.
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Figure 2.3. Emission (A-F) spectra of probes 2.2, 2.3, 2.5, 2.6, 2.8 and 2.9 (10 pM) in the
absence and presence of H,O, (200 uM) after 90 min along with the spectra of pure released
fluorophores (2.10-2.12) in PBS (20 mM, pH 7.5).
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2.3.3. Kinetic studies using fluorescence spectroscopy

With the preliminary results in hand, we carried out Kinetic experiments to understand the
relative reactivity of all the boronate ester linked probes in the presence of H>O> upto 90-180
min. As shown in Figure 2.4A, a clear difference in the relative reactivity/sensitivity among
the coumarin-based probes (2.1, 2.2, and 2.3) towards H2O> was observed. A significantly
higher reactivity was noted for the directly-linked probe 2.1 and the lowest reactivity was
noted for the ether-linked probe 2.2. While probe 2.1 was highly reactive towards H>O, and
the reaction was almost saturated within 30 min, the saturation time was found to be relatively
longer for the corresponding self-immolative probes. Interestingly, a similar but more
pronounced effect was observed for naphthalimide- and fluorescein-containing probes. For
example, the initial saturation time was much longer for the directly-linked probes 2.4 and
2.7 (~50 min) as compared to 2.1 (~30 min). This indicates the higher reactivity of coumarin-
based directly-linked boronate ester probes than the corresponding naphthalimide- and
fluorescein-based probes. Furthermore, the self-immolative probes corresponding to
naphthalimide (2.5 and 2.6) and fluorescein (2.8 and 2.9) fluorophores were found to be much
less reactive than the corresponding directly-linked probes 2.4 and 2.7 (Figures 2.4B-C).
Between, two types of self-immolative probes, the reactivity of the ether-linked probes were
found to be lower than the carbonate-linked probes in general. Furthermore, it should be
noted here that, like coumarin-based probes, typical saturation kinetics was not observed for
naphthalimide- and fluorescein-based self-immolative probes till 90 min and therefore, the
kinetic experiments were extended upto 180 min to understand their nature of kinetic pattern
(Figure 2.4D). Interestingly, while some level of saturation kinetics was observed with
relatively higher emission intensity for the carbonate-linked probes (2.6 and 2.9), both the
ether-linked probes (2.5 and 2.8) reflected lower and almost steep increasing intensity pattern
without saturation upto 180 min (Figure 2.4D). These results clearly indicate the higher
reactivity of directly-linked boronate ester probes than the corresponding self-immolative

linker-based probes.
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Figure 2.4. Emission spectra of (A) coumarin-, (B) naphthalimide- and (C) fluorescein-based
probes (10 pM) with and without H202 (200 pM) over 90 min in PBS (20 mM) of pH 7.5. (D)
Emission spectra of self-immolative probes (2.5, 2.6, 2.8, and 2.9) (10 uM) in the presence

of H,0; (200 uM) over a longer time (180 min) under identical conditions.

2.3.4. Nature of fluorophore unit on probe efficiency

The fluorophore dependency of the relative rate of fluorescence turn-on from three types of
boronate ester-linked probes was evidenced in Figure 2.5. As shown in Figure 2.5A, the
difference in relative initial rate of reaction between two different kinds of self-immolative
probes was not significant for all three fluorophores and in general, the carbonate-linked
probes were slightly more reactive than the corresponding ether-linked probes. However, a
significantly higher difference in relative rate is observed between the directly-linked probes
and the ether-linked probes towards H2Oz. Furthermore, this difference was found to be
dependent on the nature of fluorophore unit being used. For example, the difference was 14.6-
fold, 9.1-fold and 1.7-fold for fluorescein-, naphthalimide- and coumarin-based probes,
respectively (Figure 2.5A). The above difference in turn-on response of directly-linked and
self-immolative-linked probes form various fluorophores appears to be inversely
proportional to the reactivity of directly-linked probes of various fluorophores towards H20..

For example, as the coumarin-based probes react much faster with H>O, than the
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naphthalimide- and fluorescein-based probes, the difference in fluorescence response of
directly-linked and self-immolative-linked probes is less pronounced for coumarin-based
probes than two other fluorophore-based probes. Overall, the kinetic experiments clearly
reveal the better suitability of directly-linked boronate ester probes for sensing traces of H20..
However, the ether- or carbonate-based self-immolative probes might be suitable for H,O»-
triggered drug delivery applications, often requiring sustained drug release profiles. While
both of naphthalimide and fluorescein fluorophores (2.11 and 2.12) have almost similar
emission ranges (yellow color, naked eye), the turn-on fluorescence emission intensity from
the fluorescein-based probes (2.7-2.9) were higher than that from the naphthalimide-based
probes (2.4, 2.5, and 2.6) under identical condition at a fixed concentration (10 puM) in the
presence of H>O2 (200 pM). Furthermore, the solubility profiles of naphthalimide-based
probes were much narrower than that of fluorescein-based probes. Naphthalimide-based
probes were soluble only in THF and not completely soluble in other polar solvents such as
DMSO, DMF, ACN and water
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Figure 2.5. (A) Relative initial rates for the turn-on fluorescence of carbonate-linked (green)
and directly linked (red) probes w.r.t. ether-linked (black) probes of a particular fluorophore
in their reactions with H,O,. (B) Emission spectra of fluorescein-based probes (2.7-2.9, 10
KM) in the presence of variable concentrations of H,O; (0-500 uM) with a fixed incubation

time of 30 min.

However, fluorescein-based probes were soluble in a wider ranges of polar organic solvents
including the solvents mentioned above except water. Due to these reasons, fluorescein-based
probes (2.7-2.9) were chosen for further studies. A significant difference in kinetic pattern of
probes 2.7-2.9 (10 uM) with 200 uM H0O> (20-fold) inspired us to understand their behavior
with a varied concentration of peroxide (0-500 uM) at a fixed incubation time (30 min).

Interestingly, as shown in Figure 2.5B, a clear difference in emission intensity was observed
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at lower concentration and the difference increased gradually with H2O2 concentration,
supporting our views that directly-linked probe 2.7 is much efficient in sensing H2O> than
probes 2.8 and 2.9.

2.3.5. Sensitivity of the probes

To further understand the relative sensitivity of fluorescein-based probes 2.7-2.9 towards
H,02, LOD was calculated as per standard method using fluorescence titration.?? The
emission intensity of the probes (10 uM) was measured in the absence of H.O; and at a lower
variable concentration range (2-50 uM) of H2O, (Figure 2.6). Moreover, the standard
deviation (o) of blank run obtained for 2.7, 2.8, and 2.9 is 125.435, 814.691, and 432.946,
respectively. Interestingly, a significant difference in the sensitivity of probes 2.7-2.9 towards
H20> was observed. For example, while the LOD of directly-linked boronate ester probe 2.7
was 33 nM, the LOD of ether- and carbonate-linked probes (2.8 and 2.9) were significantly
higher (1.3 and 0.37 uM, respectively), indicating much higher sensitivity of 2.7 than 2.8 and
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Figure 2.6. Emission (A-C) spectra of probes 2.7, 2.8 and 2.9 (10 uM) in the presence of
H20- (2 — 50 uM) after 30 min in PBS (20 mM, pH 7.5).

2.3.6. pH responsiveness and selectivity of the probe 2.7 towards H202

To understand the feasibility of turn-on fluorogenic process and the stability of the probes
over a wider range of pH, the emission studies were carried out with variable pH (6.0-10.0)
of the medium. Interestingly, a steady increased emission pattern was observed for the probe
2.7 with increasing pH of the medium from 6 to 8 and the emission almost saturates at pH 9.
In contrast, steep increase in emission intensity was observed for both the self-immolative
probes 2.8 and 2.9 with increasing pH of the medium and eventually that crossed the emission
intensity from the probe 2.7 (Figure 2.7A). This is not surprising as increasing pH would

facilitate the reaction by partial conversion of H>O> to hydroperoxide ion (HOO; pKa of
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H20>: 11.6). Furthermore, the self-immolation process via QM intermediate would also be
enhanced by the predominant existence of phenoxide ion in the intermediate 2.17 (Figure
2.8D) at higher pH ranges (pKa of phenols: ~10). Additionally, the experiment further
evidenced the overall stability of probes 2.7-2.9 in the absence of H.O, over a wide pH range
of the medium indicating their compatibility under normal physiological as well as

pathological conditions.
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Figure 2.7. (A) Emission spectra of probes 2.7-2.9 (10 uM) in the absence and presence of
H20- (200 uM) at variable pH of the medium; (B) Emission intensity from probe 2.7 (10 uM)
in the presence of different analytes (200 uM) and addition of H.O (200 uM) after 30 min of

incubation. The experiment was carried out in PBS (20 mM, pH = 7.5).

Considering the evidences that directly-linked probe 2.7 exhibited significantly higher
reactivity towards H>O> than that of the corresponding self-immolative probes 2.8 and 2.9,
the selectivity of the probe towards H202 was studied. Some of the oxidizing agents, reducing
agents and inorganic salts were chosen to see their relative impacts on the selectivity of probe
2.7 towards H>O,. The probe (10 pM) was first incubated with various analytes (200 uM)
and the emission intensity was measured (red cylinders, Figure 2.7B). To the solution
mixture, H202 (200 uM) was added and the final emission was measured (blue cylinders,
Figure 2.7B) following the similar protocol. As shown in Figure 2.7B, a significant
enhancement of the emission intensity was observed upon the addition of H20; in the
presence of all the analytes studied herein. We like to mention here that the directly-linked
probe was reported by Chang and co-workers in 2010 along with few other directly-linked
probes and showed the enhanced selectivity of the probes towards H2O> over other relevant

oxidants and radicals.?®
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2.3.7. Kinetic studies using reverse phase HPLC method and plausible mechanism
Reverse phase HPLC studies were used to evaluate the relative reactivity of the boronate
ester groups in probes 2.7 and 2.9 towards H2O. (Figure 2.8A). Fascinatingly, the self-
immolative probe 2.8 formed the intermediate phenolic compound 2.17 (L-6, Figure 2.8A),
which was relatively durable under HPLC conditions in acetonitrile and water (3:1) mixture
with traces of fluorescence (2.12) release, while a clean conversion of the directly-linked
probe 2.7 to the fluorophore 2.12 was observed in the presence of H.O> with time (L-5, Figure
2.8A). However, by treating the NaOH solution, the intermediate 2.17 could be rapidly
transformed into the fluorophore 2.12 (L-8). The ESI-MS analysis also revealed the
formation of 2.17 (Figure 2.8B). With the release of fluorophore 2.12 and likely with very
little amounts of intermediate, the carbonate-linked probe 2.9 reacted very quickly (L-7,
Figure 2.8A). The sample of commercially available H,O, (Merck India) shows a peak at
approximately 2.46 min with nearly constant intensity, which is likely the result of the
stabilizers used in H20..

The underlying stepwise mechanistic pathways were proposed portraying the reaction of
representative fluorescein-based probes 2.7 and 2.8 towards H>O: in order to better
understand possible reasons for the relatively slower reactivity of self-immolative probes
over the directly coupled probes (Figure 2.8C and 2.8D). In turn-on fluorescence processes,
the feasible reaction pathways for the reaction of the boronate ester group with H2O, are
widely used.?® 27 the directly linked probe 2.7 underwent an initial nucleophilic reaction of
hydro peroxide anion at the electrophilic boron-center, followed by a rearrangement and
subsequent nucleophilic attack releases the fluorescein fluorophore 2.12 with turn-on
fluorescence from the hydroxyl anion (Figure 2.8C). However, the intermediate 2.17 would
be generated by an identical procedure in probe 2.8. It is clear from Figure 2.8D that unlike
probe 2.7, the fluorescence will be turned-on from probe 2.8 once the benzyl group in the

intermediate 2.17 self-immolates via quinone methide (QM) species (Step 4, Figure 2.8D)?*
24
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Figure 2.8. (A) HPLC chromatogram of pure probes 2.7-2.9, released fluorophore (2.12)
and the reaction mixtures of probes (100 uM) + H2O0, (10 mM) after 30 min. L-1: pure 2.12;
L-2 to L-4: pure probes 2.7-2.9; L-5: 2.7 + H20»; L-6: 2.8 + H0; L-7: 2.9 + H,O5; L-8: 2.8 +
H.0O, + NaOH (25 mM). The chromatograms L-1 to L-7 were visualized at 254 nm and L-8
was visualized at 454 nm to monitor the released fluorophore 2.12. Peak at 2.46 min appears
from the stabilizers in commercial H.O, sample. (B) ESI-MS spectrum of the intermediate
2.17 in the reaction mixture of probe 2.8 with H202 during HPLC analysis. ESI-MS
(+ve) m/z calcd for C2sH2106 [M + H]*: 453.1338; observed: 453.1339. Generalized
and most plausible mechanistic pathways for the reactions of fluorescein-based directly-
linked probe 2.7 (C) and ether-linked self-immolative probe 2.8 (D) towards H.O for the

release of fluorophore 2.12.

The clear differences were in the fluorescence turn-on processes for the fluorescein-based
probes 2.7-2.9 with the naked eye (Figure 2.9A), under UV-Vis light (Figure 2.9B), and
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fluorescence light (Figure 2.9C). These results indicate that the boronate ester cleavage by
H>O> is reasonably fast for all of the probes, and the difference between the fluorescence
emission responses from directly-linked and self-immolative linker-based probes is generally
driven by the comparatively slower rate of self-immolative processes via QM intermediate,

especially for the ether-linked probes.
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Figure 2.9. (A) Vials under visible light; (B) under UV light (254 nm); (C) under fluorescent
light (365 nm); Pure probes 2.7-2.9 (vials 1, 3 and 6); probes 2.7-2.9 + H,O; (vials 2, 4 and
7); probe 2.8 + H,O;, + NaOH (vial 5). (D-F) HPLC overlay chromatogram for the reaction of
compound 2.7-2.9 with H>O over 60 min along with the chromatogram of pure probe 2.7-
2.9 and the released fluorophore 2.12. All the chromatograms were extracted at 254 nm.
(The peak at 2.46 min with almost fixed intensity appears from the stabilizer in commercial
H20.).

The behavior and reactivity of non-fluorogenic peroxide-sensitive methyl salicylate-based
metalloproteinase inhibitors as well as the 2,4-dinitrophenyl group-based NIR probes for

thiophenol sensing are found to be in contrast to our observation with the significantly higher
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fluorescence-response for the directly-linked boronate ester probes than self-immolative
probes.?® 2 The reaction of 2.7-2.9 with H20, were analyzed under HPLC condition over 60
min. We observed that the fluorophore 2.12 was released in the presence of H.O> and the
intensity increased with time except for 2.8 (Figure 2.9D-F). The fluorophore 2.12 was not
released in the presence of H2O,, rather the intermediate 2.17 (retention time = 4.52 min) was
the predominant species in the reaction mixture with the probe 2.8 (Figure 2.9E). However,
the fluorophore 2.12 could be released upon the treatment of base to the reaction mixture that

facilitates the self-immolation process.

2.3.8. Toxicity profiles of the probes

To understand the compatibility of the turn-on fluorogenic probes in cellular medium, their
toxicity profiles were studied in the same cell line (HeLa) using conventional MTT assay.
The toxicity profiles of the probes were evaluated at 5, 10 and 25 pM of probes and incubated
for 48 h. Interestingly, all the probes (2.7-2.9) were found to be non-toxic upto 25 pM
concentrations indicating the feasibility of their applications in cellular medium (Figure

2.10).
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Figure 2.10. Cellular viability of HeLa cells in the presence of probes (2.7-2.9) at variable
doses (5, 10 and 25 uM). The cells were incubated with the probes for 48 h at 37 °C under

humidified incubator in the presence of 5% CO- level.

2.3.9 Detection of the endogenous level of H202 in HeLa cells

To understand the compatibility of the probes in cellular medium for the detection of
endogenous level of H20., the probes (5.0 uM) were treated to human cervical cancer cells
(HeLa) and the emission was measured after 60 min (Figure 2.11). Interestingly, a
significantly higher emission response under green channel was observed for the probe 2.7

as compared to 2.8 and 2.9. The emission response was much weaker for the ether-linked
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probe 2.8 under the identical condition, indicating much lesser sensitivity of 2.8 in detecting
the endogenous level of H202 in HeLa cells. To understand the selectivity of the directly-
linked probe 2.7 towards the endogenous level of H.O>, HelLa cells was pre-treated with N-
acetyl cysteine (NAC, 2.0 mM) that scavenges the endogenous H20>. Interestingly, no
emissive response in the NAC pre-treated cells served as the negative control and also
evidenced the lack of any background emission response of the probe 2.7 (Figure 2.11). This
also proved the stability of probe 2.7 under cellular environment.

Bright Green Overlay

Probe 2.7

Probe 2.8

60 ym
60 pm

(h)

Probe 2.9

(k)
60 um

Figure 2.11. (a-i) Fluorescence microscopy images (bright field, green channel, and overlay)

NAC + Probe 2.7

of HelLa cells in the presence of fluorescein-based probes 2.7-2.9 for the detection of
endogenous level of H.0.. (j-I) Fluorescent microscopy images (bright field, green channel
and overlay) of HeLa cells pre-treated with NAC (2.0 mM) for 1 h followed by the treatment
of probe 2.7.

57
TH-3161_176122050



Chapter 2

2.4. Conclusions

In summary, we observed that direct coupling of the boronate ester group to the fluorophore
unit in peroxide-responsive turn-on fluorogenic probes was strategically superior to the
coupling via self-immolative linkers in effectively sensing traces of H>O> both in aqueous
and cellular medium. Moreover, the turn-on efficiency was also dependent on the nature of
fluorophore units used. Considering both linkers and fluorophores, based on several control
experiments, fluorescein-based directly-linked probe 2.7 was found to be the best candidate
among all the probes studied in the present chapter for its application in sensing H20>
accurately. While directly-coupled boronate ester probes are shown to be suitable for sensing
peroxide effectively, the self-immolative linker-based probes may find wider applications in
peroxide-triggered drug delivery systems that require a slower, sustained and regulated drug
release profile. Despite the availability of many boronate ester-based probes, outcome of this
study would certainly be useful as a guideline while designing a new boronate ester-based
probe or prodrug for sensing peroxide or utilizing them particularly in ROS-associated

pathologies and therapies in future.
2.5. Experimental section

2.5.1. Materials and Methods

All the chemicals and solvents were purchased either from Sigma Aldrich, Merck or from
the reputed local suppliers. All the solvents were either distilled or dried following standard
methods before using in reactions and chemicals were used without further purification. Thin
layer chromatographic (TLC) analyses were carried out on pre-coated silica gel on aluminum
sheets and the compounds were visualized by irradiation with UV or fluorescent light and
stained by iodine. Organic solvents used for chromatographic separations were distilled
before use. The melting point of the synthesized compounds was recorded in a Biichi B540
melting point apparatus and the values are uncorrected. The NMR spectra were recorded with
Bruker Ascend™ 400 MHz and 600 MHz NMR Spectrometers. Chemical shifts (*H, and
13C) are cited with respect to MesSi as an internal standard. Mass spectra were obtained using
an Agilent 6520 Accurate- Mass Quadrupole Time-of-Flight (Q-TOF) LC/MS spectrometer.
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2.5.2. Synthesis of the precursors
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Scheme 2.3. Reagents and conditions: (a) Triflic acid, conc. H.SO4, 0 °C — RT, 5 h; (b)
Bopinz, KOAc, Pd(dppf)Clz, dry 1,4-dioxane, 85 °C, 12 h; (c) PBrs, dry DCM, RT, 5 h; (d) p-
nitrophenyl chloroformate, Py, dry DCM, 0 °C — RT, 8 h.

Synthesis of compound 2.10%°

To astirred solution of resorcinol (2.00 g, 18.16 mmol) in an equimolar mixture of CF3COOH
(2.80 mL, 36.33 mmol) and conc. H2SO4 (1.94 mL, 36.33 mmol) was added ethyl
acetoacetate (EAA) (2.30 mL, 18.16 mmol) dropwise at ice-cold condition over 1 h. The
reaction mixture was stirred at room temperature for another 4 h. Upon completion, cold
water was added to the reaction mixture to precipitate the product. The crude precipitate was
filtered off and dried at room temperature. The compound was purified by column
chromatography using 40% ethyl acetate in pet. ether to afford the pure product 2.10 as a
white solid. R = 0.5 (30% ethyl acetate in pet. ether). Yield: 2.2 g (70%). *H NMR (DMSO-
ds, 600 MHZz): & (ppm) = 10.55 (s, 1H), 7.59 (d, J = 8.7 Hz, 1H), 6.80 (dd, J. = 8.6 Hz, J> =
2.3 Hz, 1H), 6.70 (d, J = 2.2 Hz, 1H), 6.13 (s, 1H), 2.36 (s, 3H). $3C NMR (DMSO-ds, 150
MHz): & (ppm) = 161.6, 160.8, 155.2, 154.0, 127.0, 113.3, 112.4, 110.7, 102.5, 18.6.

Synthesis of compound 2.18%!

Compound 2.18 was synthesized following the reported procedure with a minor
modification. To a stirred solution of 4-bromobenzyl alcohol (0.50 g, 2.57 mmol) and
bis(pinacolato)diboron (1.02 g, 4.00 mmol) in dry 1,4-dioxane (20 mL) was added
Pd(dppf)Cl2 (0.20 g, 0.27 mmol) and KOAc (0.80 g, 8.02 mmol) sequentially under argon
atmosphere at room temperature. The reaction mixture was stirred at 85 °C for 12 h. Upon
completion, the solvent was evaporated under reduced pressure and the mixture was diluted
with ethyl acetate (20 mL). The reaction mixture was filtered through a celite pad to remove
undesired materials and washed with ethyl acetate (3x20 mL). The combined organic layer
was washed sequentially with water and brine solution (3x20 mL) subsequently. Finally, the

organic layer was dried over anhydrous sodium sulfate and concentrated under reduced
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pressure to obtain the crude compound. The crude product was purified by silica gel (60-120
mesh) column chromatography using 10% ethyl acetate in pet. ether as a mobile phase to
afford the pure product 2.18 as a white solid. Rt = 0.5 (30% ethyl acetate in pet. ether). Yield:
0.50 g (81%). *H NMR (CDCl3, 400 MHz): & (ppm) = 7.80 (d, J = 7.7 Hz, 2H), 7.36 (d, J =
7.5 Hz, 2H), 4.71 (s, 2H), 1.35 (s, 12H). 3C NMR (CDCls, 100 MHz): § (ppm) = 144.0,
135.0, 126.0, 83.9, 65.2, 24.9.

Synthesis of compound 2.19%

To a stirred solution of compound 2.18 (0.60 g, 2.56 mmol) in anhydrous DCM (8 mL) was
added PBrs (0.50 mL, 5.12 mmol) dropwise under argon atmosphere at room temperature
and the reaction mixture was stirred for 4 h. The progress of the reaction was monitored by
TLC analysis. Upon completion, the excess PBrz was quenched with water (10 mL) and the
reaction mixture was extracted with DCM (3%x20 mL). The combined organic layer was
washed with brine solution (3x10 mL) and dried over anhydrous sodium sulfate. The organic
layer was concentrated under reduced pressure to afford the crude product. The crude
compound was purified by Flash chromatography using ethyl acetate and pet. ether as eluents
to afford compound 2.19 as a white solid. Rf = 0.5 (5% ethyl acetate in pet. ether). Yield:
0.50 g (62%). *H NMR (CDCls, 400 MHz): & (ppm) = 7.78 (d, J = 8.0 Hz, 2H), 7.39 (d, J =
8.0 Hz, 2H), 4.49 (s, 2H), 1.34 (s, 12H). 3C NMR (CDCls, 100 MHz): § (ppm) = 140.7,
135.2,128.3, 84.0, 33.3, 24.9.

Synthesis of compound 2.20%

To astirred solution of compound 2.18 (0.20 g, 0.85 mmol) and pyridine (0.2 mL, 2.56 mmol)
in anhydrous DCM (8 mL) was added a solution of p-nitrophenyl chloroformate (0.20 g, 1.02
mmol) in DCM (2 mL) dropwise at ice-cold condition under argon atmosphere and the
reaction mixture was stirred at room temperature for 8 h. Upon completion, the mixture was
diluted with DCM (30 mL) and sequentially washed with saturated NaHCO3 solution, water,
and brine (3x10 mL). The organic layer was evaporated under reduced pressure to afford the
crude product as an amorphous solid. The crude product was further purified by silica gel
column chromatography using ethyl acetate and pet. ether as a mobile phase to afford the
pure product 2.20 as a white solid. Rf = 0.5 (20% ethyl acetate in pet. ether). Yield: 0.22 g
(65%). *H NMR (CDCls3, 400 MHz): § (ppm) = 8.27 (d, J = 9.2 Hz, 2H), 7.85 (d, J = 8.0 Hz,
2H), 7.44 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 9.2 Hz, 2H), 5.31 (s, 2H), 1.35 (s, 12H). 1°C NMR
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(CDCls, 100 MHz): & (ppm) = 155.5, 152.4, 145.4, 137.0, 135.2, 127.6, 125.3, 121.9, 84.0,
70.9, 24.9.

2.5.3. Synthesis of coumarin-based boronate ester probes

2.10 2.21 (55 %) 2.1 (89 %)
Bpin Bpin
?@ﬁu— @fl—»; it m
2.2 (85 %) 2.3 (64 %)

Scheme 2.4. Reagents and conditions: (a) Tf.O, TEA, dry DCM, 0 °C — RT, 3 h; (b) Bzping,
KOAc, Pd(dppf)Clz, dry 1,4-dioxane, 85 °C, 12 h; (c) 2.19, K,COs, dry DMF, 0 °C — RT, 12
h; (d) 2.20, TEA, dry DCM, 0 °C — RT, 24 h.

Synthesis of compound 2.213*

To astirred solution of compound 2.10 (0.50 g, 2.83 mmol) and triethylamine (1.6 mL, 11.35
mmol) in dry DCM (10 mL) was added a solution of trifluoromethane sulfonic anhydride
(0.56 mL, 3.40 mmol) in dry DCM (2 mL) dropwise at ice-cold condition under argon
atmosphere. The reaction was allowed to attain room temperature and stirred for 3 h. Upon
completion, the excess trifluoromethane sulfonic anhydride was quenched with water and the
mixture was extracted with DCM (50 mL). The combined organic layer was washed with
brine and dried over anhydrous sodium sulfate. The solvent was evaporated under reduced
pressure to afford the crude residue. The crude product was purified by flash chromatography
using 20% ethyl acetate in pet. ether to afford the pure product 2.21 as a white solid. R=0.5
(20% ethyl acetate in pet. ether). Yield: 0.50 g (55%). *H NMR (CDCls, 400 MHz): § (ppm)
=7.70 (d, J = 8.7 Hz, 1H), 7.29 (d, J = 2.4 Hz, 1H), 7.25 (m, 1H), 6.36 (d, J= 1.2 Hz, 1H),
2.47 (d, J = 1.2 Hz, 3H). *3C NMR (CDCls, 100 MHz): § (ppm) = 159.4, 154.1, 151.1, 150.8,
126.3, 120.3, 120.1, 117.4, 116.7, 116.0, 110.6, 18.8.

Synthesis of compound 2.1%

To astirred solution of compound 2.21 (0.40 g, 1.29 mmol) and bis(pinacolato)diboron (0.60
g, 2.59 mmol) in dry 1,4-dioxane (20 mL) was sequentially added Pd(dppf)Cl2 (0.10 g, 0.13
mmol) and KOAc (0.40 g, 3.89 mmol) under argon atmosphere at room temperature. The
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reaction mixture was stirred at 85 °C for 12 h. Upon completion, the solvent was evaporated
under reduced pressure and the residue was diluted with ethyl acetate (20 mL). The reaction
mixture was filtered through a celite bed to remove undesired materials and washed with
ethyl acetate (3x20 mL). The combined organic layer was washed with water and brine (3x20
mL). The organic layer was dried over anhydrous sodium sulfate and concentrated under
reduced pressure to afford the crude compound. The crude product was purified by silica gel
column chromatography using 20% ethyl acetate in pet. ether to afford the pure product 2.1
as a white solid. R = 0.5 (25% ethyl acetate in pet. ether). Yield: 0.40 g (89%); M.P. = 145-
147 °C. *H NMR (CDCls, 400 MHz): § (ppm) = 7.74 (s, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.58
(d, J=7.8 Hz, 1H), 6.33 (d, J = 1.1 Hz, 1H), 2.45 (d, J = 1.1 Hz, 3H), 1.37 (s, 12H). 1°C
NMR (CDCls, 100 MHz): 8 (ppm) = 160.8, 152.9, 152.0, 130.0, 123.7, 123.0, 122.0, 116.1,
84.4, 24.9, 18.6. ESI-MS (+ve) m/z calcd for C16H20BO4 [M + H]": 287.1455; observed:
287.1455.

Synthesis of compound 2.2

To astirred solution of compound 2.10 (0.20 g, 1.13 mmol) in anhydrous DMF (0.5 mL) was
added K>CO3(0.10 g, 1.70 mmol) under argon atmosphere at 0 °C and the mixture was stirred
for 1 h. A solution of compound 2.19 (0.20 g, 1.36 mmol) in anhydrous DMF (0.5 mL) was
added dropwise to the reaction mixture and stirred at room temperature for 12 h. Upon
completion, the reaction mixture was diluted with ethyl acetate (50 mL) and washed with
water and brine (3x10 mL). The organic layer was dried over anhydrous sodium sulfate and
concentrated under reduced pressure to afford the crude residue. The crude product was
purified by flash chromatography using 20% ethyl acetate in pet. ether to afford the pure
product 2.2 as a white solid. R = 0.5 (20% ethyl acetate in pet. ether). Yield: 0.2 g (85%);
M.P. = 192-194 °C. 'H NMR (CDCls, 400 MHz): § (ppm) = 7.84 (d, J = 7.9 Hz, 2H), 7.49
(d, J=8.8 Hz, 1H), 7.43 (d, J = 7.8 Hz, 2H), 6.93 (dd, J. = 8.8 Hz, J> = 2.4 Hz, 1H), 6.87 (d,
J=2.4Hz, 1H), 6.14 (s, 1H), 5.15 (s, 2H), 2.39 (s, 3H), 1.35 (s, 12H). 13C NMR (CDCls, 100
MHz): 6 (ppm) =161.6, 161.2, 155.2, 152.5, 139.0, 135.2, 126.6, 125.6, 113.8, 112.9, 112.1,
102.0, 83.9, 70.4, 24.8, 18.6. ESI-MS (+ve) m/z calcd for C23H26BOs [M + H]*: 393.1873;
observed: 393.1880.
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Synthesis of compound 2.3

To a stirred solution of compound 2.10 (0.13 g, 0.75 mmol) and triethylamine (0.2 mL, 1.50
mmol) in anhydrous DCM (5 mL) was added the solution of compound 2.20 (0.20 g, 0.50
mmol) in anhydrous DCM (3 mL) in a dropwise manner at ice-cold condition under argon
atmosphere. The reaction mixture was allowed to attain room temperature and stirred for 24
h. Upon completion, the reaction mixture was diluted with DCM (50 mL) and sequentially
washed with saturated NaHCO3 solution, water, and brine solution (3x10 mL). The organic
layer dried over sodium sulfate and evaporated under reduced pressure to afford the crude
product, which was purified by flash chromatography using 10% ethyl acetate in pet. ether
to afford the pure product 2.3 as a white solid. Rf = 0.5 (20% ethyl acetate in pet. ether).
Yield: 0.11 g (64%). M.P. = 140-141 °C. *H NMR (CDCls, 600 MHz): § (ppm) = 7.85 (d, J
= 7.9 Hz, 2H), 7.61 (d, J = 8.7 Hz, 1H), 7.45 (d, J = 7.9 Hz, 2H), 7.23 (d, J = 2.3 Hz, 1H),
7.17 (dd, J1 =8.7 Hz, J, =2.3 Hz, 1H), 6.28 (d, J = 0.9 Hz, 1H), 5.31 (s, 2H), 2.44 (d, J = 1.0
Hz, 3H), 1.36 (s, 12H). *3C NMR (CDCls, 100 MHz): & (ppm) = 160.4, 154.1, 153.2, 152.8,
151.9, 137.2, 135.1, 127.6, 125.5, 118.0, 117.3, 114.7, 110.0, 84.0, 70.7, 24.9, 18.7. ESI-MS
(+ve) m/z calcd for C24H26BO7 [M + H]*: 437.1772; observed: 437.1772.

2.5.4. Synthesis of naphthalimide-based boronate ester probes

» 5515

OMe :

2, 23 (81”/) 2.24 (78%) 2.11 (58% '
*d e *f '
r.IBu nBu nBu .
Bp|n \/@Bpln
Bpin 0 o
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Scheme 2.5. (a) n-Butylamine, EtOH, 80 °C, 6 h; (b) NaOMe, CuS0O4.5H,0, dry MeOH, 70
°C, 12 h; (c) 57% HI, 130 °C, 12 h; (d) Bzpinz, KOAc, Pd(dppf)Cl,, dry 1,4-dioxane, 85 °C,
12 h; (e) 2.19, KoCOs3, dry ACN, 0 °C - RT, 12 h; (f) triphosgene, Py, 2.18, dry DCM, TEA, -
70°C-0°C-RT, 16 h.
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Synthesis of compound 2.23%

To a stirred solution of compound 2.22 (2.00 g, 7.22 mmol) in ethanol (60 mL) was added n-
n-butylamine (0.64 g, 8.66 mmol) dropwise at room temperature. The reaction mixture was
refluxed for 6 h. The progress of the reaction was monitored by TLC analysis. Upon
completion of the reaction, the crude mixture was diluted with cold water (100 mL) and
filtered off. The residue was washed with cold water, and cold ethanol sequentially and dried
under vacuum to afford product 2.23 as a brown solid. R = 0.6 (5% ethyl acetate in pet.
ether). Yield: 2.0 g (81%). *H NMR (CDCls, 600 MHz): § (ppm) = 9.60 (dd, J1 = 7.3 Hz, J>
= 1.2 Hz, 1H), 8.49 (dd, J; =8.5 Hz, J, = 1.2 Hz, 1H), 8.35 (d, J = 7.8 Hz, 1H), 7.98 (d, J =
7.8 Hz, 1H), 7.80 (dd, J1 = 8.5 Hz, J> = 7.3 Hz, , 1H), 4.19-4.13 (m, 2H), 1.75-1.67 (m, 2H),
1.49-1.42 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H). *C NMR (CDCls, 150 MHz): § (ppm) = 163.6,
163.5, 133.2, 132.0, 131.2, 131.1, 130.6, 130.2, 128.9, 128.1, 123.1, 122.3, 40.5, 30.2, 20.5,
13.9.

Synthesis of compound 2.24%°

Compound 2.24 was synthesized following the reported procedure with minor modifications.
To a mixture of compound 2.23 (1.50 g, 4.51 mmol), NaOMe (2.00 g, 36.12 mmol), and
CuS04.5H20 (0.20 g, 0.90 mmol) was added dry MeOH (45 mL) under argon atmosphere at
room temperature. The reaction mixture was stirred at 70 °C for 12 h. Upon completion of
the reaction, the solvent was evaporated under reduced pressure and diluted with 1N HCI to
obtain the greenish-yellow precipitate. The crude product was filtered off, washed with water
and dried under the vacuum to afford compound 2.24 as a greenish-yellow solid. Rf = 0.4
(10% ethyl acetate in pet. ether). Yield: 1.00 g (78%). *H NMR (CDCls, 400 MHz): § (ppm)
=8.59 (dd, J1 = 7.3 Hz, J> = 1.5 Hz, 1H), 8.54 (dd, J1 = 8.7 Hz, J> = 1.8 Hz, 2H), 7.69 (d, J
=7.8 Hz, 1H), 7.03 (d, J = 8.3 Hz, 1H), 4.21-4.14 (m, 2H), 4.13 (s, 3H), 1.77-1.64 (m, 2H),
1.49-1.42 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H). °C NMR (150 MHz, CDCls): § (ppm) = 164.7,
164.1, 160.9, 133.5, 131.6, 129.5, 128.7, 126.0, 123.6, 122.5, 115.3, 105.3, 56.3, 40.2, 30.4,
20.5, 14.0.

Synthesis of compound 2.11%
The compound 2.11 was synthesized according to the reported literature with minor
modifications. The mixture of compound 2.24 (1.30 g, 4.58 mmol) and 57% HI (11.70 g,
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91.60 mmol) was stirred at 130 °C for 12 h. The progress of the reaction was monitored by
TLC analysis. Upon completion of the reaction, it was cooled down to room temperature and
neutralized with 5N NaOH. The obtained precipitate was filtered off, washed with water, and
dried under the vacuum to afford the crude compound, which was further purified by silica
gel column chromatography using 10% methanol in dichloromethane to afford the pure
product 2.11 as a yellow solid. Rs = 0.5 (40% ethyl acetate in pet. ether). Yield: 0.70 g (58%).
'H NMR (DMSO-ds, 600 MHz): & (ppm) = 11.89 (s, 1H), 8.52 (d, J = 8.3 Hz, 1H), 8.46 (d,
J=7.2Hz, 1H), 8.35 (d, J = 8.1 Hz, 1H), 7.76 (t, J = 7.8 Hz, 1H), 7.15 (d, J = 8.2 Hz, 1H),
4.01 (t, J = 7.5 Hz, 2H), 1.56-1.61 (m, 2H), 1.31-1.37 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H). *C
NMR (DMSO-de, 150 MHz): & (ppm) = 164.1, 163.5, 160.7, 134.0, 131.6, 129.6, 129.4,
126.1, 122.8, 122.3, 113.0, 110.4, 39.5, 30.2, 20.3, 14.2.

Synthesis of compound 2.4

To a mixture of bis(pinacolato)diboron (0.60 g, 2.25 mmol) and compound 2.23 (0.25 g, 0.75
mmol) in dry 1,4-dioxane (20 mL) was added Pd(dppf)Cl. (55 mg, 0.07 mmol) and KOAc
(0.18 g, 2.25 mmol) under argon atmosphere at room temperature. The reaction mixture was
stirred at 90 °C overnight and upon completion, the solvent was evaporated under the reduced
pressure. The residue was diluted with ethyl acetate (20 mL) and the precipitate was filtered
through a celite pad and washed with ethyl acetate (3x20 mL). The combined organic layer
was washed with water and brine (3x20 mL) and dried over anhydrous sodium sulfate. The
solvent was evaporated under reduced pressure to afford the crude product, which was
purified by flash chromatography using 10% ethyl acetate in the pet. ether to afford the pure
product 2.4 as a white solid. Rf = 0.5 (10% ethyl acetate in pet. ether). Yield: 0.11g (38%);
M.P. = 115-117 °C. *H NMR (CDCls, 400 MHz): & (ppm) = 9.11 (dd, J1 = 8.5 Hz, J2 = 1.0
Hz, 1H), 8.60 (dd, J1 = 7.2 Hz, Jo = 1.0 Hz, 1H), 8.56 (d, J = 7.3 Hz, 1H), 8.29 (d, J = 7.3 Hz,
1H), 7.78 (dd, J1 = 8.4 Hz, J» = 7.3 Hz, , 1H), 4.21-4.15 (m, 2H), 1.78-1.68 (m, 2H), 1.52-
1.39 (m, 2H), 1.45 (s, 12H), 0.98 (t, J = 7.4 Hz, 3H). 3C NMR (CDCls, 100 MHz): & (ppm)
=164.4,164.4,135.8,135.3,134.9, 130.8, 129.7, 127.8, 127.0, 124.8, 122.5, 84.6, 40.3, 30.2,
25.0, 20.4, 13.9. ESI-MS (+ve) m/z calcd for C22H27BNO4 [M + H]™: 380.2030; observed:
380.2030.
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Synthesis of compound 2.5%

To amixture of compound 2.11 (30 mg, 0.11 mmol) and compound 2.19 (40 mg, 0.13 mmol)
in anhydrous acetonitrile (2 mL) was added anhydrous K>COz (23 mg, 0.17 mmol) under
argon atmosphere at 0 °C. After 30 min, the reaction mixture was allowed to attain room
temperature and stirred overnight. Upon completion of the reaction, the solvent was
evaporated under reduced pressure and the residue was diluted with ethyl acetate (50 mL).
The mixture was washed with water and brine and the organic layer was dried over anhydrous
sodium sulfate and evaporated under reduced pressure. The crude residue was purified by
flash chromatography using 20% ethyl acetate in pet. ether to afford the pure product 2.5 as
a bright green solid. Rs = 0.5 (20% ethyl acetate in pet. ether). Yield: 43 mg (78%); M.P. =
166-168 °C. 'H NMR (CDCls, 600 MHz): & (ppm) = 8.62-8.64 (m, 2H), 8.52 (dd, J, = 8.2
Hz, J» = 1.5 Hz, 1H), 7.89 (d, J = 7.9 Hz, 2H), 7.71-7.74 (m, 1H), 7.52 (d, J = 7.8 Hz, 2H),
7.09 (dd, J1 = 8.3 Hz, J, = 1.0 Hz, 1H), 5.39 (s, 2H), 4.19 (t, J = 7.6 Hz, 2H), 1.70-1.75 (m,
2H), 1.43-1.50 (m, 2H), 1.36 (s, 12H), 0.97 (t, J = 7.4 Hz, 3H). 3C NMR (CDCls, 150 MHz):
d (ppm) = 164.5, 164.0, 159.7, 138.5, 135.3, 133.3, 131.6, 129.4, 128.7, 126.7, 126.0, 123.6,
1225, 115.4, 106.5, 84.0, 70.8, 40.1, 30.3, 24.9, 20.4, 13.9. ESI-MS (+ve) m/z calcd for
C29H33BNOs [M + H]*: 486.2452; observed: 486.2483.

Synthesis of compound 2.6

To a stirred solution of triphosgene (126 mg, 0.42 mmol) in anhydrous DCM (2 mL) was
added pyridine (0.07 mL, 0.85 mmol) dropwise at ice-cold condition under argon
atmosphere. The reaction mixture was stirred at room temperature for 30 min and then kept
at -70 °C. To this solution, the compound 2.18 (0.20 g, 0.85 mmol) in dry DCM (2 mL) was
added dropwise at that condition. The progress of the reaction was monitored by TLC
analysis. Upon the complete consumption of compound 2.18 completely, the mixture was
added dropwise into the solution of compound 2.11 (114 mg, 0.42 mmol) and triethylamine
(0.06 mL, 0.42 mmol) in anhydrous DCM (5 mL) at -70 °C. Slowly the reaction mixture was
warmed to room temperature and stirred at the same temperature. The progress of the reaction
was monitored by TLC analysis. Upon completion of the reaction, the excess triphosgene
was quenched with water, and the crude product was extracted by DCM (3x20 mL). The
combined organic layer was washed with brine (2x10 mL) and dried over anhydrous sodium

sulfate. The solvent was evaporated under reduced pressure to afford the crude residue, which
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was purified by flash chromatography using 15% ethyl acetate in the pet. ether to afford the
pure product 2.6 as a white solid. Rf = 0.5 (20% ethyl acetate in pet. ether). Yield: 60 mg
(32%); M.P. = 131-132 °C. 'H NMR (CDCls, 400 MHz): & (ppm) = 8.59-8.64 (m, 2H), 8.32
(dd, J1 = 8.4 Hz, J» = 1.0 Hz, 1H), 7.87 (d, J = 8.0 Hz, 2H), 7.77 (dd, J1 =8 Hz, J,= 7.4 Hz,
1H), 7.67 (d, J = 8.1 Hz, 1H), 7.47 (d, J = 8.0 Hz, 2H), 5.37 (s, 2H), 4.18 (t, J = 8.0 Hz, 2H),
1.69-1.75 (m, 2H), 1.40-1.49 (m, 2H), 1.36 (s, 12H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR
(CDCl3, 150 MHz): & (ppm) = 164.0, 163.4, 152.5, 151.4, 137.1, 135.2, 131.8, 131.7, 129.3,
127.7,127.6, 127.4, 124.8, 122.9, 120.6, 118.6, 84.0, 71.0, 40.3, 30.2, 24.9, 20.4, 13.9. ESI-
MS (+ve) m/z calcd for C3oHzsBNO7 [M + H]*: 530.2350; observed: 530.2360.

2.5.5. Synthesis of fluorescein-based boronate ester probes

2.25 2. 12 (80%) 2.26 (72%)

SRS @
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Scheme 2.6: (a) (i) Mel, K2COs, dry DMF, RT, 24 h; (ii) 10% ag. NaOH, MeOH, RT, 6h; (b)
phenyl triflimide, DIPEA, dry DMF 0 °C-RT, 3 h; (c) Bzpinz, KOAc, Pd(dppf)Cl., dry 1,4-
dioxane, 85 °C, 12 h; (d) 2.19, Ag.0, dry toluene, 0 °C-RT, 5 h; (e) 2.20, TEA, dry DCM, 0
°C-RT, 48 h.

Synthesis of compound 2.12%°

To a mixture of compound 2.25 (2.50 g, 7.50 mmol) and K>COs (3.10 g, 22.5 mmol) was
added dry DMF (20 mL) and stirred at room temperature under an argon atmosphere. After
30 min, Mel (4.20 g, 30.00 mmol) was added dropwise and the reaction mixture was stirred
at the same temperature. The progress of the reaction was monitored by TLC analysis. Upon
completion of the reaction, 100 mL of ice-cold water was added to obtain the precipitate. The
crude product was filtered off, washed with cold water, and dried under air to afford the

yellow solid with a quantitative yield. A suspension of this intermediate in MeOH (50 mL)
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was added to 10% aqueous NaOH (30 mL) and stirred at room temperature for 6 h. Upon
completion of the reaction, the solvent was evaporated under reduced pressure and diluted
with 100 mL of water. The reaction mixture was acidified to pH = 5.0 using 4N HCI dropwise
at 0 °C to obtain the precipitate. The crude product was filtered off, washed with water, and
dried under air to afford compound 2.12 as a yellow solid. Rf = 0.5 (60% ethyl acetate in pet.
ether). Yield: 2.10 g (80%). *H NMR (DMSO-ds, 600 MHz): § (ppm) = 10.24 (s, 1H), 8.01
(d,J=7.7Hz, 1H),7.80 (t, J=7.5Hz, 1H), 7.73 (t, = 7.5 Hz, 1H), 7.27 (d, J = 7.7 Hz, 1H),
6.94 (d, J = 2.5 Hz, 1H), 6.73-6.68 (m, 2H), 6.65 (d, J = 8.8 Hz, 1H), 6.58 (s, 2H), 3.81 (s,
3H), 1.35 (s, 12H). **C NMR (DMSO-ds, 150 MHz): & (ppm) = 169.2, 161.5, 160.0, 152.9,
152.3, 152.2, 136.2, 130.6, 129.6, 129.4, 126.5, 125.1, 124.5, 113.3, 112.4, 111.4, 109.9,
102.7,101.2, 83.2, 56.1.

Synthesis of compound 2.26

To a stirred solution of compound 2.12 (0.60 g, 1.73 mmol) and phenyl triflimide (2.47 g,
6.92 mmol) in dry DMF (10 mL) was added DIPEA (1.12 g, 8.66 mmol) dropwise at 0 °C
under argon atmosphere and the reaction mixture was kept for stirring at room temperature.
The progress of the reaction was monitored by TLC analysis. Upon completion of the
reaction, the mixture was diluted with ethyl acetate (50 mL) and washed sequentially with
water (5%10 mL), and brine (2x10 mL). The organic layer was dried over anhydrous sodium
sulfate and evaporated under reduced pressure to afford the crude product, which was purified
by flash chromatography using 20% ethyl acetate in the pet. ether to afford the pure product
2.26 as a white solid. Rt = 0.5 (20% ethyl acetate in pet. ether). Yield: 0.60 g (72%). *H NMR
(CDCls, 400 MHz): & (ppm) = 8.09-8.02 (m, 1H), 7.75-7.62 (m, 2H), 7.25 (d, J = 2.4 Hz,
1H), 7.21-7.15 (m, 1H), 6.96 (dd, J1 = 8.8, J2 = 2.4 Hz, 1H), 6.90 (d, J = 8.8 Hz, 1H), 6.81
(d, J = 2.4 Hz, 1H), 6.75-6.63 (m, 2H), 3.85 (s, 3H). 3C NMR (CDCl3, 150 MHz): § (ppm)
=169.2, 161.8, 152.7, 152.2, 152.0, 150.1, 135.5, 130.3, 130.2, 129.7, 129.1, 126.4, 125.5,
124.0, 123.7, 119.9, 119.9, 117.7, 116.8, 112.5, 110.6, 101.0, 81.8, 55.8.

Synthesis of compound 2.74°

To a solution of bis(pinacolato)diboron (0.53 g, 2.09 mmol), compound 2.26 (0.50 g, 1.04
mmol), and KOAc (0.20 g, 3.12 mmol) in anhydrous 1, 4-dioxane (20 mL) were added
Pd(dppf)Cl. (70 mg, 0.10 mmol) under argon atmosphere at room temperature. The reaction
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mixture was stirred at 85 °C for 12 h. Upon completion, the solvent was evaporated under
reduced pressure and the residue was diluted with ethyl acetate (20 mL). The mixture was
filtered through a celite pad and washed with ethyl acetate (3x20 mL). The combined organic
layer was washed sequentially with water and brine (3x20 mL). The organic layer was dried
over anhydrous sodium sulfate. The solvent was evaporated under reduced pressure to afford
the crude product, which was purified by flash chromatography using 17% ethyl acetate in
the pet. ether to afford the pure product 2.7 as a white solid. Rf = 0.5 (20% ethyl acetate in
pet. ether). Yield: 0.38 g (58%); M.P. = 166-168 °C. *H NMR (CDCls, 600 MHz): & (ppm) =
8.03 (d, J = 7.4 Hz, 1H), 7.74(s, 1H), 7.60-7.66 (m, 2H), 7.43 (dd, J1 = 7.8 Hz, J> = 0.7 Hz,
1H), 7.12 (d, J = 7.5 Hz, 1H), 6.81 (d, J = 7.8 Hz, 1H), 6.77 (d, J = 2.5 Hz, 1H), 6.72 (d, J =
8.8 Hz, 1H), 6.62 (dd, J1 = 8.8 Hz, J» = 2.5 Hz, 1H), 3.84 (s, 3H), 1.35 (s, 12H). *C NMR
(CDCls, 150 MHz): & (ppm) = 169.5, 161.4, 153.5, 152.4, 150.7, 135.1, 129.7, 129.4, 129.0,
127.2,126.2,125.1, 123.8, 123.5, 121.5, 111.7, 110.9, ,100.9, 84.2, 82.7, 55.6, 24.9. ESI-MS
(+ve) m/z calcd. for C27H26BOs [M+H]": 457.1822; observed: 457.1841.

Synthesis of compound 2.8*

The compound was prepared following the reported method with modifications. To a stirred
solution of compound 2.12 (0.20 g, 0.57 mmol) and compound 2.19 (0.20 g, 0.69 mmol) in
anhydrous toluene (10 mL) was added silver oxide (0.20 g, 0.86 mmol) under an inert
atmosphere at room temperature, and the reaction mixture was refluxed. The progress of the
reaction was monitored by TLC analysis. Upon completion, the solvent was evaporated under
reduced pressure and the residue was diluted with DCM (20 mL). The mixture was filtered
through a celite pad and washed with DCM (3x10 mL). The combined organic layer was
dried over anhydrous sodium sulfate and the solvent was evaporated to afford the crude
product. The crude product was purified by flash chromatography using 20% ethyl acetate in
pet. ether to afford the pure product 2.8 as a yellow solid. Rt = 0.5 (20% ethyl acetate in pet.
ether). Yield: 0.12 g (37%); M.P. = 98-100 °C. *H NMR (CDCls, 600 MHz): § (ppm) = 8.02
(d,J=7.6 Hz, 1H), 7.83 (d, J = 7.8 Hz, 2H), 7.66 (t, J = 7.2 Hz, 1H), 7.61 (t, J = 7.3 Hz, 1H),
7.43(d, J=7.7 Hz, 2H), 7.15 (d, J = 7.5 Hz, 1H), 6.82 (s, 1H), 6.76 (d, J = 2.2 Hz, 1H), 6.66-
6.70 (m, 3H), 6.60 (dd, J: =8.7 Hz, J, = 2.4 Hz, 1H), 5.12 (s, 2H), 3.83 (s, 3H), 1.34 (s, 12H).
13C NMR (CDCls, 150 MHz): § (ppm) = 169.4, 161.3, 160.3, 153.2, 152.5, 152.4, 139.4,
135.1, 135.0, 129.7, 129.2, 129.1, 126.5, 126.5, 125.0, 124.0, 112.3, 111.7, 111.5, 111.2,
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101.9, 100.8, 83.9, 83.2, 70.1, 55.6, 24.9. ESI-MS (+ve) m/z calcd for C3sH32BO7 [M + H]™:
563.2241; observed: 563.2275.

Synthesis of compound 2.9

To astirred solution of compound 2.12 (0.20 g, 0.34 mmol) and triethylamine (0.14 mL, 1.04
mmol) in anhydrous DCM (8 mL) at 0 °C under argon atmosphere was dropwise added a
solution of compound 2.20 (0.35 g, 0.86 mmol) in anhydrous DCM (2 mL). The mixture was
then allowed to attain room temperature and stirred for 48 h. The progress of the reaction was
monitored by TLC analysis. Upon completion, the reaction mixture was diluted with DCM
(50 mL) and washed with water followed by a saturated NaHCO3 solution. The organic layer
was washed with brine (3x10 mL) and dried over anhydrous sodium sulfate. The solvent was
evaporated under reduced pressure to afford the crude residue, which was purified by flash
chromatography using 30% ethyl acetate in the pet. ether to afford the pure product 2.9 as an
off-white solid. Rf = 0.5 (30% ethyl acetate in pet. ether). Yield: 80 mg (23%); M.P. = 100-
102 °C. *H NMR (CDCls, 600 MHz): § (ppm) = 8.03 (d, J = 7.6 Hz, 1H), 7.84 (d, J = 7.9 Hz,
2H), 7.68 (t,J = 7.1 Hz, 1H), 7.63 (t, J = 7.3 Hz, 1H), 7.44 (d, J = 7.9 Hz, 2H), 7.16-7.17 (m,
2H), 6.88 (dd, J1 = 8.7 Hz, J, = 2.3 Hz, 1H), 6.81 (d, J = 8.7 Hz, 1H), 6.78 (d, J = 2.4 Hz,
1H), 6.70 (d, J = 8.8 Hz, 1H), 6.63 (dd, J: = 8.8 Hz, J> = 2.5 Hz, 1H), 5.29 (s, 2H), 3.84 (s,
3H), 1.35 (s, 12H). *3C NMR (CDCls, 150 MHz): & (ppm) = 169.3, 161.5, 153.0, 152.2, 152.1,
151.8, 137.4, 135.2, 135.1, 129.9, 129.2, 129.0, 127.6, 126.4, 125.1, 124.0, 117.0, 116.9,
112.0, 110.8, 109.8, 100.8, 84.0, 82.4, 75.0, 70.5, 55.6, 24.9. ESI-MS (+ve) m/z calcd for
CssH32BOg [M+H]": 607.2139; observed: 607.2187.

2.5.6. UV-Visible and fluorescence spectroscopic studies

All the stock solution of probes and the released fluorophores were prepared in spectroscopy
grade DMSO (note: 20% THF was added with DMSO for the naphthalimide-based probes
2.4, 2.5 and 2.6 to dissolve them completely), and the stock solution of H.O> was prepared
in mili-Q water. All the spectroscopic studies were performed under physiological conditions
(PBS, 20 mM, pH = 7.5). Buffers with higher pH (9 and 10) were prepared by adding 1N
NaOH solution to the buffer. Samples for absorption and emission spectroscopic
measurements were carried out in quartz cuvettes (1.0 mL). UV-Vis spectroscopic analyses
were performed on a Lambda 45 UV-Vis spectrophotometer and fluorescence emission

spectra were recorded on a Fluoromax-4 spectrophotometer (FluoroMax-4-Horiba). For

70
TH-3161_176122050



Chapter 2

coumarin-based probes, Aex = 322 nm and Xem = 447 nm with slit width = 3/3 nm, for
naphthalimide-based probes, Aex= 442 nm and Aem = 550 nm with slit width = 5/5 nm and for
fluorescein-based probes, Aex =454 nm and Aem = 511 nm with slit width = 3/3 nm were used
in the fluorescence emission spectroscopic studies. The selectivity of the directly-linked
probe 2.7 (10 uM) towards H>O> (200 pM) was carried out over different analytes such as t-
Bu-OOH), Cum-OOH, KO;, GSH, Cys, NAC, NaCl, and KCI. The probe was initially
incubated for 30 min with the analytes (200 uM) and the emission intensity was measured.
An equal amount of H20, (200 uM) was added to the resulting solution and the emission was

measured after incubation for 30 min.

2.5.7. Determination of LOD

LOD of all the fluorescein-based probes 2.7, 2.8, and 2.9 were determined using fluorescence
titration. The detection limit was calculated using the equation, LOD = 30/K, where o is the
standard deviation of blank measurements (without H>O>) and K is the slope of emission
intensity versus H>O> concentration. To get the standard deviation of the blank
measurements, the emission intensity of all the probes (10 uM) was measured 10 times in the
absence of H20.. For the determination of slopes, the emission spectra were measured at

different concentrations of H202 (2-50 uM) after incubating each reaction mixture for 30 min.

2.5.8. Analysis of the reaction kinetics using the reverse phase HPLC method

Purity of the synthesized compounds was analyzed by analytical high-performance liquid
chromatography (HPLC), Agilent 1220 infinity Il LC system using a reverse phase Cis
column (Luna®, 250 x 4.6 mm, 5 pm). HPLC grade acetonitrile and water (Finar Ltd) were
used as mobile phase and the absorbance profile of compounds were detected by PDA
detector at wavelengths of 254 and 454 nm (as applicable). The stock solutions of the samples
were prepared in acetonitrile and were injected into the HPLC system using the in-built
autosampler at a flow rate of 1.0 mL/min using acetonitrile/water system as a mobile phase
for 15 min (0-10 min: 80%-97% of acetonitrile in water; 10-15 min: 97-80% of acetonitrile
in water. Concentrations of the pure probes and the released fluorophore are 100 uM and in
the reaction mixture, 100 equivalents of H>O2 (10 mM) were added. The reactions of probes
with H2O> were carried out in HPLC grade acetonitrile and water system (3:1) at room
temperature and the samples were injected into the system at different time intervals to

monitor the progress of the reaction.
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2.5.9. Detection of the endogenous level of H202 in HeL a cells by cellular imaging

HeLa cells were cultured in high glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C
under a 5% CO, atmosphere. Cells were then plated (0.5x10* cells/plate) in 35 mm cell
culture petri dishes containing 2.0 mL of DMEM and incubated at 37 °C under 5% CO for
24 h. The confluent cells were washed with DPBS and finally incubated with the fluorescein-
based probes (2.7-2.9) (5.0 uM) at 37 °C under 5% CO> for 1 h. After washing with DPBS
(5 times), cellular morphology was carefully observed and imaged in a Bio-Rad ZOE™
fluorescent cell imager under a bright field and suitable fluorescent-colored filters.
Additionally, the control experiments were designed and performed with the pre-treatment
of NAC (2.0 mM, 1 h) to the HeLa cells to affirm the quenching of endogenous ROS level.
The cells were washed with DPBS and treated further with the fluorogenic probes and
incubated for 1 h. Finally, the treated cells were washed with DPBS (5 times) and imaged in
a Bio-Rad ZOE™ fluorescent cell imager to understand the reactivity of hydrogen peroxide
with fluorescent probes. Further, to confirm the sensitivity of the boronate-based probes
towards hydrogen peroxide, exogenous H20 (200 uM) was added to the cells and incubated
at 37 °C under 5% CO; for 1 h. The cells were washed with DPBS and probes (2.7-2.9) (5.0
UM) were added and incubated as discussed above. Finally, after sequential washing with

DPBS, treated cells were imaged under Bio-Rad ZOE™ fluorescent cell imager.

2.5.10. Cell culture and cellular viability studies

Human cervical cancer cell line (HeLa) was obtained from the National Centre for Cell
Science (NCCS), Pune, India. HelLa cells were cultured in DMEM medium (Gibco)
supplemented with 10% (v/v) FBS (Gibco) and 1% Pen-Strep (Gibco). Cells were cultured
as a monolayer in a humidified incubator at 37 °C in the presence of 5% CO: level. The
fluorescein-based probes (2.7-2.9) were screened for their anti-proliferative activities using
the conventional MTT assay. All the test compounds were dissolved in DMSO (HiMedia).
HeLa cells were seeded in 96-well culture plates at a density of 1x10* cells /100 pl/well and
treated with the freshly prepared test compounds (5, 10, and 25 uM) for 0 h (control) and 48
h (experimental). At the end of the treatment period, 10 pL of 5.0 mg/mL of MTT was added
to the plate (control) and incubated for 4 h. Following the 4 h incubation, the culture media

from the plate was removed and the purple formazan crystals were dissolved using 100 pL
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of DMSO (HiMedia) and the absorbance at 570 nm was measured using a microplate reader

(Thermo Scientific™ Multiskan™ GO microplate reader). In the experimental set, a similar

MTT treatment protocol was followed only after 48 h. The mean AOD values were calculated

by the subtraction of mean OD values of 0 h plate (control) from the mean OD values of

identical wells at 48 h plate (experimental) and the percentage proliferation was calculated

keeping the mean AOD of untreated control as 100%.
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Chapter 3

Peroxide-responsive prodrug of non-steroidal anti-
Inflammatory drug diclofenac: sustained drug
release with turn-on near-infrared fluorescence
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3.1.  Introduction

NSAIDs are the most prescribed medicines in clinical practices. These are widely used for
the treatment of inflammatory diseases such as rheumatoid arthritis (RA), migraine, gout,
dentistry, and acute and chronic inflammation.! While the expression of COX-1 is
constitutive and associated to the gastric mucosal protection and the COX-2 isoform is
induced at inflammatory sites, which promotes inflammation and pain.> However, most
marketed NSAIDs are non-selective COX inhibitors and exhibit several side-effects,
specifically gastrointestinal (GI) damage.’ In addition, regular uptake of NSAIDs for a longer
period causes gastric or intestinal ulcers by damaging the gastroduodenal mucosa.’ Therefore,
several prodrugs of NSAIDs have been developed to reduce the side-effects of conventional
NSAIDs as discussed in chapter 1.*°* However, these prodrugs are non-fluorogenic and
generally release the modified NSAIDs instead of the active drugs. In comparison to the non-
fluorogenic prodrugs, the strategies with stimuli-responsive turn-on fluorogenic prodrugs
have extra advantages for very convenient and non-invasive real-time monitoring of the drug
release. It is suitable for both in vitro and in vivo applications.”'? Due to the increased levels
of H2O> in cancer cells as compared to normal cells, the H>O»-responsive non-fluorogenic
and fluorogenic prodrugs of anti-cancer drugs have been developed throughout the last
decade by coupling the active drugs with aryl boronic acid or ester moiety for the targeted
drug delivery (chapter 1).*?° Since inflammatory sites are overexpressed with COX-2 and
the inflamed tissues are associated with an elevated level of ROS (H20:), the development
of H2O»-triggered sustained drug release could be extremely helpful for the targeted delivery
of NSAIDs for anti-inflammatory therapy with minimal side-effects. As observed in chapter
2, prodrugs with sustained drug delivery can be developed by coupling the fluorophore with
boronate ester unit via an ether linker. Therefore, a novel prodrug can be developed for the
sustained delivery of NSAID by connecting the fluorophore with the boronate ester via ether
linker. It may allow for selective distributions into the inflammatory sites and a prolonged
half-life of the drug. When we were about to submit the article for the development of ROS-
responsive fluorogenic prodrug of NSAID (diclofenac) in 2021, Peng and co-workers
reported a fluorogenic naphthalimide adduct of ibuprofen IBLN for the treatment of breast
cancer by inhibiting COX-2 (Figure 3.1).2! The fluorogenic naphthalimide unit assisted in

tracking cellular absorption and localization. However, the active drug was not released from
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the prodrug due to lack of triggering unit. In later 2021, Kim and co-workers developed the
hydrogen polysulfide (H>S,)-triggered mitochondria-targeting theranostic prodrug of NSAID
(TA1) for the targeted delivery of indomethacin (Figure 3.1).22 The spectroscopic results
indicated that the active drug was released with turn-on fluorescence in the presence of H2Sh.
The anti-inflammatory prodrug TA1 downregulated prostaglandin E2 (PGE2) and COX-2

levels in the blood serum of inflammation-induced mice models (C57B1/6 male mice).

Figure 3.1. Chemical structures of the recently reported fluorogenic prodrugs of NSAIDs.
However, the NSAID (indomethacin) was released from the prodrug quite rapidly, and it is
more COX-1 selective than COX-2. In addition, green emissive fluorophore was used for
monitoring the drug release, which has less tissue penetrating power and has more

interferences with biomolecules.'® >

3.2.  Outline of the chapter

Herein, we developed H>O»-responsive turn-on fluorogenic prodrug of NSAID (DCI-ROS),
for a prolonged release of diclofenac (DCF) and near-infrared (NIR) fluorophore
concurrently (Figure 3.2). Among around 40 different NSAIDs, DCF and ibuprofen are
widely used worldwide.** ** Interestingly, unlike ibuprofen, DCF is more selective towards
COX-2, making it a better candidate for anti-inflammatory responses.'%?* Since DCF has a
shorter plasma half-life, multiple self-immolative linkers were incorporated into the prodrug
for a sustained release strategy to prolong the plasma half-life of the drug. The larger stokes
shift, minimal interference from biomolecules, and higher tissue penetrating power of the
dicyanoisophorone-based red-emissive NIR fluorophore DCI-OH were also taken into
consideration.?® 2’ In addition, DCI-Con, a negative control prodrug was also synthesized
without any H,O»-triggering unit to understand the role of boronate ester moiety in activating
the drug release. The prodrug was synthesized by following the multi-step organic synthesis

strategy. The purification and characterization were performed using analytical techniques.
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Figure 3.2. Schematic representation of our rationally designed ROS-responsive prodrug of
diclofenac (DCI-ROS).

Inflammation-induced elevated ROS at the site of inflammation would cleave the boronate
ester moiety in DCI-ROS facilitating the self-immolative process for the active drug release
with simultaneous turn-on NIR fluorescence. Spectroscopic studies, HPLC, and ESI-MS
analyses confirmed the feasibility of drug release process in agueous medium. Moreover, the
prodrug was found to be non-toxic in cancer cells MDA-MB-231 and macrophage cells RAW
264.7 and exhibited turn-on red emission in the presence of endogenous ROS. Anti-
inflammatory activity of the prodrug was validated further with the inhibition of COX-2

expression in the inflammation-induced macrophage cells (RAW 264.7).

3.3.  Results and Discussion

3.3.1. Synthesis of the prodrugs DCI-ROS and DCI-Con

The boronate benzyl bromide unit (3.3) was synthesized from 4-bromotoluene (3.1)
following the reported procedure involving Suzuki coupling followed by selective mono-
bromination in the presence of N-bromosuccinimide in two steps with a satisfactory yield
(Scheme 3.1A).2% 2° Following the reported procedure, the dicyanoisophorone-based NIR
fluorophore DCI-OH was synthesized from isophorone (3.4) in two steps via Knoevenagel
and Aldol condensation processes (Scheme 3.1B).>* The final prodrug (DCI-ROS) was
synthesized via a multi-step organic synthesis, beginning with the alcoholic precursor based
on p-cresol (3.6) (Scheme 3.1C). The benzylic hydroxyl groups of compound 3.6 was
protected selectively using tert-butyldimethylsilyl chloride (TBDMSCI) to get an
intermediate (3.7) with a reasonably good yield. Compound 3.8 was synthesized by
combining the phenolic hydroxyl group of compound 3.7 with compound 3.3. Subsequent
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deprotection of the silyl protecting groups in 3.8 using p-toluenesulfonic acid afforded
compound 3.10.3! Furthermore, bromination of benzylic hydroxyl groups in 3.10 was carried
out using phosphorus tribromide with the formation of compound 3.12, which was mono-
esterified selectively with DCF leading to the formation of compound 3.14. To get the
designed prodrug DCI-ROS, the nucleophilic substitution reaction was performed in

compound 3.14 with DCI-OH (Scheme 3.1C).
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Scheme 3.1. Synthetic schemes of (A) boronate ester precursor 3.3, (B) NIR fluorophore
DCI-OH, and (C) prodrugs DCI-Con and DCI-ROS. Reagents and conditions: (a) 2-
Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, n-BuLi, dry THF, -78 °C, 2 h; (b) NBS,
AIBN, dry ACN, reflux, 3 h; (c) Malononitrile, piperidine, glacial AcOH, EtOH, reflux, 12 h; (d)
4-hydroxy benzaldehyde, piperidine, dry ACN, reflux, 6 h; () TBDMSCI, imidazole, dry DMF,
0 °C — RT, 2 h; (f) 3.3, K2CO3, dry DMF, 0 °C — RT, 12 h; (g) Benzyl bromide, K-COs3, dry
DMF, 0 °C = RT, 12 h; (h) p-TsOH, MeOH, RT, 12 h; (i) PBrs, dry DCM, RT, 5 h; (j) Diclofenac,
DIPEA, dry ACN, 0 °C — RT, 12 h; (k) DCI-OH, K>CO3, acetone, 55 °C, 4 h.
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The control prodrug DCI-Con without the H>O»-sensitive boronate ester moiety was also
synthesized starting from the precursor 3.6. Here, a direct selective O-benzylation at the
phenolic hydroxyl group in 3.6 yielded the intermediate 3.9, which was brominated
subsequently forming compound 3.11. Similarly, selective mono-esterification of compound
3.11 with DCF yielded compound 3.13, which was reacted further with DCI-OH leading to
the formation of the control prodrug DCI-Con at reasonably good yield. Both the final
prodrugs were purified and characterized before carried out the spectroscopic and cellular
studies. Before performing the spectroscopic studies, reverse-phase analytical HPLC was
used to determine the purity of the prodrug DCI-ROS and the control prodrug DCI-Con.
The HPLC chromatogram indicated that both prodrugs were more than 99% pure.

3.3.2. UV-Vis and fluorescence spectroscopic studies

The initial absorption spectra of the designed prodrug DCI-ROS (50 uM) with and without
H>0> (1000 uM) indicated the significant spectral change of the prodrug DCI-ROS in the
presence of H>O; (after 14 h) and the spectrum matched well with that of DCI-OH and DCF
(Figure 3.3A). The results indicate a feasible reaction of DCI-ROS with H>0> releasing both
the active drug DCF and NIR fluorophore DCI-OH. Subsequently, the emission spectrum of
the reaction of DCI-ROS (10 pM) in the presence of H2O2 (200 uM) was measured (Aex =
550 nm). Interestingly, the emission pattern (Aem (max) = 670 nm) resembled well with that
of pure DCI-OH, indicating the turn-on fluorescence from DCI-ROS (Figure 3.3B). The
emission intensity of DCI-ROS in the presence of H2O; is 8-times higher than the emission
intensity of DCI-ROS in the absence of H2O>. However, similar reactions with the control
prodrug DCI-Con with H2O; did not change the absorption and emission spectral profiles
(Figures 3.3C and D). These 1nitial observations indicated the reaction of the boronate ester
group of DCI-ROS with H20:; and the subsequent occurrence of self-immolative processes
for the release of the fluorophore DCI-OH and the active drug DCF from the prodrug DCI-
ROS. With the evidence of the turn-on fluorogenic process, the kinetics of the turn-on
emissive drug release process was studied with DCI-ROS (10 uM) in the presence of H>O»
(200 uM) over the time (0-18 h). It is interesting to note that the emission intensity gradually
increased over time upto 10 h and slowly saturated afterward upto 18 h (Figure 3.3E).

However, the emission intensity of the pure DCI-ROS in the absence of H>O2 was negligibly
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small and did not increase upto 18 h, indicating significant stability of the prodrug over time

(Figure3.3E).
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Figure 3.3. (A) Absorption spectra of DCI-ROS (50 uM) with and without H>O2 (1000 uM)
along with spectra of pure released fluorophore DCI-OH (50 uM) and DCF (50 uM). (B)
Emission spectra of prodrug DCI-ROS (10 uM) with and without H20, (200 uM) along with
the emission spectrum of pure DCI-OH (10 uM). The incubation time = 14 h. (C) Absorption
spectra of prodrug DCI-Con (50 pM) in the absence and presence of H>O> (1 mM) (D)
Emission spectra of prodrug DCI-Con (10 uM) in the absence and presence of H,O, (200
MM) (E) Emission spectra of DCI-ROS (10 uM) in the absence and presence of H.O» (200
M) with variable time (0-18 h). (F) Emission spectra of DCI-ROS (10 yM) with variable
concentration of H,0O» (0-500 uM) with a fixed incubation time of 14 h. The experiments were
carried out in phosphate buffered saline (PBS) (20 mM, pH 7.5, with 50% DMSO V/v). Aex =
550 nm.

Considering the prodrug responsiveness towards H»O;, the release of the drug and the
fluorophore from DCI-ROS (10 uM) was studied with the variable concentration of H>O»
(0-500 uM). As shown in Figure 3.3F, the emission intensity increased gradually with the
increasing concentration of H>O> under a fixed incubation time (14 h) and showed saturation
behavior from 300 uM concentration onwards. This observation could have high significance

for the applicability of this prodrug to the biological system. Considering the relatively higher
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level of ROS in inflamed cells/tissues, a higher amount of NSAID and fluorophore would be

released in the inflammatory sites.

3.3.3. Analyte selectivity and the pH dependency

Although boronate ester-based prodrugs are frequently utilized due to their high level of
sensitivity and selectivity towards H2O- over other analytes, the analyte selectivity analysis
was carried out with DCI-ROS with several biologically relevant analytes. As shown in
Figure 3.4A, the prodrug was found to be very selective towards H2O, over other oxidants
such as cumene hydroperoxide (Cum-OOH), tert-butyl hydroperoxide (t-Bu-OOH),
potassium superoxide (KO.), peroxynitrite (ONOO"), and sodium hypochlorite (NaOCl);
thiol-based nucleophilic reducing agents such as glutathione (GSH), L-cysteine (Cys), and
N-acetyl cysteine (NAC). These results indicated that the prodrug had extremely high
selectivity towards H20, with minimal interferences from other bio-analytes. Moreover, the
stability and feasibility of the fluorogenic drug release from DCI-ROS at variable pH was
studied by measuring the emission from DCI-ROS (10 uM) in the presence or absence of
H>0; (200 uM) over a variable pH (5-11) of the medium. The emission intensity from DCI-
ROS increased significantly upon increasing the pH from 7 onwards in the presence of H202,

however, a very negligible increase was observed in the absence of H>O» (Figure 3.4B).
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Figure 3.4. (A) Emission response of DCI-ROS (10 uM) in the presence of biologically
relevant analytes (200 uM) after incubating for 14 h. (B) The emission intensity of DCI-ROS
(10 uM) in the presence/absence of H.O, (200 uM) with variable pH of the medium (pH: 5-
11).

It is noted that the emission intensity at the NIR region is expected to be enhanced at higher
pH levels (<7) as the phenolic —OH group of DCI-OH becomes deprotonated, leading to the

extended conjugation. Furthermore, at the increased pH, the analyte H>O, may undergoes
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through deprotonation to produce the highly nucleophilic and reactive hydroperoxide ((OOH)

anion having much higher reactivity towards DCI-ROS.

3.3.4. Reaction kinetics for the drug release using HPLC

The release profile of the drug DCF and fluorophore DCI-OH from DCI-ROS was further
monitored using the reverse phase HPLC method. In a 60:40 ACN/water mixture, DCI-ROS
(100 uM) was incubated with H202 (2 mM), and the composition of the reaction mixture was
analyzed using reverse phase HPLC over 0-10 h. Before analyzing the reaction mixture, the
retention times of the pure DCI-ROS (19.6 min), DCF (2.1 min), and DCI-OH (5.3 min)
were optimized under similar conditions. The peak of the prodrug DCI-ROS at 19.6 min
almost vanished upon the reaction with H20., and new peaks at 2.1 min and 5.3 min appeared
that precisely coincided with the retention times of pure DCF and DCI-OH, respectively
(Figure 3.5A and 3.5B). This observation clearly illustrated that the drug and fluorophore are
released from the prodrug DCI-ROS upon the reaction with H>Oz. Interestingly, two
additional peaks were observed at 12.3 and 7.8 min during the formation of DCI-OH and
DCF in the reaction mixture (Figure 3.5A). Although they vanished over time as the reaction

progressed, it was possible to attribute these peaks for intermediates 3.15 and 3.16 (Figure

3.5A and 3.5B).
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Figure 3.5. HPLC overlay chromatogram for the reaction of DCI-ROS (100 yM) with H>O-
(2 mM) over 10 h along with the chromatogram of released active drug DCF and fluorophore
DCI-OH (100 yM). All the chromatograms were extracted at 430 nm (A) and 280 nm (B).
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The composition of the reaction mixture was analyzed after 4 h of incubation using ESI-MS

analysis to identify the intermediates 3.15 and 3.16. ESI-MS results further supported the

presence of intermediates 3.15 and 3.16 in the reaction mixture. (Figure 3.6).
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Figure 3.6. ESI-MS spectrum of the reaction mixture of DCI-ROS with H,O, showing the
presence of intermediates 3.15 and 3.16. ESI-MS (+ve) m/z calcd for C49H43CI2N3Os [M +
Na]*: 846.2478; obs. 846.2556 (intermediate 3.15), for C42H37CI2N3O4 [M + H]*: 718.2239;
obs. 718.2296 (intermediate 3.16) and for CssHs4BCIoN3Os [M + H]*: 934.3561; Obs.
934.3662 (prodrug DCI-ROS).

3.3.5. Plausible mechanistic pathway

The obtained results from the kinetics experiments (HPLC) can be summarized as shown in

Figure 3.7A. The prodrug DCI-ROS reacted rapidly with H>O> and almost disappeared

during the first 30 min with the exclusive formation of intermediates 3.15 and 3.16 as well

TH-3161_176122050
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as the released products. With the gradual disappearance of intermediates 3.15 and 3.16, the
drug DCF and fluorophore DCI-OH were gradually released over time. Furthermore, the
control prodrug DCI-Con was incubated with H20. following a similar condition as DCI-
ROS, and the reaction mixture was analyzed using reverse-phase HPLC after 10 h. However,
the prodrug DCI-Con was still present even after 10 h with no release of DCF or DCI-OH,
indicating the significance of the boronate ester moiety for the drug release. (Figure 3.7B).
Based on the results from spectroscopic studies, HPLC, and ESI-MS analyses, a plausible
mechanism was proposed for the H.O»-triggered fluorogenic drug release process, as shown
in Figure 3.7C. Due to the high reactivity of the boronate ester group in DCI-ROS with H,O;,
DCI-ROS disappeared rapidly during the HPLC Kinetics, and intermediate 3.15 was
produced. Moreover, the intensity of intermediate 3.15 decreased whereas intermediate 3.16
appeared through the first self-immolative process with the formation of quinone methide
(QM) species. This QM intermediate is further converted into 4-hydroxybenzyl alcohol in
the presence of H2O. The final release of the active drug DCF and the fluorophore DCI-OH
along with the precursor 3.6 were took place by the slower self-immolation processes (2"
and 3™ of the intermediate 3.16.
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Figure 3.7. (A) Relative peak areas of various components present in the reaction mixture
of DCI-ROS (100 pM) + H202 (2 mM) over 10 h were monitored for the percentage
conversion. While the peak area of DCF was measured at 280 nm, the peaks area of DCI-
ROS, 3.15, 3.16, and DCI-OH were measured at 430 nm. (B) A complete HPLC overlay
chromatogram for the reaction of DCI-Con (100 yM) with and without H>O» (2 mM), along
with released drug DCF (100 uM, 280 nm), and fluorophore DCI-OH (100 uM, 430 nm). All
the chromatograms were extracted at 280 and 430 nm wavelengths. Incubation time: 10 h.
(C) Proposed mechanistic insights for the reaction of DCI-ROS with H,O- for the fluorogenic
drug release. The control prodrug DCI-Con does not react with H.O; for the drug release.

Here, it should be mentioned that the occurrence of the following self-immolative processes
in intermediates 3.15 and 3.16, respectively, made it possible to achieve the sustained drug
release from DCI-ROS. These results supported our earlier observations that ether-linked
boronate ester groups are appropriate for prolonged drug release, whereas the direct boronate
ester linkers are appropriate for analyte sensing applications (chapter 2).1° Contrary to the
prolonged release of a fluorogenic drug from DCI-ROS in the presence of H>O., the
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corresponding benzyl-substituted prodrug DCI-Con was unable to release the drug or the

fluorophore because of the absence of ROS-responsive boronate ester group.

3.3.6. Cell viability and fluorescence microscopic studies of DCI-ROS

With the confirmation of ROS-induced release of the NIR fluorophore DCI-OH and the
active drug DCF from the prodrug DCI-ROS in the aqueous medium, feasibility of the
process was investigated next in the cellular medium. In order to understand the compatibility
of the prodrug in cellular medium a representative breast cancer cell line (MDA-MB-231)
and the murine macrophage cell line (RAW 264.7) were chosen. It should be noted that the
cancer cells MDA-MB-231 contain higher levels of intracellular ROS** 3* and higher
expression levels of the inflammatory enzyme COX-2.** 3> Using the standard MTT assay,
the cellular toxicity profile of DCI-ROS was investigated in both the cell lines. Cellular
viability was determined after 48 h of treatment with DCI-ROS and pure DCF at various
dosages (0, 10, 25, 50, and 100 pM). Interestingly, the prodrug DCI-ROS and the active drug
DCF were found to be non-toxic towards both the cell lines upto 100 uM concentrations
(Figure 3.8A and 3.8B), indicating the biocompatible nature of the synthesized prodrug DCI-
ROS.

Knowing that the prodrug was non-toxic in the MDA-MB-231 or RAW 264.7 cell lines, the
endogenous ROS-induced release of the fluorophore DCI-OH from the prodrug DCI-ROS
was studied in the MDA-MB-231 cell line (Figure 3.8C). The MDA-MB-231 cells were
incubated with the prodrug DCI-ROS (50 uM) for 5 h and the cellular images were collected
using fluorescence microscope. Interestingly, significant emission response under red
channel was observed indicating the endogenous ROS-triggered fluorescence emission from
the prodrug. Moreover, a ROS scavenger (NAC) was used further to confirm the role of

endogenous H>O» in the fluorogenic drug release.
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Figure 3.8. Cellular viability of MDA-MB-231 and RAW 264.7 cells in the presence of (A)
DCI-ROS and (B) DCF. The cells were incubated with the compounds for 48 h. (C)
Fluorescence microscopy images (bright field, red channel, and merged) of MDA-MB-231
cells in the presence of DCI-ROS or DCI-Con (50 uM) for the endogenous ROS-triggered
fluorogenic drug release. The cells were pre-treated with NAC (2 mM) for 1 h to quench the

endogenous ROS. Scale bar: 60 pm.

To ensure that the endogenous ROS levels get quenched by NAC, the cells were pre-treated
with NAC (2.0 mM) before being treated with DCI-ROS. Interestingly, the lower emissive
response in the presence of NAC indicated the major role of endogenous H>O: in the
fluorogenic drug release from the DCI-ROS. Furthermore, the control prodrug DCI-Con (50
uM) showed no emission after being incubated in MDA-MB-231 cells under the identical
condition. This result supported the significance of the H>O»-reactive boronate ester group in
the prodrug DCI-ROS for the drug delivery (Figure 3.8C).

Upon confirmation of endogenous H2O2-induced DCI-OH release from DCI-ROS occurring
in breast cancer cells, the release of DCI-OH and DCF from the DCI-ROS were investigated
in inflammation-induced macrophage cells. To understand the endogenous H.O»-triggered
fluorophore release from the prodrug DCI-ROS, RAW 264.7 cells were treated with DCI-
ROS (50 uM) and incubated for 5 h (Figure 3.9A). The fluorescence emission under the red

channel indicated the release of the fluorophore DCI-OH due to endogenous H20z. In
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addition, cells were pre-treated with ROS-inducer lipopolysaccharide (LPS) (50 ug/mL, 14
h) to induce the inflammation (overexpression of COX-2), thereafter, the cells were treated
with DCI-ROS (50 pM). The LPS pre-treated RAW 264.7 cells showed significant
enhancement in red emission as compared to those without LPS, indicating the LPS-induced
ROS production, which results in higher fluorophore release from inflamed cells. (Figure
3.9B). This result indicates that more amount of drug would be released from the prodrug in

the inflammatory sites over normal tissues.

Bright Field Blue Channel (DAPI) Red Channel Merged

RAW 264.7 cells
DCI-ROS

)

RAW 264.7 cells + LPS
DCI-ROS

Figure 3.9. Fluorescence microscopy images (bright field, blue channel, red channel, and
merged) of RAW 264.7 cells in the presence of DCI-ROS (50 uM) for (A) endogenous ROS-
triggered and (B) LPS-induced ROS-triggered fluorogenic drug release. RAW 264.7 cells
were pre-incubated with LPS (50 pug mL?) for 14 h to elevate the ROS level. DAPI (blue
channel) was used for the nuclear staining of cells. Scale bar: 50 um.

3.3.7. Anti-inflammatory activity of the DCI-ROS

The anti-inflammatory activity of the released drug DCF from the prodrug DCI-ROS was
investigated in the macrophage cell line (RAW 264.7) using western blot analysis. The
prodrug activation was enhanced by the increased intracellular ROS levels caused by the
inflammation that was produced by pre-treating the cells with LPS (50 g/mL) for 14 h. The
expression level of COX-2 was dramatically increased in the presence of LPS (Figure 3.10A).
Upon the addition of DCI-ROS (50 and 100 uM) to the LPS-pretreated cells, the COX-2
level was measured after an incubation period of 24 h. A considerable down-regulation was
observed in the presence of DCI-ROS dose-dependently. To verify the anti-inflammatory

effect of the released DCF from prodrug DCI-RQOS, a similar experiment was also conducted
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on pure DCF (Figure 3.10B). Significantly, down-regulation of COX-2 was observed in the
presence of pure DCF. These observations reveal the H2O.-triggered release of DCF from

the prodrug DCI-ROS and its subsequent anti-inflammatory activity in the cellular medium.
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Figure 3.10. Anti-inflammatory activity of the prodrug DCI-ROS as well as the DCF in RAW
264.7 cells. Western blot analysis for COX-2 protein expression level in RAW 264.7 cells
and the effect of (A) DCI-ROS (50 and 100 uM) and (B) pure DCF in the LPS (50 ug/mL)

pre-treated cells. GAPDH was used as a housekeeping gene.

3.4.  Conclusions

In summary, we described herein the design and synthesis of the H2Oz-responsive turn-on
fluorogenic prodrug DCI-ROS of diclofenac (DCF) with NIR fluorescence. Rapid reactivity
of the boronate ester moiety in DCI-ROS with H2O; activates the prodrug and sequential
self-immolative processes control the drug release profile with simultaneous turn-on NIR
fluorescence both in the aqueous and cellular medium. Turn-on fluorogenic process for the
endogenous H>0»-induced activation of the non-toxic DCI-ROS in cancer cells and the
inhibition of COX-2 level (anti-inflammatory activity) in the inflammation-induced
macrophage cells validated the feasibility of fluorogenic drug release in the cellular medium.
Therefore, the inflammatory stimuli H2O2-responsive controlled release of DCF with NIR
fluorogenic emission from DCI-ROS would certainly be useful for the selective delivery of
anti-inflammatory drugs with feasible non-invasive monitoring for the treatment of

inflammatory diseases in the future.

3.5.  Experimental section

3.5.1. Materials and methods

All the reagents were purchased either from Sigma Aldrich or from reputed local suppliers
and used without further purification unless otherwise stated. Thin layer chromatographic
(TLC) analyses were carried out on pre-coated silica gel on aluminum sheets and the
compounds were visualized by irradiation with UV or fluorescent light. Organic solvents

used for chromatographic separations were distilled before use. The melting point of the
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synthesized compounds was recorded in a Biichi B540 melting point apparatus and the values
are uncorrected. The NMR spectra ('H and *C) were recorded on Bruker (400, 500, or 600
MHz) NMR spectrometers, and the chemical shifts are cited with respect to TMS (Me4Si) as
an internal standard. UV-Vis spectroscopic analyses were performed on a Lambda 45 UV-
Vis spectrophotometer (PerkinElmer) and fluorescence emission spectra were recorded on a
Fluoromax-4 spectrophotometer (FluoroMax-4 -Horiba). Mass spectra were obtained using

an Agilent 6520 Accurate-Mass Quadrupole Time-of-Flight (Q-TOF) LC/MS spectrometer.

3.5.2. Synthesis of prodrugs DCI-ROS and DCI-Con

Synthesis of compound 3.2%8

Compound 3.2 was synthesized following the reported procedure with a minor
modification.?® To a stirred solution of 4-bromotoluene (3.00 g, 17.54 mmol) in dry THF (80
mL) was added n-butyllithium solution (2.0 M in cyclohexane, 10.52 mL, 21.04 mmol)
dropwise at -78 °C under inert condition. After stirring for 30 min at the same condition, 2-
isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.23 g, 4.65 mL, 22.77 mmol) was
added dropwise and the reaction was stirred at -78 °C for 2 h. The progress of the reaction
was monitored by TLC analysis. Upon completion, the reaction was quenched with saturated
NH4Cl solution (20 mL) and water (10 mL) and the solution was allowed to attain room
temperature. The biphasic mixture was extracted with pet. ether (3x50 mL). The combined
organic layer was washed with brine solution (3%X20 mL), dried over anhydrous sodium
sulfate, and concentrated under reduced pressure to obtain the crude compound. The crude
product was purified by flash chromatography using 100% pet. ether as a mobile phase to
afford the pure product 3.2 as a white solid. Ry= 0.8 (100% pet. ether); Yield: 3.60 g (94%).
'H NMR (CDCls, 600 MHz): § (ppm) = 7.70 (d, J = 7.7 Hz, 2H), 7.18 (d, J = 7.6 Hz, 2H),
2.36 (s, 2H), 1.34 (s, 12H). *C NMR (CDCls, 150 MHz): § (ppm) = 141.5, 134.9, 128.7,
83.8,25.0,21.9.

Synthesis of compound 3.3%

Compound 3.3 was synthesized following the reported procedure with a minor
modification.*® A mixture of compound 3.2 (2.20 g, 10.08 mmol), NBS (2.15 g, 12.10 mmol),
and AIBN (0.16 g, 1.00 mmol) in dry acetonitrile (110 mL) was refluxed under inert condition
for 3 h. The progress of the reaction was monitored by TLC analysis. Upon completion, the

solvent was evaporated under reduced pressure. The reaction mixture was diluted with water
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(30 mL) and the crude product was extracted with ethyl acetate (3%x30 mL). The combined
organic layer was washed with brine solution (3%X20 mL) and dried over anhydrous sodium
sulfate. The organic layer was concentrated under reduced pressure to afford the crude
product, which was further purified by flash chromatography using ethyl acetate and pet.
ether as eluents to afford compound 3.3 as a white solid. Ry= 0.6 (5% ethyl acetate in pet.
ether); Yield: 2.60 g (88%). 'H NMR (CDCls, 400 MHz): & (ppm) = 7.78 (d, J = 8.0 Hz, 2H),
7.39 (d, J = 8.0 Hz, 2H), 4.49 (s, 2H), 1.34 (s, 12H). '*C NMR (CDCl3, 100 MHz): § (ppm)
=140.8, 135.4, 128.5, 84.1, 33.5, 25.0.

Synthesis of compound 3.5

Compound 3.5 was synthesized following the reported procedure with a minor
modification.*® To a stirred solution of isophorone 3.4 (3.00 g, 21.69 mmol) and malononitrile
(2.16 g, 32.55 mmol) in dry ethanol (30 mL) was added piperidine (0.42 mL, 4.35 mmol)
under inert atmosphere. Subsequently, glacial acetic acid (75 pL) was added to the reaction
mixture and refluxed for 12 h. The progress of the reaction was monitored by TLC analysis.
Upon completion of the reaction, the reaction mixture was cooled to room temperature, and
the solvent was removed under reduced pressure. The crude product was purified by 60-120
mesh silica gel column chromatography using 30% DCM in pet. ether as the eluent to afford
the pure product 3.5 as a white solid. R/= 0.5 (50% DCM in pet. ether), Yield: 2.30 g (62%).
"H NMR (CDCl3, 600 MHz): & (ppm) = 6.62 (s, 1H), 2.51 (s, 2H), 2.17 (s, 2H), 2.03 (s, 3H),
1.01 (s, 6H). *C NMR (DMSO-ds, 150 MHz): & (ppm) = 170.5, 159.9, 120.7, 113.3, 112.5,
78.3,45.8,42.7,32.5,27.9, 25.4.

Synthesis of DCI-OH>°

The fluorophore DCI-OH was synthesized following the reported procedure with a minor
modification.’® To a stirred solution of 4-hydroxybenzaldehyde (0.53 g, 4.35 mmol) and
compound 3.5 (0.90 g, 4.83 mmol) in dry acetonitrile (20 mL) was added piperidine (100 pL,
0.96 mmol) under inert atmosphere and the mixture was refluxed for 6 h. The progress of the
reaction was monitored by TLC analysis. Upon completion, the solvent was evaporated under
reduced pressure. The crude product was purified by neutral alumina column
chromatography using 2% MeOH in DCM as eluent to afford the pure product DCI-OH as
a reddish solid. R;= 0.2 (100% DCM), Yield: 0.90 g (71%). 'H NMR (DMSO-ds, 600 MHz):
d (ppm) = 10.00 (s, 1H), 7.56 (d, J= 8.6 Hz, 2H), 7.22 (d, /= 7.8 Hz, 2H), 6.80 (m, 3H), 2.60
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(s, 2H), 2.53 (s, 2H), 1.01 (s, 6H). 13C NMR (DMSO-ds, 150 MHz): & (ppm) = 170.1, 159.3,
156.7, 138.3, 129.9, 127.1, 126.2, 121.4, 115.9, 114.1, 113.3, 74.8, 42.3, 38.2, 31.7, 27 .4.

Synthesis of compound 3.7°!

To a mixture of compound 3.6 (4.00 g, 23.78 mmol), TBDMSCI (8.70 g, 57.72 mmol) and
imidazole (4.00 g, 58.76 mmol) was added dry DMF (10 mL) at 0 °C under inert atmosphere.
The reaction mixture was stirred at room temperature for 4 h. The progress of the reaction
was monitored by TLC analysis. After completion of the reaction, the mixture was diluted
with 150 mL of pet. ether and washed with water (520 mL) and saturated brine solution
(2x20 mL). The organic layer was dried over anhydrous sodium sulfate and evaporated under
reduced pressure to afford the crude product. The crude compound was purified by flash
chromatography using 100% pet. ether to afford the pure product 3.7 as a colorless oil. Ry;=
0.5 (100% pet. ether), Yield: 8.50 g (90%). 'H NMR (CDCls, 600 MHz): § (ppm) = 8.02 (s,
1H), 6.90 (s, 2H), 4.82 (s, 4H), 2.25 (s, 3H), 0.94 (s, 18H), 0.12 (s, 12H). 3C NMR (CDCl;,
150 MHz): ¢ (ppm) = 151.0, 128.4, 126.3, 125.9, 63.1, 26.0, 20.8, 18.5, -5.3.

Synthesis of compound 3.8'

The solution of compound 3.7 (5.00 g, 12.60 mmol) and K>COs (2.61 g, 18.90 mmol) in dry
DMF (7 mL) was stirred at 0 °C under an inert atmosphere. After 10 min, the solution of
compound 3.3 (3.74 g, 12.60 mmol) in dry DMF (8 mL) was added to the solution in a
dropwise manner. The reaction mixture was stirred at room temperature for 12 h. The
progress of the reaction was monitored by the TLC study. Upon completion of the reaction,
the reaction mixture was diluted with ethyl acetate (150 mL) and sequentially washed with
water (3%10 mL) and brine (2x10 mL). The organic phase was dried over anhydrous sodium
sulfate and evaporated under reduced pressure to afford the crude compound. The crude
product was purified by flash chromatography using 100% pet. ether to afford the pure
product as a colorless liquid. Ry= 0.5 (5% EtOAc in pet. ether), Yield: 6.5 g (84%). 'H NMR
(CDCl3,400 MHz): 6 (ppm) = 7.83 (d, /= 8.5 Hz, 2H), 7.42 (d, J=7.7 Hz, 2H), 7.17 (s, 2H),
4.88 (s, 2H), 4.70 (s, 4H), 2.34 (s, 3H), 1.35 (s, 12 H), 0.91 (s, 18H), 0.06 (s, 12 H). 3C NMR
(CDCl3, 100 MHz): 6 (ppm) = 151.3, 140.9, 135.2, 133.9, 133.8, 128.0, 127.1, 83.9, 76.3,
60.5, 26.1, 25.0, 21.3, 18.6, -5.1.

Synthesis of compound 3.9°!
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The solution of compound 3.6 (2.00 g, 11.89 mmol) and K>CO3 (2.46 g, 17.84 mmol) in dry
DMF (5 mL) was stirred at 0 °C under an inert atmosphere. After 10 min, the benzyl bromide
(2.42 g, 14.27 mmol) was added to the solution in a dropwise manner. The reaction mixture
was stirred at room temperature for 12 h. The progress of the reaction was monitored by the
TLC study. Upon completion of the reaction, the reaction mixture was diluted with ethyl
acetate (100 mL) and sequentially washed with water (3x20 mL) and brine (220 mL). The
organic phase was dried over anhydrous sodium sulfate and evaporated under reduced
pressure to afford the crude compound. The crude product was purified by flash
chromatography using 40% ethyl acetate in pet. ether to afford the pure product as a white
solid. Ry= 0.5 (40% EtOAc in pet. ether), Yield: 2.50 g (81%). 'H NMR (CDCls, 600 MHz)
o (ppm)=7.45(d,J=7.1 Hz, 2H), 7.41 (t, J=7.2 Hz, 2H), 7.37 (d, J="7.1 Hz, 1H), 7.16 (s,
2H), 4.95 (s, 2H), 4.68 (d, J= 5.5 Hz, 4H), 2.33 (s, 3H), 1.97 (m, 2H). *C NMR (CDCls, 150
MHz): 8 (ppm) = 152.8, 137.0, 134.6, 134.0, 129.8, 128.9, 128.6, 128.3, 77.0, 61.3, 21.0.

Synthesis of compound 3.10°'

To a stirred solution of compound 3.8 (2.00 g, 3.26 mmol) in distilled MeOH (20 mL) was
added p-TsOH (0.15 g, 0.82 mmol) under an inert atmosphere. The reaction mixture was
stirred at room temperature overnight. Upon completion of the reaction, the solvent was
evaporated under reduced pressure and diluted with water (20 mL). The crude compound was
extracted with EtOAc (3%x30 mL). The combined organic phase was washed with brine (2x10
mL), and dried over anhydrous sodium sulfate. The solvent was evaporated under reduced
pressure to afford the crude compound, which was purified by flash chromatography using
50% EtOAc in pet. ether to afford the pure product 3.10 as a white solid. R/= 0.5 (40% EtOAc
in pet. ether), Yield: 1.10 g (88%). '"H NMR (CDCl3, 600 MHz): & (ppm) = 7.83 (d, J = 7.8
Hz, 2H), 7.41 (d, J = 7.7 Hz, 2H), 7.14 (s, 2H), 4.92 (s, 2H), 4.64 (s, 4H), 2.31 (s, 3H), 1.35
(s, 12H). 3C NMR (CDCls, 150 MHz) § (ppm) = 152.6, 140.0, 135.3, 134.6, 133.9, 129.7,
127.3, 84.0, 76.9, 61.0, 25.0, 21.0.

Synthesis of compound 3.11°7

To a stirred solution of compound 3.9 (2.00 g, 7.76 mmol) in dry DCM (40 mL ) was added
PBr3 (3.70 mL, 38.80 mmol) in a dropwise manner at 0 °C under inert condition and the
mixture was stirred at room temperature for 12 h. The progress of the reaction was monitored

by TLC analysis. Upon completion, the reaction was quenched with water at 0 °C and the
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crude product was extracted with DCM (3x30 mL). The combined organic phase was washed
with brine (3%x30 mL) and dried over anhydrous sodium sulfate. The solvent was evaporated
under reduced pressure to obtain the crude compound, which was purified by flash
chromatography using 5% EtOAc in pet. ether to afford the pure product 3.11 as a white solid.
R/= 0.5 (5% EtOAc in pet. ether), Yield: 2.00 g (70%). "H NMR (CDCls, 500 MHz): § (ppm)
=7.54 (d, J=6.9 Hz, 2H), 7.43 (t, J = 7.3 Hz, 2H), 7.38 (t, /= 7.3 Hz, 1H), 7.20 (s, 2H),
5.16 (s, 2H), 4.52 (s, 4H), 2.32 (s, 3H). *C NMR (CDCls, 125 MHz): & (ppm) = 153.2, 137.0,
135.0, 133.0, 132.0, 128.8, 128.5, 128.2, 77.4, 76.3, 28.1, 20.8.

Synthesis of compound 3.12%

To a stirred solution of compound 3.10 (2.00 g, 5.20 mmol) in dry DCM (40 mL) was added
PBr3 (2.50 mL, 26.00 mmol) in a dropwise manner at 0 °C under inert condition and the
reaction mixture was stirred at room temperature for 5 h. The progress of the reaction was
monitored by TLC analysis. Upon completion, the reaction was quenched with water at 0 °C
and the crude product was extracted with DCM (3%30 mL). The combined organic phase was
washed with brine (3%x30 mL), and dried over anhydrous sodium sulfate. The solvent was
evaporated under reduced pressure to obtain the crude compound. The crude product was
purified by flash chromatography using 5% EtOAc in pet. ether to afford the pure product
3.12 as a white solid. Ry = 0.5 (5% EtOAc in pet. ether), Yield: 2.00 g (75%). '"H NMR
(CDCl3,600 MHz) o (ppm) = 7.87 (d, J= 7.8 Hz, 2H), 7.53 (d, /= 7.8 Hz, 2H), 7.20 (s, 2H),
5.18 (s, 2H), 4.50 (s, 2H), 2.32 (s, 3H), 1.36 (s, 12H). *C NMR (CDCls, 150 MHz) & (ppm)
=153.1, 140.0, 135.3, 135.0, 133.0, 131.9, 127.1, 84.0, 76.1 28.1, 25.0, 20.8; ESI-MS m/z
calcd. for C22H31BBraNO3 [M+NH4]" = 528.0743, observed. 528.0745.

Synthesis of compound 3.13

To a stirred solution of compound 3.11 (0.90 g, 2.45 mmol) in dry acetonitrile (40 mL) was
added the solution of diclofenac (0.72 g, 2.45 mmol) and DIPEA (1.27 mL, 7.33 mmol) in
dry acetonitrile (10 mL) at ice-cold condition under argon atmosphere. The reaction mixture
was stirred at room temperature overnight. Upon completion of the reaction, the solvent was
evaporated under reduced pressure and diluted with DCM (50 mL). The reaction mixture was
washed sequentially with water (3x10 mL) and brine (2x20 mL). The combined organic
phase was dried over anhydrous sodium sulfate and the solvent was evaporated under reduced

pressure to afford the crude compound. The compound was purified by flash chromatography
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using 8% EtOAc in pet. ether as the eluent to afford the pure product 3.13 as a white solid.
R;=0.4 (5% EtOAc in pet. ether), Yield: 0.70 g (47%). 'H NMR (CDCls, 600 MHz): § (ppm)
=741 (t,J=17.6 Hz, 2H), 7.35 (t, J = 7.3 Hz, 2H), 7.31 (d, J = 8.1 Hz, 2H), 7.21 (m, 2H),
7.12 -7.06 (m, 2H), 6.95 (t, J =8.1 Hz, 3H), 6.91 (t, J= 7.4 Hz, 1H), 6.79 (s, 1H), 6.53 (d, J
=8.0 Hz, 1H), 5.21 (d, /= 3.2 Hz, 2H), 4.98 (s, 2H), 4.51 (s, 2H), 3.83 (s, 2H), 2.26 (s, 3H).
3C NMR (CDCl3, 150 MHz): § (ppm) = 172.2, 153.5, 142.8, 137.9, 136.8, 134.7, 132.7,
132.0, 131.6, 131.0, 129.6, 129.4, 128.9, 128.7, 128.4, 128.2, 128.0, 124.3, 124.1, 122.2,
118.5, 76.8, 62.4, 38.7, 28.1, 20.8.

Synthesis of compound 3.14

To a stirred solution of compound 3.12 (0.65 g, 1.27 mmol) in dry acetonitrile (10 mL) was
added a solution of diclofenac (0.38 g, 1.27 mmol) and DIPEA (0.6 mL, 3.82 mmol) in dry
acetonitrile (5 mL) dropwise at 0 °C under argon atmosphere. The reaction mixture was
stirred at room temperature overnight. Upon completion of the reaction, the solvent was
evaporated under reduced pressure and diluted with DCM (50 mL). The reaction mixture was
then washed with water (3%x10 mL) and brine (2%X10 mL). The combined organic phase was
dried over anhydrous sodium sulfate and the solvent was evaporated under reduced pressure
to afford the crude compound, which was purified by silica gel column chromatography using
5% EtOAc in pet. ether as the eluent to afford the pure product 3.14 as a white solid. R/= 0.5
(10% EtOAc in pet. ether), Yield: 0.40 g (43%). '"H NMR (CDCls, 600 MHz) § (ppm) = 7.81
(d, J=17.6 Hz, 2H), 7.41 (d, J = 7.7 Hz, 2H), 7.31 (d, J= 8.1 Hz, 2H), 7.19 (d, /= 9.8 Hz,
2H), 7.09 (t, J=7.7 Hz, 1H), 7.07 (s, 1H), 6.96 (t, J= 8.1 Hz, 1H), 6.92 (t, /= 7.4 Hz, 1H),
6.78 (s, 1H), 6.53 (d, /= 8.0 Hz, 1H), 5.21 (s, 2H), 4.99 (s, 2H), 4.48 (s, 2H), 3.83 (s, 2H),
2.26 (s,3H), 1.35(s, 12H). *C NMR (CDCls, 150 MHz) § (ppm) = 172.0, 153.6 142.8, 139.9,
137.9, 135.2, 134.7, 132.7, 132.0, 131.6, 131.0, 129.6, 129.4, 128.9, 128.2, 127.0, 124.3,
124.1, 122.3, 118.5, 83.9, 76.7, 62.4, 38.8, 28.1, 25.0, 20.8; ESI-MS m/z calcd. for
C36H30BBrClL,LiNOg [M+Li+H>0]" = 748.1591, observed = 748.1608.

Synthesis of DCI-Con

The mixture of compound 3.13 (0.50 g, 0.83 mmol), DCI-OH (0.29 g, 1.00 mmol), and
K2COs3 (0.17 g, 1.25 mmol) in acetone (2 mL) was stirred at 55 °C for 4 h. Progress of the
reaction was monitored by TLC analysis. Upon completion of the reaction, the solvent was

evaporated under reduced pressure, diluted with EtOAc (30 mL), and washed with water
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(3x10 mL). The organic phase was washed with brine (2x10 mL) and dried over anhydrous
sodium sulfate. The solvent was evaporated under reduced pressure to obtain the crude
compound, which was further purified by flash chromatography with 100% DCM to obtain
the pure product DCI-Con as red solid. Rr= 0.5 (15% EtOAc in pet. ether), Yield: 0.40 g
(59%). M.P. = 73-75 °C. '"H NMR (CDCls, 600 MHz): § (ppm) = 7.44 (d, J = 8.6 Hz, 2H),
7.32 (d,J=8.1 Hz, 2H), 7.28 (d, J = 8.1 Hz, 6H), 7.21 (d, /= 7.2 Hz, 1H), 7.14 (s, 1H), 7.10
(t,J=17.6 Hz, 1H), 7.02 (d, J = 16.0 Hz, 1H), 6.98 (t, J = 8.1 Hz, 1H), 6.95-6.91( m, 3H),
6.88 (t, J = 14.5 Hz, 1H), 6.81 (s, 2H), 6.54 (d, J = 8.0 Hz, 2H), 5.25 (s, 2H), 5.01 (s, 2H),
4.88 (s. 2H), 3.85 (s, 2H), 2.59 (s, 2H), 2.46 (s, 2H), 2.29 (s, 3H), 1.08 (s, 6H). *C NMR
(CDCl3, 125 MHz): 6 (ppm) = 172.2, 169.4, 160.1, 154.4, 153.7, 142.8, 137.9, 136.9, 136.8,
134.5, 131.6, 131.2, 131.0, 129.9, 129.6, 129.4, 129.1, 128.9, 128.7, 128.4, 128.2, 128.1,
127.3,124.3,124.1, 122.9, 122.2, 118.5, 115.4, 77.9, 77.8, 65.5, 62.5, 43.1, 39.4, 38.8, 32.2,
28.2, 20.9. ESI-MS m/z caled. for CaoHa7ClaN4Os [M+NH4]" = 825.2974, observed =
825.2856.

Synthesis of compound DCI-ROS

The mixture of compound 3.14 (0.28 g, 0.39 mmol), DCI-OH (0.09 g, 0.31 mmol), and
K2CO3 (0.05 g, 0.39 mmol) was dissolved in acetone (2 mL) under an inert atmosphere and
stirred at 55 °C for 4 h. Progress of the reaction was monitored by TLC analysis. Upon
completion of the reaction, the solvent was evaporated under reduced pressure and diluted
with EtOAc (50 mL), and washed with water (3x10 mL). The combined organic phase was
washed with brine (2x10 mL) and dried over anhydrous sodium sulfate. The solvent was
evaporated under reduced pressure to obtain the crude compound, which was further purified
by flash chromatography with 25% EtOAc in pet. ether to obtain the pure product DCI-ROS
as red solid. Ry = 0.5 (20% EtOAc in pet. ether), Yield: 0.14 g (50%). M.P. = 92-94 °C. 'H
NMR (CDCls, 600 MHz): & (ppm) = 7.74 (d, J= 7.8 Hz, 2H), 7.43 (d, J =8.6 Hz, 2H), 7.32
(d, J=8.1 Hz, 2H), 7.28 (d, J= 7.7 Hz, 2H), 7.20 (d, J = 7.5 Hz, 1H), 7.13 (s, 1H), 7.10 (t, J
=7.6 Hz, 1H), 7.01 (d, J=16.0 Hz, 1H), 6.97 (t, /= 8.1 Hz, 1H), 6.95-6.85 (m, 4H), 6.80 (s,
2H), 6.54( d, J = 8.0 Hz, 1H), (5.26 (s, 2H), 4.97 (s, 2H), 4.88 (s. 2H), 3.85 (s, 2H), 2.60 (s,
2H), 2.46 (s, 2H), 2.28 (s, 3H), 1.34 (s, 12 H), 1.08 (s, 6H). *C NMR (CDCls, 150 MHz): &
(ppm) = 172.1, 169.4, 160.2, 154.5, 153.7, 142.8, 139.9, 137.9, 137.0, 135.2, 134.6, 131.6,
131.2, 131.0, 129.9, 129.6, 129.4, 129.1, 129.0, 128.8, 128.2, 127.3, 127.2, 124.4, 124.1,
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122.9, 122.3, 118.5, 115.4, 113.9, 113.1, 84.0, 77.9, 77.6, 65.4, 62.5, 43.1, 39.4, 38.8, 32.2,
28.2,25.0,20.9. ESI-MS m/z calcd. for CssHsaBCLLiN3Og [M+Li]" = 940.3642, observed =
940.3642.

3.5.3. UV-Vis and fluorescence spectroscopic studies

All the stock solutions of prodrugs and the released fluorophore were prepared in
spectroscopy grade DMSO and the stock solution of H,O> was prepared in Milli-Q water.
The pronounced absorption band at 550 nm and the emission in the NIR range (Aem = 670
nm) of DCI-OH was observed in PBS buffer (20 mM, pH 7.5) in the presence of 50%
DMSO.® Therefore, the absorption and emission spectra of the released fluorophore DCI-
OH were collected in PBS with the added DMSO just before the measurements. Samples for
absorption and emission spectroscopic measurements were carried out in quartz cuvettes (1.0
mL). The fluorescence emission spectroscopic studies used excitation wavelength (Aex) =550

nm and emission range (Aem) = 670-750 nm with slit width = 10/10 nm.

3.5.4. Analyte selectivity and pH variation studies

Analyte selectivity of the prodrug DCI-ROS (10 uM) was studied by measuring the emission
intensity of the released fluorophore DCI-OH upon the incubation of the prodrug DCI-ROS
(10 uM) with different bio-analytes (200 uM) in phosphate buffer saline (PBS) (20 mM, pH
7.5) with 50% DMSO after incubating for 14 h. For the pH variation study, the emission
intensity from DCI-ROS (10 uM) was measured in the presence or absence of H>O> (200
uM) with variable pH of the medium (pH: 5-11) in PBS (50% DMSO v/v, 14 h). Control
reactions with the prodrug in the absence of H.O> were studied under the identical reaction

condition to understand the stability of the prodrugs at different pH ranges.

3.5.5. Measurements of reaction kinetics by HPLC analysis

The purity of the synthesized prodrugs DCI-ROS and DCI-Con along with DCF and the
released fluorophore DCI-OH were analyzed using analytical high-performance liquid
chromatography (HPLC) Agilent 1220 infinity II LC system using a reverse-phase Cig
column (Luna®, 150 x 4.6 mm, 5 um). HPLC grade acetonitrile and water (Finar Ltd) were
used as mobile phase and the absorbance profile of compounds was detected by PDA detector
at wavelengths of 230, 254, 280, and 430 nm (as applicable). The samples were prepared in

acetonitrile and were injected into the HPLC system using the in-built autosampler at a flow
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rate of 1.0 mL/min using acetonitrile/water system as a mobile phase for 25 min (0-7 min:
75%-99% acetonitrile in water; 7-15 min: 99% acetonitrile in water; 15-20 min: 99%-75%
acetonitrile in water; 20-25 min: 75% acetonitrile in water). The reaction of DCI-ROS (100
uM) or DCI-Con (100 pM) with H>O2 (2 mM) and sodium bicarbonate (500 uM) was
prepared in acetonitrile/water system (60:40). The peaks due to the analytes, prodrugs,
reaction intermediates and the released drug and fluorophore were analyzed/identified at

different wavelengths (230, 280 and 430 nm) as applicable at various time intervals.

3.5.6. Cell culture

The triple-negative breast cancer (TNBC) cells (MDA-MB-231) and a macrophage-like,
Abelson leukemia virus-transformed cell line (derived from BALB/c mice) (RAW 264.7)
were obtained from the National Centre for Cell Science (NCCS), Pune, India. The cells were
cultured in DMEM medium (Gibco) supplemented with 10% (v/v) FBS (Gibco) and 1% Pen-
Strep (Gibco). Cells were cultured as a monolayer in a humidified incubator at 37 °C in the

presence of a 5% CO, level.

3.5.7. Cell viability assay

The synthesized prodrug DCI-ROS and the drug DCF were screened for their anti-
proliferative activities using the conventional MTT assay. MDA-MB- 231 cells and RAW
264.7 cells were seeded separately in 96-well culture plates at a density of 2x10* cells /100
pL/well and 1x10* cells /100 uL/well, respectively. Cells were treated with the freshly
prepared test compounds DCI-ROS and DCF (10, 25, 50, and 100 uM) for 0 h (control) and
48 h (experimental), respectively. At the end of the treatment period, 10 pL of 5.0 mg/mL of
MTT was added to the plate (control) and incubated for 4 h. Following the 4 h incubation,
the reagent from the plate was removed and the purple formazan crystals were dissolved
using 100 pL of DMSO (Avra Synthesis Pvt Ltd) and the absorbance at 570 nm was measured
using a microplate reader (Thermo Scientific™ Multiskan™ GO microplate reader). In the
experimental set, a similar MTT treatment protocol was followed only after 48 h. The mean
AOD values were calculated by the subtraction of mean OD values of 0 h plate (control) from
the mean OD values of identical wells at 48 h plate (experimental) and the percentage

proliferation was calculated keeping the mean AOD of untreated control as 100%.

3.5.8. Fluorescence microscopic studies

102
TH-3161_176122050



Chapter 3

MDA-MB-231 cells and RAW 264.7 cells were separately cultured in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin at 37 °C in the incubator under 5% CO> atmosphere.
MDA-MB-231 cells (3.0x10* cells/plate) and RAW 264.7 cells (2.0x10* cells/plate) were
then plated in 35 mm cell culture Petri dishes containing 2.0 mL of DMEM and incubated at
37 °C under 5% CO; for 24 h. The confluent cells (MDA-MB-231, RAW 264.7) were washed
with DPBS and finally incubated with DCI-ROS (50.0 uM) at 37 °C under 5% CO- for 5 h.
After washing with DPBS (3 times), cellular morphology was carefully observed and imaged
in a Bio-Rad ZOE™ fluorescent cell imager under a bright field and red fluorescent emission
filter. A negative control experiment was performed upon the pre-treatment of cells with N-
acetyl cysteine (NAC, 2 mM) for 2 h to quench the endogenous ROS. After the pre-treatment,
cells were washed with DPBS (3 times) and finally, the cells were incubated with DCI-ROS
(50.0 uM) at 37 °C under 5% CO; for 5 h. The treated cells were finally washed with DPBS
(3 times) and imaged in a Bio-Rad ZOE™ fluorescent cell imager under a bright field and

red fluorescent emission filter.

3.5.9. Western blot analysis

To estimate the COX-2 expression upon the release of the DCF from the prodrug DCI-ROS,
an immunoblotting experiment was performed. RAW 264.7 cells (5 x 10° cells per 10 mL)
were plated in a 60 mm cell culture dish and cultured in high glucose Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37 °C in the incubator under 5% CO2 atmosphere. The
overexpression of COX-2 level in RAW 264.7 cells was induced upon the pre-treatment with
LPS (50 pg/mL, 14 h). After the treatment, cells were washed with DPBS (3 times) and
further treated with compound DCI-ROS and DCF (50.0 and 100.0 pM) and incubated for
24 h under a 5% CO; atmosphere. After completion of the treatment, cells were washed with
cold PBS (1X) and the protein extraction was performed. The whole cell protein was
extracted using RIPA cell lysis buffer (150 mM of NaCl, 1% (v/v) NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 25 mM of Tris, 10 mg/mL of PMSF). An equal volume of protein
was loaded and separated on 12% sodium dodecyl sulfate (SDS)—polyacrylamide gel by
electrophoresis and transferred to a nitrocellulose membrane. Protein transfer was confirmed
by Ponceau-S (HiMedia) staining. The blots were blocked with 5% non-fat dry milk in 1X
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TBST buffer for 1 h at room temperature. Finally, the primary antibody (1:5000) specific for
COX-2 (Cell Signalling, D5SHS5) and GAPDH (Cell Signalling, 14C10) were incubated

overnight at 4 °C. Following the primary antibody incubation, the blots were washed with
TBST (1X) buffer and incubated with HRP-conjugated secondary antibodies (Abcam) for 1
h and developed with an ECL Detect Kit (Bio-Rad) and imaged using ChemiDoc™ XRS

System (Bio-Rad). The housekeeping gene GAPDH was used as a loading control.
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Peroxide-activatable turn-on fluorogenic
prodrug of diclofenac: adjuvant drug delivery

with hydrogen sulfide
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4.1. Introduction

Examples of the literature reported ROS-responsive prodrugs of non-steroidal anti-
inflammatory drugs are described in chapter 3. The prodrug DCI-ROS was designed in
overcoming the limitations of diclofenac (NSAID) by making it anti-inflammatory site-
selective and to improve the bioavailability by releasing the drug in a sustainable manner.
However, the side-effects (Gl damage, renal and ulcer) of non-selective COX inhibitors could
be overcome by delivering the H>S along with the NSAID (diclofenac). The importance of
H>S with NSAID delivery was described in chapter 1, and observed that Gl damage is
reduced significantly by the co-delivery of H2S with NSAID. However, in most of the reports,
modified NSAIDs were delivered instead of the active drugs due to the absence of triggering
units in the hybrids. In addition, all the prodrugs were non-fluorogenic in nature and
therefore, it was not feasible to monitor the release of the drug and H.S in living cells.
Therefore, the peroxide-responsive turn-on fluorogenic prodrug strategies exhibit more
advantages over the non-stimuli-responsive and non-fluorogenic prodrugs. The peroxide-
triggered prodrug strategy by coupling aryl boronic acid/ester moiety with the prodrug is the
most widely used strategy for the targeted delivery over other stimuli-responsive prodrug
strategies.® Owing to the higher level of ROS in inflammatory sites over normal tissues,’
peroxide-responsive drug delivery systems could be more advantageous for the delivery of
anti-inflammatory drugs (NSAIDs) selectively to inflammatory sites with minimized side-
effects and higher anti-inflammatory properties. Among all the non-selective COX inhibitors
(except the coxib family), diclofenac is more selective towards COX-2 over COX-1.
However, it has several limitations, including a short half-life, GI toxicity, ulcer, etc. Owing
to the shorter plasma half-life of diclofenac (DCF), the sustained release strategy can be
adopted in the prodrug using self-immolative linkers. Moreover, use of an NIR fluorophore
would be advantageous for the minimum interferences/photo-damages from bio-molecules.®
10 Herein, we report for the first time that partially COX-2 selective NSAIDs can be delivered
more selectively into the inflammatory sites over normal tissues in a sustained manner using
inflammation marker (ROS) as a trigger. The drug release profile could also be conveniently
monitored in real-time using the non-invasive turn-on fluorescence technique. Moreover, the
produced H>S from the prodrug may reduce the side-effects of DCF and enhance the anti-

inflammatory activity.
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4.2. Outline of the chapter

Herein, a peroxide-triggered turn-on fluorogenic prodrug DCF-HS was developed for a
sustained and simultaneous release of both diclofenac (DCF) and H,S. A convenient
monitoring of the drug release profiles could be achieved by following the turn-on
fluorogenic response from the NIR fluorophore DCI-NH:2 (Figure 4.1). The fluorophore in
the prodrug DCF-HS was connected via thiocarbamate linker as a source of COS, which
further metabolize into HS in the presence of carbonic anhydrase (CA) enzyme. A negative
control prodrug DCF-Con was also designed by connecting the fluorophore via a carbamate
linker. Upon the activation by ROS, the prodrug would release the drug DCF and the
fluorophore DCI-NHz2, however, without any COS/H.S.
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Figure 4.1. Schematic representation of the rationally designed peroxide-responsive
prodrug of diclofenac and H.S (DCF-HS).

Upon the synthesis of prodrugs DCF-HS and DCF-Con, they were purified and
characterized by the spectroscopic and cellular studies. Spectroscopic studies (UV-Vis and
fluorescence) with DCF-HS in the presence of H2O: indicated the release of fluorophore
DCI-NHz2 along with the sustained release of the drug DCF under the physiological condition
(Figure 4.2E). In addition, the prodrug DCF-HS was found to be selective towards H20, over
other relevant bio-analytes. Furthermore, the release of fluorophore DCI-NH2 and drug DCF
was confirmed using reverse phase HPLC method. Upon confirming the release of the
fluorophore and drug from the prodrug DCF-HS in the aqueous medium, the fluorescence
turn-on process was investigated in cellular media. Interestingly, the prodrug DCF-HS was
found to be non-toxic in cancer cells (HeLa), normal cells (HEK-293), and macrophage cells
(RAW 264.7) upto 100 uM concentration, indicating the biocompatibility of the prodrug
(Figure 4.6A). As the prodrug was non-toxic, the release of the NIR fluorophore DCI-NH:2

was confirmed in HelLa cells with red emission in the presence of endogenous ROS (Figure
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4.6B). The release of H>S from the prodrug DCF-HS was investigated in HeLa cells using
H>S-selective probe WSP2. Interestingly, the blue emission of umbelliferone from the probe
WSP?2 indicated the release of H.S from the prodrug DCF-HS. The anti-inflammatory
activity of the DCF-HS and the parent drug DCF was investigated in the macrophage cells
using western blot analysis. Interestingly, the results indicated that DCF-HS inhibited COX-
2 in a dose dependent manner as the parent drug DCF, which indicated the release of active

drug from the prodrug DCF-HS in the presence of endogenous ROS.

4.3. Results and Discussion

4.3.1. Synthesis of the prodrugs DCF-HS and DCF-Con

The designed prodrug DCF-HS and a control prodrug DCF-Con were synthesized following
the multistep organic synthesis (Scheme 4.1). First, the DCI-NCS was synthesized starting
from compound 4.1. The condensation of 4.1 with malononitrile in the presence of piperidine
produced compound 4.2, which was further condensed with 4-nitrobenzaldehyde to obtain
compound 4.3 with a good yield. The NIR fluorophore DCI-NH2 was synthesized from
compound 4.3 by reducing with tin(Il) chloride and HCI. The fluorophore DCI-NH2 was
further converted into DCI-NCS in the presence of carbon disulfide and trimethylamine,
followed by the addition of p-toluene sulfonyl chloride (Scheme 4.1A). In another
component, the boronate ester group was installed on the phenyl ring of compound 4.4
(compound 4.5) following the Suzuki-Miyaura coupling reaction in the presence of
Pd(PPh3).Cl; catalyst (Scheme 4.1B). Compound 4.5 was subsequently reacted with NBS in
the presence of AIBN radical initiator to afford compound 4.6, which was further reacted
with DIBAL-H to reduce the ester moiety selectively to obtain compound 4.7 with moderate
yield. The coupling of compound 4.7 at the bromomethyl group with the drug diclofenac
(DCF) led to the synthesis of compound 4.8. While, the coupling of compound 4.8 with DCI-
NH: in the presence of triphosgene led to the synthesis of carbamate-based prodrug DCF-
Con, the coupling of compound 4.8 with DCI-NCS led to the formation of the thiocarbamate-
based prodrug DCF-HS (Scheme 4.1B). All the synthesized intermediates and prodrugs were
purified and characterized by analytical methods.
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Scheme 4.1. Synthetic schemes to the prodrugs DCF-HS and DCF-Con. Reagents and
conditions. (a) Malononitrile, piperidine, glacial AcOH, dry EtOH, 80 °C, 12 h. (b) 4-
nitrobenzaldehyde, piperidine, dry ACN, 60 °C, 6 h. (c) SnCl».2H.0, conc. HCI, EtOH, 80 °C,
2 h. (d) (i) CS,, TEA, dry THF, 0 °C — RT, 18 h; (ii) p-TsCl, RT, 2 h. (e) Bzpin2, KOAc,
Pd(PPhs).Cl,, dry 1,4-dioxane, 90 °C, 5 h. (f) NBS, AIBN, dry ACN, 90 °C, 3 h. (g) DIBAL-H
(1 M in toluene), dry toluene, 0 °C — RT, 6 h. (h) Diclofenac, DIPEA, dry ACN, 0 °C — RT, 24
h. (i) DCI-NCS, DBU, dry THF, 0 °C — RT, 3 h. (j) DCI-NH., triphosgene, D-MAP, DIPEA, dry
DCM, 0 °C — RT, 24 h.

4.3.2. Absorption and emission spectroscopic studies

After synthesizing the designed prodrugs (DCF-HS and DCF-Con), the initial absorption
and emission spectroscopic studies were carried out to investigate the release of the
fluorophore DCI-NH:2 and the active drug DCF in the presence of H2O>. The prodrug DCF-
HS (10 uM) was incubated with H>O2 (400 uM) for 10 h in PBS/DMSO (1:1, v/v) and the
absorbance was measured using UV-Vis spectroscopy. A significant red-shift was observed
with H202, which was well resembled with the pattern of pure NIR fluorophore DCI-NH2
(10 uM) (Figure 4.2A). This observation indicated the release of fluorophore in the presence
of H20>. In addition, the prodrug DCF-HS (5 uM) was incubated with H2O2 (200 uM) for
10 h in PBS/DMSO (1:1, v/v) and the emission spectrum was measured using fluorescence
spectroscopy. A significant red-shift was observed with H>O», which exactly matched with
the emission spectrum of the NIR fluorophore DCI-NH2 (5 uM) (Figure 4.2B). The emission

intensity of DCF-HS in the presence of H20z is 4-times higher than the emission intesnsity
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of DCF-HS in the absence of H20.. Similarly, the absorption and emission spectra were
measured for the control prodrug DCF-Con under identical conditions as DCF-HS. As
expected, a red-shift was observed in the presence of H20», indicating the release of
fluorophore (Figure 4.2C and 4.2D). These outcomes confirmed the release of the
fluorophore DCI-NHz2 from the prodrugs DCF-HS and DCF-Con in the presence of H20..
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Figure 4.2. (A) The absorption spectrum of DCF-HS (10 uM) with and without H>O, (400
pM) along with the spectrum of pure fluorophore DCI-NH2 (10 puM). (B) The emission
spectrum of prodrug DCF-HS (5 uM) with and without H202 (200 uM) along with the emission
spectrum of pure DCI-NH; (10 uM). The absorption and emission spectra of DCF-HS + H,0;
were recorded after 10 h. (C) Absorption spectra of probe DCF-Con (10 uM) in the absence
and presence of H>O» (400 uM). (D) Emission spectra of probe DCF-Con (5 pM) in the
absence and presence of H,O2 (200 uM). (E) Emission spectra of DCF-HS (5 pM) in the
absence and presence of H20, (200 uM) with variable time (0-17 h). (F) Emission spectra
of DCF-Con (5 uM) with variable time (0-12 h) with or without a fixed concentration of H20>
(200 pM). The experiments were carried out in PBS (20 mM, pH 7.4, with 50% DMSO v/v),
Aex =472 nm.

Upon confirmation of the release of fluorophore and drug from the prodrug, the kinetics of

the fluorophore release was carried out for both the prodrugs (5 pM) in the absence and

113
TH-3161_176122050



Chapter 4

presence of H>O» (200 uM) using fluorescence spectroscopy. As shown in Figure 4.2E, the
emission intensity from DCF-HS increased gradually over the time upto 10 h then a
saturation pattern was observed upto 17 h. This observation indicated that the prodrug DCF-
HS is capable of releasing the fluorophore in a sustained manner in the presence of H>O».
Additionally, a very negligible emission was observed from DCF-HS in the absence of H>O»
upto 17 h, which indicated good stability of the prodrug in the aqueous medium (Figure 4.2E).
Similarly, the kinetics of fluorophore release from the control prodrug DCF-Con was carried
out under the similar condition with variable time (0-12 h). Contrastingly, the saturation
pattern was attained within 2 h, indicating relatively faster self-immolative process in the
prodrug DCF-Con as compared to DCF-HS for the release of fluorophore in the presence of
H>0» (Figure 4.2F). As the main objective of the present work is associated with the adjuvant
delivery of both the drug (DCF) and H>S with the turn-on fluorescence, further detailed

studies are mostly carried out with the main prodrug DCF-HS.

4.3.3. Analyte selectivity and pH dependency

It is well-known that the boronate ester-based probes are mostly used in the drug delivery
systems owing to their high level of sensitivity and selectivity towards H>O» over other bio-
analytes. However, to validate it further, the analyte selectivity study was carried out with
DCF-HS (5 uM) with several biologically relevant analytes (200 uM) such as H>O2, cumene
hydroperoxide (Cum-OOH), tert-butyl hydroperoxide (rBu-OOH), potassium superoxide
(KO»), peroxynitrite (ONOO"), sodium hypochlorite (NaOCl), glutathione (GSH), L-cysteine
(Cys), glycine (Gly), alanine (Ala), sodium chloride (NaCl) and sodium iodide (Nal). The
prodrug was incubated with these analytes for a 10 h and the emission response was measured
using fluorescence spectroscopy. Very high emission profile in the presence of H>O» indicated
very high selectivity of the prodrug towards H2O2 and very little interferences from other bio-

analytes except O2” and ONOO™ (Figure 4.3A).

To understand the effect of pH on the reactivity and stability of the prodrug, the emission
intensity of DCI-NH2z from DCF-HS (5 uM) was monitored in the presence or absence of
H>02 (200 uM) over a varying pH (4-10) of the medium. As shown in Figure 4.3B, a
significant increase in emission intensity was observed for DCF-HS in the presence of H2O»
upto pH 8 with a subsequent saturation pattern. However, a slight decrease in the emission

intensity at a higher pH (10) could be due to the base-induced quenching of the released
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fluorophore DCI-NHa. Interestingly, a very negligible emission intensity from the prodrug
in the absence of H>O» over the entire range of pH (4-10) indicates the overall stability of the
prodrug DCF-HS in acidic, neutral and basic conditions. The increase in emission intensity
from the prodrug with the increasing pH of the medium in the presence of H>O; could be due
to the enhanced reactivity of the highly nucleophilic and reactive hydroperoxide ("(OOH)

anion in the alkaline medium. Moreover, the feasibility of self-immolation process is also

enhanced at a higher pH of the medium.
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Figure 4.3. (A) Emission response of DCF-HS (5 uM) in the presence of biologically relevant
analytes (200 uM) after incubating for 10 h. (B) The emission intensity of DCF-HS (5 uM) in
the presence/absence of H,O, (200 yM) with variable pH of the medium (pH: 4-10).

4.3.4. Sensitivity of DCF-HS towards H202

Upon confirming the analyte selectivity of the prodrug DCF-HS, the emission intensity from
DCF-HS (5 pM) was measured in the presence of a variable concentration of H.O> (0-500
pMM) with a fixed incubation time (10 h). The emission spectrum was red-shifted in the
presence of H20> and the intensity gradually increased upto a concentration of 200 uM, and
a saturation pattern was observed thereafter upto 500 uM (Figure 4.4A and 4.4B). For
utilizing this prodrug in the diseased conditions, this result would be quite important as the
endogenous level of ROS is much higher in the inflamed cells than that in the normal cells.
Additionally, the limit of detection (LOD) was calculated for the prodrug DCF-HS to
understand its sensitivity towards H2O; as per the standard method.!! The emission intensity
of DCF-HS (5 pM) was measured in the absence of H.O, and at a lower variable
concentration range (2-20 uM) of H.O> (Figure 4.4C). Interestingly, LOD was found to be
1.2 uM for DCF-HS, indicating very high sensitivity of the prodrug towards H205.
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Figure 4.4. (A) Emission spectra of DCF-HS (5 pM) with variable concentration of H,O- (0-
500 uM) with a fixed incubation time of 10 h. (B) Emission spectra of DCF-HS (5 uM) at 670
nm with variable concentration of H,O,. (C) Emission spectra of DCF-HS (5 uM) with variable
concentration of H2O, (0-20 uM) with fixed incubation time of 10 h for calculating the LOD of
DCF-HS towards H20..

4.3.5. Reaction kinetics for the drug release using HPLC

Upon confirming the release of the fluorophore DCI-NH2 from the prodrug DCF-HS using
the UV-Vis and fluorescence spectroscopic studies, the release profile of the drug DCF and
the fluorophore DCI-NH2 from DCF-HS was studied using the reverse phase HPLC method.
In a 60:40 ACN/water mixture, DCF-HS (50 uM) was incubated with H>.O2 (2 mM) in the
presence of NaHCOs3 (200 uM), and the composition of the reaction mixture was analyzed
using reverse phase HPLC after 2 h and 24 h. Before analyzing the reaction mixture, the
retention time of the pure DCF-HS (19.1 min), DCF (6.3 min), and DCI-NHz2 (5.6 min) were
optimized. Considering the different absorption maxima of DCF (~280 nm) and DCI-NH:2
(~400 nm), the chromatograms were extracted at 280 and 400 nm to monitor their release
profiles. Interestingly, upon the reaction with H20., the peak of the prodrug DCF-HS at 19.1
min almost disappeared and new peaks at 5.6 min and 6.3 min appeared that matched
precisely with the retention time of pure DCI-NH2 and DCF, respectively (Figure 4.5A).
Additionally, three different peaks at 14.2 min, 7.6 min, and 7.3 min appeared during the
progress of the reaction and disappeared finally during the release of DCI-NH2 and DCF
from the prodrug DCF-HS.

This observation clearly illustrated that the fluorophore DCI-NH2 and DCF were released
from the prodrug DCF-HS upon the reaction with H20,. Monitoring the Kkinetics upto 48 h
indicated that the intermediate 4.9 (14.2 min) was generated initially within 2 h upon the
disappearance of the prodrug DCF-HS (Figure 4.5B). With time, the intermediate 4.9 was
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converted to another intermediate 4.10 (7.6 min) and released the drug DCF concomitantly.
As shown in Figure 4.5B, the release of drug DCF and the appearance of intermediate 4.10
reached a maximum after 8 h. Next, the intermediate 4.11 (7.3 min) appeared with the
disappearance of intermediate 4.10 over time and released the fluorophore DCI-NH2
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Figure 4.5. (A) HPLC chromatogram of pure (a) DCF-HS,(b) DCF-HS (50 uM) + H.O, (2
mM) (t =2 h, 400 nm), (c) DCF-HS (50 pM) + H202 (2 mM) (t = 2 h, 280 nm), (d) DCF-HS
(50 uM) + H202 (2 mM) (t = 24 h, 400 nm), (e) DCF-HS (50 pM) + H202 (2 mM) (t = 24 h,
280 nm),(f) pure DCF (50 uM), and (g) pure DCI-NH2 (50 uM). Lanes (a, b, d, and g) were
visualized at 400 nm and lanes (c, e, and f) were visualized at 280 nm. Reaction was carried
out in ACN/water (3:2) and NaHCOs; (200 pM). (B) Relative peak areas of various
components present in the reaction mixture of DCF-HS (50 uM) + H2O, (2 mM) over 48 h
were monitored for the % conversion upon measuring the peak area of all the components
(DCF-HS, 4.9, 4.10, 4.11, and DCI-NH2) at 400 nm and DCF at 280 nm.

4.3.6. Anti-proliferative activity and the fluorescence microscopic studies

With the confirmation of ROS-induced release of the NIR fluorophore DCI-NH2 and the
NSAID (DCF) from the probe DCF-HS in the aqueous medium, feasibility of the release
was investigated next in the cellular medium. In order to understand the compatibility of the
prodrug in cellular medium, a representative cervical cancer cell line (HeLa), a nonmalignant
cell line (HEK-293), and a macrophage cell line (RAW 264.7) were chosen. It should be
noted that the cancer cells contain higher levels of intracellular ROS'> 1 and higher
expression levels of the inflammatory enzyme COX-2.1* 1> Using the standard MTT assay,
the cellular viability of HelLa, HEK-293, and RAW 264.7 cells were investigated in the
presence of DCF-HS and DCF-Con (0, 10, 25, 50, and 100 uM) with an incubation of 48 h.
Interestingly, the prodrugs DCF-HS and DCF-Con were found to be non-toxic in all three
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cell lines upto 100 uM concentrations (Figure 4.6A), indicating the biocompatibility of the
synthesized prodrugs DCF-HS and DCF-Con.
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Figure 4.6. (A) Cellular viability of HeLa, HEK-293, and RAW 264.7 cells in the presence of
(a) DCF-HS, and (b) DCF-Con. The cells were incubated with the compounds for 48 h. (B)
Fluorescence microscopy images (bright field, red channel, and merged) of HeLa cells in
the presence of DCF-HS (100 uM) for the endogenous ROS-triggered fluorogenic drug
release (a-c). The cells were pre-treated with NAC (2 mM) for 1 h to quench the endogenous
ROS followed by the treatment of DCF-HS (100 uM) (d-f). Scale bar: 50 pm.

Since the prodrug DCF-HS was found to be non-toxic in the HeLa, HEK-293, and RAW
264.7 cell lines, the endogenous ROS-responsive release of the fluorophore DCI-NH2 from
the prodrug DCF-HS was studied in the HelLa cells (Figure 4.6B). The HelLa cells were
incubated with the pure prodrug DCF-HS (100 uM) for 5 h and the cellular images were
collected using fluorescence microscope. Interestingly, significant emission response under
red channel was observed, indicating the endogenous ROS-triggered release of the NIR
fluorophore DCI-NH:2 from the prodrug DCF-HS. Moreover, a ROS scavenger NAC was

used to confirm the role of endogenous H20- in the fluorogenic drug release. The endogenous
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ROS was quenched by pre-treating the cells with NAC (2 mM) before the treatment of DCF-
HS (100 uM). Interestingly, the lower emissive response in the presence of NAC indicated
the primary role of the endogenous H20- in the fluorogenic drug release from the DCF-HS
(Figure 4.6B).

4.3.7. Fluorescence microscopic studies for detecting the released H2S

The adjuvant release of H>S from the prodrug DCF-HS (100 puM) was next investigated in
the cellular medium using an H>S-selective turn-on fluorogenic probe WSP2 (5 uM) (Figure
4.7). To understand the endogenous H>S-triggered residual fluorescence in the HelLa cells,
the cells were incubated with WSP2 (5 uM) for 1 h and fluorescent microscopic images were
collected (Figure 4.7A). Very weak emissive response under the blue channel was indicative
of very low level of endogenous H>S in HeLa cells. Interestingly, the co-treatment of WSP2
(5 uM) and the prodrug DCF-HS (100 uM) in HeLa cells led to a higher emission under the
blue channel indicating the release of H2S from the prodrug. Moreover, the emission under
the red channel indicated the release of NIR fluorophore DCI-NH2 from the prodrug DCF-
HS (Figure 4.7B). In contrast, the co-treatment of WSP2 and the control prodrug DCF-Con
led to the negligible blue emission and a significant red emission. These observations clearly
indicate the ROS-triggered release of NIR fluorophore DCI-NH2 from both the prodrugs and
the release of H2S only from the prodrug DCF-HS (Figure 4.7B). It should be noted here
that, unlike the prodrug DCF-Con, the reaction of prodrug DCF-HS with the endogenous
ROS would release carbonyl sulfide (COS) along with the NIR fluorophore (DCI-NH2) and
drug (DCF). The final release of H.S from COS would be enzymatically catalyzed by the
endogenous carbonic anhydrase (CA). Therefore, the intense blue emission due to the release
of umbelliferone was observed in HeLa cells upon the co-treatment of DCF-HS and WSP2.
Furthermore, involvement of the endogenous ROS for the fluorogenic response was validated
by the pre-treatment of cells with the ROS-quencher NAC (2 mM) and the inhibitor
(propargyl glycine, PAG, 20 uM) of the endogenous H»S producing enzyme cystathionine-
y-lyase followed by the treatment of prodrug DCF-HS (100 pM) (Figure 4.7B). The
negligible blue and red emission clearly indicated the effective scavenging of ROS and the
inhibition of the key H>S biosynthesis process. The mechanism of HaS release from the
prodrug DCF-HS and detection of it using H2S-selective probe WSP2 is shown in Figure
4.7C.
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Figure 4.7. (A) Fluorescence microscopy images (bright field, blue channel, and merged) of
Hela cells for the detection of endogenous H2S using the H,S-selective turn-on fluorogenic
probe WSP2 (5 uM), (B) Fluorescence microscopy images (bright field, blue channel, red
channel, and merged) of HelLa cells for the detection of released H>S from DCF-HS and
DCF-Con (100 uM) using the H,S-selective turn-on fluorogenic probe WSP2 (5 uM). Scale
bar: 50 um. (C) Schematic representation for the detection of released H>S from DCF-HS
using H>S-selective turn-on fluorogenic probe WSP2.

4.3.8. Mechanistic insights

The composition of the reaction mixture was analyzed using ESI-MS analysis after 2 h and
24 h of incubation in order to identify the intermediates 4.9, 4.10, and 4.11. It is indeed
interesting to note that the ESI-MS results further supported the presence of intermediates
4.9, 4.10, and 4.11 in the reaction mixture (Annexure V, A5.21-23).
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Therefore, a plausible reaction mechanism is proposed for the H.O2-triggered release of DCF
and DCI-NH: from the DCF-HS and the subsequent release of HzS in the presence of CA
enzyme (Scheme 4.2). The prodrug DCF-HS initially interacted with H>O> and instantly
changed into the first intermediate, 4.9. Through a self-immolation process (1,6 —
elimination), intermediate 4.10 and drug DCF are generated from intermediate 4.9 in the
second step. Finally, fluorophore DCI-NH2 and COS are released from the intermediate 4.10
in two ways; in Path a, the intermediate 4.11 is generated from 4.10 followed by the release
of the fluorophore DCI-NH2 and COS, whereas in Path b, the fluorophore DCI-NH2 and
COS are released from intermediate 4.10 through concerted pathway without forming the
intermediate 4.11. The conversion of 4.11 to DCI-NHz2, also referred to as a rate-determining
step, is the step that moves slowest. The released COS further transformed into H»S in the
presence of CA enzyme.

...............................................................................................................................................
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Scheme 4.2. Proposed mechanism for the feasibility of H.O,-triggered fluorogenic release
of the active drug (DCF), NIR fluorophore (DCI-NHz), and H>S from the prodrug DCF-HS.

4.3.9. Anti-inflammatory activity

The anti-inflammatory activity of the released drug (DCF) from the prodrug DCF-HS was
investigated in the macrophage cell line (RAW 264.7) using western blot analysis. The cells
were pre-treated with lipopolysaccharides (LPS, 45 pg/mL, 14 h) for increasing the
intracellular ROS, which directly induce the expression of COX-2. The expression level of
COX-2 was dramatically increased in the presence of LPS (Figure 4.8A). The level of COX-
2 was measured after the treatment of LPS-pretreated cells with DCF-HS (50 and 100 puM)
followed by the incubation for 48 h. A dose-dependent down-regulation of COX-2 expression
level was observed in the presence of DCF-HS. To verify the anti-inflammatory effect of the

released DCF from the prodrug DCF-HS, a similar experiment was also carried out with
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pure DCF (Figure 4.8B). A considerable down-regulation of COX-2 was observed in the
presence of pure DCF. These observations reveal the H2O2-triggered release of DCF from

the prodrug DCF-HS and its subsequent anti-inflammatory activity in the cellular medium.
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Figure 4.8. Anti-inflammatory activity of the prodrug DCF-HS as well as the DCF in RAW
264.7 cells. Western blot analysis for the expression level of COX-2 in RAW 264.7 cells and
the effect of (A) DCF-HS (50 and 100 uM) and (B) pure DCF in the LPS (50 pg/mL) pre-

treated cells. GAPDH was used as a housekeeping gene.

4.4. Conclusions

In summary, we describe herein the design and synthesis of peroxide-responsive turn-on
fluorogenic prodrug DCF-HS for the adjuvant delivery of diclofenac (DCF) and H»S with
the turn-on NIR fluorescence. The involvement of self-immolative processes in the prodrugs
induce sustained delivery of the drug as well as fluorophore both in the aqueous and cellular
medium. Our designed prodrug DCF-HS was found to be non-toxic in the cellular medium
and the prodrug was capable of releasing the active drug (DCF), fluorophore (DCI-NH>),
and H2S in the cellular media using the endogenous stimuli. Moreover, the anti-inflammatory
activity of the released active drug (DCF) from the prodrug DCF-HS was confirmed by
studying the inhibition of COX-2 level in the inflammation-induced macrophage cells (RAW
264.7). Therefore, H2O2-responsive sustained release of DCF with NIR fluorogenic emission
from DCF-HS would certainly be useful for the selective delivery of the anti-inflammatory
drug to the inflammatory sites and the adjuvant release of H2S would help in reducing the

side-effects of anti-inflammatory drugs.

4.5. Experimental Section

4.5.1. Materials and methods

All the reagents were purchased either from Sigma Aldrich or from reputed local suppliers
and used without further purification unless otherwise stated. Thin layer chromatographic

(TLC) analyses were carried out on pre-coated silica gel on aluminum sheets and the
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compounds were visualized by irradiation with UV or fluorescent light. Organic solvents
used for chromatographic separations were distilled before use. The melting point of the
synthesized compounds was recorded in a Biichi B540 melting point apparatus and the values
are uncorrected. The NMR spectra (‘H and '3C) were recorded on Bruker (400, 500, or 600
MHz) NMR spectrometers, and the chemical shifts are cited with respect to TMS (Me4Si) as
an internal standard. UV-Vis spectroscopic analyses were performed on a Lambda 45 UV-
Vis spectrophotometer (Agilent) and fluorescence emission spectra were recorded on a
Fluoromax-4 spectrophotometer (FluoroMax-4 -Horiba). Mass spectra were obtained using

an Agilent 6520 Accurate-Mass Quadrupole Time-of-Flight (Q-TOF) LC/MS spectrometer.

4.5.2. Synthesis of prodrugs DCF-HS and DCF-Con

Synthesis compound 4.2

To a stirred solution of malononitrile (8.60 g, 130.20 mmol) in dry ethanol (120 mL) was
added piperidine (1.70 mL, 17.35 mmol) under inert at room temperature. After 10 min, the
compound 4.1 (12 g, 86.76 mmol) and glacial AcOH (0.30 mL) were subsequently added
dropwise at 50 °C and the reaction mixture was refluxed for 12 h. The progress of the reaction
was monitored by TLC analysis. Upon completion of the reaction, the solvent was evaporated
under reduced pressure, and the crude compound was further purified by silica gel (60-120
mesh) column chromatography using 30% DCM in pet. ether as a mobile phase to afford the
pure product 4.2 as a white solid. Rf = 0.5 (30% DCM in pet. ether); Yield: 11.60 g (72%).
'H NMR (600 MHz, CDCls) & (ppm) = 6.62 (s, 1H), 2.51 (s, 2H), 2.18 (s, 2H), 2.03 (s, 3H),
1.01 (s, 6H); 3C NMR (150 MHz, CDCls) § (ppm) = 170.5, 159.9, 120.7, 113.3, 112.5, 78.3,
45.8,42.7, 325, 27.9, 25.4.

Synthesis of compound 4.3/

To a stirred solution of 4-nitrobenzaldehyde (5.00 g, 33.00 mmol) and compound 4.2 (7.00
0, 39.60 mmol) in dry ACN (100 mL) was added piperidine (0.60 mL, 6.60 mmol) under
inert at room temperature and the reaction mixture was heated at 60 °C for 6 h. The progress
of the reaction was monitored by TLC analysis. Upon completion of the reaction, the solvent
was evaporated under reduced pressure, and the crude compound was further purified by
silica gel (100-200 mesh) column chromatography using 50% DCM in pet. ether as a mobile
phase to afford the pure product 4.3 as a yellow solid. Rf = 0.5 (50% DCM in pet. ether);
Yield: 8.50 g (80%). *H NMR (600 MHz, CDCls) § (ppm) = 8.28 — 8.21 (m, 2H), 7.65 (d, J
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= 8.4 Hz, 2H), 7.09 (g, J = 16.2 Hz, 2H), 6.94 (s, 1H), 2.63 (5, 2H), 2.49 (s, 2H), 1.10 (s, 6H).
13C NMR (150 MHz, CDCls) & (ppm) = 168.9, 152.3, 148.0, 141.98, 133.9, 133.3, 128.1,
125.8, 124.5, 113.1, 112.4, 80.9, 43.1, 39.3, 32.2, 28.1.

Synthesis of DCI1-NH2*

The free fluorophore DCI-NH2 was synthesized following the reported procedure with minor
modifications.?” To a suspension of compound 4.3 (3.00 g, 9.39 mmol) in distilled EtOH (8
mL) was added the solution of SnCl;.2H>0 (10.60 g, 46.96 mmol) in conc. HCI (8 mL)
dropwise at room temperature and the reaction mixture was heated at 80 °C for 2 h. The
progress of the reaction was monitored by TLC analysis. Upon completion of the reaction,
the solvent evaporated and 150 mL of water was added to get the precipitate, which was
further filtered off and washed with water (5 x 20 mL). The residue was dissolved in EtOAc
(150 mL) and washed sequentially with saturated NaHCO3 (3 x 20 mL) and water (3 x 20
mL) until the white precipitate disappeared. The organic layer was further washed with brine
(2 x 20 mL) and dried over anhydrous Na>SO4. The crude compound was obtained by
evaporating the solvent under reduced pressure, which was further purified by neutral
alumina column chromatography using 80% DCM in pet. ether as a mobile phase to afford
pure product DCI-NH: as a red solid. R = 0.3 (50% DCM in pet. ether); Yield: 2.6 g (96%).
H NMR (600 MHz, CDCl3) & (ppm) = 7.34 (d, J = 8.1 Hz, 2H), 6.99 (d, J = 15.9 Hz, 1H),
6.81 (d, J = 16.0 Hz, 1H), 6.76 (s, 1H), 6.67 (d, J = 8.1 Hz, 2H), 3.98 (s, 2H), 2.58 (s, 2H),
2.45 (s, 2H), 1.07 (s, 6H). 3C NMR (150 MHz, CDCls) & (ppm) = 169.5, 155.1, 148.6, 137.9,
129.6, 126.2, 125.4,122.1, 115.2, 114.1, 113.3, 43.2, 39.4, 32.1, 28.2.

Synthesis of DCI-NCS

To a stirred solution of compound DCI-NH2 (3.00 g, 10.35 mmol) in dry THF (30 mL) was
added TEA (10.47 g, 103.66 mmol) dropwise at 0 °C under an inert atmosphere. After 30
min, carbonyl sulfide (15.78 g, 207.34 mmol) was added to the reaction mixture at 0 °C, and
the reaction mixture was stirred at room temperature. The progress of the reaction was
monitored by TLC analysis. Upon consumption of compound DCI-NHz2, p-toluene sulfonyl
chloride was added at room temperature and stirred for another 2 h. upon completion of the
reaction, the solvent was evaporated under reduced pressure, which was diluted with water
(30 mL), and the crude compound was extracted by EtOAc (3 x 30 mL). The combined
organic layer was further washed with brine (2 x 20 mL) and dried over anhydrous sodium
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sulfate. The organic layer was evaporated under reduced pressure to obtain the crude
compound, which was further purified by silica gel (230-400 mesh) column chromatography
using 30% DCM in pet. ether as a mobile phase to afford the pure product DCI-NCS as a
yellow solid. Rs = 0.5 (40% DCM in pet. ether); Yield: 2.00 g (58%). *H NMR (600 MHz,
CDClI3) 6 (ppm) = 7.49 (d, J = 8.2 Hz, 2H), 7.24 (d, J = 8.3 Hz, 2H), 7.00 (d, J = 16.1 Hz,
1H), 6.96 (d, J = 16.1 Hz, 1H), 6.86 (s, 1H), 2.61 (s, 2H), 2.46 (s, 2H), 1.09 (s, 6H). *C NMR
(150 MHz, CDCls) 6 (ppm) = 169.1, 153.2, 136.9, 135.2, 134.8, 132.3, 130.3, 128.7, 126.5,
124.4,113.4,112.7, 79.5, 43.1, 39.3, 32.2, 28.1.

Synthesis of compound 4.5

To a mixture of compound 4.4 (4.0 g, 17.46 mmol), B2pin2 (5.3 g, 20.96 mmol), Pd(PPhs).Cl>
(250 mg, 2 mol%), and KOAc (5.1 g, 52.40 mmol) was added dry 1,4-dioxane (100 mL)
under inert at room temperature. The reaction mixture was stirred at 90 °C for 6 h. The
progress of the reaction was monitored by TLC analysis. Upon completion, the reaction
mixture was cooled down to room temperature, and the solvent was evaporated under reduced
pressure. The obtained crude mixture was diluted with ethyl acetate (50 mL), which was
filtered off through a celite pad and washed with ethyl acetate (5 x 20 mL). The combined
organic layer was further washed with brine (2 x 20 mL), and dried over anhydrous sodium
sulfate. The organic layer was evaporated under reduced pressure to obtain the crude
compound, which was further purified by silica gel (230-400 mesh) column chromatography
using 2% ethyl acetate in pet. ether as a mobile phase to afford the pure product 4.5 as a white
solid. Rr = 0.5 (4% ethyl acetate in pet. ether); Yield: 4.5 g (94%). 'H NMR (600 MHz,
CDClI3) & (ppm) = 7.84 — 7.81 (m, 1H), 7.81 — 7.78 (m, 2H), 3.91 (s, 3H), 2.57 (s, 3H), 1.35
(s, 12H). 3C NMR (150 MHz, CDCls) & (ppm) = 167.5, 145.0, 135.9, 131.9, 130.6, 125.7,
83.9, 52.2, 25.0, 22.2. ESI-MS m/z calcd. for C1sH2:BO4 [M + H]* = 277.1611, observed =
277.16009.

Synthesis of compound 4.6

To a mixture of compound 4.5 (4.0 g, 14.48 mmol), NBS (3.1 g, 17.38 mmol), and AIBN
(240 mg, 1.44 mmol) was added dry ACN (40 mL) under inert and the reaction mixture was
heated at 90 °C for 3 h. The progress of the reaction was monitored by TLC analysis. Upon
completion of the reaction, the solvent was evaporated under reduced pressure, which was

diluted with water (30 mL), and the crude compound was extracted by EtOAc (3x30 mL).
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The combined organic layer was further washed with brine (2 x 20 mL) and dried over
anhydrous sodium sulfate. The organic layer was evaporated under reduced pressure to obtain
the crude compound, which was further purified by silica gel (100-200 mesh) column
chromatography using 5% ethyl acetate in pet. ether as a mobile phase to afford the pure
product 4.6 as a white solid. Rt = 0.5 (5% ethyl acetate in pet. ether); Yield: 4.80 g (92%). H
NMR (600 MHz, CDClIs) & (ppm) = 8.04 (d, J = 1.6 Hz, 1H), 7.92 (dd, J: = 7.8, J> = 1.6 Hz,
1H), 7.88 (d, J = 7.7 Hz, 1H), 4.92 (s, 2H), 3.93 (s, 3H), 1.39 (s, 12H). 13C NMR (150 MHz,
CDCl3) 8 (ppm) = 166.71, 144.7, 136.6, 132.6, 130.9, 128.4, 84.4, 52.4, 33.2, 25.0. ESI-MS
m/z calcd. for C1sH2:BBrO4 [M + H]* = 355.0716, observed = 355.0713.

Synthesis of compound 4.7

To a stirred solution of compound 4.6 (4.0 g, 11.24 mmol) in dry toluene (60 mL) was added
DIBAL-H (1M in toluene) dropwise at 0 °C under an inert atmosphere. Slowly the reaction
mixture was kept at room temperature and stirred for 6 h. The progress of the reaction was
monitored by TLC analysis. Upon completion, 1 M HCI (30 mL) was added slowly at ice-
cold conditions to quench the reaction mixture. Further, the solvent was evaporated and
extracted by ethyl acetate (3 x 30 mL). The combined organic layer was further washed with
brine (2 x 20 mL), and dried over anhydrous sodium sulfate. The organic layer was
evaporated under reduced pressure to obtain the crude compound, which was further purified
by silica gel (230-400 mesh) column chromatography using 20% ethyl acetate in pet. ether
as a mobile phase to afford the pure product 4.7 as a white solid. Rf = 0.5 (20% ethyl acetate
in pet. ether); Yield: 3.00 g (81%). *H NMR (600 MHz, CDCl3) & (ppm) =7.81 (d, J=7.5
Hz, 1H), 7.39 (s, 1H), 7.28 (d, J = 7.7 Hz, 1H), 4.92 (s, 2H), 4.70 (s, 2H), 1.37 (s, 12H). °C
NMR (151 MHz, CDCl3) & (ppm) = 144.8, 144.3, 136.9, 128.4, 125.9, 84.0, 64.9, 33.9, 24.9.
ESI-MS m/z calcd. for C1aH24BBrNO3 [M + NH4]" = 344.1033; observed = 344.1026.

Synthesis of compound 4.8*°

To astirred solution of compound 4.7 (2.4 g, 7.32 mmol) in dry ACN (20 mL) was added the
solution of diclofenac (1.7 g, 5.86 mmol) and DIPEA (3.8 mL, 22.00 mmol) in ACN (10 mL)
dropwise at 0 °C under inert atmosphere. Slowly the reaction mixture was warmed to room
temperature and stirred for 24 h. The progress of the reaction mixture was monitored by TLC

analysis. Upon completion, the solvent was evaporated and diluted with DCM (100 mL). The
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solution was washed with water (3 x 20 mL) and saturated with NaHCO3 (3 x 20 mL) solution
alternatively to remove the unwanted left-over diclofenac. Furthermore, the organic layer was
washed with brine (2 x 20 mL) and dried over anhydrous sodium sulfate. The organic layer
was evaporated under reduced pressure to obtain the crude compound, which was further
purified by silica gel (100-200 mesh) column chromatography using 100% DCM as a mobile
phase to afford the pure product 4.8 as a white solid. Rs = 0.5 (100% DCM); Yield: 2.0 g
(63%). 'H NMR (600 MHz, CDCls) & (ppm) = 7.84 (d, J = 7.6 Hz, 1H), 7.32 (s, 1H), 7.31 —
7.28 (m, 2H), 7.25 — 7.22 (m, 2H), 7.12 (td, J = 7.7, 1.6 Hz, 1H), 6.97 (d, J = 8.1 Hz, 1H),
6.96 — 6.93 (m, 2H), 6.54 (d, J = 8.0 Hz, 1H), 5.46 (s, 2H), 4.64 — 4.60 (m, 2H), 3.86 (s, 2H),
1.29 (s, 12H). 3C NMR (151 MHz, CDCls) & (ppm) = 172.13, 144.16, 142.97, 142.09,
137.96, 136.73, 131.10, 129.67, 128.94, 128.06, 126.74, 125.81, 124.59, 124.10, 122.08,
118.36, 83.94, 67.00, 65.06, 38.88, 24.91. ESI-MS m/z calcd. for C2sH31BCI2NOs [M + H]*
=542.1672, observed = 542.1673.

Synthesis of DCF-HS

To a stirred solution of compound 4.8 (0.40 g, 0.74 mmol) in dry THF (4 mL) was added
DBU (0.13 mL, 0.88 mmol) dropwise at 0 °C under an argon atmosphere. Upon stirring the
reaction mixture at the same temperature for 30 min, the solution of DCI-NCS (0.29 g, 0.81
mmol) in dry THF (4 mL) was added dropwise at the ice-cold condition and the reaction
mixture was warmed to room temperature slowly. The progress of the reaction was monitored
by TLC analysis. Upon completion of the reaction, the solvent was evaporated under reduced
pressure, which was further purified by silica gel (230-400 mesh) column chromatography
using 10% ethyl acetate in pet. ether as a mobile phase to afford the pure product DCF-HS
as a yellow solid. Rf = 0.5 (30% ethyl acetate in pet. ether); Yield: 0.20 g (23%). M.P. = 81-
83 °C. 'H NMR (400 MHz, CDCls) & (ppm) = 8.48 (s, 1H), 7.87 (d, J = 7.6 Hz, 1H), 7.44 (d,
J=6.6 Hz, 2H), 7.37 — 7.27 (m, 5H), 7.21 (d, J = 7.5 Hz, 2H), 7.12 (td, J = 7.7, 1.6 Hz, 1H),
6.94 (qd, J=9.9, 9.0, 3.8 Hz, 5H), 6.83 (s, 1H), 6.53 (d, J = 8.0 Hz, 1H), 5.52 (s, 2H), 5.48
(s, 2H), 3.84 (s, 2H), 2.59 (s, 2H), 2.44 (s, 2H), 1.30 (s, 12H), 1.07 (s, 6H). 3C NMR (150
MHz, CDCl3) 8 (ppm) = 172.1, 153.8, 142.9, 142.4, 137.9, 136.7, 136.0, 131.0, 129.6, 129.1,
128.9,128.2,127.1,1245,124.1,123.7,122.2,118.4,84.1,78.8, 66.7, 43.1, 39.3, 38.8, 32.1,
28.1, 24.9. ESI-MS m/z calcd. for C4gH47BCI2N4NaO4S [M + Na]™ = 895.2635, observed =
895.2614.
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Synthesis of DCF-Con

To astirred solution of DCI-NH2 (0.20 g, 0.69 mmol), triphosgene (0.10 g, 0.34 mmol), and
DMAP (10 mg, cat.) in dry DCM (8 mL) was added the solution of DIPEA (0.27 g, 2.07
mmol) in dry DCM (2 mL) dropwise at 0 °C under argon atmosphere. The reaction mixture
was kept at room temperature after 30 min and stirred at room temperature. The progress of
the reaction mixture was monitored by TLC analysis. Upon consumption of the DCI-NHz,
the reaction mixture was cooled down to 0 °C and a solution of compound 4.8 (0.19 g, 0.34
mmol) in dry DCM (4 mL) was added dropwise at the same temperature under inert.
Furthermore, the reaction mixture was stirred at room temperature for 18 h, and the progress
of the reaction was monitored by TLC analysis. Upon completion, the solvent was evaporated
under reduced pressure, which was further purified by silica gel (230-400 mesh) flash
chromatography using 25% ethyl acetate in pet. ether as a mobile phase to afford the pure
product DCF-Con as a yellow solid. R = 0.5 (30% ethyl acetate in pet. ether); Yield: 0.08 g
(27%). M.P. = 90 - 92 °C. *H NMR (600 MHz, CDCl3) & (ppm) = 7.86 (d, J = 7.6 Hz, 1H),
7.45 (d, J = 8.2 Hz, 2H), 7.42 (d, J = 8.6 Hz, 2H), 7.33 (d, J = 7.9 Hz, 1H), 7.31 (d, J=7.8
Hz, 2H), 7.28 (s, 1H), 7.23 (d, J = 7.5 Hz, 1H), 7.11 (t, J = 7.7 Hz, 1H), 7.01 (d, J = 16.0 Hz,
1H), 6.96 (d, J = 8.2 Hz, 1H), 6.95 — 6.92 (m, 2H), 6.90 (d, J = 16.0 Hz, 1H), 6.83 (d, J =
19.3 Hz, 2H), 6.54 (d, J = 8.0 Hz, 1H), 5.47 (s, 2H), 5.14 (s, 2H), 3.86 (s, 2H), 2.59 (s, 2H),
2.46 (s, 2H), 1.29 (s, 12H), 1.07 (s, 6H). >*C NMR (150 MHz, CDCls) § (ppm) = 172.1, 169.4,
154.2, 152.9, 142.9, 142.3, 139.3, 138.9, 137.9, 136.8, 136.6, 131.1, 129.6, 128.9, 128.7,
128.1, 128.1, 127.9, 127.1, 124.6, 124.1, 123.3, 122.1, 118.4, 112.9, 84.1, 78.3, 66.9, 66.8,
43.1, 39.3, 38.8, 32.2, 28.2, 24.9. ESI-MS m/z calcd. for CagHasBCI2N4Os [M + H]* =
857.3044, observed = 857.3035.

4.5.3. UV-Visible and fluorescence spectroscopic studies

All the stock solution of prodrugs (DCF-HS and DCF-Con) and the released fluorophore
DCI-NH2 and active drug DCF were prepared in spectroscopy grade DMSQO; the stock
solution of H2O> was prepared in milli-Q water. All the spectroscopic studies were performed
under physiological conditions (PBS, 20 mM, pH = 7.4). Buffers with higher pH (9 and 10)
were prepared by adding 1IN NaOH solution to the buffer and lower pH (4 and 5) by adding
1IN HCI. Samples for absorption and emission spectroscopic measurements were carried out
in quartz cuvettes (1.0 ml). UV-Vis spectroscopic analyses were performed on a Lambda 45
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UV-Vis spectrophotometer (Agilent) and fluorescence emission spectra were recorded on a
Fluoromax-4 spectrophotometer (FluoroMax-4 -Horiba). For prodrugs DCF-HS and DCF-
Con, Aex = 472 nm and Xem = 490-800 nm with slit width = 5/5 nm were used in the
fluorescence emission spectroscopic studies. The selectivity of the prodrug DCF-HS (5 uM)
towards H20. (200 uM) was carried out over different analytes such as t-Bu-OOH, Cum-
OOH, GSH, Cys, Gly, Ala, NaCl and Nal prepared in milli-Q water. KO, was used as a
source of O;” and ONOO" prepared from H2O; prior to use for the experiment.?’ The prodrug
DCF-HS (5 uM) was initially incubated for 10 h with the analytes (200 pM) and the emission
intensity was measured. All the experiments were carried out in PBS (20 mM, with 50%
DMSO viv, pH =7.4).

4.5.4. Determination of limit of detection (LOD) of the prodrug

LOD of the prodrug DCF-HS was determined using fluorescence titration. The detection
limit was calculated using the equation, LOD = 36/K, where ¢ is the standard deviation of
blank measurements (without H202) and K is the slope of emission intensity versus H>O>
concentration. To get the standard deviation of the blank measurements, the emission
intensity of the DCF-HS (5 uM) was measured 10 times in the absence of H>O> and obtained
2886.139. For the determination of slopes (K), the emission spectra were measured at
different concentrations of H20> (2-20 uM) after incubating the reaction mixture for 10 h and
found 7061.8. The experiment was carried out in PBS (20 mM, with 50% DMSO v/v, pH =
7.4), hex = 472 nm and Aem = 490-800 nm with slit width = 5/5 nm.

4.5.5. Analysis of reaction kinetics using reverse phase HPLC method

Purity of the synthesized compounds was analyzed by analytical high-performance liquid
chromatography (HPLC), Agilent 1220 infinity Il LC system using a reverse phase Cis
column (Luna®, 250 x 4.6 mm, 5 um). HPLC grade acetonitrile and Millipore water was
used as mobile phase and HPLC chromatogram of the prodrug DCF-HS, free drug diclofenac
(DCF) and fluorophore DCI-NH2 were detected by PDA detector at 254, 280, 400 nm (as
applicable). A stock solution of prodrug DCF-HS in DMSO and H20: in water was prepared
immediately prior to use. The samples were injected using a flow rate of 1.0 ml/min with a
linear gradient (35-1% v/v) H2O/ACN (0-12 min), followed by 1% v/v, H2O/ACN (12-20
min), finally, (1-35% v/v) H.O/ACN (20-25 min) and 0.1% of TFA was used in water.
Concentrations of the pure prodrug DCF-HS and the released drug DCF are 50 uM and in
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the reaction mixture, 40 equivalents of H2O. (2 mM) and 4 equivalents of NaHCO3z (200 uM)
were added. The reactions of the prodrug with H.O> were carried out in PBS (20 mM, pH =
7.4) at room temperature and the samples were injected into the system at different time
intervals to monitor the progress of the reaction.

45.6. Cell culture

The Human cervical cancer cells (HeLa), Human Embryonic Kidney cells (HEK-293) and a
macrophage-like, Abelson leukemia virus-transformed cell line (derived from BALB/c mice)
(RAW 264.7) were obtained from the National Centre for Cell Science (NCCS), Pune, India.
The cells were cultured in DMEM medium (Gibco) supplemented with 10% (v/v) FBS
(Gibco) and 1% Pen-Strep (Gibco). Cells were cultured as a monolayer in a humidified

incubator at 37 °C in the presence of 5% CO: level.

4.5.7. Cell viability assay

The synthesized prodrugs were screened for their anti-proliferative activities using the
conventional MTT assay in HeLa, HEK-293, and RAW 264.7 cell lines. These cells were
seeded in 96-well culture plates at a density of 1 x 10%, 2 x 10% and 1 x 10 cells/100 pL per
well, respectively and treated with the freshly prepared test compounds DCF-HS (10, 25, 50,
and 100 uM) and DCF-Con (10, 25, 50, and 100 uM) for O h (control) and 48 h
(experimental), respectively. At the end of the treatment period, 100 puL of 5 mg/mL of MTT
was added to the plate (control) and incubated for 4 h. Following the 4 h incubation, the
reagent from the plate was removed and the purple formazan crystals were dissolved using
100 pL of DMSO (Avra Synthesis Pvt Ltd) and the absorbance at 570 nm was measured
using a microplate reader (Thermo Scientific™ Multiskan™ GO microplate reader). In the
experimental set, a similar MTT treatment protocol was followed only after 48 h. The mean
AOD values were calculated by the subtraction of mean OD values of 0 h plate (control) from
the mean OD values of identical wells at 48 h plate (experimental) and the percentage

proliferation was calculated keeping the mean AOD of untreated control as 100%.

4.5.8. Fluorescence microscopic studies
HeL a cells were cultured in high glucose DMEM medium supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C under 5% CO, atmosphere.

Cells were then plated (1.5 x 108 cells per plate) in 35 mm cell culture Petri dishes containing
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2 mL of DMEM and incubated at 37 °C under 5% CO> for 24 h. The confluent cells were
washed with DPBS and finally incubated with DCF-HS (100 uM) for 1 h. After washing the
cells with DPBS (3 times), cellular morphology was carefully observed and imaged using
Bio-Rad ZOE™ fluorescent cell imager under a bright field and red channel. A negative
control experiment was performed upon the pre-treatment of cells with N-acetyl cysteine
(NAC, 2 mM) for 1.5 h to quench the endogenous ROS. The cells were washed with DPBS
(3 times) and treated with DCF-HS (100 pM).

For the detection of the release of H,S from DCF-HS (100 uM), the HeLa cells were grown
like the above condition and the cells were treated with WSP2 (5 uM) for 1 h and cells were
imaged under bright field and blue channel after washing to understand the endogenous level
of H2S. For studying the released H>S from DCF-HS or DCF-Con, the cells were treated
with WSP2 (5 uM) for 1 h and the cells were washed with DPBS (3 times) and treated with
DCF-HS or DCF-Con (100 uM) for 1 h. The cells were washed finally with DPBS and

imaged under bright field, blue, and red channels.

4.5.9. Western blot analysis

In order to estimate the COX-2 expression upon the release of the NSAID (DCF) from the
probe DCF-HS, immunoblotting experiment was performed. RAW 264.7 cells (3 x 10° cells
per 5 mL) were plated in 60 mm cell culture dish and cultured in high glucose Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin at 37 °C in the incubator under 5% CO atmosphere. The
overexpression of COX-2 level in RAW 264.7 cells was induced upon the pre-treatment of
LPS (45 pg/mL, 14 h). After the treatment, cells were washed with DPBS (3 times) and
further treated with compounds DCF and DCF-HS (50.0 and 100.0 uM), respectively and
incubated for 48 h under 5% CO; atmosphere. After completion of the treatment, cells were
washed with cold PBS (1X) and the protein extraction was performed. The whole cell protein
was extracted using RIPA cell lysis buffer (150 mM of NaCl, 1% (v/v) NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 25 mM of Tris, 10 mg/mL of PMSF). Equal volume of protein was
loaded and separated on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel by
electrophoresis and transferred to a nitrocellulose membrane. Protein transfer was confirmed
by Ponceau-S (HiMedia) staining. The blots were blocked with 5% non-fat dry milk in 1X
TBST buffer for 1 h at room temperature. Finally, the primary antibody (1:5000) specific for
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COX-2 (Cell Signaling, D5HS5) and GAPDH (Cell Signaling, 14C10) were incubated

overnight at 4 °C. Following the primary antibody incubation, the blots were washed with
TBST (1X) buffer and incubated with HRP-conjugated secondary antibodies (Abcam) for 1
h and developed with an ECL Detect Kit (Bio-Rad) and imaged using ChemiDoc™XRS

System (Bio-Rad). The house-keeping gene GAPDH was used as a loading control.
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Chapter 5

Peroxide-responsive turn-on fluorogenic
prodrug of the anti-cancer drug amonafide:

adjuvant drug delivery with hydrogen sulfide
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5.1. Introduction

Examples of the literature reported ROS-responsive turn-on fluorogenic prodrugs of various
anti-cancer drugs are discussed in chapter 1. Although those prodrugs were suitable for
monitoring the drug release in living cells, they failed to overcome the side-effects of the
corresponding active drugs significantly. It is to be noted that H2S has multiple biological
functions such as antioxidants, anti-inflammatory, and vasodilatory, which were discussed in
chapter 1. Considering the beneficial biological functions of H.S, the side-effects of anti-
cancer drugs could be overcome by delivering H>S along with the conventional anti-cancer
drug. Therefore, prodrugs of anti-cancer drugs with the co-delivery of H,S would be
important in the field of prodrug development. In 2022, Lukesh 111 and co-workers developed
a novel doxorubicin hybrid prodrug (5.1) that responded to the high levels of ROS in
uncaging of doxorubicin with the concomitant delivery of H,S (Figure 5.1).! Interestingly,
the cardioprotective effect of H2S was helpful in ameliorating the cardiovascular side-effect
of doxorubicin. However, the fluorescence turn-on property was not observed in 5.1, which
is a very important tool for monitoring the drug release in a real-time. Therefore, developing
a ROS-responsive turn-on fluorogenic hybrid prodrug for the delivery of anti-cancer drug
and HzS will be an innovative and attractive drug delivery system. To address this issue,
amonafide (a potent anti-cancer drug) is a perfect choice, which is utilized as a self-reporting
fluorogenic drug. Moreover, the fluorescence ON-OFF process can be tuned by masking the
aromatic amino group of amonafide. In addition, amonafide is a novel synthetic
naphthalimide derivative known as a neoplastic agent and acts as a DNA intercalator.?
Amonafide inhibits topoisomerase 11 (TOPO-II) catalysis rather than the formation of TOPO-
II-DNA cleavable complexes, resulting in less DNA damage than the classical TOPO-II
drugs.® However, the drug has a free amino group in the 3-position of the naphthalimide ring
that undergoes acetylation to form a toxic metabolite (N-acetyl metabolite) by N-acetyl
transferase 2 (NAT2) in humans, causing unwanted side-effects and reducing the
bioavailability.* Therefore, a prodrug of amonafide where free amino group will be masked
with a protecting group is crucial in overcoming the unwanted toxicity and side-effects of the
drug. To address this issue, in 2018, Xiao and co-workers developed the first prodrug of
amonafide where it was delivered from fructose-coated nanodiamonds. The prodrug ND-
Polymer-AMF showed lower ICso (7.19 pM for MCF-7 and 4.92 uM for MDA-MB-231)

137
TH-3161_176122050



Chapter 5

than free amonafide (11.23 pM for MCF-7 and 13.98 uM for MDA-MB-231).5 However,
there was no indication of drug release and fluorescence turn-on property, which is important
for monitoring the drug release profile in real-time. . In 2021, Ge et al. reported hydrogen
sulfide-responsive lysosome-targeted prodrug of amonafide PNF (Figure 5.1).° The prodrug
was designed as hydrophobic by masking the amine by azide group to overcome the limited
cellular accumulation of free amonafide. Interestingly, launching the azide group improved
the lipophilicity and biocompatibility of PNF. Importantly, prodrug PNF shows more
significant potential than free drug amonafide to inhibit the proliferation of drug-resistant

cancer cells.

5.1 PNF : 53

Figure 5.1. Chemical structures of reported hybrid prodrugs of anti-cancer drugs and H.S.

Recently in 2022, Scanlan and co-workers have reported an enzyme-triggered theranostic
prodrug of amonafide (5.2), where the drug was released in the presence of glycosidase,
which is elevated in cancer cells (Figure 5.1).” Importantly, this prodrug preserved the strong
cytotoxicity of free amonafide. However, considering the importance of the adjuvant delivery
of the drug and H>S in minimizing the side-effects of the drug, in the early year of 2023,
Bhabak and co-workers reported a cysteine-triggered prodrug (5.3) of amonafide (Figure
5.1).2 Cysteine, an overexpressed biothiol in cancer cells, triggered the release of both the
drug and H2S concomitantly. Since ROS is overexpressed in cancer cells as compared to
normal cells, the ROS-responsive turn-on fluorogenic prodrug strategies will be suitable to

overcome the limitations of free amonafide.

5.2. Outline of the chapter

Herein, we describe the development a ROS-responsive turn-on fluorogenic hybrid prodrug
of amonafide (AM-TCB), capable of releasing both the active drug amonafide and H.S
(Scheme 5.1). While the release of amonafide takes place upon the prodrug activation by
ROS, the release of H.S is effected by the hydrolysis of carbonyl sulfide (COS) by the
enzyme carbonic anhydrase (CA).
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Scheme 5.1. Schematic representation of peroxide-responsive turn-on fluorogenic prodrug

for the co-delivery of amonafide and H.S.

In addition, a control prodrug (AM-CB) was also synthesized, which would react with H20>
and release the active drug amonafide but without H>S. Upon synthesizing the designed
prodrugs, purification and characterization were performed using analytical methods.
Spectroscopic studies confirmed the release of the active drug amonafide from the prodrug
AM-TCB in the presence of H.O; (Figure 5.2). Moreover, the prodrug AM-TCB showed
selectivity towards H.O> over other bio-analytes and exhibited stability over a wide range of
pH (Figure 5.3). Furthermore, the release of H.S was confirmed using UV-Vis (MB assay)
as well as fluorescence spectroscopy (WSP2 assay) and observed controlled H2S delivery
over time (Figure 5.4). Mechanistic insight into drug release from the prodrug AM-TCB was
discussed from HPLC studies and ESI-MS analysis (Figure 5.5). Upon confirming the drug
and H.S release from the prodrug AM-TCB in an aqueous medium, further, it was
investigated in a cellular medium (HeLa cells). Interestingly, the release of the active drug
from the prodrug AM-TCB was confirmed in the presence of endogenous ROS from the
green emission of amonafide and the release of H>S was confirmed using the H»S-selective
turn-on fluorogenic probe WSP2 following the blue emission of the released umbelliferone
(Figure 5.6). The anti-proliferative activity was carried out to investigate the cytotoxicity of
the prodrug AM-TCB towards cancer cell lines (HeLa and MDA-MB-231) and in a
representative normal cell line (HEK-293). While the the prodrug showed almost similar anti-
cancer activity in cancer cell lines as the parent drug, it exhibited cytoprotective effects on
normal cells due to the co-delivery of H2S (Figure 5.6). This result indicated that the prodrug
could be helpful in reducing the side-effects of amonafide for the treatment of cancer.
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5.3. Results and Discussion

5.3.1. Synthesis of the prodrugs AM-TCB and AM-CB

The prodrugs AM-TCB and AM-CB in the present study were synthesized from the readily
available precursor 1,8-naphthalic anhydride 5.4 with multi-step organic synthesis as shown
in Scheme 5.2. The nitration of 1,8-naphthalic anhydride (5.4) with the nitrating mixture
produced 3-nitro-1,8-naphthalic anhydride (5.5), which upon the reduction with stannous
chloride dihydrate afforded 3-amino-1,8-naphthalic anhydride (5.6).° The anti-cancer drug
amonafide was prepared subsequently by the condensation of the anhydride 5.6 with N, N-
dimethylethylenediamine using the reported method.* The isothiocyanate derivative 5.7 was
prepared from amonafide using carbon disulfide and p-tosyl chloride in the presence of
triethylamine. The coupling of amonafide and the isothiocyanate 5.7 with the boronate ester
containing benzyl alcohol (5.8) led to the synthesis of final prodrugs AM-CB and AM-TCB,
respectively at good yields (Scheme 5.2A).The boronate ester 5.9 was synthesized from 4-
bromobenzyl alcohol (5.8) following the literature method at a good yield (Scheme 5.2B).'°
All the intermediates and the final prodrugs were purified (as applicable) and characterized

by analytical methods.

0s_N__0O 0s_N__0O
0s_0._0
c Ay o o o
—> N
NH, 0~ N ’\—/~
NH, :
5.6 (91%) Amonafide (81%) AM-CB (53%) 5.9 (93%)

Scheme 5.2. Synthetic schemes to (A) prodrugs AM-TCB and AM-CB. Reagents and
conditions: (A) (a) Conc. HNO3, conc. H2SO4, 0 °C — RT, 2 h; (b) SnCl».2H,0, conc. HCI,
EtOH, reflux, 3 h; (c) N,N-dimethylethylenediamine, EtOH, reflux, 3 h; (d) 5.9, triphosgene,
DMAP, DIPEA, dry DCM, 0 °C — RT, 23 h; (e) CS., triethylamine, p-TsCl, dry DMF, 0 °C —
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RT, 6 h; (f) 5.9, DBU, dry THF, 0 °C, 4 h. (B) (a) BzPin2, KOAc, Pd(dppf)Clz, dry 1,4-dioxane,
85 °C, 12 h.

5.3.2. Absorption and emission spectroscopic studies

The boronate ester-containing prodrugs AM-TCB and AM-CB were studied for their
reactivities towards ROS (H20») using UV-Vis and fluorescence spectroscopic studies. As
shown in Figure 5.2A, the absorption spectrum of pure prodrug AM-TCB (5 uM) exhibited
the absorption maxima at around 350 nm with a weak hump at 390 nm (Figure 5.2A). A
slightly red-shifted and more intense hump (at 405 nm) was observed in the absorption
spectrum of the reaction mixture of AM-TCB (5 uM) and H20; (200 uM). Interestingly, the
absorption pattern of the reaction mixture matched well with that of pure amonafide (Figure
5.2A). A similar pattern of spectral changes was also observed for the reaction of AM-CB (5
uM) with H2Oz (200 uM) (Figure 5.2B). The emission intensity of AM-TCB in the presence
of H20: is 6-times higher than the emission intensity of AM-TCB in the absence of H20,.
Considering the absorption band of amonafide at around 405 nm, the prodrugs were excited
at that wavelength for monitoring their reactions with H>O> using fluorescence
spectrophotometry. While a very weak emission spectrum was observed for the pure AM-
TCB (5 uM), an intense emission spectrum with an emission maximum at around 575 nm
was observed for the reaction mixture of AM-TCB (5 uM) with H,O> (200 uM), which
resembled well with the emission spectrum of the pure amonafide (Figure 5.2C). A similar
emission profile was observed for the reaction of AM-CB (5 uM) with H,O, (200 uM)
(Figure 5.2D). These initial results indicated the feasible reactions of the boronate ester-based
prodrugs with H>O> and the release of the active drug amonafide. With the evidence of the
turn-on fluorogenic processes, the kinetics of the drug release process was studied with AM-
TCB (5 uM) over time (0-240 min) in the presence of H>O> (200 uM) (Figure 5.2E).
Interestingly, the emission intensity gradually increased over the time upto 90 min and
exhibited a saturation pattern thereafter upto 240 min. However, the emission intensity of the
pure prodrug AM-TCB (5 uM) in the absence of H,O> was found to be negligibly small and
did not increase much over the time (240 min), indicating the stability of the prodrug under
the physiological condition (Figure 5.2E). The dependency of the drug release process from
AM-TCB (5 uM) on the concentration of H>O> was studied next by monitoring the emission

response with the varying concentration of H2O2 (0-500 pM) with a fixed incubation time
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(90 min) (Figure 5.2F). The emission intensity increased gradually with the increasing
concentration of H,O» with a typical saturated emission pattern over the concentration of 200
uM (Figure 5.2F). This observation would have high significance for the applicability of this
prodrug for the pathological condition. Considering the relatively higher level of ROS in
cancer cells than the normal cells, a higher amount of drug amonafide would be released

selectively in the cancer cells.
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Figure 5.2. Absorption spectra of (A) AM-TCB (5 uM) and (B) AM-CB (5 uM) in the presence
and absence of H>O- (200 uM). Emission spectra of (C) AM-TCB (5 uM) and (D) AM-CB (5
MM) in the presence and absence of H>O2 (200 uM); Pure sample of the free drug amonafide
was also analyzed under the identical experimental conditions. (E) Emission spectra of AM-
TCB (5 pM) in the absence and presence of H>O, (200 uM) with variable time (0-240 min).
(F) Emission spectra of AM-TCB (5 uM) with variable concentration of H,O, (0-500 pM) with
a fixed incubation time of 90 min. The experiment were carried out in phosphate buffered
saline (20 mM) of pH 7.4; Excitation wavelength (Aex) = 405 nm.

5.3.3. Analyte selectivity and pH dependency

With the basic spectroscopic and kinetic results for the prodrug AM-TCB, we proceeded to
identify the best bio-analyte for the triggered fluorogenic processes. Some of the common
oxidants such as H>O», fert-butyl hydroperoxide (-Bu-OOH), cumene hydroperoxide (Cum-
OOH), potassium superoxide (KO»), sodium oxychloride (NaOCl), peroxynitrite (ONOO),
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reducing agents such as reduced glutathione (GSH), L-cysteine (Cys), representative amino
acids such as glycine (Gly) and L-alanine (Ala), and inorganic salts such as sodium chloride
(NaCl), sodium iodide (Nal) were chosen to see their relative reactivities towards AM-TCB
as compared to H20:. The turn-on fluorescence emission intensity was measured after the
reaction of AM-TCB (5 uM) with different bio-analytes (200 pM) after an incubation of 90
min (Figure 5.3A). Interestingly, the highest emission intensity was observed in the presence
of H2O», although a few oxidants such as KO», NaOCl, and ONOO" exhibited some emission
responses. The emission response was nominal in the presence of other analytes, indicating
the highest selectivity of AM-TCB towards H2O. With this result in hand, the sensitivity of
AM-TCB towards H>O; was studied by determining its limit of detection (LOD) as per the
standard method using fluorescence spectroscopy.'® !! Interestingly, the LOD of AM-TCB
was found to be as low as 1.0 uM, indicating its high sensitivity towards H,O: (Figure 5.3B).
To understand the compatibility of the ROS-triggered activation of AM-TCB and its stability
at various pH of the medium, the fluorescence emission from AM-TCB (5 uM) was

monitored with varying pH (4.0-10.0) in both the presence and absence of H>O> (200 uM).
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Figure 5.3. (A) Emission response of AM-TCB (5 uM) in the presence of different analytes
(200 pM) in phosphate-buffered saline (20 mM, pH 7.4) after incubating for 90 min. (B) LOD
calculation: emission response of AM-TCB (5 pM) with variable concentration of H.O, (0-40
pMM) with fixed incubation time of 90 min. (C) Emission intensity of AM-TCB (5 uM) in the
presence/absence of H,O, (200 pM) with variable pH of the medium (pH: 4-10) after

incubating for 90 min. Excitation wavelength (Aex) = 405 nm.

As shown in Figure 5.3C, very weak emission was observed from AM-TCB in the absence
of any H,O; over the complete pH range, indicating very good stability of the prodrug over
the entire pH range. However, the scenario was different in the presence of H2O,. For

example, while a very weak emissive response was observed at the lower pH range (4-5),
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emission intensity increased significantly over the pH 6-7 and almost saturated thereafter till
pH 10. This indicates the compatibility of the prodrug under physiological and

pathophysiological conditions.

5.3.4. H:2S release: absorption and emission studies

After confirming the release of active drug amonafide by the turn-on fluorogenic response
from both AM-TCB and AM-CB in the presence of H>O», feasibility of the release of H,S
from AM-TCB was studied by the well-known methylene blue (MB) assay. The release of
H>S from the prodrug can be confirmed by the formation of MB dye that exhibits a
characteristic absorption band at 670 nm. It is quite evident that, unlike the carbamate-based
prodrug AM-CB, the release of HaS could be possible from AM-TCB having a
thiocarbamate group. However, the H>Oz-mediated activation of the prodrug AM-TCB
would release the active drug amonafide along with carbonyl sulfide (COS), which needs a
subsequent activation by the enzyme carbonic anhydrase (CA) for the final release of H»S.!?
Therefore, the MB assay for the determination of the HaS release profile from AM-TCB was
performed in the presence of both H2O> and CA. Interestingly, the absorption spectrum
observed for AM-TCB in the presence of H2O; and CA resembled with that of pure MB
spectrum (Figure 5.4A). Similarly, as expected, no noticeable formation of MB was detected
from the carbamate-based prodrug AM-CB in the presence of H2O2 and CA (Figure 5.4A).
In addition, feasibility of the HoS release from the AM-TCB was studied over time (0-4 h)
in the presence of H>O; and CA. Interestingly, a sustained release of H>S from AM-TCB was
observed over 4 h; however, H>S was not released from AM-CB under similar conditions
(Figure 5.4B). The released H2S from AM-TCB was estimated next using the calibration
curve generated using NazS in the MB assay. As shown in Figure 5.4B, prodrug AM-TCB
(50 uM) was able to release HoS in a sustained manner with a maximum of more than 10 uM
of HzS after around 2 h in the presence of H>O2 (100 uM) and CA (50 pg/mL). Although the
loss of some amount of the generated H>S cannot be ignored as the estimation method was
not carried out under completely inert conditions. Therefore, these results confirm the
efficient release of HoS from AM-TCB in a sustained manner over time, which could be
helpful in reducing the anti-cancer drug-induced inflammations.

The release of H2S from AM-TCB was further confirmed using the reported nucleophilic

substitution-cyclization-based umbelliferone-containing turn-on fluorogenic probe WSP2.!3
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The reaction of AM-TCB (20 uM) with H,O, (100 uM) and CA (50 pg/mL) for the
generation of HoS was carried out in the presence of WSP2 (5 uM) for 2 h. The emission
response for the release of free umbelliferone was measured at 448 nm. Interestingly,
emission intensity increased significantly at 448 nm, which overlapped with that of free
umbelliferone, indicating the release of H,S from AM-TCB in the presence of H>O; and CA
(Figure 5.4C). Very negligible emission at 448 nm was observed from AM-TCB without
H>0> and CA. Moreover, no such enhanced emission from prodrug AM-CB under the
identical condition supporting the importance of the thiocarbamate linker as a COS-based
H>S donor. As shown in Figure 5.4D, COS is released from the prodrug AM-TCB in the
presence H>O», which further converts into H>S in the presence enzyme CA. The H»S-
selective sensor WSP2 detects the release of HoS from the prodrug AM-TCB and releases

the umbelliferone.
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Figure 5.4. (A) Absorption spectra of the MB solution upon introducing AM-TCB and AM-
CB (50 uM) in the presence of H,02 (100 uM) and CA (50 pg/mL); incubation time = 2 h. (B)
MB assay depicting the feasibility of time-dependent release of H>S from AM-TCB and AM-
CB (50 pM) in the presence of H,O, (100 uM) and CA (50 ug/mL) over 4 h. (B) Emission
spectra of WSP2 probe (5 pyM) in the presence of prodrug AM-TCB and AM-CB (20 pM).
Pure samples of the released fluorophore umbelliferone, WSP2, and AM-TCB without H2O-

and CA were also analyzed under the identical experimental conditions. (D) Schematic
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representation for the detection of released H.S from AM-TCB using H2S-selective turn-on

fluorogenic probe WSP2.

5.3.5. Reaction kinetics and mechanistic insight

After confirming the release of both the fluorogenic drug amonafide and H>S from the
prodrug AM-TCB, the drug uncaging process was monitored using the reverse-phase HPLC
method. The kinetics was monitored to identify the possible intermediates and the product
distributions upon the reaction of AM-TCB with H>O,. The reaction of AM-TCB (20 uM)
with H>O2 (800 uM) was carried out in PBS (20 mM, pH = 7.4) and the composition of the
reaction mixture was analyzed after 2 h. The retention time of pure samples of AM-TCB
(11.3 min), and amonafide (6.4 min) was optimized before the analysis of the reaction
mixtures (Figure 5.5A). Interestingly, the peak of the prodrug AM-TCB at 11.3 min almost
disappeared upon its reaction with H>O> and a new peak at 6.4 min appeared that exactly
matched the retention time of pure amonafide (Figure 5.5A). This observation indicated the
ROS-responsive self-immolative release of the active drug amonafide from AM-TCB. In
addition to the peak of amonafide, two additional peaks were also observed in the reaction
mixture at 10.6 and 9.8 min that could be ascribed to the possible intermediates 5.10 and 5.11,
respectively. Monitoring the kinetics upto 4 h indicated that the intermediate 5.10 was
generated initially upon the disappearance of the prodrug AM-TCB. Over time, the
intermediate 5.10 was converted to 5.11, which was persistent along with the final product
amonafide (Figure 5.5B). To identify the intermediates 5.10 and 5.11, the composition of the
reaction mixture after 2 h was analyzed by ESI-MS analysis, which confirmed the presence
of 5.10 in the reaction mixture. In 2017, Pluth and co-workers analyzed the kinetics of H>S
release from the ROS-responsive thiocarbamate-based probes and showed that two
intermediates can form during the release of H>S and fluorophore in the presence H»0».!*
Interestingly, two intermediates were observed in HPLC study during drug release from the
prodrug AM-TCB in the presence of H20,.

Therefore, a plausible reaction mechanism is proposed for the H>O»-triggered release of
amonafide from the AM-TCB and the subsequent CA-responsive release of H»S (Figure
5.5C). The prodrug AM-TCB initially interacted with H>O» and instantly changed into the
first intermediate, 5.10. There can be two possible pathways for the release of drug amonafide

and H>S from the intermediate 5.10. In path a, through a self-immolation process (1,6-
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elimination), intermediate 5.11 gets generated from intermediate 5.10 and finally, amonafide
and COS are generated from intermediate 5.11, whereas in path b, drug amonafide and COS
are released from intermediate 5.10 through the concerted pathway (Figure 5.5C). The
released COS is further transformed into H2S in the presence of CA and hydrolysis of

quinonemethide (QM) generates the 4-hydroxybenzyl alcohol (5.12).
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Figure 5.5. (A) HPLC chromatogram of pure AM-TCB (a), AM-TCB (20 pM) + H>O, (800
pM) (b), amonafide (c), and 5.12 (d). Lanes (a-d) were visualized at 254 nm. Reaction was
carried out in PBS (20 mM, pH = 7.4) and analyzed after 2 h. (B) Relative peak areas of
various components present in the reaction mixture of AM-TCB (20 yM) + H>O, (800 pM)
over 4 h were monitored for the % conversion upon measuring the peak area of all the
compounds (AM-TCB, 5.10, 5.11, amonafide) at 254 nm. (C) Proposed mechanism for the
feasibility of H.O--triggered fluorogenic drug release from the AM-TCB.
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5.3.6. Anti-cancer activity and fluorescence microscopic studies

In order to investigate the relative anti-cancer activity of the prodrug (AM-TCB) and the
active drug amonafide, their dose-dependent (0, 5, 10, and 25 pM) anti-proliferative activities
were studied in cancer cell lines (HeLa and MDA-MB-231) and a normal cell line (HEK-
293) using the conventional MTT assay. The prodrug AM-TCB showed almost similar anti-
proliferative activity as the parent drug amonafide upto 5 uM and exhibited lesser toxicity
than amonafide upto 25 uM in both the cancer cell lines (Figure 5.6A and B). The relatively
lower anti-proliferative activity of AM-TCB than the active drug amonafide could be due to
(@) the gradual release of amonafide from the prodrug AM-TCB in the presence of
endogenous ROS and (b) the cytoprotective activity of the released H>S. Interestingly, the
active drug amonafide showed potent cytotoxicity in a normal cell line (HEK-293) dose-
dependently, whereas prodrug AM-TCB exhibited significantly lower toxicity (Figure 5.6C).
The significant difference in cytotoxicity between the prodrug AM-TCB and the active drug
amonafide in normal cells could be due to the cytoprotective effects of H.S in minimizing
the side-effects of amonafide.

Furthermore, the fluorescence microscopic studies were carried out in HelLa cells to
investigate the release of the active drug from the prodrug AM-TCB (25 uM) (Figure 5.6D).
A significant green emission was observed when cells were treated with prodrug AM-TCB,
indicating the release of the active drug amonafide in the presence of endogenous ROS.
However, very negligible green emission was observed when cells were pretreated with
ROS-scavengers such as N-acetyl cysteine (NAC, 2 mM) followed by prodrug AM-TCB (25
M) treatment. This result further supported the selectivity of the prodrug AM-TCB towards
ROS. The adjuvant release of H>S from the prodrug AM-TCB (25 uM) was next investigated
in the cellular medium using an H>S-selective turn-un fluorogenic probe WSP2 (5 uM)
(Figure 5.6E). While the treatment of WSP2 in HeLa cells led to the negligible blue emission,
the co-treatment of WSP2 and AM-TCB led to intense blue emission due to the release of
umbelliferone from the WSP?2 in the presence of released H>S from the prodrug AM-TCB
(Figure 5.6E). Moreover, very weak blue emission was observed upon the pre-treatment of
intracellular ROS quencher NAC and DL-propargyl glycine (PAG) inhibitor of
cystathionine-y-lyase for H.S generation. This observation clearly indicated the release of
H>S from the prodrug AM-TCB
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Figure 5.6. The dose-dependent anti-proliferative activity of amonafide and AM-TCB in (A)
HelLa (B) MDA-MB-231 and (C) HEK-293 cells after an incubation of 48 h. (D) Fluorescence
microscopy images (bright field, green channel, and merged) of HelLa cells in the presence
of AM-TCB (25 uM) for the endogenous ROS-triggered fluorogenic drug release (a-c). The
cells were pre-treated with NAC (2 mM) to quench the endogenous ROS followed by the
treatment of AM-TCB (25 uM) (d-f). (E) Fluorescence microscopy images (bright field, blue
channel, and merged) of HeLa cells for the detection of released H>S from AM-TCB (25 pM)
using the H.S-selective turn-on fluorogenic probe WSP2 (5 uM). Scale bar: 50 ym.

5.4. Conclusions

In summary, we describe herein the design and synthesis of the H.O»-responsive turn-on
fluorogenic prodrug (AM-TCB) of the anti-cancer drug amonafide along with the
gasotransmitter H>S. The adjuvant delivery of the active drug amonafide and H.S were
confirmed in the aqueous as well as cellular medium. Rapid reactivity of the boronate ester
moiety in AM-TCB with H>O> activates the prodrug and self-immolative processes control

the drug release profile along with H>S with turn-on fluorescence both in the aqueous and
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cellular medium. Interestingly, the significantly lower cytotoxicity of the prodrug AM-TCB
than the active drug amonafide in normal cells supports the cytoprotective effects of the
released H»S and selectivity of the prodrug AM-TCB towards cancer cells over normal cells,
which would help in ameliorating the amonafide-induced side-effects during anti-cancer

treatments.
5.5. Experimental section

5.5.1. Materials and methods

All the chemicals and solvents were purchased either from Sigma Aldrich, Merck, or reputed
local suppliers. All the solvents were either distilled or dried following the standard method
before using in reactions and chemicals were used without further purification. Thin layer
chromatographic (TLC) analyses were carried out on pre-coated silica gel on aluminum
sheets and the compounds were visualized by irradiation with UV or fluorescent light and
stained by iodine. Organic solvents used for the chromatographic separations were distilled
before use. The melting point of the synthesized compounds was recorded in a Biichi B540
melting point apparatus and the values are uncorrected. The NMR spectra were recorded with
a Bruker Ascend™ 400 MHz, 500 MHz, and 600 MHz NMR sectrometers. Chemical shifts
are cited with respect to MesSi as an internal standard. Mass spectra were obtained using an
Agilent 6520 Accurate- Mass Quadrupole Time-of-Flight (Q-TOF) LC/MS spectrometer.

5.5.2. Synthesis of the prodrugs AM-TCB and AM-CB

Synthesis of compound 5.5%°

To a stirred solution of compound 5.4 (5.00 g, 25.20 mmol) in conc. H2SO4 (10 mL) was
added to the mixture of conc HNO3 (1.20 mL) and conc. H2SO4 (5 mL) dropwise at ice-cold
conditions. After 30 min, the reaction mixture was stirred at room temperature for another 90
min to complete the reaction. The progress of the reaction was monitored by TLC analysis.
Upon completion of the reaction, cold water (200 mL) was added slowly to obtain the
precipitate and filtered off to get the crude product, which was washed with water several
times to remove the unwanted materials and dried under the vacuum to obtain compound 5.5
as a greenish-yellow solid with a quantitive yield. The crude compound was used in the next
step without purification. Rt = 0.3 (30% ethyl acetate in pet ether). *H NMR (600 MHz,
DMSO-ds): & (ppm) = 9.54 (t, J =2.9 Hz, 1H), 8.94 (t, J = 2.5 Hz, 1H), 8.84 (dd, J1 = 8.4, J>
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= 3.0 Hz, 1H), 8.73 — 8.69 (M, 1H), 8.12 — 8.06 (m, 1H). *C NMR (150 MHz, DMSO-ds): &
(ppm) = 160.3, 160.0, 146.3, 137.7, 135.9, 132.2, 131.3, 131.1, 129.9, 124.7, 121.8, 120.3.

Synthesis of compound 5.6°

To a stirred solution of compound 5.5 (5.00 g, 20.50 mmol) in absolute ethanol (10 mL) was
added SnCl,.2H>0 (23.00 g, 102.50 mmol) in conc. HCI (17.5 mL) dropwise at room
temperature. The reaction mixture was stirred at 80 °C for 3 h to complete the reaction. The
progress of the reaction was monitored by TLC analysis. Upon completion of the reaction, it
was cooled to room temperature followed by the precipitate being filtered off and washed
with water several times to remove unwanted materials. Finally, the crude product was dried
under the vacuum to obtain compound 5.6 as a yellow solid with a quantitive yield. The crude
compound was used in the next step without purification. Rr = 0.3 (50% ethyl acetate in pet
ether). *H NMR (600 MHz, DMSO-de): & (ppm) = 8.19 (d, J = 8.3 Hz, 1H), 8.14 (d, J = 7.2
Hz, 1H), 8.03 (d, J = 2.3 Hz, 1H), 7.69 (t, J = 7.8 Hz, 1H), 7.53 (d, J = 2.4 Hz, 1H), 5.82 (s,
2H). 3C NMR (150 MHz, DMSO-ds): & (ppm) = 161.3, 161.2, 133.7, 133.4, 128.5, 127.9,
124.2,124.1, 119.9, 119.0.

Synthesis of amonafide®

To a stirred solution of compound 5.6 (2.00 g, 9.36 mmol) in distilled ethanol (30 mL) was
added N,N-dimethylethylenediamine (1.54 mL, 14.04 mmol) at room temperature and
refluxed for 3 h. The progress of the reaction was monitored by TLC analysis. Upon
completion, the solvent was evaporated under reduced pressure. The crude product was
further purified by column chromatography using aluminum oxide (basic) as a stationary
phase and 2% methanol in DCM as eluents to afford amonafide as a yellow solid. Rf = 0.3
(2% methanol in DCM); Yield: 2.15 g (81%). *H NMR (600 MHz, CDCls): § (ppm) = 8.30
(dd, J1 = 7.3 Hz, J2 = 1.3 Hz, 1H), 7.99 (t, J = 2.0 Hz, 1H), 7.91 (d, J = 8.1 Hz, 1H), 7.59 (t,
J=7.8Hz, 1H), 7.26 (d, J = 4.3 Hz, 1H), 4.31 (t, J = 7.1 Hz, 2H), 4.18 (s, 2H), 2.65 (t, J =
7.1 Hz, 2H), 2.36 (s, 6H). *C NMR (150 MHz, CDCls): § (ppm) = 164.7, 164.4, 145.4, 133.5,
131.9, 127.6, 127.3, 123.7, 122.7, 122.6, 122.1, 114.1, 57.1, 45.9, 38.3.

Synthesis of compound 5.7
To a stirred solution of amonafide (0.50 g, 1.76 mmol) in dry DMF (4 mL) was added
triethylamine (2.45 mL, 17.64 mmol) dropwise at 0 °C. After 30 min, carbon disulfide (1.65
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mL, 35.27 mmol) was added dropwise at O °C and the reaction mixture was stirred at room
temperature for 5 h. The progress of the reaction was monitored by TLC analysis. Upon
consumption of the amonafide completely, p-toluenesulfonyl chloride (0.50 g, 2.62 mmol)
was added at room temperature and stirred for 30 min. Upon completion of the reaction,
excess carbon disulfide and triethylamine were removed under reduced pressure, and the
crude product was further purified by 230-400 mesh silica gel column chromatography using
ethyl acetate as the eluent to afford the pure product 5.7 as a yellow solid. Rs = 0.4 (80%
EtOAC in pet. ether); Yield: (0.37 g, 65%). *H NMR (500 MHz, CDCls): § (ppm) = 8.58 (d,
J=17.3Hz, 1H), 8.40 (d, J = 1.9 Hz, 1H), 8.13 (d, J = 8.3 Hz, 1H), 7.98 (d, J = 2.1 Hz, 1H),
7.79 (t,J = 7.8 Hz, 1H), 4.32 (t, J = 6.9 Hz, 2H), 2.65 (t, J = 6.9 Hz, 2H), 2.34 (s, 6H). °C
NMR (150 MHz, CDCls): é (ppm) = 163.8, 163.2, 139.3, 133.3, 132.3, 131.7, 131.0, 128.8,
128.8, 128.4, 126.6, 124.7, 123.0, 57.1, 45.9, 38.5. ESI-MS m/z calcd. for C17H16N302S
[M+H]" = 326.0963, obs. 326.0979.

Synthesis of compound 5.9/

The mixture of compound 5.8 (2.00 g, 10.69 mmol) and bis(pinacolato)diboron (4.00 g, 16.04
mmol), Pd(dppf)Cl2 (0.78 g, 1.06 mmol) and KOAc (3.10 g, 32.08 mmol) was dissolved in
dry 1,4-dioxane (100 mL) under argon atmosphere at room temperature. The reaction mixture
was stirred at 85 °C for 12 h. The progress of the reaction was monitored by TLC analysis.
Upon completion, the solvent was evaporated under reduced pressure and the mixture was
diluted with ethyl acetate (50 ml). The reaction mixture was filtered through a celite pad to
remove the undesired materials and washed with ethyl acetate (5x20 ml). The combined
organic layer was washed sequentially with water and brine solution (3x20 ml). Finally, the
organic layer was dried over anhydrous sodium sulfate and concentrated under reduced
pressure to obtain the crude compound. The crude product was purified by silica gel (230-
400 mesh) column chromatography using 20% ethyl acetate in pet. ether as a mobile phase
to afford the pure product 5.9 as a white solid. Rt = 0.5 (20% ethyl acetate in pet. ether);
Yield: 2.30 g (93%). *H NMR (CDCls, 400 MHz) § (ppm): 7.80 (d, J = 7.9 Hz, 2H), 7.36 (d,
J =7.7Hz, 2H), 4.71 (s, 2H), 1.35 (s, 12H). *C NMR (150 MHz, CDCls3) § (ppm): 144.1,
135.2, 126.2, 83.9, 65.4, 25.0.
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Synthesis of AM-CB

To a stirred solution of amonafide (0.20 g, 0.70 mmol), triphosgene (0.10 g, 0.35 mmol), and
DMAP (5.0 mg, 0.07 mmol) in dry DCM (20 mL) was added DIPEA (0.37 mL, 2.10 mmol)
dropwise at 0 °C under argon atmosphere and the reaction mixture was stirred at room
temperature. After 3 h, the solution of compound 5.9 (0.25 g, 1.05 mmol) in dry DCM (5
mL) was added dropwise at 0 °C and the reaction mixture was stirred at room temperature
for 20 h. The progress of the reaction was monitored by TLC analysis. Upon completion, the
solvent was evaporated under reduced pressure. The crude product was purified by neutral
alumina column chromatography using 20% MeOH in EtOAc as eluent to afford the pure
product AM-CB as a yellow solid. Rf = 0.4 (100% EtOAc); Yield: (0.19 g, 53%). M.P. =
213-215 °C. *H NMR (600 MHz, CDCls): § (ppm) = 8.55 (s, 1H), 8.33 (d, J = 7.2 Hz, 1H),
8.24 (s, 1H), 8.24 (s, 1H), 7.92 (s, 1H), 7.88 (d, J = 7.2 Hz, 1 H), 7.86 (d, J = 7.6 Hz, 2H)
7.63 (t,J=7.7 Hz, 1H), 7.49 (d, J = 7.6 Hz, 2H), 5.27 (s, 2H), 4.35 (t, J = 6.2 Hz, 2H), 2.80
(t, J = 6.2 Hz, 2H), 2.40 (s, 6H), 1.35 (s, 12H). 3C NMR (150 MHz, CDCl3): & (ppm) =
164.4, 163.8, 153.5, 139.0, 137.1, 135.2, 132.5, 129.5, 127.7, 127.5, 124.2, 123.2, 122.7,
122.3,119.5, 84.1, 67.3,57.8, 45.9, 37.9, 25.0. ESI-MS m/z calcd. for C3oH3sBN30s [M+H]*
=544.2619, obs. 544.2631.

Synthesis of AM-TCB

To a stirred solution of compound 5.9 (0.10 g, 0.42 mmol) and 5.7 (0.14 g, 0.42 mmol) in a
dry THF (4 mL) was added DBU (0.08 mL, 0.51 mmol) in dry THF (2 mL) dropwise at 0 °C
under argon atmosphere. The progress of the reaction was monitored by TLC analysis. Upon
completion of the reaction, the solvent was evaporated under reduced pressure. The crude
compound was further purified by 230-400 mesh silica gel column chromatography using
ethyl acetate as the eluent to afford the pure product AM-TCB as a yellow solid. Rf = 0.3
(100% EtOAc); Yield: (0.10 g, 42%). M.P. = 110-112 °C. 'H NMR (400 MHz, CDClz): §
(ppm) = 10.12 (s, 1H), 8.61 (s, 1H), 8.39 (d, J = 7.2 Hz, 1H), 8.12 (s, 1H), 7.93-7.78 (m, 3H),
7.63 (t, J=7.8 Hz, 1H), 7.48 (d, J = 7.3 Hz, 2H), 5.61 (s, 2H), 4.32 (t, J = 6.1 Hz, 2H), 2.79
(s, 2H), 2.39 (s, 6H), 1.36 (s, 12H). °C NMR (150 MHz, CDCls): & (ppm) = 164.1, 163.5,
138.3, 135.2, 133.7, 131.8, 130.3, 129.4, 128.9, 127.8, 127.6, 126.2, 125.5, 125.2, 123.6,
122.3, 84.1, 57.8, 45.9, 38.0, 29.8, 25.0. ESI-MS m/z calcd. for C3oH3sBN30sS [M+H]" =
560.2390, obs. 560.2403.
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5.5.3. UV-Visible and fluorescence spectroscopic studies

All the stock solution of probes and the released fluorophores were prepared in spectroscopy
grade DMSO (note: 20% THF was added with DMSO for the AM-CB prodrug to dissolve it
completely) and the stock solution of H2O. was prepared in mili-Q water. All the
spectroscopic studies were performed under physiological conditions (PBS, 20 mM, pH =
7.4). PBS with higher pH (9 and 10) were prepared by adding 1N NaOH solution to the buffer
and lower pH (4 and 5) by adding 1IN HCI. Samples for absorption and emission
spectroscopic measurements were carried out in quartz cuvettes (1.0 ml). UV-Vis
spectroscopic analyses were performed on a Lambda 45 UV-Vis spectrophotometer (Agilent)
and fluorescence emission spectra were recorded on a Fluoromax-4 spectrophotometer
(FluoroMax-4-Horiba). For prodrugs AM-TCB and AM-CB, Aex = 405 nm and Aem = 430-
750 nm with slit width = 10/10 nm were used in the fluorescence emission spectroscopic
studies. The selectivity of the prodrug AM-TCB (5 uM) towards H20 (200 uM) was carried
out over different analytes such as t-Bu-OOH, Cum-OOH, GSH, Cys, Gly, Ala, NaCl, and
Nal prepared in milli-Q water. KOz was used as a source of O," and ONOO~ was prepared
from H20; prior to its use in the experiment.!® The probe was initially incubated for 90 min
with the analytes (200 uM) and the emission intensity was measured. All the experiments
were carried out in PBS (20 mM, pH = 7.4).

5.5.4. Determination of LOD of the prodrug

LOD of the prodrug AM-TCB was determined using fluorescence titration. The detection
limit was calculated using the equation, LOD = 3c/K, where o is the standard deviation of
blank measurements (without H207) and K is the slope of emission intensity versus H20>
concentration. To get the standard deviation of the blank measurements, the emission
intensity of the AM-TCB (5 uM) was measured 10 times in the absence of H>O> and found
to be 700.8. For the determination of slope (K), the emission spectra were measured at
different concentrations of H>O> (1-40 uM) after incubating the reaction mixture for 90 min
and found to be 1999.9.

5.5.5. Analysis of reaction kinetics using reverse phase HPLC method

Purity of the synthesized compounds was analyzed by analytical high-performance liquid
chromatography (HPLC), Agilent 1220 infinity Il LC system using a reverse phase Cig
column (Luna®, 250 x 4.6 mm, 5 um). HPLC grade Methanol and millipore water was used
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as mobile phase and HPLC chromatogram of the prodrug AM-TCB and free drug amonafide
were detected by PDA detector at 254, 280, 405 nm (as applicable). To a solution of prodrug
AM-TCB (20 uM) in PBS (20 mM, pH =7.4) was added H202 (800 uM) at room temperature
and the reaction mixture was injected into the system at different time intervals to monitor
the progress of the reaction. The samples were injected using a flow rate of 1.0 ml/min with
a linear gradient (70-30% v/v) H.O/MeOH (0-7 min), followed by isocratic 30% v/v
H>0/MeOH (7-10 min), finally, (30—70% v/v) Ho,O/MeOH (10-15 min) and 0.05% of TFA
was used in water.

5.5.6. Measurement of H2S release from AM-TCB (MB assay)!® %

A 10 mM stock solution of AM-TCB (or AM-CB) was prepared in DMSO immediately
prior to use. H2O2 (10 mM) was prepared in PBS (20 mM, pH = 7.4). Carbonic anhydrase
(CA) was prepared at 10 mg/mL in PBS buffer (pH = 7.4). Methylene blue cocktail was
prepared as follows: FeClz (20 mM, 1.2 M HCI), Zn(OAc)2 (100 mM in dd water), and N,N-
dimethyl-p-phenylene diamine (20 mM, 7.2 M HCI).

To a 10 mL vial containing 4960 pL of freshly prepared PBS (pH 7.4) was added stock
solutions of carbonic anhydrase (25 uL), H20; (5 pL), and AM-TCB (or AM-CB) (10 pL).
The resulting mixture was then stirred at 37 °C, and at various time points (0.0 h, 0.5 h, 1.0
h,1.5h,2.0h,25h,3.0h, 3.5h,4.0h),a500 uL aliquot was removed and added to the MB
solution (200 puL FeCls and 200 uL N,N-dimethyl-p-phenylene diamine, 100 pL Zn(OAC)z>).
After incubating for 15 min in the dark, absorbance were recorded at 670 nm. The H,S
concentration of each sample was calculated against a calibration curve, which was obtained

using the known concentrations of Na>S.9H.O solution under identical conditions.

5.5.7. Detection of the released H2S using the turn-on fluorogenic probe WSp2*?

To a solution of AM-TCB or AM-CB (20 uM) in PBS (20 mM, pH = 7.4) were added H>0>
(100 uM), CA (50 pg/mL), and WSP2 (5 uM) and incubated for 2 h at 37 °C. The emission
intensity was measured at 350-650 nm (Aex = 322 nm, slit = 3/3 nm). The emission intensity

of pure samples WSP2 and umbelliferone were measured under similar conditions.

5.5.8. Cell culture

The triple-negative breast cancer (TNBC) cells (MDA-MB-231), Human cervical cancer
cells (HeLa), and Human Embryonic Kidney cells (HEK-293) were obtained from the
National Centre for Cell Science (NCCS), Pune, India. The cells were cultured in DMEM
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medium (Gibco) supplemented with 10% (v/v) FBS (Gibco) and 1% Pen-Strep (Gibco). Cells
were cultured as a monolayer in a humidified incubator at 37 °C in the presence of 5% CO-

level.

5.5.9. Cell viability assay

The synthesized prodrugs were screened for their anti-proliferative activities using the
conventional MTT assay in MDA-MB-231, HelLa, and HEK-293 cell lines. MDA-MB-231,
HeLa, and HEK-293 cells were seeded in 96-well culture plates at a density of 2 x 104, 1 x
10% and 2 x 10* cells/100 pL per well, respectively and treated with the freshly prepared test
compounds amonafide (5, 10, and 25 uM), AM-TCB (5, 10, and 25 uM), and AM-CB (5,
10, and 25 puM) for O h (control) and 48 h (experimental), respectively. At the end of the
treatment period, 100 pL of 5 mg/mL of MTT was added to the plate (control) and incubated
for 4 h. Following the 4 h incubation, the reagent from the plate was removed and the purple
formazan crystals were dissolved using 100 pL of DMSO (Avra Synthesis Pvt Ltd) and the
absorbance at 570 nm was measured using a microplate reader (Thermo Scientific™
Multiskan™ GO microplate reader). In the experimental set, a similar MTT treatment
protocol was followed only after 48 h. The mean AOD values were calculated by the
subtraction of mean OD values of 0 h plate (control) from the mean OD values of identical
wells at 48 h plate (experimental) and the percentage proliferation was calculated keeping

the mean AOD of untreated control as 100%.

5.5.10. Fluorescence microscopic studies

HeLa cells were cultured in high glucose DMEM medium supplemented with 10% (v/v) fetal
bovine serum (FBS) and 1% penicillin/streptomycin at 37 °C under a 5% CO_ atmosphere.
Cells were then plated (1.5 x 10° cells per plate) in 35 mm cell culture Petri dishes containing
2 mL of DMEM and incubated at 37 °C under 5% CO> for 24 h. The confluent cells were
washed with DPBS and finally incubated with AM-TCB (25 uM) for 5 h. After washing the
cells with DPBS (3 times), cellular morphology was carefully observed and imaged using
Bio-Rad ZOE™ fluorescent cell imager under a bright field and green channel. A negative
control experiment was performed upon the pre-treatment of cells with NAC (2 mM) for 1h
and 30 min to quench the endogenous ROS. The cells were washed with DPBS (3 times) and
treated with AM-TCB (25 uM).
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For the detection of the release of H>S from AM-TCB, the HelLa cells were grown like the
above condition, and the cells were treated with WSP2 (5 uM) for 1 h and cells were imaged
under a blue channel after washing to understand the detection of H>S. For studying the
released H.S from AM-TCB, the cells were treated with WSP2 (5 uM) for 1 h and the cells
were washed with DPBS (3 times) and treated with AM-TCB (25 uM) for 5 h. The cells
were washed finally with DPBS and imaged under bright field, blue, and green channels. The
contribution of the endogenous ROS and H»S towards the triggered H»S release process, the
negative control experiment was carried out by the pre-incubation of cells with NAC (2 mM)
and PAG (20 uM) for 1 h and 30 min. The cells were washed and treated with AM-TCB (25
puM) + WSP2 (5 uM) and incubated for 5 h. The cells were washed finally with DPBS (3
times) and imaged under bright field, blue, and green channels.
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Thesis Summary and Future Perspectives

The present thesis entitled “Development of ROS-responsive Turn-on Fluorogenic
Prodrugs for the Delivery of Anti-inflammatory and Anti-cancer Drugs along with
Hydrogen Sulfide” describes the development of turn-on fluorogenic prodrugs of anti-
inflammatory and anti-cancer drugs, which are activated in the presence of ROS such as H.O>
with the concomitant delivery of H»S. Our designed prodrugs are non-fluorogenic or weakly
fluorescent in the absence of ROS and exhibit strong fluorescence properties in the presence
of ROS.

The level of ROS is higher in cancer and inflammatory diseases; therefore, it is very
important to estimate the level of intracellular ROS in normal as well as pathological
conditions. Since fluorescent molecules are well-adapted tools for estimating the
concentration of intracellular ROS; therefore, researchers have developed ROS-responsive
fluorogenic probes to investigate the concentration of intracellular ROS in normal as well as
diseased cells (chapter 1). As a ROS-responsive moiety, boronate ester or boronic acid was
connected to the fluorophore via different linkers such as direct, ether, carbonate, carbamate,
and so on for developing such probes. However, a proper rationalization is missing for
developing ROS-responsive probes or prodrugs for understanding the reactivity and
sensitivity of the probes towards H>O. Since marketed anti-cancer and anti-inflammatory
drugs have several genuine side-effects; therefore, developing ROS-responsive fluorogenic
prodrugs are very important, which may reduce the side-effects of conventional drugs and
help to monitor the drug release in living cells. Although few ROS-responsive non-
fluorogenic anti-inflammatory prodrugs were developed for the treatment of inflammatory
diseases (chapter 1). However, ROS-responsive fluorogenic anti-inflammatory prodrugs for
non-steroidal anti-inflammatory drugs (NSAIDSs) are yet to be developed. NSAIDs are most
widely used for the treatment of inflammatory diseases and prolonged use of NSAIDs leads
to several side-effects such as gastrointestinal (GI) damage and stomach ulcer. H>S has
several pharmacological properties such as antioxidant, anti-inflammatory, cytoprotective,
vasodilatory, and so on. Therefore, researchers have developed NSAID-H>S conjugate,
where a controlled H»>S donor (ADT-OH) was connected to the NSAIDs to reduce their side
effects (GI toxicity, renal, and ulcer) and to improve the anti-inflammatory properties of

corresponding drugs. However, those are non-fluorogenic and incompatible with activating
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the prodrug due to the absence of any triggering unit. Several prolonged H>S donors such as
hydrolysis-based, thiol-triggered, and ROS-responsive probes (non-fluorogenic, fluorogenic)
have developed over time to investigate the biological importance of H>S. Interestingly, it
showed cytoprotective and other pharmacological properties. It is to be noted that ROS-
responsive fluorogenic prodrugs of anti-cancer drugs have developed over time to reduce the
side-effects of conventional drugs. However, adjuvant drug delivery with H»S is very rare.
Therefore, it is important to develop ROS-responsive fluorogenic prodrugs of anti-
inflammatory and anti-cancer drugs in such a way that H>S would be released along with it
in the presence of H,0,.

In search of understanding the importance of fluorophores and different linkers for the
development of ROS-responsive probes/prodrugs, we designed total nine probes using three
different fluorophores (coumarin, naphthalimide, and fluorescein unit) connected with
boronate ester with three different linkers (direct, ether, and carbonate) as shown in chapter
2. According to the spectroscopic studies in aqueous medium, directly-coupled boronate ester
probes are more sensitive than linker-based probes towards H2O2, whereas self-immolative
probes are capable of releasing the fluorophore in a sustainable manner. Fluorescence
microscopic studies also further confirmed the higher sensitivity of the directly-coupled
probe than self-immolative-based probes. These results inspired us to develop ROS-
responsive linker-based turn-on fluorogenic prodrugs for the delivery of the drug in a
sustainable manner. .

In chapter 3, we developed a peroxide-responsive fluorogenic prodrug DCI-ROS of NSAID
(diclofenac), where the drug will be released sustainably with turn-on NIR fluorescence in
the presence of H2O2. We synthesized the designed prodrug DCI-ROS using a multi-step
organic synthetic strategy. The spectroscopic studies indicated that the drug was released
from the prodrug sustainably in the presence of H.O. Moreover, fluorescence microscopic
studies in MDA-MB-231 cells confirmed the release of the fluorophore in the presence of
endogenous ROS. The cellular studies in inflammation-induced macrophage cells RAW
264.7 indicated that our prodrug DCI-ROS is more selective towards inflammatory sites over
normal tissues. Finally, western blot analysis confirmed the release of the active drug from
the prodrug in the presence of endogenous ROS by inhibiting COX-2 as the parent drug

diclofenac.
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Next, in chapter 4, we have developed a peroxide-responsive turn-on fluorogenic prodrug
DCF-HS of diclofenac along with the delivery of H.S. In this chapter, we synthesized the
prodrug DCF-HS using a multi-step organic synthetic strategy. Several spectroscopic,
HPLC, and cellular studies were carried out to investigate the release of the drug and H»S
from the prodrug and its activity. Spectroscopic and HPLC studies confirmed the release of
the fluorophore and drug in a sustainable manner. Moreover, cellular studies confirmed the
release of fluorophore and HS. In addition, the anti-inflammatory effect was observed from
western blot analysis where prodrug DCF-HS inhibited the COX-2 as the parent drug
diclofenac, indicating the release of the drug in the presence of intracellular ROS. The
released H>S may show the cytoprotective effect, which will reduce the side-effects of
diclofenac.

Amonafide is a very potent fluorogenic anti-cancer drug. However, it has several side-effects;
most importantly, a toxic N-acetyl metabolite is formed by reacting its free amino group with
the N-acetyl transferase 2 (NAT2) enzyme, which reduces the bioavailability and increases
the side-effects of the drug. Therefore, in chapter 5, we have developed a ROS-responsive
fluorogenic prodrug AM-TCB of anti-cancer drug amonafide along with the delivery of H>S.
We synthesized the prodrug AM-TCB and carried out the several studies such as
spectroscopic, HPLC and cellular studies to investigate the release of the drug and H.S and
its activity. The results from several studies supported the release of the drug and H>S in the
presence of H20.. The anti-proliferative activity was carried out to investigate the
cytotoxicity of the prodrug AM-TCB towards cancer cell lines (HeLa and MDA-MB-231)
and in a representative normal cell line (HEK-293). While the prodrug showed almost similar
anti-cancer activity in cancer cells as the parent drug amonafide and exhibited cytoprotective
effects on normal cells due to the co-delivery of H.S.

In summary, we developed peroxide-responsive fluorogenic prodrugs of anti-inflammatory
and anti-cancer drugs along with the delivery of H>S. These prodrugs are suitable to monitor
the drug release in living cells. Moreover, they may reduce the side-effects and improve the
bioavailability of conventional drugs. The release of the drug and H2S were confirmed by
spectroscopic, HPLC, and cellular studies. Moreover, the activity of the released drug and

H>S from the prodrug was investigated by in vitro studies. In addition, some more aspects
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might be considered as future perspectives of the present thesis to the innovative and
attractive prodrugs forward up to their applications.

1. To understand their activity in animal models, further in vivo studies can be carried
out for all the developed prodrugs (DCI-ROS, DCF-HS, and AM-TCB).

2. We observed solubility issues for DCI-ROS and DCF-HS in aqueous as well as
cellular media. Therefore, the water-soluble fluorophore or hydrophilic unit can be
connected to the prodrug to overcome the solubility issues prior to designing a second
generation of these prodrugs.

3. Organelle-targeting ROS-responsive turn-on fluorogenic prodrugs for anti-cancer and
anti-inflammatory drugs along with H,S can be developed further.

4. Finally, ROS-responsive prodrugs along with H2S delivery for the treatment of other
diseases such as thyroid, Alzheimer, diabetes, and neurodegenerative diseases can be
developed to reduce the side-effects and improve the bioavailability of the

corresponding drugs.
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Supplementary data of chapter 2
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Figure A3.1: 'H NMR spectrum (DMSO-ds, 600 MHz) of compound 2.10.
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Figure A3.2: *C NMR spectrum (DMSO-dg, 150 MHz) of compound 2.10.
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Figure A3.4: 3C NMR spectrum (CDCls, 100 MHz) of compound 2.18.
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Figure A3.5: 'H NMR spectrum (CDCls, 400 MHz) of compound 2.19.
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Figure A3.6: *C NMR spectrum (CDCls, 100 MHz) of compound 2.19.
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Figure A3.7: 'H NMR spectrum (CDCls, 400 MHz) of compound 2.20.
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Figure A3.8: *C NMR spectrum (CDCls, 100 MHz) of compound 2.20.
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Figure A3.9: 'H NMR spectrum (CDCls, 400 MHz) of compound 2.21.
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Figure A3.10: C NMR spectrum (CDCls, 100 MHz) of compound 2.21.
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Figure A3.12: C NMR spectrum (CDCls, 100 MHz) of compound 2.1.
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Figure A3.13: 'H NMR spectrum (CDCls, 600 MHz) of compound 2.2.
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Figure A3.14: 3C NMR spectrum (CDCls, 100 MHz) of compound 2.2.
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Figure A3.15: *H NMR spectrum (CDCls, 600 MHz) of compound 2.3.
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Figure A3.16: C NMR spectrum (CDCls, 100 MHz) of compound 2.3.

172
TH-3161_176122050



Annexure 11

NAPBABRINZZRERIRANERANRRR § bl 3]
1M o o e e i -
il i RS ) “ VI
Di I‘Ii i-.}
Br
CDCl;, 600 MHz
1
1
1
|
i T T |—
gsg 8 & g 2 9Q 2
e = = S - - b
T T T T T T T T T T T T T T T T T T T T T
0.0 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 2.0 15 1.0 0.5 0.0
f1 (ppm)

Figure A3.17: *H NMR spectrum (CDCls, 600 MHz) of compound 2.23.
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Figure A3.18: 3C NMR spectrum (CDCls, 150 MHz) of compound 2.23.
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Figure A3.19: 'H NMR spectrum (CDCls, 400 MHz) of compound 2.24.
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Figure A3.20: *C NMR spectrum (CDCls, 100 MHz) of compound 2.24.
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Figure A3.22: 3C NMR spectrum (DMSO-dg, 150 MHz) of compound 2.11.
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Figure A3.23: 'H NMR spectrum (CDCls, 400 MHz) of compound 2.4.
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Figure A3.24: 3C NMR spectrum (CDCls, 100 MHz) of compound 2.4.
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Figure A3.25: 'H NMR spectrum (CDCls, 600 MHz) of compound 2.5.
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Figure A3.26: *C NMR spectrum (CDCls, 150 MHz) of compound 2.5.
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Figure A3.27: *H NMR spectrum (CDCls, 400 MHz) of compound 2.6.
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Figure A3.28: C NMR spectrum (CDCls, 150 MHz) of compound 2.6.
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Figure A3.29: 'H NMR spectrum (DMSO-ds, 600 MHz) of compound 2.12.
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Figure A3.30: *C NMR spectrum (DMSO-ds, 150 MHz) of compound 2.12.
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Figure A3.31: 'H NMR spectrum (CDCls, 400 MHz) of compound 2.26.
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Figure A3.32: C NMR spectrum (CDCls, 150 MHz) of compound 2.26.
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Figure A3.33: 'H NMR spectrum (CDCls, 600 MHz) of compound 2.7.
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Figure A3.34: 3C NMR spectrum (CDCls, 150 MHz) of compound 2.7.
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Figure A3.35: *H NMR spectrum (CDCls, 600 MHz) of compound 2.8.
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Figure A3.36: °C NMR spectrum (CDCls, 150 MHz) of compound 2.8.
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Figure A3.37: 'H NMR spectrum (CDCls, 600 MHz) of compound 2.9.
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Figure A3.38: *C NMR spectrum (CDCls, 100 MHz) of compound 2.9.
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Supplementary data of chapter 3
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Figure A4.1: 'H NMR spectrum (CDCls, 600 MHz, ppm) of compound 3.2.
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Figure A4.2: 3C NMR spectrum (CDCls, 150 MHz, ppm) of compound 3.2.
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Figure A4.3: *H NMR spectrum (CDCls, 400 MHz, ppm) of compound 3.3.
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Figure A4.4:
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13C NMR spectrum (CDCls, 100 MHz, ppm) of compound 3.3.
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Figure A4.5: 'H NMR spectrum (CDCls, 600 MHz) of compound 3.5.
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Figure A4.6: 1*C NMR spectrum (CDCls, 150 MHz) of compound 3.5.
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Figure A4.7:*H NMR spectrum (DMSO-ds, 600 MHz) of DCI-OH.
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Figure A4.8: *C NMR spectrum (DMSO-dg, 150 MHz) of DCI-OH.
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Figure A4.9: 'H NMR spectrum (CDCls, 600 MHz) of compound 3.7.
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Figure A4.10: C NMR spectrum (CDCls, 150 MHz) of compound 3.7.
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Figure A4.11:

'H NMR spectrum (CDCls, 400 MHz) of compound 3.8.
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Figure A4.12: 3C NMR spectrum (CDCls, 100 MHz) of compound 3.8.
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Figure A4.13: *H NMR spectrum (CDCls, 600 MHz) of compound 3.9.
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Figure A4.14: C NMR spectrum (CDCls, 150 MHz) of compound 3.9.

TH-3161_176122050

191



Annexure IV

<PB-AB-06-41-1H 38 ¥¥43 28 3 A B 3
1H S R ¥ 7 ~ o= =
N s Voo I

ﬁ. ,g
HO’@/\OH
CDCl3, 600 MHz
|
i |
() f
i LJ J.__—._L
! i L ! !
o
2 ] g 2 H 3
i i ] - m )
1 T ' T T T T T T T T T ' T T
9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 40 3.5 30 1.0 0.5 0.0
f1 (pprn)

Figure A4.15: *H NMR spectrum (CDCls, 600 MHz) of compound 3.10.
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Figure A4.16: *C NMR spectrum (CDCls, 150 MHz) of compound 3.10.
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Figure A4.17: *H NMR spectrum (CDCls, 500 MHz) of compound 3.11.
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Figure A4.18: 3C NMR spectrum (CDCls, 125 MHz) of compound 3.11.
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Figure A4.19: 'H NMR spectrum (CDCls, 600 MHz) of compound 3.12.
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Figure A4.20: C NMR spectrum (CDCls, 150 MHz) of compound 3.12.
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Figure A4.21: *H NMR spectrum (CDCls, 600 MHz) of compound 3.13.

KPB-AB-06-51R-A-13C

=
AN

CDCl;, 150 MHz

172.13

15354

14281

137.90
7737
77,16
76.95
L7684
62.41
38.75

£

—328.15
—20.81

f,
X

ol il

T T T T
200 190 180 170 160 150 140 130 120 110

100 90 80 70 60 50 40 30 20 10 0
1 (ppm)

Figure A4.22: 3C NMR spectrum (CDCls, 150 MHz) of compound 3.13.
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Figure A4.23: 'H NMR spectrum (CDCls, 600 MHz) of compound 3.14.
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Figure A4.24: 3C NMR spectrum (CDCls, 150 MHz) of compound 3.14.
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Figure A4.25: 'H NMR spectrum (CDCls, 600 MHz) of DCI-Con.
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Figure A4.26: C NMR spectrum (CDCls, 150 MHz) of DCI-Con.
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Figure A4.27: 'H NMR spectrum (CDCls, 600 MHz) of DCI-ROS.
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Figure A4.28: 3C NMR spectrum (CDCls, 150 MHz) of DCI-ROS.
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Supplementary data of chapter 4
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Figure A5.1: 'H NMR spectrum (CDCls, 600 MHz, ppm) of compound 4.2.
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Figure A5.2: C NMR spectrum (CDCls, 150 MHz, ppm) of compound 4.2.
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Figure A5.3: *H NMR spectrum (CDCls, 600 MHz, ppm) of compound 4.3.
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Figure A5.4: *C NMR spectrum (CDCls, 150 MHz, ppm) of compound 4.3.

200
TH-3161_176122050



Annexure V

AB-07-46-P-1H.1.fid

m B CELE I =H
I - W
NC CN
|
U
CDCls, 600 MHz
.
| 1
M ﬂl' T 1 LJL‘J‘\LFL
10.0 95 9.0 a5 8.0 7.5 7.0 6.5 6.0 5 5.0 4.5 4.0 35 3.0 25 20 1.5 1.0 0.5 0.0
1 (ppm)
Figure A5.5: 'H NMR spectrum (CDCls, 600 MHz, ppm) of DCI-NH..
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Figure A5.6: *C NMR spectrum (CDCls, 150 MHz, ppm) of DCI-NHz.
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Figure A5.7: 'H NMR spectrum (CDCls, 600 MHz, ppm) of DCI-NCS.
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Figure A5.8: 1*C NMR spectrum (CDCls, 150 MHz, ppm) of DCI-NCS.
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Figure A5.9: *H NMR spectrum (CDCls, 600 MHz, ppm) of compound 4.5.
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Figure A5.10: *C NMR spectrum (CDCls, 150 MHz, ppm) of compound 4.5.
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Figure A5.11: *H NMR spectrum (CDCls, 600 MHz, ppm) of compound 4.6.
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Figure A5.12: 3C NMR spectrum (CDCls, 150 MHz, ppm) of compound 4.6.
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Figure A5.13: 'H NMR spectrum (CDCls, 600 MHz, ppm) of compound 4.7.
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Figure A5.14: 3C NMR spectrum (CDCls, 150 MHz, ppm) of compound 4.7.
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Figure A5.15: *H NMR spectrum (CDCls, 600 MHz,

ppm) of compound 4.8.
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Figure A5.16: 3C NMR spectrum (CDCls, 150 MHz, ppm) of compound 4.8.
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Figure A5.17: *H NMR spectrum (CDCls, 400 MHz, ppm) of DCF-HS.
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Figure A5.18: 3C NMR spectrum (CDCls, 150 MHz, ppm) of DCF-HS.
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Figure A5.19: *H NMR spectrum (CDCls, 600 MHz, ppm) of DCF-Con.
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Figure A5.20: C NMR spectrum (CDCls, 150 MHz, ppm) of DCF-Con.
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Sample Name Sample2 Pasition PL-A1 Instrument Mame QTOF

User Name SYSTEM (SYSTEM) Inj Vol 5 InjPosition

Sample Type Sample IRM Calibration Status  Success Data Filename AB 55 CN-B.d

ACQ Method DIRECT MASS_POSITIVE_01_1.m Comment Acquired Time 5/22/2023 10:10:40 AM (UTC+05:30)

x10 5 |*ESI Sean (rt: 0.327 min) Frag=140.0v AB 55 ON-B.d
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214 Calcd: [M+Na] = 785.1732
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19
18
17
16|
154
144
13
1.2
114

1
0.9
0.3
074
064
05

7014088

0

C785.1510

769.1760

39,2704
963.5215

700 720 740 780 780 200 820 840 860 B30 900 920 940 960 980 1000
Counts vs. Mass-to-Charge (miz)

Figure A5.21. ESI-MS spectrum of the reaction mixture of DCF-HS with H>O> showing the
presence of intermediate 4.9. ESI-MS (+ve) m/z caled for C42H36C1:N4NaO4S [M + Na]':
785.1732; observed = 785.1510.
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Sample Name Sample2 Position PL-AL Instrument Name: QTOF
User Name SYSTEM (SYSTEM) Inj Vol 5 InjPosition
Sample Type Sample IRM Calibration Status  Success Data Filename A 55 ON-B.d
ACQ Method DIRECT MASS_POSTTIVE 01 1.m Comment Acquired Time 5/22/2023 10:10:40 AM (UTC+05:30)
x1n 5 |+ESI Scan (it: 0.177 min) Frag=140.0v AB 55 ON-B.d
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Figure AS5.22. ESI-MS spectrum of the reaction mixture of DCF-HS with H,O2 showing the
presence of intermediate 4.10. ESI-MS (+ve) m/z calcd for CogH27N3NaO3S [M + Na]':
508.1671; observed = 508.1660.
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sample Name Samples Position P1-Ad Instrument Name QTOF
User Name SYSTEM (SYSTEM) Inj Vol 5 InjPosition
Sample Type Sample IRM Calibration Status  Success Data Filename NP 55 H.d
ACQ Method DIRECT MASS_POSITIVE 0L_L.m Comment Acquired Time 5/22/2023 10:17:00 AM (UTC+05:30)
x10 5 [+ESI Scan (it 0.489 min) Frag=140.0vV NP 55 H.d
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Figure AS5.23. ESI-MS spectrum of the reaction mixture of DCF-HS with H,O2 showing the
presence of intermediate 4.11. ESI-MS (+ve) m/z caled for C20Hi19N3sNaOS [M + Na]™:
372.1147; observed = 372.0777.
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Supplementary data of chapter 5
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Figure A6.1: *H NMR spectrum (DMSO-ds, 600 MHz, ppm) of compound 5.5.
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Figure A6.2: 1*C NMR spectrum (DMSO-dg, 150 MHz, ppm) of compound 5.5.
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Figure A6.3: 'H NMR spectrum (DMSO-ds, 600 MHz, ppm) of compound 5.6.
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Figure A6.4: *°C NMR spectrum (DMSO-dg, 150 MHz, ppm) of compound 5.6.
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Figure A6.5: 'H NMR spectrum (CDCls, 600 MHz, ppm) of amonafide.
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Figure A6.6: 1*C NMR spectrum (CDCls, 150 MHz, ppm) of amonafide.
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Figure A6.7: *H NMR spectrum (CDCls, 500 MHz, ppm) of compound 5.7.
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Figure A6.8: 1*C NMR spectrum (CDCls, 150 MHz, ppm) of compound 5.7.
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Figure A6.9: *H NMR spectrum (CDCls, 400 MHz, ppm) of compound 5.9.
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Figure A6.10: *C NMR spectrum (CDCls, 150 MHz, ppm) of compound 5.9.
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Figure A6.11: *H NMR spectrum (CDCls, 400 MHz,

ppm) of AM-TCB.
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Figure A6.12: C NMR spectrum (CDCls, 150 MHz, ppm) of AM-TCB.
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Figure A6.13: 'H NMR spectrum (CDCls, 600 MHz, ppm) of AM-CB.
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Figure A6.14: 3C NMR spectrum (CDCls, 150 MHz, ppm) AM-CB.
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Sample Name Sarrplel Pasition PLAL Instrument Name QTOF
User Name SYSTEM (SYSTEM) Inj Vol 5 InjPosition

Sample Type Sample IRM Calibration Status  Sucoess Data Filename AM-35-A.d

ACQ Method DIRECT MASS_POSITIVE_01_Lm Comment Acquired Time 5/9/2023 10:49:020 AM (UTC+05:30)
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Figure A6.15. ESI-MS spectrum of the reaction mixture of AM-TCB with H,O> showing
the presence of intermediate 5.10. ESI-MS (+ve) m/z caled for C24H24N304S [M + H]™:
450.1487; observed = 450.1480.
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Sample Name: Samplets Pasition P1-87 Instrument Name qroF

User Name SYSTEM (SYSTEM) Inj Vol 5 InjPosition

Sample Type Samgple IRM Calibration Status  Sucoess Data Filename AMHSR

ACQ Method DIRECT MASS_POSITIVE_01_1.m Comment Acquired Time 4/27(2023 3:42:41 PM (UTC+05:30)
x10 5 |*ESI Scan (rt: 0.192 min) Frag=140.0V AMHSR.d N7
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Figure A6.16. ESI-MS spectrum of the reaction mixture of AM-TCB with H,O> showing
the presence of intermediate 5.11. ESI-MS (+ve) m/z caled for C17H21N4O03S [M + NHa]™:
361.1335; observed = 361.0223.
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