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EPIGRAPH

So far as it goes, a small thing may give an analogy of great things, and show
the tracks of knowledge.”

- Lucretius
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SYNOPSIS

Multifunctional Microbots for Therapeutics

1. Introduction

Micro-nano motors (MNMS) are intelligent machines with microscopic to nanoscopic
dimensions that can transform varied energy sources into kinetic movements to accomplish
sophisticated and cooperative tasks in a fluidic environment. The small size and autonomous
motion of the miniaturized machines offer unique advantages for which tremendous efforts
have been devoted toward the advancement of MNMs. These systems have shown promise
in complicated tasks ranging from targeted drug/gene delivery, fuel cell technology, surface
patterning, non-invasive nanosurgery, chemical and biological sensing, cell manipulation,
cell isolation, bioimaging to environmental remediation. The advancement of such
miniaturized synthetic motors has been evidenced in the form of the developed functionality
and well-defined controllability. Traditionally, standard photolithography techniques,
followed by e-beam deposition of metals and optional supercritical point drying, was used
to prepare spherical, helical or tubular-shaped MNMs that involves more cost, time and
limits biomedical applications. The possibility of using MNMs for practical biomedicine
therapeutics, the biocompatibility of materials for in vivo applications is still far from
satisfactory.

The motion of MNMs mostly depends on the conversion of nearby fuel into thrust of
gas microbubbles facilitating bubble propulsion or establishment of a concentration gradient
for diffusiophoresis. However, fuel-based propulsion of micromotors hinders some in vivo
biomedical applications, as most of the fuel used is incompatible with living systems. On

the other hand, fuel-free propulsion of MNMs based on externally applied light, sound,
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temperature gradient, external electric and magnetic fields provide possibilities for the
application of micromotors in the domain of in vivo therapeutic. This enables the navigation
of micro/nanomotors in various types of biological media obviating the need of chemical
fuels. Notably, low-intensity magnetic and acoustic fields are considered harmless to
biological systems as they have shown great promise for many biomedical applications.

Most importantly, the biosafety of MNMs primarily relies on the properties of materials

for fabrication in concert with interactions between chosen materials and biological entities
in the vicinity. While considerable efforts have been made towards fabrication of synthetic
MNMs, further innovation is required in the— (i) use of plant-based materials in MNM
design, (ii) simple and low-cost fabrication processes, (iii) fuel-free navigation of MNMs,
(iv) multi-functionality of MNMs, particularly drug loading and on-demand release, before
these artificial systems can be promoted for real-world applications.

In this context, the objectives of the present thesis are as follows:

e Development of micromotors using edible mushroom tissues (Agaricus bisporus)
namely, iMushbots, for targeted anticancer therapeutics.

o Developing self-propelling motor, namely a ‘Logibot’, as a functional unit for the
construction of a host of optimized binary logic gates based on pH taxis.

e Development of magnetotactic iButtonbots for targeting model Escherichia coli in
contaminated drinking water.

e Development of bioactive nanomotors, namely Teabots, from Camellia sinensis,
undergoing acoustic propulsion for targeted oxidative stress and amyloid
therapeutics.

e Development of magnetically controlled bactericidal microbots using Tea buds,
namely T-Budbots, for biofilm destruction and removal of biofilm debris from the

substrate.
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In particular, the thesis reports the fabrication of a host of micro and nanobots/motors
(MNMs) derived from plants. The miniaturized motors could be efficiently guided to
achieve a controlled motion under the influence of either in situ chemical fuel gradient or
fuel-free acoustic or magnetic field. These fabricated micromotors were employed in pH
sensing, drug loading, on-demand sustained drug release at a targeted site to perform vital
therapeutic tasks. The details of the thesis objectives have been divided into five consecutive
chapters preceded by an introductory chapter while at the end of the thesis, a chapter
containing the summary and future scopes have been included. A brief detail of
contributions from this thesis in terms of publications, patent and conferences has been

provided at the end of this document as an APPENDIX.

2. Magnetic Field Guided Chemotaxis of iMushbots for Targeted Anticancer

Therapeutics

In Chapter 2, controlled migration of an intelligent and biocompatible “iMushbot”
composed of Agaricus bisporus microcapsules coated with magnetite nanoparticles has
been studied (Figure 1). The otherwise randomly moving microbot could meticulously
direct itself toward and away from the acid- and alkali-rich regions with the help of acid,
acidic catalase, and alkali stimuli, emulating the chemotaxis of microorganisms. Although
the catalytic decomposition of peroxide-fuel in alkali engendered the directed alkali taxis
toward higher pH region, decomposition of peroxide fuel by the acidic catalase activity led
to directed acid taxis toward the lower pH region. The presence of magnetite nanoparticles
not only helped in improving the “activity” of the motor through the heterogeneous catalytic
decomposition of the peroxide fuel but also provided a remote magnetic control on the

chemotaxis.

Xiii
TH-2289_146153006



A)

HeLa cell

- \
e
L °
et An

" ‘ DOX-loaded

Delivery of DOX in the Magnetic Mushbots
nucleus of HeLa cell

OF High H,0, conc. HCI + Catalase
Alkaline pH Acidic pH
pH Taxis pH Taxis
- &Y ) Low H,0,

Mushbot COME

Figure 1. (A) Schematic diagram shows the in vitro delivery of the doxorubicin (DOX) by
the iMushbots to the nucleus of the cancerous HelLa cells and thereby causing cell death.
The inset shows the z-stacking from the confocal microscopy, which depicts the localization
of the anticancer agent (depicted in red) inside the nucleus of the cancer cells. (B)
Schematic diagram of the motor undergoing acid and alkali chemotaxis under the pH
gradient. The decomposition of the H>O: by the acidic catalase enzyme (sodium hydroxide)
promote chemotaxis from basic (acidic) toward the acidic (basic) region.

The mesoporous iMushbots having negative (-potential could easily be loaded with the
cationic anticancer drugs, which were magnetically guided toward the cancerous cells to
cause apoptosis. The iMushbots exhibited a higher degree of drug retaining capacity inside
alkaline pH and showed facile drug release preferentially in the lower pH environments.
The experiments show the potential of the iMushbots in retaining and transporting drugs in
an alkaline medium such as human blood and releasing them in an acidic medium such as

the cancerous tissues for cell apoptosis.

Xiv
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3. Boolean-chemotaxis of Logibots Deciphering the Motions of Self-propelling

Microorganisms.

In the Chapter 3, the feasibility of a self-propelling mushroom motor, namely a
‘logibot’ has been explored, as a functional unit for the construction of a host of optimized
binary logic gates (Figure 2). Emulating the chemokinesis of unicellular prokaryotes or
eukaryotes, the logibots made stimuli responsive conditional movements at varied speeds
towards a pair of acid—alkali triggers. A series of integrative logic operations and cascaded
logic circuits, namely, AND, NAND, NOT, OR, NOR, and NIMPLY, have been constructed
employing the decisive chemotactic migrations of the logibot in the presence of the pH
gradient established by the sole or coupled effects of acid (HCl-catalase) and alkali (NaOH)

drips inside a peroxide bath.

pH taxis
LowpH  Acid =) Alkali
taxis taxis

AND
Logic
circuits NOT OR

AND

Acidic
gradient :
(0] ﬁbﬁles
2 H,0, fuel
degradation

Figure 2. Schematic representing the motions of a microbot at different values of
pH under the influence of acid and/or alkali stimuli. The arrows indicate the direction
of migration in response to respective acid and/or alkali (colour coded) stimuli and
the numbers represent the pH value of the chemical drip inside peroxide bath.
Versatile operational logic gates and cascaded circuits were constructed based on
pH sensing ability of tissue-based mushroom logibots.

The imposed acid and/or alkali triggers across the logibots were realized as inputs while the
logic gates were functionally reconfigured to several operational modes by varying the pH

of the acid-alkali inputs. The self-propelling logibot could rapidly sense the external stimuli,
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decide, and act on the basis of intensities of the pH triggers. The impulsive responses of the
logibots towards and away from the external acid—alkali stimuli were interpreted as the
potential outputs of the logic gates. The external stimuli-responsive self-propulsion of the
logibots following different logic gates and circuits can not only be an eco-friendly
alternative to the silicon-based computing operations yet also be a promising strategy for

the development of intelligent pH-responsive drug delivery devices.

4. Magnetotactic Curcumin iButtonbots as Efficient Bactericidal Agents

The microbial contamination of drinking water is one of the most major concerns of
community health in the developing world. Numerous water-borne pathogens are rapidly
evolving and becoming resistant to traditional antibiotics. In order to get an efficacious
bactericidal response, an assembly of several antibiotics or increased dosage are being

administered, which may produce adverse side effects after prolonged use.

Microtome Magnet

blade 9

E - A 4% Ne CU@iButtonbots
Mushroom mushroom tissues iButtonbot Curcumin (CU) loading

Live Bacterial cells

Button Soft and porous pieces

FeONPs (o) CS coated FeONPs (8) Curcumin (@) Cell death

Figure 3. A brief illustration depicts the fabrication of micromotors and the destruction of E.
coli cells using CU@iButtonbots. The edible mushrooms were cut into small fragments of
the dimension 40-200 um using fine microtome blade. The mushroom fragments were
treated with a solution containing freshly prepared chitosan (CS) coated magnetic iron-
oxide nanoparticles (FeONPSs) to yield magnetic iButtobots. The as-obtained motors were
further treated with the ethanolic solution of curcumin to yield curcumin (CU) laden
iButtonbots, namely CU@iButtonbots, for antimicrobial studies.
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The Chapter 4 describes a proficient method for disinfecting water-borne coliform
bacterial strains of Escherichia coli DH50. from contaminated water samples using magnetic
microbots decorated with curcumin conjugates (Figure 3). These magnetic microbots,
namely iButtonbots, were composed of soft Agaricus bisporus (button mushroom)
microcapsules with inherent antimicrobial properties. The locomotives were coated with
magnetite nanoparticles for their remote guidance towards cells and collection along with
curcumin for more enhanced bactericidal response. Curcumin, a major active constituent
of the Indian dietary spice turmeric, and edible button mushrooms are known to exhibit
antimicrobial activity against a wide range of bacterial species. The synergic antibacterial
effect of curcumin and mushroom constituents imparts a profound bactericidal property to
these magnetic microbots. The microbots are capable of efficient destruction of the majority
of bacterial cells in contaminated water samples. After the extermination of bacteria,
magnetic properties of embedded magnetite nanoparticles in porous mushroom matrix
allows collection of microbots from water samples. The presented biocompatible microbots
offer an innovative method for rapid decontamination of bacteria-laden drinking water

samples.

5. Acoustic Propulsion of Vitamin C Loaded Teabots for Targeted Oxidative Stress
and Amyloid Therapeutics
In Chapter 5, the fabrication of ascorbic acid (AA) template nanomotors has been
reported using buds of Camelia sinensis, undergoing fuel-free propulsion (Figure 4). The
motors, namely, Teabots, display propulsion by converting the sound energy from the
acoustic field into a mechanical one. The mesh-like structures of the anionic Teabots
facilitate superior adsorption of ascorbic acid (AA-Teabots) undergoing a controlled release.

The motors show antioxidant properties at the physiological pH range by scavenging

XVii
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intracellular reactive oxygen species. Interestingly, the percentage release of ascorbic acid
is significantly higher under the influence of ultrasound exposure, as compared to the normal

pH-dependent release.

(a) R FITC labelled AA-Teabots
MxReactive oxygen species Fibril breakage by
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Figure 4. Schematically describes acoustic propulsion of ascorbic acid-functionalized Tea
bots (AA-Teabots) (a) inhibiting intracellular oxidative stress by scavenging ROS and (b)
exhibiting anti-amyloidogenic properties. (c) Schematic representing the experimental set
up for ultrasound-powered propulsion of AA-Teabots where the sample holder was placed
on a piezoelectric transducer (0.5 x 10 x 5 mm) connected to waveform generator, power
amplifier and monitored using an oscilloscope.

The motors were also efficient in the degradation of artificially synthesized toxic
amyloid fibrils. The acoustic delivery of AA-Teabots could protect HEK-293 cells from
oxidative injuries alongside preventing protein-aggregation derived diseases. Soon, such
acoustic powered biocompatible AA-Teabots are envisioned to provide an attractive
approach in proficient delivery and controlled release of therapeutic payloads at targeted

Zones.

XViii
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6. Magnetically Controlled Tea Microbots to Target Biofilms in a Kill-Clean Way
Treatment of persistent biofilm infection is formidable, even with broad-spectrum
antibiotic therapies. Thus, low-cost and intelligent micromachines may serve as an active

mechanical means to dislodge such deleterious bacterial communities.

»
<

Biofilm Killing
and Cleaning

Figure 5. Schematic illustration of magnetically driven Tea-based microbots for bacterial
killing and biofilm eradication in a “Kill-Clean” Way.

In Chapter 6, biocompatible micromotors were from Tea buds, namely, T-Budbots that
can be magnetically driven on the biofilm matrix to kill and remove the fragmented biofilm
segments with precision, a “Kill-Clean” strategy (Figure 5). With these principles,
bactericidal robotic platform was designed and decorated with magnetite nanoparticles
aimed at clearing biofilm on the surfaces. The smart T-Budbots can integrate antibiotic
Ciprofloxacin on their surface and increase their antibacterial efficacy against pathogenic
bacterial communities of Pseudomonas aeruginosa and Staphylococcus aureus. It is
noteworthy that the release of bound drug from the porous T-Budbots was triggered by the
acidic environment of the biofilm. This work represents a first step in the involvement of a
plant-based microbot exhibiting magneto-robotic therapeutic properties, providing a non-

invasive and safe approach to dismantle harmful biofilm infections.

Xix
TH-2289 146153006



7. Conclusions and future scope of the study
The Chapter 7 concludes with the thesis summary and a brief discussion on the future

prospects of microbots discussed in this thesis work.
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Figure 1.1:

Figure 1.2:
Figure 2.1:

List of Figures

Schematic illustration of fuel-driven motions of micro/nanomotors (MNMs).

C1-6
Different propulsion mechanisms of fuel-free MNMs. C1-8
(A) Schematic diagram of the experimental setup to study and characterize
the motions of an iMushbot. (B) Schematically depict the steps to fabricate
the  magneto-catalytic ~ (iMushbot) = and  drug-loaded  motors
(DOX@iMushbot). Transmission electron microscopy (TEM) image of (C)
uncoated (Mushbot) and (D) FeEONP coated motor (iMushbot). The scale bar
is 0.2 um. (E) Schematic diagram of the motor undergoing acid and alkali
chemotaxis under the pH gradient. The decomposition of the H2O. by the
acidic catalase enzyme (sodium hydroxide) promotes chemotaxis from basic
(acidic) towards the acidic (basic) region. The FeONP coating also facilitated
magnetic remote control on the motions of the motor. (F) Schematic diagram
shows the in vitro delivery of the Doxorubicin (DOX) by the iMushbots to
the nucleus of the cancerous HeLa cells and thereby causing cell death. The
inset shows the z-stacking from the confocal microscopy, which depicts the
localization of the anti-cancer agent (depicted in red) inside the nucleus of the

cancer cells. C2-17

Figure 2.2: (A) Enzyme activity of the innate catalase in uncoated Mushbots and

TH-2289_146153006

iMushbots samples for 8.0% (v/v) H202 decomposition (B) Variation in
catalase enzyme activity with the change in pH values. (C) Transmission
electron microscopy (TEM) image and (D) XRD pattern of freshly prepared
magnetite nanoparticles. The scale bar at the bottom is 50 nm. C2-19
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Figure 2.3:

Figure 2.4

Figure 2.5:
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Field emission scanning electron microscopy (FESEM) image of (A) an
uncoated Mushbot. The scale bar at the bottom is 1 um. (B) iMushbot in
which the FeONPs were observed over the mushroom surface. The scale bar
at the bottom is 1 um. (C) Energy Dispersive X-ray (EDX) of the uncoated
Mushbot. (D) EDX of an iMushbot surface shows the Fe peaks. C2-20

. Rate constant (k) of 8.0% (v/v) H20. decomposition for (A) uncoated

Mushbots and (B) iMushbots. Vibrating sample magnetometry (VSM)
hysteresis loop of (C) freshly prepared FEONPs and (D) iMushbots. (E)
Concentration of iron determined by using the standard curve obtained from
atomic absorption spectroscopy. C2-21
(A) Chemotactic motion of the motor (~ 150 pum) towards a thread under a
continuous dripping of aqueous NaOH (0.3 M) to the H2O> bath. The numbers
1 - 3 represent the position of the motoratt =05, 18 s, and 21 s, respectively.
(B) shows the repulsion of the motor (~ 150 pm) towards a thread under a
continuous dripping of aqueous HCI (0.005 M) to the H.O> bath. The
numbers 1 — 3 represent the position of the motor att=0s, 7 s, and 13 s,
respectively. (C) shows the acid taxis motion of the motor (~ 150 um) towards
a thread under a continuous dripping of aqueous HCI (0.005 M) and catalase
(2 ppm) to the H20. bath. The numbers 1 — 3 show the position of the motor
att =0s, 10 s, and 12 s, respectively. (D) Shows magnetically guided
migration of motor in water with the aid of bar magnet. The numbers 1 — 6
represent the position of the motoratt=0s, 25,45, 65, 12 s, and 27 s,
respectively. (E) Shows reciprocating motion of a motor (~150 um) under the
coupled influence of the internal alkali pH gradient (NaOH drip) and the
external magnetic field. The numbers 1 — 5 represent the position of the motor
att=0s,8s,15s, 27 s, and 29 s, respectively. The broken brown arrows
depicted the magnetic controlled trajectory, and the broken black arrows
show the trajectory under the influence of internal pH gradient. (F) Shows
reciprocating motion of a motor (~150 um) under the coupled influence of
the internal acid pH gradient (catalase-HCI drip) and the external magnetic

field. The numbers 1 — 5 show the position of the motoratt=0s, 14 s, 215,
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39 s, and 44 s, respectively. The advancing alkali and acid front in all the
experiments were observed using thymol blue indicator. In all the images, the
instantaneous position of the motor is encircled in black color. The black
arrows represent the trajectory of the migrating motor. The scale bar on all
the images is 300 um. C2-23
Figure 2.6: (A) Variation in the average speed (Vav) @ ~150 um iMushbot with increase
in concentration of the hydrogen peroxide in the peroxide fuel. (B) Variation
in the average speed (Vav) of the motor inside 8.0% (v/v) peroxide bath when
the pH of NaOH drip was varied. (C) Variation in the average speed (Vay) of
the motor undergoing repulsion inside 8.0% (v/v) peroxide bath when the pH
of HCI drip was varied. (D) Variation in the average speed (Vay) of the motor
inside 8.0% (v/v) peroxide bath when the pH of catalase-HCI drip was varied.
(E) Variation in the average speed (Vay) of the motor inside 8.0% (v/v)
peroxide bath when the concentration of catalase (Ccat) in catalase-HCI drip
was varied. (F) Variation in the average speed (Vav) of the motor inside water
bath with the increase in the strength of the external magnetic field (H).
C2-28
Figure 2.7: (1A-B) shows the magnetic guidance of a DOX@iMushbot (~ 100 um)
towards a target cell using a bar magnet. The scale bar is 100 pm. (I1A-B)
shows epifluorescence microscopy images of HelLa cells after its treatment
with DOX@iMushbots for 1 h. The scale bar is 100 um. (I1A) shows HelLa
cells and the motor showing the bright red fluorescence of the DOX uptake
and drug loading, respectively. (11B) shows the bright field image of DOX
loaded motors (red). (I11A-B) Fluorescence (111C) bright field and (I1ID)
merged images of HeLa cells after 3 h treatment with DOX@iMushbots and
DAPI. The scale bar is 10 um. C2-31
Figure 2.8: (A) shows the bright-field, fluorescence, and merged confocal images of
HelLa cells after treatment with DOX@iMushbots for a period of 0.5 h - 12 h
at 37°C. (B) Fluorescent images of (1) untreated (control) (I1) free DOX and
(1) DOX@iMushbot treated HelLa cells after ethidium bromide-acridine
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orange dual staining. Dead cells show red emission due to uptake of ethidium

bromide and live cells green due to uptake of acridine orange dye. = C2-33

Figure 2.9: (A) Bright field and (B) CLSM image of the untreated HeLa cells. (C)

Variation in concentration of loaded drug DOX with increase in amount of
iMushbots. The concentration of DOX in the motors was determined by
observing the intensity of the characteristic 590 nm fluorescence peak for
DOX molecules. MTT assay of HeLa cells treated with (D) FeONPs, (E)
uncoated Mushbots, and (F) free DOX for 24 h. The values are represented

as mean £ SD of results from three individual experiments. C2-35

Figure 2.10: (A) The (-potential measurements for various samples. (B) shows the

Figure 3.1:

TH-2289_146153006

fluorescence spectra of the supernatant obtained after treatment of DOX
solution with motors of varying amount for 1 h at 37°C in PBS buffer. (C)
Release profile of DOX from micromotors at time intervals in acetate buffer
at pH 4.5 and 7.4. (D) MTT based cell viability assay of HelLa cells after 24
h treatment with DOX@iMushbots and DOX-free iMushbots with varying
concentrations (C). The values are represented in MTT assay are mean + SD
of results from three individual experiments. (E) FESEM images of (I)
untreated and (I1) treated HelLa cell. C2-37
(A) Schematically shows the experimental setup to develop multiple stimuli
across the microbot to engender the logical locomotion. (B) Schematic
representing the motions of a microbot at different values of pH under the
influence of acid and/or alkali stimuli. The arrows indicate the direction of
migration in response to respective acid and/or alkali (color coded) stimuli,
and the numbers represent the pH value of the chemical drip inside peroxide
bath. Image (C) shows the optical micrographs of logibots observed under the
Leica DM 2500 upright microscope where the scale bar is 200 um. Image (D)
shows the vibrating sample magnetometry (VSM) of the logibots. C3-10
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Figure 3.2

Figure 3.3:

Figure 3.4:

Figure 3.5:

TH-2289_146153006

. Transmission electron microscopy (TEM) image (A) shows a logibot

displaying porous morphology. The scale bar is 50 nm. Image (B) shows a
logibot having the magnetite nanoparticles (FEONPs) deposited on the
surface where the scale bar is 100 nm. Energy Dispersive X-ray (EDX)
spectra in the image (C) corresponds to the uncoated logibots. The EDX plot
in the image (D) shows the presence of the FeONPs on the logibot, indicated
by the downward yellow arrows. C3-12
(A) TEM image of magnetite nanoparticles (FeONPs). (B) XRD analysis of
FeONPs.The scale bar at the bottom is 20 nm. Image (C) shows catalase
activity of logibots under a varying pH range. C3-13
Image (A) depicts the chemotactic migration of a logibot towards the thread
under the continuous dripping of alkali (0.3 M NaOH). Image (B) shows the
repulsion of a logibot away from the thread under the continuous dripping of
acid (0.005 M HCI). Image (C) shows chemotactic motion of a logibot under
the influence of continuous aqueous acid (0.005 M HCI) and catalase (1 ppm)
drip. Image (D) shows the motion of a logibot towards the HCI-catalase drip
(pH 4.51) in dual acid-alkali gradient system. Image (E) shows the motion of
logibot away the HCl-catalase drip (pH 2.46) but towards the NaOH drip in
dual acid-alkali gradient system. The logibots (size ~ 140 um) were immersed
inside a petridish containing 7.0% (v/v) aqueous H20- solution for all the
experiments, and thymol blue indicator was used to track the pH gradients.
The scale bar on all the images is 300 um, and the numbers denote the time
in second. Image (F) shows the stationary state of motor in peroxide fuel with
no net displacement. C3-15

Image (A) depicts the variation in the average velocity (Va) of logibot
suspended in 7% (v/v) peroxide fuel under a continuous NaOH drip of
different pH. Image (B) depicts the variation in the Vay of logibot suspended
in 7% (v/v) peroxide under a continuous HCI drip with different pH. Image
(C) depicts the variation in the Vay of logibot suspended in 7% (v/v) peroxide
under a continuous HCl-catalase drip of different pH. Image (D) depicts the

variation in the Vay of a logibot suspended in 7% (v/v) peroxide under varying
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Figure 3.6:

Figure 3.7:

Figure 3.8:
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concentration of catalase (Ccat) in a continuous HCl-catalase drip. All the data
reported in this figure is the outcome of the experiments performed in
triplicates. C3-18
Image (A) shows the schemes for position and migration of the logibot
towards alkali and acid inputs, respectively. Image (B) shows OR-gate
considering the logibot motion as output “1”. The corresponding truth table
of OR-gate has been shown in the image (C). Images (D-E) show the
schematics for position and migration of the logibot towards alkali and acid
inputs and NOR-gate, respectively, considering the motion as output “0”. The
corresponding truth table of NOR logic gate has been shown in the image (F).
C3-22

Images (A, D, and G) show the motion of the logibot towards alkali and acid
inputs schematically. Image (A) shows the motion of the logibot, and (B)
shows OR-gate considering the motion towards alkali as output “1”. Two
digital outputs “1” and “0” represent two different logic configurations in this
case. The corresponding truth table of OR-gate has been shown in image (C)
for pH < 2.8 and pH > 5.8. Image (D) shows the position of the micromotor.
Image (E) shows NIMPLY -gate considering the motion towards alkali as
output “0” when 2.8 < pH < 5.8. The truth table of NIMPLY-gate has been
shown in the image (F). Image (G) shows the motion and image (H) shows
the cascade-logic-circuit consisting of OR- and NAND-gates considering
motion of the logibot towards acid as output “1” when pH < 2.8 and pH > 5.8.
The corresponding truth table of has been shown in the image (). C3-24
Image (i) shows the graph representing the variation in Va, of motor with
respect to pH changes of input (HCl-catalase drip). Image (A) shows the
motion of the logibot either towards acid or alkali schematically. Image (B)
shows the cascaded logic circuit consisting of AND, NOT, and OR logic gates
considering the motion of the motor with Vay < 3.5 x 10 ms* as digital output
“1”. The corresponding truth table of cascaded logic circuit has been
represented in image (C). Image (D) shows the micromotor motion only in

presence of acid (pH = 5) schematically. Image (E) shows a NOT gate
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Figure 3.9:

Figure 4.1:

Figure 4.2:

Figure 4.3:
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designed using single input A of pH value 5 considering the motion of
micromotor as digital output “1” when Vay < 3.5 x 10 ms™. The truth table
for corresponding NOT gate has been depicted in image (F). Image (G) shows
the micromotor motion either towards acid or alkali schematically. Image (H)
shows cascaded logic circuit consisting of NAND and AND logic gates
considering the motion of the motor with Va, > 3.5x 103 ms™* as digital output
“1”. The corresponding truth table of cascaded logic circuit has been
represented in image (1). C3-26
(A) Statistical analysis of the performance of various Boolean gates. Here the
logics are based on the variation in the average velocities of motion at
different ranges of pH stimuli. Table 3.1 (B) displays the percentage of
tolerance with respect to variations in the operating parameters, such as the
pH of the input and average velocity of logibots. C3-28
A brief illustration depicts the fabrication of micromotors and the destruction
of E. coli cells using CU@iButtonbots. The edible mushrooms were cut into
small fragments of the dimension 40-200 pum using fine microtome blade.
The mushroom fragments were treated with a solution containing freshly
prepared chitosan (CS) coated magnetic iron-oxide nanoparticles (FEONPS)
to yield magnetic iButtobots. The as-obtained motors were further treated
with the ethanolic solution of curcumin to yield curcumin (CU) laden
iButtonbots, namely CU@iButtonbots, for antimicrobial studies. C4-12
FESEM micrographs of (a) uncoated microtissue with mesoporous structures
on their surface. (b) coated FeEONPs on the surface, encircled in red. The
scale bar on all the images is 2 um. (c) Vibrating sample magnetometer
(VSM) analysis of iButtonbots with Magnetization saturation of 0.87 emu g-
! (d) ¢-potential values of the samples. C4-13
(A) TEM analysis of FeONPs. (B) Vibrating Sample Magnetometer (VSM)
analysis of synthesized FeONPs. FETEM micrographs of (C) uncoated
microtissue and (D) FeONPs coated micromotor, i.e. iButtonbots. The loaded

FeONPs have been encircled in yellow. C4-14
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Figure 4.4:

Figure 4.5:

FESEM-EDX spectra of (A) uncoated microtissue and (B) FeONPs coated
micromotor. C4-15
(@) Shows magnetically guided migration of iButtonbot in water using bar
magnet. The respective positions of the micromotor (encircled in red) has
been shownatt=0s,25s,45s,65, 12 s, and 27 s. (b) Magnetically guided
motion of CU@iButtonbots towards the bacterial microcolonies. The scale
bar on all the images is 200 um. (c) Variation in the average velocity (Vav) of
iButtonbots with increase in the strength of applied magnetic field (H). (d)
Fluorescence spectra of the supernatant obtained after treatment of curcumin
(CU) solution with iButtonbots of varying concentrations at 37°C in PBS
buffer at pH 7.4. (e) Release profile of CU from iButtonbots with time at pH
4 and 7.5. C4-17

Figure 4.6: (A) Stationary state of iButtonbot in water without magnetic field. (B)

Figure 4.7:

Figure 4.8:
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Release fluorescence spectra of CU@iButtonbots with respect to varied time
intervals at at 420 nm excitation using spectrofluorometer. (C) Average
velocity of iButtonbots of varying size range (~70 pum -150 pm) using a
constant magnetic field strength of 30 mT. C4-18
(a) Fluorescence (b) Bright field and (c) merged confocal images of curcumin
loaded iButtonbots (CU@iButtonbots). (d) 3-D model of z stacks that
depicted the internalization of CU molecules on iButtonbots. The scale bar
on all the images is 100 pm. C4-19
(@) Minimum Inhibitory Concentration (MIC) values of samples for E. coli.
(b) Growth curve of E.coli in presence of samples with respect to varied time
interval. The ANOVA test revealed the statistical significance of
CU@iButtonbots - treated samples and free CU-treated samples with respect
to control sample. Statistical significance has been represented by **(p <
0.005), *** (p < 0.001). The data are represented as mean £ SD of three
individual experiments. C4-22
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Figure 4.9: E. coli bacterial colonies (a) with complete bacterial growth (control). (b)
MIC for CU@iButtonbots at 33 pg mL™ (c) MBC for CU@iButtonbots at 51
ug mL?, showing no growth using spread plate method on nutrient agar
media. FESEM micrographs of bacterial cells, (d) Control (e) treated with
uncoated microtissue and (f) treated with CU@iButtonbots. The scale bar on
all the images is 1 um. C4-24

Figure 4.10: Bacteria E. coli grown on nutrient agar (A) control bacteria treated with free
curcumin (CU) at their (B) minimum inhibitory concentration (MIC, 69 ug
mL), (C) minimum bactericidal concentration (MBC, 87 ug mL™. Bacteria
E. coli grown on nutrient agar (D) control bacteria treated with iButtonbots
at their (E) minimum inhibitory concentration (MIC, 50 pg mL™?) and (F)
minimum bactericidal concentration (MBC, 61 pug mL™). C4-25

Figure 4.11: (a) Confocal images of the entire 70 optical sections of CU@iButtonbots at
405 nm excitation. (b) % Bactericidal efficiency of iButtonbots with varying
size. C4-26

Figure 5.1: Schematically describes acoustic propulsion of ascorbic acid-functionalized
Teabots (AA-Teabots) (a) inhibiting intracellular oxidative stress by
scavenging ROS and (b) exhibiting anti-amyloidogenic properties. (c)
Schematic representing the experimental set up for ultrasound-powered
propulsion of AA-Teabots where the sample holder was placed on a
piezoelectric transducer (0.5 x 10 x 5 mm) connected to waveform generator,
power amplifier and monitored using an oscilloscope. C5-6

Figure 5.2: (a) Schematic depiction of the steps to fabricate Teabots from white tea buds
(C. sinensis) by differential centrifugation. (b) A schematic diagram
describing the fabrication of AA-Teabots by encapsulating ascorbic acid
(AA, 30 ug mL™) on the surface of Teabots exhibiting linear and circular
motion. The AA-Teabots were labeled with FITC (fAA-Teabots) for the in
vitro intracellular tracking in cell studies. C5-19

Figure 5.3: (@) TEM micrograph of nano AA-Teabots. (b) FETEM micrograph of
microparticles of size ~1-2 um synthesized from white tea bud (C. sinensis)

after differential centrifugation at 14000 rpm. (c) EDX spectra of nanosized
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Figure 5.4:

Figure 5.5:

Figure 5.6:

Figure 5.7:
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Teabots showing the presence of elements like carbon, oxygen, potassium,
calcium, and magnesium. C5-20
(a) Field Emission Transmission Electron Microscope (FETEM) micrographs
and (b) Liquid Chromatography (LCMS) indicating the presence of phenolic
acid derivatives and theaflavins w.r.t. m/z ratio. (c) {-potential measurement
of samples. (d) UV-visible absorption spectra of the supernatant obtained
after treatment of ascorbic acid (AA) solution (30 ug mL™) with various
concentrations of Teabots for 4 h. C5-21
(a) UV-visible absorption spectra of the supernatant obtained after treatment
of 8 mg ascorbic acid (AA) at different time intervals. (b) FTIR spectra of
free AA, Teabots, and AA-Teabots. (c) Stability analysis of free AA and
encapsulated AA w.r.ttime (10 min—12 h). (d) UV-visible absorption spectra
of AA released in the supernatant from AA-Teabots at different time intervals
(10 min — 12 h). C5-22
Reaction showing reduction of methylene blue (MB) to Leuco-methylene
blue (LMB) by encapsulated AA in AA-Teabots. (b) UV-visible spectra of
Teabots (black line), bleached methylene blue (green line, LMB), methylene
blue (blue line, MB) and AA (pink line). (c) UV-visible spectra of Teabots
(blue line) and AA-Teabots in MB solution (red line). C5-24
(a) Release profile of AA from AA-Teabots at intervals of time in PBS buffer
of pH 7.4 and chloride buffer of pH 1.2. (b) Variation in average velocity
(Vav) of AA-Teabots in PBS of pH 7.4 exhibiting circular motion under the
influence of a varied ultrasound frequency range of sine, pulse, and triangular
waveforms at 20V. (c¢) Variation in average velocity (Vay) of AA-Teabots
exhibiting circular motion in the presence of fixed sine wave frequency (8.5
MHz) and different range of voltage (10 — 20 V). (d) Variation in average
velocity (Vav) of AA-Teabots in PBS of pH 7.4 under the influence of a varied
ultrasound frequency range of sine, pulse, and triangular waveform at 20 V,

linear motion. C5-26
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Figure 5.8:

Figure 5.9:
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(a) Random collective motion of AA-Teabots in the absence of PBS buffer.
(b) US propelled circular motion of AA-Teabots under the influence of sine
waveform (8.5 MHz) in PBS buffer of pH 7.4. The numbers 0-2 represents
the position of the AA-Teabotsat,t=0s,0.5s,1s, 1.55s,and 2 s, respectively.
Scale bar is 20 um. (c) US propelled linear motion of AA-Teabots under the
influence of sine waveform (8.5 MHz) in PBS buffer of pH 7.4. The numbers
0-3 represent the position of the motors at,t =0, 1.5 s, and 3 s, respectively.
The scale bar is 100 um. (d) US propelled circular motion of AA-Teabots
under the influence of pulse waveform (8.5 MHz) in PBS buffer of pH 7.4.
The numbers 0-9 represents the position of the motorsat,t=0s, 25,45, 75,
and 9 s, respectively. The scale bar is 100 pum. (e) US propelled linear motion
of AA-Teabots under the influence of pulse waveform (8.5 MHz) in PBS
buffer of pH 7.4. The numbers 0-6 represent the position of the nanomotors
at,t=0s, 3s,and 6 s, respectively. The scale bar is 100 um. (f) Linear motion
of AA-Teabots towards oxidative stressed HEK-293 cell lines under the
influence of sine waveform (8.5 MHz). The AA-Teabots and cells have been
marked with yellow and red circles and the direction of motion has been
represented by arrows. The scale bar is 100 pum. C5-29
(@) US propelled circular motion of AA-Teabots under the influence of
triangular waveform (8.5 MHz) in PBS buffer of pH 7.4. The numbers 0-10
represents the position of the nanomotorsatt=0s,2s,35s,6s,and 10 s,
respectively. Scale bar is 50 um. (b) US propelled linear motion of AA-
Teabots under the influence of triangle waveform (8.5 MHz) in PBS buffer
of pH 7.4. The numbers 0-8 represents the position of the nanomotors at t =
0 s and 8 s, respectively. Scale bar is 50 um. (c) Bar graph depicting the
maximum average velocities (Vay) of AA-Teabots exhibiting circular motion
in presence of sine, pulse, and triangular ultrasonic waveform at 8.5 MHz at
20 V. (d) % release of AA from AA-Teabots under the influence of ultrasonic
sine wave of 8.5 MHz, C5-31
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Figure 5.10: Thioflavin-T assay of amyloid samples in presence of different

concentrations (3— 20 pg mL™) of (a) Teabots and (b) AA-Teabots. (c) Bar
graph depicting the disintegration of amyloid fibrils in presence of different
concentrations (3— 20 pug mL™) of Teabots and AA-Teabots. (d) Changes in
Thioflavin —T intensity of Teabots and AA-Teabots at a concentration of 20
pg mL, C5-33

Figure 5.11: Thioflavin —T assay of amyloid samples in presence of 20 ug mL™* of (a)

Teabots and (b) AA-Teabots at different time intervals (0-72 h). FE-TEM
images of (c) control mature amyloid fibrils and (d) 70% Ethanol (positive

control) + amyloid fibrils. C5-34

Figure 5.12: FETEM micrographs showing the control long amyloid fibres (i, iii and v)

and the degradation effect of free AA, Teabots and AA-Teabots on mature
amyloids (ii, iv and vi) at a concentration of 20 pg mL™. (vii) ThT
fluorescence of HEWL fibrils (blue), native HEWL (red), fibrils treated with
Teabots (pink) and AA-Teabots (green). (viii) CD spectral analysis of native
HEWL (black) and influence of free AA, Teabots and AA-Teabots on mature
HEWL fibrils at a concentration of 20 ug mL™. C5-36

Figure 5.13: (a) Effect of different concentrations (0 to 1000 uM) of H20, on HEK-293

cells using Alamar blue (AB) assay. Images recorded by an epi-fluorescence
microscope under UV excitation of 340 — 380 nm. (i, ii and iii) Bright field
images; (b, ¢ and d) Fluorescence images of control, H2O2 (400 uM) + AA
(17.6 pg mL™Y) and H,0, (400 uM)+Teabots (12.5ug mL™?) treated cells,
respectively. The scale bar is 100 um. (e) In vitro superoxide scavenging
activities of free AA, Teabots, and AA-Teabots. C5-38

Figure 5.14: Effect of Teabots and AA-Teabots on HEK-293 intracellular ROS. (a) The

TH-2289_146153006

Alamar blue (AB) assay representing cell viability of HEK-293 cells treated
with free AA (17.6 ug mL™?), Teabots and AA-Teabots with a concentration
range of with respect to control cells (4.5 — 12.5 pg mL™?) for 24 h. (b)
Protective effect of free AA, Teabots and AA-Teabots on H>0, — induced
oxidative damage in HEK-293 cells. The cell viability was assessed by AB
assay after treating with 400 pM of H20.. (c) % DCF-DA fluorescence of the
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cells measured with microplate reader where the fluorescence in the control
group was designated as 100%, which was used to measure the relative
fluorescence intensity of cells in the other groups. Data has been expressed
as mean = SD of triplicate experiments. Images recorded by an epi-
fluorescence microscope under excitation of 340 — 380 nm. (i, ii and iii)
Bright field images; (d, e and f) Fluorescence images of control, H.O; treated
(400 uM) and H202 (400 M) + AA-Teabots (12.5 ug mL™) treated cells,
respectively. Scale bar is 100 pm. Field Emission Scanning Electron
Microscope (FESEM) micrographs of (g) Control cells; (h) H.O2 — induced
oxidative damage (400 uM) in HEK-293 cells and (i) H202 (400 uM) with
AA-Teabots (12.5 pg mL™?) treated cells. C5-41

Figure 5.15: Field Emission Scanning Electron Microscope (FESEM) micrographs of (a)

Control cells; (b) H202 (400 uM)+Teabots (12.5 ug mL™) and (c) H20, (400
UM)+AA (17.6 pg mL™Y) treated cells. Confocal microscopy images of
control cells showing, (d) Fluorescence image, (e) Bright field image and (f)
Merged image. C5-43

Figure 5.16: Confocal microscopic images. (a) Bright field image, (b) fluorescence

Figure 6.1:

TH-2289_146153006

image, (c) merged image and (d) z-stack image of HEK-293 cells treated with
FITC labelled AA-Teabots (fAA-Teabots), which depicts the intracellular
localization of AA-Teabots. (e) DPPH radical scavenging activity. C5-44
Schematic representation of (i) intact bacterial biofilm grown on a substrate
before treating them with T-Budbots and (ii) magnetically driven T-Budbots
across biofilm surface under the influence of a magnetic field for biofilm
disruption and removal by “Kill-Clean” approach. Schematics describing
fabrication of CIP loaded T-Budbots showing (a) collected Tea buds (b)
preparation of Tea extract and their differential centrifugation at (c) 5000 rpm
(d) 15,000 rpm followed by (e) filtration to form (f) micro particles of size
(50-160 pm). (g) The microparticles were decorated with chitosan-modified
FeONPs followed by loading of drug (CIP) to fabricate CIP@T-Budbots.
C6-15
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Figure 6.2: (a) TEM images of FEONPs with scale bar 50 nm. (b) VSM analysis of
FeONPs. EDX spectra of (c) Tea microparticles and (d) FeONPs decorated
T-Budbots. C6-16

Figure 6.3: FETEM micrographs of (a) microparticles from Tea buds and (b) FeONPs
decorated microparticles to form T-Budbots. FESEM images of (c) open
porous surface of T-Budbots and (d) T-Budbots after encapsulation with drug,
CIP hydrochloride to form CIP@T-Budbots. The loading of CIP on the
surface led to closing of the pores, shown in the magnified inset indicated by
yellow dotted lines. C6-17

Figure 6.4: (a) VSM analysis of tea microparticles showing negligible magnetization
saturation. (b) LCMS spectra of T-Budbots. C6-18

Figure 6.5: (a) VSM analysis of FeONPs decorated T-Budbots. (b) Liquid
Chromatography (LCMS) of CIP@T-Budbots indicating the presence of
catechin and their derivatives w.r.t. m/z ratio. (c) ¢- potential measurements
(d) Raman spectroscopy of free drug, CIP and T-Budbots, and CIP modified
T-Budbots. C6-19

Figure 6.6: (a) UV-visible absorption spectra of the supernatant obtained after treatment
of ciprofloxacin hydrochloride (CIP) solution (300 pL of 30 mg mL™) with
various concentrations of T-Budbots (1-6 mg) for 2 h. (b) Release profile of
CIP from CIP@T-Budbots at different intervals of time in PBS buffer of pH
7.4 and acetate buffer of pH 4. Growth curve study showing the inhibitory
and killing effect of T-Budbots, free CIP, CIP@T-Budbots by measuring the
OD at 595 nm on (c) P. aeruginosa and (d) S. aureus. C6-22

Figure 6.7: (1) Plating of P. aeruginosa colonies (a) control; with MIC concentrations of
(b) T-Budbots at 85 ug mL™, (c) FeONPs at 250 pg mL™2, (d) Free CIP at 95
pg mLtand (e) CIP@T-Budbots at 78 pug mL™; with MBC concentrations of
(f) T-Budbots at 100 ug mL?, (g) FeONPs at 315 pg mL™2, (h) Free CIP at
110 pg mL* and (i) CIP@T-Budbots at 85 pug mL™. (11) Plating of S. aureus
colonies (a) control; with MIC concentrations of (b) T-Budbots at 70 pg mL"
1 (c) FeONPs at 180 pg mL?, (d) Free CIP at 77 ug mL* and (e) CIP@T-
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Figure 6.8:

Figure 6.9:

Budbots at 56 pug mL*; with MBC concentrations of (f) T-Budbots at 81 pg
mL?, (g) FeONPs at 220 pg mL™%, (h) Free CIP at 92 pgmL ™ and (i) CIP@T-
Budbots at 44 pug mL™. C6-26
FETEM images of (a) control bacteria (P. aeruginosa), (b) bacteria treated
CIP@T-Budbots at their MIC (85 pug mL™), (c) control bacteria (S. aureus)
and (d) bacteria treated with CIP@T-Budbots at their MIC (56 pg mL™?). The
images were taken at a scale bar 500 nm. C6-27
Antibiofilm activity of T-Budbots, FeONPs, free CIP, and CIP@T-Budbots
on (a) P. aeruginosa and (b) S. aureus. The ANNOVA test revealed the
statistical significance of T-Budbots, FeEONPs, free CIP, and CIP@T-Budbots
samples with respect to control sample. Statistical significance is signified by
*(p <0.05), ** (p < 0.005), *** (p < 0.001), and **** (p < 0.0001). The data
are represented as mean + SD of three individual experiments. FESEM
images showing control biofilms formed by (c) P. aeruginosa and (d) S.
aureus. The biofilms were treated with respective MBICso of CIP@T-
Budbots (200 pug mL? for P. aeruginosa and 100 pug mL™ for S. aureus).
FESEM images of destroyed biofilms formed by (e) P. aeruginosa and (f) S.
aureus. Scale bar is 10 um. C6-30

Figure 6.10: CLSM images of (a) control P. aeruginosa biofilm stained with (i) PI (ii)

TH-2289_146153006

AO (iii) bright field and (iv) merged image. (b) P. aeruginosa biofilm treated
with MBICsp (200 pug mL™) of CIP@T-Budbots (i) stained with Pl (ii) bright-
field image (iii) stained with AO and (iv) merged image. (c) Control S. aureus
biofilm stained with (i) PI (ii) AO (iii) bright field and (iv) merged image. (d)
S. aureus biofilm treated with MBICso (100 pug mLY) of CIP@T-Budbots (i)
stained with PI (ii) bright-field image (iii) stained with AO and (iv) merged
image. The control biofilm exhibited high intensity of green fluorescence, as
observed from the merged images, due to a greater number of viable cells and
their uptake of AO stain. The red fluorescence emitted from the biofilms
treated with CIP@T-Budbots is due to dead cells stained by PI. The imaging
was carried at an excitation wavelength of 495 nm for AO and 540 nm for PI.

The scale bar for all the images is 100 pum. C6-31
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Figure 6.11: CLSM images of (a) control P. aeruginosa biofilm stained with (i) PI (ii)

AO (iii) bright field and (iv) merged image. (b) P. aeruginosa biofilm treated
with MBICsp (250 pug mL™?) of free drug CIP (i) stained with PI (ii) bright-
field image (iii) stained with AO and (iv) merged image. (c) Control S. aureus
biofilm stained with (i) PI (ii) AO (iii) bright field and (iv) merged image. (d)
S. aureus biofilm treated with MBICso (120 pug mL™?) of free drug CIP (i)
stained with PI (ii) bright-field image (iii) stained with AO and (iv) merged
image. The control biofilm exhibited high intensity of green fluorescence, as
observed from the merged images, due to a greater number of viable cells and
their uptake of AO stain. The red fluorescence emitted from the biofilms
treated with CIP@T-Budbots is due to dead cells stained by P1. The imaging
was carried out using confocal microscopy at an excitation wavelength of 495
nm for AO and 540 nm for PI. The scale bar for all the images is 100 um.
C6-33

Figure 6.12: Motion of T-Budbots in biofilm under magnetic control. Initially, the

TH-2289_146153006

microbots with linear footprints were formed on the surface of S. aureus
biofilm. The positions of the microbots have been denoted at time, t =(a) 55,
(b) 50 s, and (c) 100 s. The positions of the microbots with linear footprints
on the surface of P. aeruginosa biofilm has been denoted at time, t = (d) 10
s, () 130 s, and (f) 200 s. Similarly, spinning microbots with circular
footprints were formed on the surface of S. aureus biofilm. The positions of
the micromotors have been denoted at time, t =(g) 5 s, (h) 205 s, and (i) 300
s. The positions of the micromotors with circular footprints on the surface of
P. aeruginosa biofilm has been denoted at time, t = (j) 10 s, (k) 130 s, and (1)
240 s. The scale bar for the images is 1 mm. The direction of T-Budbots has

been indicated by yellow arrows. C6-36
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Figure 6.13: (a) Linear motion of T-Budbots in biofilm under magnetic control in water.

The positions of the micromotors have been denoted at time, t =1 sto 8 s.
Scale bar is 1 mm. (b) Average velocity, Vay of the T-Budbots in water. (c)
Variations in average velocity, Vav of T-Budbots with respect to their varied
size range of 40 um to 160 um. (d) Measurement of biofilm viability (in %)
to confirm the death of biofilm debris attached to the surface of micromotors

after their removal from the surface. C6-37

Figure 6.14: (a) Average velocity of T-Budbots in the presence of magnetic field (0.01

TH-2289_146153006

T) exhibiting linear and spinning motion-based biofilm removal. (b)
Rotational speed, o for the spinning microbots on both the bacterial biofilms
grown at a concentration of 1x10® CFU mLt. FESEM micrographs of (c)
control T-Budbots, (d) untreated bacterial biofilm, (e) degraded S. aureus
biofilm debris on the surface of T-Budbots and (f) degraded P. aeruginosa
biofilm debris on the surface of T-Budbots, Scale bar 1 um. (g) Quantitative
measurement of biomass for T-Budbots (control) and T-Budbots after being
magnetically driven on the biofilm surface leading to killing and attachment

of debris on their surface. C6-40
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1.1. Overview

Life implies motion, expressly a movement from here to there in macroscopic and
nanoscopic phases. To cite an instance, animals move away from danger, while cells use
mobile molecular nanomotors for intracellular cargo transport. Further, nature has perfected
a fantastic inventory of tiny protein machines that embraces control in living organisms by
evolutionary modification.'* These fascinating molecular machines are responsible for
most forms of remarkable motion realized in the cellular world. They convert accessible
chemical energy into mechanical movement in a simple and ingenious manner by involving
energy-rich adenosine triphosphate (ATP) molecules.>® Spontaneous reactions using ATP
hydrolysis induces small conformational changes in the domain of biological motors that is
amplified and translated into precise movements.®’ Three types of miniaturized cytoskeletal
motors are well-known: myosins that propel themselves on actin filaments, and dyneins and
kinesins, which uses microtubule as linear tracks for motion.81° Other motor proteins
include cytoplasmic ribosomes for protein synthesis and proton-gradient driven rotary ATP

synthase to drive bacterial flagellar motion.*112

The combination of proficiency, consistency, and ubiquity of such biological machines
inspires the scientists to mimic the efficient biomotors for designing artificial small-scale
machines.®**> Nevertheless, the inherent structural complexity of the molecular motors
represents one of the significant challenges that limit the complete blending of their
capabilities in the synthetic models. Also, the propulsion at macroscale may not be suitable
for the thrust at nanoscale due to the domination of viscous forces.'®!" Often, the synthetic
micro/nanoscale machines successfully mimic the functionalities of biomotors, yet unable

to self-reproduce and self-repair as efficiently as their biological counterparts.618-20 As new
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competencies are being developed considering the challenges, major efforts have been
devoted by various groups to fabricate efficient high-speed synthetic micro/nanomotors
(MNMs) offering great promise for realistic biomedical and environmental applications.?""
28 The sophistication of a variety of fuel-driven and fuel-free MNMs has been increasing
rapidly over the past ten years, presenting unlimited opportunities. The design of self-
propelled micro/nanorobots involves the integration of catalytic components with suitable
materials that include polymers?®, biomolecules®®2, biological cells®**, quantum dots*’ 8,
inorganic, and organic moieties®®*3 for autonomous movement. The specific orientation of
the motors could be defined by optimizing their hydrophobic surface area to design
innumerable shapes comprising helical structure**#445, rod-shaped?244, tubular*’-*® and
spherical geometry.>1>2 A variety of fabrication techniques® were employed for the
synthesis of MNMs involving physical vapor deposition®>, template-based
electrodeposition®®®,  colloidal ~ synthesis®® 3 microfluidics®*®® and  rolled-up

photolithography.®’-"

Argued that in the year 2002, Whitesides and co-workers?® have pioneered the self-
propulsion of synthetic motors powered by asymmetric decomposition of peroxide fuel. The
polymeric motor was a centimeter-sized boat with catalytic platinum strips on their stern at
air-water interface. Drawing inspiration, Sen and Mallouk’s’* team at Penn State
University (USA, 2004) and Ozin® group at the University of Toronto (Canada, 2005)
developed self-electrophoretic non-Brownian motion of bimetallic Au — Pt and Au — Ni
nanorods in peroxide fuel. Ever since, the growing innovations and development in the field
of MNMs have led to a rapid increase in the number of research, ensuring large-scale

therapeutic and environmental benefits.
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1.1.1. Classification of synthetic MNMs

The efficiency of man-made motors can be increased by controlling the composition and
concentration of fuel, designing robust fuel-driven motors, or exploring various fuel-free

propulsion mechanisms.
1.1.2. Fuel-driven MNMs

Since the time first catalytic propulsion was demonstrated by Whitesides and co-workers?,
numerous synthetic motors were fabricated based on the use of catalytic materials that
decomposes hydrogen peroxide (H20>) solution into thrust of gaseous oxygen (O2) bubbles
and water. The autonomous propulsion of fuel-powered motors is due to the chemical
reactions created between the catalytic motor surface and the nearby fuel, particularly
peroxide?3°%607172 = halogens’, water’*’’, citric acid’®, formic acids’®, bases®,
borohydrides®!, hydrazine®, alcohols®®, acetylene®* and urea®. Oddly enough, the
molecular motors that do not depend on conformational changes also use chemical fuel for
propulsion in a biological media. The propulsive thrust of fuel-driven micro/nanomotors
were mostly generated by self-diffusiophoresis, self-electrophoresis, and bubble-recoil

phenomenon:

e Self-diffusiophoresis: In this phenomenon, a non-uniform local concentration gradient
of the reaction product gets established across the reactive surface of motor, as shown
in Figure 1.1 A. %" This is mostly due to the gradual and differential accumulation of
end products of the decomposed fuel by the asymmetric catalytic motors, ideally on one

side of the motor. As a result, the increase in local concentration allows the products to
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diffuse away from motor surroundings, which initiates motor propulsion by generating

adequate hydrodynamic stress.

(A)

2 H,0, -
Motion

(C) Inner catalytic Fuel influx

0, +2H" layer

(B) H,0, + 2H*

"/ Motion

H,0, fuel

H* H,0
2H,0 a2 0, bubbles

Figure 1.1. Schematic illustration of fuel-driven motions of micro/nanomotors (MNMs)
undergoing (A) Self-diffusiophoresis (B) Self-electrophoresis and (C) Bubble
propulsion. The figure has been conceptualized and drawn with reference to the
reported articles, 235971 60.69.86-88

e Self-electrophoresis: In this phoretic mechanism, the movement of motors is due to
self-generated local electric field gradient because of a non-uniform ionic distribution,
as shown in Figure 1.1 B.%3t For example, an asymmetric and conductive bimetallic
Au — Pt nanorods undergoes motion due to the generation of an electric gradient inside,
hence acting as a small-scale electrochemical cell in peroxide fuel. The development of
a proton gradient confirms the oxidation of fuel at anodic Pt end and reduction of fuel
at cathodic Au end, thereby leading to a higher proton concentration at the anode. The
proton deficient cathode end results in an asymmetric distribution-based establishment
of local electric field gradient. Thus, the anionic Au — Pt nanorods propel towards the Pt

end, thus moving in a direction opposite to the immediate proton concentration gradient.
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e Bubble-recoil mechanism: The oxygen-bubble propulsion has been considered as the
most widely explored mechanism that rapidly drives tubular and catalytic Janus particles
in solutions of high ionic strength, including blood and serum. The mechanism of a
bubble-propelled motor is based on spontaneous decomposition of a fuel (mostly
hydrogen peroxide) by a reactive or catalytic surface of motor to generate a thrust of
oxygen (O2) or hydrogen (H2) gas bubbles, as shown in Figure 1.1 C. The bubbles
gradually nucleate and grows on the motor surface and eventually gets excluded from
the surface. This, in turn, translates into a considerable bubble-recoil thrust for the
propulsion of the motor in the opposite direction.>® 80697088 The speed of the motor can
be further improved by adding surfactants (such as sodium cholate or benzalkonium
chloride) to enhance the formation and detachment rate of gaseous bubbles by reducing
the surface tension. Equally significant is the reduction in the concentration of fuel

required for propulsion along with the purity of fuel.
1.1.3. Fuel-free MNMs

The fuel-based propulsion systems can be applicable to remediation systems, still unsuitable
for real-time biomedical therapeutics. For instance, the ultra-low concentrations of peroxide
fuel are insufficient to drive the fuel-based motors, and high peroxide concentrations cause
toxicity to nearby healthy cells. Thus, to enhance the biocompatibility desired for varied in
vivo biomedical applications, several groups have investigated fuel-free propulsion of
micro/nanomotors based on harnessing energy from different sources, particularly light
energy®® %, elevated thermal excitations®* ¢, ultrasonic waves®”®, electric!?®1% and

magnetic fields®21% (Figure 1.2).
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Electrical
propulsion

Thermal
propulsion Fuel-free propulsion

MNMs

B €

Acoustic

Uy 1« waves

L Magnetic Acoustic S
TN 3 propulsion propulsion Nanorod (((f'

—

Figure 1.2. Different propulsion mechanisms of fuel-free micro/nanomotors (MNMs).
The figure has been conceptualized and drawn with reference to the reported

articles.89'94'97'100‘105
Also, the external energy sources have been employed to achieve multimodal navigation on

the fuel-driven propellers.

1.1.4. Plant-based biomotors

As discussed in the previous sections, tremendous advances have been made towards
improving the velocity and power of synthetic MNM to facilitate more demanding tasks.
Proper attention has been given to bubble-propelled synthetic micromotors relying on inner
catalytic Pt layers owing to their efficient propulsion in biological media.5%60.67.6988
Unfortunately, the demanding in vivo therapeutic applications greatly precludes the
development of fuel-based synthetic motors. Particular requirements would be
biocompatible micro/nanorobots that can exhibit fuel-free motions coupled with optimal
surface morphology and microporosity for therapeutic benefits. Intrinsic biocatalytic layers
of catalase and peroxidases in plant tissues represent an attractive alternative to catalytic

metals for chemically-powered propulsion of micromotors.>®1%
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The efficient plant materials could result in new ultrafast MNMs due to the intrinsic
enzymatic properties required for modulation of self-propulsion. To date, few reports are
available demonstrating the self-propulsion and fuel-free motion of small-scale plant tissues
either by imparting the asymmetry necessary for the ejection of bubbles or an inert
coating.*197.1%8 gych natural tissue MNMs eliminates immobilization of pure enzymes for
propulsion, offers ultrafast motion, excellent operational stability, thermal stability at high
temperatures and large-scale fabrication at remarkably low costs.’?-1% In this way, the
MNMs endowed with smart biomaterials might take over the advanced life-saving drug
carriers to accomplish therapeutic aids with negligible side effects. The new generation of
plant-based motors needs further research to shed more light on various therapeutic and

environmental applications.

1.2. Potential applications of MNMS

Self-propelling micro/nanomotors represents a novel approach for transportation of
biomolecules'®3,  sensing™#1,  immunoassay''®!8, cancer therapy!!*!?  drug
delivery!?12 non-invasive surgery*?®!2” and gene editing®"1%, The ability of synthetic
MNMs to create local mixing and improved mass transfer have shown important prospects
for environmental remediation, such as eradication and/or degradation of industrial
dyes’®12% water-borne microorganisms”3, oil spills!¥132, pharmaceutical pollutants!3,

warfare agents”13413% and heavy metals!®®. Moreover, the MNMs has been employed for

137 138

imaging'®’, energy harvesting®, nanolithography!®, designing logic gates**'°, and

repairing of electrical circuits.'*
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1.3. Brief layout of the Thesis

With this brief overview on the relevant features and applications of the MNMs, the
objectives of the present thesis have been directed to implement - (i) simple, and low-cost
fabrication processes (ii) the use of plant-based materials in MNM design, (iii) fuel-free
navigation of MNMs, (iv) multi-functionality of MNMs, particularly drug loading and on-

demand release, before these artificial systems can be promoted for real-world applications.
In this context, the objectives of the present thesis are as follows:

e Development of micromotors using edible mushroom tissues (Agaricus bisporus),
namely, iMushbots, for targeted anticancer therapeutics.

e Developing a self-propelling motor, namely a ‘Logibot’, as a functional unit for the
construction of a host of optimized binary logic gates based on pH taxis.

e Development of magnetotactic iButtonbots for targeting model Escherichia coli in
contaminated drinking water.

e Development of bioactive nanomotors, namely Teabots, from Camellia sinensis,
undergoing acoustic propulsion for targeted oxidative stress and amyloid
therapeutics.

e Development of magnetically controlled bactericidal microbots using Tea buds,
namely T-Budbots, for biofilm destruction and removal of biofilm debris from the

surface.
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In particular, the thesis reports the fabrication of a host of micro and nanorobots derived
from plants. The miniaturized motors could be efficiently guided to achieve a controlled
motion under the influence of either in situ chemical fuel gradient or fuel-free acoustic or
magnetic field. These fabricated microbots were employed in pH sensing, drug loading, and
on-demand sustained drug release at a targeted site to perform vital therapeutic tasks. The
details of the thesis objectives have been divided into five consecutive chapters preceded by
an introductory chapter, while at the end of the thesis, a chapter containing the summary

and future scopes have been included.
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CHAPTER 2

Magnetic Field Guided Chemotaxis of iMushbots for Targeted
Anticancer Therapeutics

Contents
CHAPTER2 . §............. AU ... N ........................ccooco R« oo ¥ oo C2-1
ABSTRAGEE.............. . . ............ oS ........... .05k C2-3
P O 141 0o (1t o] o TP TRUPRTRP C2-5
2.2. EXPerimental SECHION .......coviiiiieie ettt et sraenne e C2-8
2.2. 1. IMIALETIALS ...ttt bbbt C2-8
2.2.2. MBENOUS ..ttt b et C2-9
(a) Synthesis of DOX loaded magnetic iMushbots...........................o.o..l. C2-9
(b) Measurement of average speed...........c.ooviviiiiiiiiiiiiiii e C2-9
(c) Measurement of catalase activity...........cooiuiiiiiiiiiiiiiii e, C2-11
(d) Drug loading and release efficiencies..............coviiiiiiiiiiiiiiiiiiinn, C2-12
() Cell culture StudIes. ... .ovieneitii e e, C2-13
(F) EQUIPMENT. ... e e e C2-14
2.3. ReSUILS aNd DISCUSSION.......eiiuiiiieieiiiesieeie sttt C2-16
2.3.1 Synthesis of DOX@IMUSHDOLS..........ccoiiiiieiieiicieceese e C2-16
2.3.2 Characterization of the materialS...........ccoccevveiiiieii s C2-18
2.3.3 Measurement of average speed of iIMUShDOLS............cccoeveiiieniiiniiee, C2-22
2.3.4 iMushbots in intracellular drug delivery Studies...........ccooeiiienininiiieien, C2-30
S 0] o] 1§ 1[0 ] S SSSS C2-40
R E =T =] 0TSSR C2-41

TH-2289_146153006



C2-2 Chapter 2

TH-2289_146153006



C2-3 Chapter 2

Abstract

The controlled migrations of an intelligent and biocompatible ‘iMushbot’ was studied,
composed of Agaricus bisporus — mushroom microcapsules coated with magnetite
nanoparticles. The otherwise randomly moving microbot could meticulously direct
itself towards and away from the acid and alkali rich regions with the help of acid,
acidic-catalase, and alkali stimuli, emulating the chemotaxis of microorganisms. While
the catalytic decomposition of peroxide-fuel in alkali engendered the directed alkali
taxis towards higher pH region, decomposition of peroxide-fuel by the acidic-catalase
activity led to directed acid taxis towards the lower pH region. The presence of
magnetite nanoparticles not only helped in improving the ‘activity’ of the motor through
the heterogeneous catalytic decomposition of the peroxide-fuel but also provided a
remote magnetic control on the chemotaxis. The mesoporous iMushbots having
negative (-potential could easily be loaded with the cationic anti-cancer drugs, which
were magnetically guided towards the cancerous cells to cause apoptosis. The
iMushbots exhibited a higher degree of drug retaining capacity inside alkaline pH and
showed facile drug release preferentially in the lower pH environments. The
experiments show the potential of the iMushbots in retaining and transporting drugs in
an alkaline medium such as human blood and releasing them in an acidic medium such

as the cancerous tissues for cell apoptosis.

This chapter is published in ACS Biomaterials Science and Engineering 2017, 3, 1627-1640.
| gratefully acknowledge the assistance of Dr. A. K. Singh, Dr. D. Dutta, and Prof. A. Unal.
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2.1. Introduction

Development of artificial self-propelling objects having faculties to deliver medicines in the
targeted locations of the human body for the therapy of life-threatening diseases have
attracted a lot of attention in the past few decades.!* A number of seminal contributions led
to the fabrication of diverse micro or nanoscale robots responsive towards various stimuli,
which include chemical®® or enzymatic’® reactions, photonic® or acoustic % waves,
thermal *? or concentration gradients,3® and electric'®!’ and/or magnetic fields,'®° among
others. These locomotives have also been envisioned to serve diverse uses ranging from
target isolation,?%% sensing,?>% therapeutics or diagnostics,?*2® microsurgery,2”?® transport
of payloads,?®*® and mitigation of pollutants through detoxification.3® Presently, the
biocompatible micro or nanosystems empowered with the specialties of the smart inorganic,
organic, or biomaterials are poised to take over as the futuristic drug carriers to achieve
therapeutic benefits with minimal side effects. The said mesoscale active systems are
expected to show multi-functionalities such as the loading of the hydrophobic or hydrophilic
drugs alongside the capacity to stimuli sensitive release of the same.®? However, in the
current scenario, one of the major challenges is to synthesize non-toxic, biocompatible
micro/nanoscale motors capable of in situ transport and on-demand release of life-saving
drugs in the targeted locations.

Thus far, a host of state-of-art fabrication methodologies, for example, angled electron beam
evaporation,? sputter coating,®*? photolithography,*® template-assisted deposition,* or 3-D
printing®* were employed to fabricate the multifunctional self-propelling objects. The
specialties of micro or nanoscale particles,®'? rods, %! tubes?®?! of noble metals,

carbonaceous materials,*®3! and/or synthetic polymers 4** have been employed to impart
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various functionalities to the locomotion. The issues related to the cost-effectiveness and
biocompatibility have also been addressed by synthesizing biomotors form the plant
tissues.®>38 For example, millimeter-scale robots® synthesized from the enzyme-rich plant
tissues were found to self-propel in the peroxide fuel while catalase differentially
decomposed hydrogen peroxide around the motor to engender the chemically-powered
locomotion. Microscale calcified biotubes® in the idioblast cells of the Dracaena sp. plant
leaf coated with Fe—Ti layer were employed to perform drug release studies of anti-cancer
agent Camptothecin under the remote magnetic control.

In the present study, biocompatible microbots have been developed composed of
mesoporous mushroom (Agaricus bisporus) fragments coated with magnetite nanoparticles
(FeONPs), namely iMushbots, could be employed for the transport and delivery of anti-
cancer drugs. Unlike the previous reports, which demonstrated the migration of metal
nanoparticle-coated polymeric microbots exclusively towards alkaline higher-pH regions,*
16 the proposed iMushbots showed pH-induced chemotaxis towards and away from both
acidic and alkaline pH regions, respectively.

While the homogeneous catalytic decomposition of peroxide fuel by alkali ensured that
iMushbot moved towards the higher pH region, a mixture of the catalase bio-enzyme with
acid enabled the migration of the iMushbot towards the lower pH region. The pH taxes
demonstrated towards and away from an acid or alkali source also emulated the chemotaxis
of various microorganisms. The innate catalase content of the mushroom tissues®® and the
FeONPs caused heterogeneous catalytic decomposition of the peroxide fuel on the surface
of the iMushbots to engender random chaotic motion. In such a situation, the external acid-
catalase or alkali drip helped in generating directed acid or alkali taxis, while the FeONPs

on the motor surface provided a remote magnetic control on these motions.
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Importantly, the proposed twin-trigger chemistry originating from the variation in the
proportion of acid in catalase decided the chemotactic motion of the motor towards or away
from an acid-rich target, which provided a clue to move objects inside human systems from
higher pH blood serum to lower pH cancerous cells or vice versa, employing the enzyme
responsive materials. The study also brings new insights into the interaction of
asymmetrically distributed FeONPs on the surface of iMushbots with the peroxide fuel to
improve the functionality of the microbots through continued propulsion. The incorporation
of FeONPs also mediated the remotely guided motion of the microbots under the influence
of an external magnetic field.

Interestingly, recent studies indicated that the mesoporous nature of drug delivery vehicles
could improve the drug loading capacity as they possessed abundant cavities and
electrostatic interactions for enhanced drug loading.*>#* Herein, highly porous iMushbot has
been synthesized with improved drug-loading capacity in conjunction with the capability of
the controlled release of cancerous drugs under the influence of external pH stimulus to
cause apoptosis of cancerous cells.

For this purpose, the omnipresent negative {-potential of a mushroom microparticle got
electrostatically bound the cationic anti-cancer drug. The coating of the magnetite
nanoparticles helped in magnifying the magnitude of the negative (-potential and
subsequently strengthened the electrostatic bondage of the drug with the microbot.
Mesoporous nature of the surface of the iMushbot alongside the presence of the negative (-
potential facilitated efficient loading of the cationic anti-cancer drug doxorubicin into the
self-propelling motor. The process for synthesis was optimized in such a manner that the
drug-loaded motor could retain a significant part of its negative (-potential after binding

with the cationic drug, which allowed the motor to transport inside an alkaline environment
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without much loss of the drugs before a facile release in the acidic cell lines of cancerous
cells. The experiments suggested that the proposed iMushbots could be employed for
carrying drugs in marginally basic human blood before releasing the same to the marginally
acidic cancerous tissues. Examples are shown where a drug-loaded iMushbot could be
magnetically guided to attach with a cancerous HelLa cell before causing apoptosis through
the delivery of doxorubicin into it. The binding and release efficiencies of the drugs with
the iMushbots could be tuned to successfully induce cell death under the in vitro
physiological conditions. The iMushbots reported in the present study have been expected
to be employed for a host of controlled release studies for diverse therapeutics and
diagnostic applications in the near future.

2.2. Experimental Section

2.2.1. Materials

Edible mushroom (Agaricus bisporus) was obtained from a local market (Guwahati, India).
Ammonium hydroxide (NHsOH), sodium hydroxide (NaOH), hydrogen peroxide (H20x)
(50%), hydrochloric acid (HCI), sodium hydroxide (NaOH) pellets, ethanol (C2HsOH),
formaldehyde (HCHO) (37%), potassium permanganate (KMnOjs) and acetone
(CH3COCH:3) were purchased from Merck (India). Ferrous sulphate (FeSO4.7H20) powder,
bovine catalase, phosphate buffer saline (PBS), acetate buffer, acridine orange
(C17H19N3*HCI) (AO), DAPI (C16H15Ns5*2HCI), ethidum bromide (EtBr), and thymol blue
was procured from Sigma-Aldrich (India). Doxorubicin hydrochloride (DOX) and MTT
(C18H16BrNsS) were purchased from Parental Drugs Limited (India) and Himedia (India),
respectively. All the chemicals were of analytical grade and used directly without further

purification. Highly purified Milli-Q grade water was used in all of the experiments.
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2.2.2. Methods

(a) Synthesis of DOX loaded magnetic iMushbots: The magnetite nanoparticles were
synthesized using the reverse co-precipitation method.*? Briefly, in a beaker containing 50
mL of deionized water, 50 mL of 25 % NH4OH was added, and the pH of the solution was
adjusted to ~13. A solution of 0.6 M FeSO4.7H>0 was prepared and added in the NHsOH
solution and mixed for 1 h. The addition of 0.6 M FeSO4.7H20 solution into the base
solution resulted in a black colored solution indicating the formation of magnetite
nanoparticles (FeONPs). The nanoparticles were obtained with the help of a neodymium
bar magnet, washed thrice with deionized water, and the obtained sample was dried
overnight in a vacuum oven at 50°C.

The commercially available mushrooms (Agaricus bisporus) were washed thoroughly and
dried on filter paper. Initially, the Mushbots were prepared by cutting on the cross-section
of mushrooms with a ~1 mm thickness, followed by vacuum drying at 30°C for 3 h.
Thereafter, ~ 3 g of the mushroom slices were crushed into the dimensions 50-160 pm using
a mortar and pestle. The fragments were then treated with ethanol solution of freshly
prepared FeONPs. The sample was dried overnight in a vacuum oven at 50°C to remove
ethanol by evaporation. After the heat treatment, a certain amount of FeONP-loaded motors
(iMushbots) were obtained. The iMushbots were incubated in a 15 pL Doxorubicin (DOX)
solution (166 pug mL™Y) in phosphate buffer (PBS) for 1 h at 37°C. The DOX-loaded
iMushbots (DOX@iMushbots) were magnetically separated from the solution and dried at
40°C. Freshly prepared micromotors were used to carry out all the experiments.

(b) Measurement of speed: The autonomous propulsion of iMushbots was tested in various
(v/v) H202 concentrations (0.5% - 8.0%). The motors (size ~ 150 um) were suspended in a

petridish (diameter 4 cm) filled with 6 mL of varying concentrations of aqueous peroxide
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solution. The displacement of the motors was measured by placing the petridish on a paper-
grid (dimension 1 mm x 1 mm).*® The velocity of the motors was evaluated by measuring
their displacement from initial point to the final position per unit of time. The experiments
were performed thrice to obtain the mean value and error bars.

The iMushbots (size ~ 150 um) were suspended in a petridish filled with 8 mL of water.
The displacement of the micromotors was measured by placing the petridish on a paper-grid
(dimension 1 mm x 1 mm).> An external magnetic field of strength varying from 10 to 30
mT was applied across the petridish with the use of an electromagnet. The velocity of the
motors was measured after every ~1 mm displacement of the motor per unit time towards
one of the magnetic poles. The experiments were performed thrice to obtain the mean value
and error bars.

An iMushbot (size ~I50 um) was immersed inside a petridish (3 cm dia.) containing 6 mL
of 8.0% (v/v) H20: solution. The alkali gradient was established at the center of the
petridish, using a cotton thread connected to a chemical reservoir. The displacement of the
motor was calculated by placing the petridish on a paper with a scale bar of 2 mm.% The
thymol blue indicator (0.2 g in 50 mL) was added to the H>O> bath in order to track pH
gradient. The speed of the micromotor was studied by varying the pH values of the chemical
solution in the reservoir. The motor speed was calculated by measuring the displacement of
the motor from an initial point to a position of ~ 6.5 mm away from the thread in order to
nullify the thread effect on the displacement of the motor.?® The experiments were carried
out thrice for each pH value, and the average speed of the motor was reported. The velocity

of the motor was studied at different pH values of the chemical drip.
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For alkali pH taxis, the speed of the micromotor was measured by varying the pH of NaOH
drip from 8 to 13. For repulsion motion (negative acid taxis) studies, the speed of the
micromotor was measured by varying the pH of the HCI drip from 2.5 to 5.5. For positive
acid taxis with varying pH values, the speed of the motor was measured by varying the pH
of catalase-HCI drip from 2.5 to 5.5. The concentration of the catalase was maintained at 2
ppm in all the catalase-HCI drips. For positive acid taxis with varying catalase amounts, the
speed of the motor was measured by varying the concentration of the enzyme in catalase-
HCI drip from 2 mg mL™ to 10 mg mL*. The concentration of the HCI and pH of drip was
maintained at 0.005 M and ~ 4.5, respectively, for all the catalase-HCI drips.

(c) Measurement of catalase activity: The activity of catalase content of the Mushbot,
iMushbot, and catalase-HCI drip solutions was evaluated by a standard method.*® The
catalase activity of the uncoated and coated motors was evaluated by suspending ~1 gm of
homogenized tissue motors in a total volume of 20 mL phosphate buffer and diluted to 50X
with water. After two cycles of centrifugation (4000 rpm, 4°C for 10 min), the supernatants
were collected and used for the enzyme assay. The intensity of UV absorption peak at 240
nm for catalase enzyme was recorded. Now for measuring the catalase activity in catalase-
HCI drip solutions at different pH, the pH of solutions was adjusted from 2.5 to 5.5. The
peroxide — phosphate buffer was prepared fresh by diluting 0.16 mL of H.O> (8.0% v/v) to
100 mL with phosphate buffer. A 100 pL of H20- - phosphate buffer was added in the wells
of a 96-well microtitre plate. After this, each solution of varying pH was mixed with 10 ug
mL? of catalase in 1:1 ratio. All of the samples (100 pL) were rapidly added to the wells in
a 96-well microtitre plate containing H.O>-phosphate buffer and mixed well. Phosphate
buffer (0.067 M, pH 7.0) served as a control. The microtitre plate samples were subjected

to UV absorbance measurement, and the intensity of catalase peak 240 nm (Az40) peak was
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measured for quantification. Also, the activity of a solution containing only catalase (10 pg
mL1) was measured. The time required for a decrease in intensity of A4 peak (47) by 0.05
units was noted in seconds using a TECAN microplate reader. The assay was performed

thrice for each of the samples. The activity of catalase was calculated as follows:
o . 17
Units in the assay mixture: T (1)

(d) Drug loading and release efficiencies: An aqueous solution of DOX (15 uL of 166 ug
mL1) was added to a varying concentration of iMushbots (0.5 mg - 3 mg) in 100 pL acetate
solution (pH 7.4) and incubated for 1 h at 37°C. The drug was absorbed on the surface of
the motor due to electrostatic interactions. Following this, the drug-loaded iMushbots
(DOX@iMushbots) were centrifuged at 4000 rpm for 10 min, in order to remove the
unloaded DOX. After centrifugation, the retrieved pellets (DOX@iMushbots) was
dispersed in distilled water. The supernatants containing the unloaded DOX were collected,
and the intensity of 590 nm peak for DOX molecules were recorded at 480 nm excitation.
Simultaneously, the emission intensity of total free DOX (15 pL of 166 pug mL™) was also
recorded as initial DOX concentration. All the experiments were carried out thrice to ensure
repeatability. After this, Binding Efficiency (B.E.) was calculated ** using the following
formula:

(DOX )i — (DOX)s
(DOX);

B.E.(%) = x100. (2)

Here, (DOX)i denotes the initial concentration of DOX in the solution, and (DOX)s denotes

the concentration of unloaded DOX present in the supernatant.
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The DOX released from 3 mg of DOX@iMushbots were studied at different time intervals
(0 min — 40 h). The pellets obtained after centrifugation of DOX-treated motors in acetate
solution (pH 7.4) were washed carefully with water and then dispersed in 100 pL of acetate
buffer of pH 4.5 and pH 7.4, respectively. The solution was incubated in acetate buffer at
37°C for 1 h followed by centrifugation, and the supernatants were collected. Finally, the
intensity of 590 nm peak at 480 nm excitation was recorded for the supernatants using a
spectrofluorometer, taking water as the baseline reference.

(e) Cell culture: HeLa cells were purchased from National Centre for Cell Sciences
(NCCS), Pune, India. The cells were cultured in Dulbecco’s modified Eagle’s medium,
which contained streptomycin (50 mg mL™?), L-glutamine (4 mM), penicillin (50 mg mL™,
purchased from Sigma-Aldrich) and 10% (v/v) fetal bovine serum (procured from PAA
Laboratories, Austria). The cultured cells were preserved at 37 °C in 5% CO_ humidified
incubator.*4

For analysis, ~10° HeLa cells were seeded in a glass slide and allowed to grow overnight.
After this, cells were treated with 3 mg of DOX@iMushbots. The cells were incubated in a
5% CO- humidified incubator at 37°C for 3 h. For understanding the co-localization of DOX
in the nucleus, after 3 h treatment, DAPI stain was used to stain the nuclei of the treated
cells. Following this, the cells were washed with PBS and fixed with 0.1% formaldehyde
solution for 20 min in the dark at 37°C and then dipped in 70% chilled ethanol. Finally,
coverslips were mounted on a glass slide and sealed. Control HeL a cells (without treatment)
were prepared in a similar manner. The samples were visualized under the confocal
microscope (ZEISS LSM 880) at 340 nm — 490 nm excitation. For time-dependent uptake
studies, samples were prepared in a similar manner with varying time points of treatment

(0.5 h—12 h), and the cells were fixed in a similar way described above.
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For cell viability assay, a 96 well microplate was taken where ~10* HeLa cells per well were
seeded and allowed to grow overnight. The cells were then treated with varying
concentrations of magnetic iMushbots and DOX@iMushbots micromotors ranging from
0.30 mg mL? to 1.07mg mL™. An MTT based cell viability assay was carried out after
incubating cancer cells with motors for 24 h. Following this, the MTT dye was added to
determine the number of viable cells. The viable cells reduced MTT to colored formazon,
and the formation of formazon was confirmed by recording the absorbance at 550 nm (Asso),
using a TECAN microplate reader. The observed absorbance at 690 nm (Asgo) was due to
the presence of background interference. The assay was performed in triplicates for each of
the samples. The % cell viability was calculated as follows: 4

(Asso — Aesso) of the DOX@iMushbot treated cells 5
(Asso — Asso) Of the untreated cells

%Viablecells = 100. (3)

Additionally, MTT assay was performed for varying concentrations of FeONPs, free DOX,
and uncoated Mushbots in a similar manner. About 10° HeLa cells per well were grown in
a 96-well microtiter plate overnight in a 5% CO> humidified incubator at 37°C and treated
with DOX free (0.027 mg mL™?), and DOX loaded micromotors (1.07 mg mL™) for 24 h.
Cells were stained by adding 5 pL of 1 mg mL™! ethidium bromide and 2 pL of 1 mg mL™!
acridine orange followed by incubated for 10 min. The treated cells were washed with PBS
for visualization under a fluorescence microscope (Nikon ECLIPSE, TS100, Tokyo) with
an excitation filter of 480/30 nm.

(f) Equipment: Transmission electron microscope (TEM, JEOL JEM 2100, operated at 200
kV) was used to examine the particle morphologies. The samples were dispersed in ethanol
before drop-casted onto a carbon-coated copper TEM grid and dried at room temperature.

Field emission scanning electron microscopy (Zeiss Sigma FESEM, Germany) was used to
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examine the surface of the motors and cancer cells. A 15 pL of the micromotor dispersion
was deposited on a glass side wrapped with an aluminum foil left for drying before coating
with a gold film (using SC7620 “Mini”, Polaron Sputter Coater, Quorum Technologies,
England). For the FESEM analysis of the untreated and treated HeLa cells, the cells were
seeded in a cell culture plate and grown overnight. The samples were treated with DOX
loaded micromotors with 1Csg dosage. Following this, the cells were incubated for 24 h and
washed twice with PBS before trypsinization. Following this, the cells were centrifuged for
6 min and fixed by re-dispersing the cells in 70% chilled ethanol at room temperature.
Similarly, untreated HeLa cell suspension was prepared, and both treated and untreated cells
were deposited glass slides covered with aluminum foil. The prepared samples were
visualized under FESEM.

The elemental analysis of the sample was measured by energy-dispersive X-ray
spectroscopy (EDX) in FESEM. The characterization of magnetite nanoparticles was done
by X-ray diffraction (XRD, Bruker AXS Advance DS diffractometer, Cu Ka source, X-ray
wavelength 1.54 A). The {-potential of the particles was measured using a DLS (Dynamic
Light Scattering)-based particle size analyzer (Malvern Zetasizer Nano ZS). A flame atomic
absorption spectrophotometer (AAS Model AA240) was used to assess the iron content of
the samples. The magnetization curve was obtained by using a vibrating sample
magnetometer (VSM, Lakeshore magnetic systems 7410 series). The electromagnet Model
EMU-50V with constant current power supply unit (DPS —50) and neodymium bar magnet,
N52 grade of dimension 20 mm x 8 mm x 8 mm having magnetic field gradient of 1 mT
mm* were used to apply the magnetic field in various experiments, and the applied magnetic
field was measured by Digital Gaussmeter Model DGM-102 (purchased from SES

instruments, India).
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The treated HelLa cells were also assessed under the Epifluorescence microscope (Nikon
ECLIPSE, TS100, Tokyo) by imaging under UV at an excitation of 480 nm. The samples
were prepared by seeding HeLa cells (10°) in a coverslip and incubated for 24 h. Thereafter,
the cells were treated with DOX loaded motors for 3 h, followed by washing the cells with
PBS buffer solution and visualized under a microscope. Confocal Laser Scanning
Microscopy (CLSM) micrographs were recorded using a confocal microscope (ZEISS LSM
880). The fluorescence spectra were recorded using a Perkin-Elmer fluorescence
spectrophotometer (Perkin-Elmer LS55). The pH was measured by pH meter (CyberScan
pH 510, Eutech Instruments). The motion of the micromotors was captured with a digital
camera (Cybershot DSC-HX, Sony Corp., Japan).

2.3. Results and Discussion

2.3.1. Synthesis of DOX@iMushbots

The plant-derived micromotors were fabricated using the edible mushrooms - Agaricus
bisporus, owing to their nutritional and therapeutic values. The mushrooms, in comparison
to other catalase-enriched food resources,® have higher protein and lower starch and lipid
contents alongside being the source for many essential amino acids, minerals, and vitamins.
Furthermore, particular attention could be drawn towards the biocompatibility of these
Mushbots derived from an edible source, which are not considered to be foreign in the
biological environments and fight destructive immune attacks.

Apart from their utility as dietary supplements, mushrooms are also considered among the
nutraceuticals to prevent hypertension, hypercholesterolemia, and hyperglycemia.*64” A
schematic description in Figure 2.1A shows an experimental setup employed to characterize
the self-propelling motions of the motors. A micropipette tip was used as an alkali or acid

reservoir while the peroxide fuel was placed on a petridish as shown in the figure.
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Figure 2.1. (A) Schematic diagram of the experimental set-up to study and characterize
the motions of an iMushbot. (B) Schematically depict the steps to fabricate the magneto-
catalytic (iMushbot) and drug-loaded motors (DOX@iMushbot). Transmission electron
microscopy (TEM) image of (C) uncoated (Mushbot) and (D) FeONP coated motor
(iMushbot). The scale bar is 0.2 um. (E) Schematic diagram of the motor undergoing acid
and alkali chemotaxis under the pH gradient. The decomposition of the H>O- by the acidic
catalase enzyme (sodium hydroxide) promotes chemotaxis from basic (acidic) towards the
acidic (basic) region. The FeONP coating also facilitated magnetic remote control on the
motions of the motor. (F) Schematic diagram shows the in vitro delivery of the Doxorubicin
(DOX) by the iMushbots to the nucleus of the cancerous HelLa cells and thereby causing
cell death. The inset shows the z-stacking from the confocal microscopy, which depicts the
localization of the anti-cancer agent (depicted in red) inside the nucleus of the cancer cells.

The thymol blue indicator was dispensed on the peroxide bath to follow the pH gradient.
The iMushbot was placed away from the thread to capture its motion towards or away from
the alkali or acid trigger. Figure 2.1B shows the steps followed to synthesize the mushroom-
based self-propelled micromotors. After purchasing from commercial resources, the
mushrooms were sliced into pieces of ~ 1 mm thickness after washing and then vacuum
dried at 30°C for 3 h to remove excess water. Thereafter, 3 g of the dried mushroom slices

were crushed using a mortar and pestle, and catalytic Mushbots of size nearly 50-160 pm
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were obtained. The detailed steps of fabrication and characterization of the micromotors
have been discussed in the experimental section.

2.3.2. Characterization of the materials

The Mushbots thus prepared were highly porous, as shown from the TEM micrographs in
Figure 2.1C, and inherently possessed catalase enzyme. The micromotors of size ~ 150 um
were used for all the experiments reported in the manuscript unless stated otherwise. When
the catalytic Mushbots were immersed in 8.0% (v/v) H20> solution, the spontaneous
generation of Oz bubbles was observed due to the catalase-induced decomposition of H20>
into water and O,.

In this situation, no net displacement of the motor was observed in a peroxide bath. In order
to infuse a magnetic remote control on the motions, the Mushbots were coated with
magnetite (FesOs) nanoparticles (FeONPSs), which was termed as iMushbots. The random
FeONPs deposition on the surface of the iMushbots also improved their catalytic activity
through the heterogeneous catalytic decomposition of peroxide fuel. The surface
morphology and porosity of the iMushbots were characterized using transmission electron
microscopy (TEM) that were found to be deposited on the surface and inside the pores of
the iMushbots, as shown in the Figure 2.1D. In contrast to the Mushbots, the immersion of
the iMushbot in the peroxide bath led to an autonomous chaotic motion.

The heterogeneous catalytic decomposition of the peroxide on the iMushbots was clearly
visible as the gas bubbles issued out from the surface of the motor. Control experiments
suggested that same iMushbot remained stationary when immersed in deionized water (DI)
water. Importantly, directionality could be infused to these randomly moving iMushbots,
when a pH gradient was imposed on the experimental chamber. A few previous works

showed that such directed motions were specific towards alkali rich regions.416
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In the present study, motions towards the alkali rich (higher pH) and alkali lean (lower pH)
zones with the help of a pair of chemical triggers could be achieved. Figures 2.1E shows
that when 0.3 M sodium hydroxide (NaOH) solution was dripped from a micro-tip alkali
reservoir into an 8.0% (v/v) peroxide bath at the center of a petridish using a thin cotton
thread, a pH gradient could be established in the peroxide bath.4® Schematic 1F shows the
in vitro delivery of the Doxorubicin (DOX) by the iMushbots to the nucleus of the cancerous

HeLa cells and thereby causing cell death.
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Figure 2.2 (A) Enzyme activity of the innate catalase in uncoated Mushbots and iMushbots
samples for 8.0% (v/v) H.O, decomposition (B) Variation in catalase enzyme activity with
the change in pH values. (C) Transmission electron microscopy (TEM) image and (D) XRD
pattern of freshly prepared magnetite nanopatrticles. The scale bar at the bottom is 50 nm.

Figure 2.2A shows the specific activity*® of the mushroom catalase content in uncoated
motor for of H,0, decomposition was around 1.5 U g (1500 U mgt) whereas the same of
the iMushbots were found to be 1.35 U g (1350 U mg™). The decrease in the catalase

activity in iMushbots accounts for the slight decrease in the rate of peroxide decomposition,
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as shown later in Figure 2.2B that shows the decrease in catalase enzyme activity with the
increase in acidic pH. Figure 2.2C shows the TEM image of freshly prepared magnetite
nanoparticle (FeONPs). TEM images revealed that the FeONPs were ~ 35 nm or less in size.
The XRD pattern (Figure 2.2D) showed characteristic diffraction peaks at 20 = 30.1", 35.5',
43.15°, 57.6°, 62.6° corresponding to the (220), (311), (400), (511), 440) crystallographic

planes of FeONPs (JCPDS 19-0629).484°
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Figure 2.3. (A) Field emission scanning electron microscopy (FESEM) image of an
uncoated Mushbot. The scale bar at the bottom is 1 um. (B) FESEM image of iMushbot in
which the FeONPs were observed over the mushroom surface. The scale bar at the bottom
is of 1 um. (C) Energy Dispersive X-ray (EDX) of the uncoated Mushbot. (D) EDX of an
iMushbot surface shows the Fe peaks.

FESEM image Figure 2.3A shows the surface of Mushbot before the magnetite nanoparticle
(FeONPs) coating. EDX of the uncoated Mushbot shows the presence of mineral content

(Figure 2.3C). Figure 2.3B shows the aggregates of FeONPs of average size ~ 30 - 40 nm.
The figure confirmed the presence of a magnetic coating on the motor surface. The EDX of
FeONPs-coated iMushbot shows the presence of elemental iron (Fe) peaks from FeONPs

(Figure 2.3D).
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The rate of decomposition of H20. solution by a catalase-rich uncoated Mushbots and
iMushbots were analyzed by volumetric titration with KMnO4.2® The strength of the
KMnO4 was standardized by 0.2 N oxalic acid. Firstly, for Mushbots, a 30 mL of 8.0% (v/v)
H>0, was taken in a beaker, and then 10 mg motors (~ 150 um size) were suspended in the
peroxide solution. After every 5 min time interval, a 300 pL aliquot was withdrawn from
the beak and added to 10 mL of 0.2 N H2SOg4 solution. Following this, the solution was

titrated against standard 0.2 N KMnOjs solutions.
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Figure 2.4. Rate constant (k) of 8.0% (v/v) H,O, decomposition for (A) uncoated Mushbots
and (B) iMushbots. Vibrating sample magnetometry (VSM) hysteresis loop of (C) freshly
prepared FeONPs and (D) iMushbots. (E) Concentration of iron determined by using the
standard curve obtained from atomic absorption spectroscopy.

The appearance of a permanent faint pink coloration confirmed the endpoint of the titration.
The rate constant (k) for the H.O> decomposition was estimated. The same procedure was

repeated for iMushbots. In the presence of a Mushbots, the rate of decomposition of 8.0%

TH-2289_146153006



C2-22 Chapter 2

(v/v) peroxide followed first-order kinetics with the rate constant, k = 0.010 min (Figure
2.4A) whereas for iMushbots the rate constant was measured to be k = 0.007 min™ (Figure
2.4B). It is evident from the results that the FesO4NPs coating on the motor resulted in a
slight decrement in the rate of peroxide decomposition.

The magnetization curve was obtained from the VSM at 25 °C by varying the magnetic field
from —15 to 15 kG. The magnetization curve for FeONPs (Figure 2.4C) suggested that the
FeONPs were soft ferromagnetic in nature with a saturation magnetization (Ms) value of ~
47.624 emu g*. Figure 2.4D shows the magnetization curve for iMushbots having Ms value
of ~ 0.594 emu g*.The presence of non-magnetic mushroom tissue in the motor resulted in
the decrement of Ms value in this case. The determination of the iron content in FeONPs
and iMushbots was done by AAS by taking ferrous sulfate salt (FeSOa) as standard (Figure
2.4E). From the plot, it was determined that for 20 ppm of FeEONPs and iMushbots, the
samples have 5. 29 ppm and 3.41 ppm of iron content, respectively.

2.3.3. Measurement of average speed of iMushbots

Figure 2.5A shows that when an iMushbot was immersed inside a bath of 8.0% (v/v),
aqueous H20- solution and an alkali pH gradient was imposed, the motor migrated towards
the thread. Figures 2.1A and 2.1E together show that when 0.3 M sodium hydroxide
(NaOH) solution was dripped from a micro-tip alkali reservoir into an 8.0% (v/v) peroxide
bath at the center of a petridish using a thin cotton thread, a pH gradient could be established
in the peroxide bath.'#¢ The color gradient employing the thymol blue indicator in Figure
2.5A shows the regions of high (blue) to low (yellow) pH zones. In such a situation, when
an iMushbot was placed in the peroxide bath, it migrated towards the thread — the alkali rich

higher pH region.
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Figure 2.5. (A) shows the chemotactic motion of the motor (~ 150 um) towards a thread
under a continuous dripping of agueous NaOH (0.3 M) to the H20, bath. The numbers 1 —
3 represent the position of the motoratt=0s, 18 s, and 21 s, respectively. (B) shows the
repulsion of the motor (~ 150 um) towards a thread under a continuous dripping of aqueous
HCI (0.005 M) to the H.O, bath. The numbers 1 — 3 represent the position of the motor at t
=0s, 7 s, and 13 s, respectively. (C) shows the acid taxis motion of the motor (~ 150 um)
towards a thread under a continuous dripping of aqueous HCI (0.005 M) and catalase (2
ppm) to the H.O- bath. The numbers 1 — 3 show the position of the motoratt=0s, 10 s,
and 12 s, respectively. (D) Shows magnetically guided migration of motor in water with the
aid of bar magnet. The numbers 1 — 6 represent the position of the motoratt=0s,2s, 4
s, 6,12 s, and 27 s, respectively. (E) Shows reciprocating motion of a motor (~150 pm)
under the coupled influence of the internal alkali pH gradient (NaOH drip) and the external
magnetic field. The numbers 1 — 5 represent the position of the motor att=0s, 8s, 15 s,
27 s, and 29 s, respectively. The broken brown arrows depicted the magnetically controlled
trajectory, and the broken black arrows show the trajectory under the influence of internal
pH gradient. (F) Shows reciprocating motion of a motor (~150 um) under the coupled
influence of the internal acid pH gradient (catalase-HCI drip) and the external magnetic
field. The numbers 1 — 5 show the position of the motoratt=0s, 14 s, 21 s, 39 s, and 44
s, respectively. The advancing alkali and acid front in all the experiments were observed
using thymol blue indicator. In all the images, the instantaneous position of the motor is
encircled in black color. The black arrows represent the trajectory of the migrating motor.
The scale bar on all the images is 300 pm.

The migration of the motor could be attributed to the coupled effects of, (a) catalase-assisted
decomposition of peroxide on the motor surface, (b) heterogeneous catalytic depletion of

the peroxide fuel on the FeONPs on the motor surface,*® and (c) homogeneous catalytic
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decomposition of peroxide by the imposed pH gradient. The presence of catalase and
FeONPs on the surface of the iMushbot ensured rapid decomposition of the peroxide fuel
around the motor surface. It is well known that the peroxide fuel decomposes faster in the
presence of the homogeneous catalyst NaOH.>* Thus, the alkali drip ensured the presence
of less amount of peroxide at the front side of the moving motor than at the rear side, which
ensured larger decomposition of the peroxide fuel at the front side of the motor than on the
rear side. This provided the required directional thrust for the motion towards the thread
dripping alkali. The recoiling of O, bubbles from the motor surface also played an important
role in this motion.* Concisely, Figure 2.5A showed alkali taxis of an iMushbot towards a
higher pH region.

Interestingly, instead of alkali, when 0.005 M (pH ~ 4.5) hydrochloric acid (HCI) was
dripped into the peroxide bath through the micro-tip drip, the motor moved away from the
thread (Figure 2.5B). Since HCI acted as a negative catalyst against the peroxide
decomposition,>?in this situation, the HCI drip ensured more peroxide decomposition on the
rear surface of the iMushbot than in the front, which caused the directed migration away
from the thread. The differential catalytic decomposition of the H2O2 on the motor surface
was clearly visible as the frequency of bubbles issued out from the motor surface facing
towards the low pH region (acidic zone) was more as compared to the side facing towards
high pH domain.

The motions shown in Figure 2.5B could be termed as “negative” acid taxis as the iMushbot
again migrated from the lower pH region towards the higher pH region. Notably, when the
reservoir dripped a solution of 2 ppm of catalase enzyme in 0.005 M HCI into the peroxide
bath, the iMushbot migrated towards the lower pH region. Addition of catalase in the HCI

drip fueled up the homogeneous catalytic decomposition of peroxide fuel by subduing the
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negative catalysis due to HCI. In this situation, the catalase enzyme dripped from the
reservoir succeeded in generating a differential solute concentration inside the peroxide
bath, which ensured a stronger decomposition of the peroxide fuel on the rear side of the
motor than in the front to provide the required thrust for the motion towards the lower pH
region. The optimum pH window for the acid taxis was found to be between 2.7 to 5.5 in
the micro-tip reservoir because catalase lost its enzymatic activity under extreme acidic or
alkaline conditions. The highly acidic or basic pH disrupts the tertiary protein structure,
leading to inactivation of the catalase enzyme.>3®

The experimental results shown here suggested that, while the alkali drip shown ensured
that the motor migrated towards the alkali rich region (blue color for thymol blue in Figure
2.5A), the catalase-HCI drip ensured that the motor moved towards the acid-rich region
(yellow color for thymol blue in Figure 2.5C). The motions shown in Figure 2.5C could
be termed as “positive” acid taxis as the iMushbot migrated from the higher pH region
towards the lower pH region. It is well known that the pH of the human blood is marginally
alkaline in nature ranging ~7.35 to 7.45 " while the cancerous tissues are marginally acidic
having the extracellular pH in the range of ~5.7 to 7.8 (average ~6.5).°®° In comparison,
for the healthy human somatic tissues the extracellular pH varies from ~7.1 to 7.4.%°
Furthermore, during the first stages of the Trichophyton rubrum skin infection, the human
skin surface pH shifts from the acidic pH of 4.7 to alkaline pH values ranging from pH 8.3
to 8.9.5262 The experiments shown here confirmed that both acid and alkali taxis could be
achieved under the in vitro conditions, which can be employed to migrate the iMushbots
injected in blood into the cancerous cells as well as Trichophyton rubrum-infected cells with
the help of the acid and alkali taxis, respectively. Briefly, the experiments suggested that the

NaOH (pH 8.35 to 12.9) and catalase-HCI (pH 2.7 - 5.5) drips acted as chemical stimulants
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to attract the iMushbots whereas the sole HCI drip (pH < 2.7) served as a repulsive trigger
for the iMushbots.

The motions of the iMushbot were similar to the positive chemotaxis of bacterium,
Pseudomonas putida F1 towards its nutrient toluene®® (chemo-attractant), and negative
chemotaxis of Escherichia coli in gradients of noxious compounds (chemo-repellents).%*
The previously reported works highlighted the necessity to change either the fuel or
fabrication protocol or material of the micromotor to achieve either acid or alkali taxis. For
example - calcium carbonate-based Janus microparticles showed migration in the presence
of ultra-low acidic conditions while the palladium nanoparticle (PdNPs)-coated polymeric
beads exhibited alkali taxis at a higher pH in a peroxide bath.'*

In comparison, the results reported here are exceptional owing to the fact that the motor
could conditionally undergo acid or alkali taxis under the same in vitro condition. The
proposed twin-trigger chemistry based on the homogeneous catalytic decomposition of
peroxide fuel under the influence of alkali and catalase enzyme provides the scientific clue
for such locomotion. Further, deposition of the FeONPs rendered magnetic remote control
on the motions of the iMushbots motor, as shown in Figure 2.5D-5F. The magnetic control
enabled quick change in the direction of the iMushbot while in motion moving under the
chemical trigger.®®

‘Figure 2.5D shows the veering motion of an iMushbot under the sole influence of an
external magnetic field in an agueous medium. The induced magnetization of the FEONPs
allowed the iMushbot to be sensitive towards the magnetic field gradient. The microbot
could be immediately steered in different directions by moving bar magnet to different
positions. Figure 2.5E (Figure 2.5F) shows the magnetically guided chemotaxis of a motor

under the coupled effect of NaOH (catalase-HCI) drip and external magnetic field.
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The color gradient employing the thymol blue indicator in Figure 2.5E (Figure 2.5F) shows
the regions of high (low) to low (high) pH zones. In such a situation, when an iMushbot was
placed in the peroxide bath, the motor migrated towards the alkali (acid) rich higher (lower)
pH region (thread) in the absence of a magnetic field. Before reaching the thread, the
iMushbot was pulled away from the higher (lower) pH region, into the reverse direction of
its alkali (acid) taxis using a neodymium bar magnet.

In this process, the directionality of micromotor under the influence of the alkali (acid) pH
gradient was changed externally by the magnetic field. The motor was drawn out from the
higher (lower) pH zone to the lower (higher) pH region of the alkali (acid) gradient, and
then the external bar magnet was moved away from the motor. Under the sole influence of
internal pH gradient and no external magnetic field, the iMushbot re-oriented itself spatially
and resumed its directed migration towards the thread. The magnetic field was again re-
introduced near the motor and the migrating motor was again veered away from the
established pH gradient and the cycle was repeated twice leading to the reciprocating motion
of the motor - towards and away from the thread.

Importantly, the iMushbot could recommence its migration towards the thread under the
effect of the pH gradient once the magnetic stimulus was withdrawn. The remote magnetic
guidance of iMushbots on a predefined route improved their applicability as drug delivery
vehicles. In the near future, these proof-of-concept “on the fly” pH sensing iMushbots could
be exploited for various theranostic applications such as (i) diagnostics - in vivo
differentiation of diseased tissues from the healthy ones on the basis of extracellular pH®>

and/or (ii) therapeutics - in vivo delivery of drugs towards the diseased tissues from blood.
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Figure 2.6. (A) Variation in the average speed (Va) a ~150 um iMushbot with increase in
concentration of the hydrogen peroxide (Cnp) in the peroxide fuel. (B) Variation in the
average speed (Vay) of the motor inside 8.0% (v/v) peroxide bath when the pH of NaOH
drip was varied. (C) Variation in the average speed (Vay) of the motor undergoing repulsion
inside 8.0% (v/v) peroxide bath when the pH of HCI drip was varied. (D) Variation in the
average speed (Va) of the motor inside 8.0% (v/v) peroxide bath when the pH of catalase-
HCI drip was varied. (E) Variation in the average speed (Vay) of the motor inside 8.0% (v/v)
peroxide bath when the concentration of catalase (Cca) in catalase-HCI drip was varied. (F)
Variation in the average speed (Va,) of the motor inside water bath with the increase in the
strength of the external magnetic field (H).

In order to investigate the impact of various parameters on the motion of iMushbots, a series
of experiments were performed. Figure 2.6A shows that the average speed (Vav) of the
iMushbot increased with the increase in peroxide concentration (Chp) inside the H2O> fuel.
When the motor was immersed in a bath of 0.5% (v/v) peroxide fuel, the motor attained the
speed of ~ 0.15 x 10 ms™? (~ 1 body lengths per second), and with gradual increment in

peroxide concentration, the speed of the motor is enhanced to ~ 4.5 x 10° ms™ (~ 30 body
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lengths per second) in the 8.0% (v/v) peroxide fuel. The plot also shows that the low
peroxide concentrations (0.5% - 2%) could be employed for the motions. For alkali taxis,
the experiments were performed by immersing a ~150 pum motor inside 8.0% (v/v) peroxide
bath while the pH of the alkali (NaOH) drip was varied from 8.35 to 12.9.

Figure 2.6B shows a monotonic increment in the average speed of the motor (Vay) with an
increase in pH of the NaOH drip. At pH value of 8.35, the average speed of the motor was
~ 0.9 x 10 ms™. However, beyond pH 10.7 the speed increased rapidly, and at pH 12.9,
the speed recorded was ~ 2.8 x 10°ms™ (~ 19 body lengths per second). The repulsion of
the motor in response to the acid drip in the absence of the extrinsic catalase was studied by
varying the pH from 2.46 to 5.5 where the motor migrated away from the acid source.
Figure 2.6C shows average repulsion speed (Vay) of the motor; the motor attained the
maximum speed of as high as ~ 4.87 x 10 ms™ (~ 32 body lengths per second) at pH 2.46.
At this pH, the acid-rich zone at the rear part of the iMushbot ensured the presence of more
peroxide fuel to be decomposed on the surface as compared to the front part of the motor
which was away from the thread. With the reduction in the acidity, the repulsion weakened
and the motor attained a speed of ~ 2.17 x 103 ms™ at pH 5.5, which was equivalent to ~ 14
body lengths per second.

Figure 2.6D and Figure 2.6E correlate the speed of the motor undergoing acid taxis under
the influence of the catalase-HCI drip with the variation in pH and the concentration of
extrinsic catalase in acid-enzyme drip, respectively. Figure 2.6D shows the effect of the pH
of catalase-HCI drip on average speed (Vav) of the motor towards the thread at different pH
values ranging from 2.7 to 5.5 achieved by varying the HCI concentrations (0.1 M — 0.0028
M) with a constant concentration of extrinsic catalase at 2 ppm. The average speed attained

by the motor was around 1.37 x 10 ms™* (~ 9 body lengths per second) at pH 2.7. With the
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increase in pH, the extrinsic catalase in the acid-enzyme drip shows an increment in its
catalytic activity as the pH approaches to its optimal value. The enhancement in the catalytic
activity of the extrinsic catalase in the acid-enzyme drip magnifies the homogeneous
peroxide decomposition, and thus, the speed of the motor increased to ~ 4.52 x 10° ms™ (~
30 body lengths per second) at pH 5.5. Furthermore, the speed of the motor was measured
by varying the concentration of catalase with a fixed concentration of HCI (0.005 M, pH
4.51).

It was found that the velocity of the micromotor increased significantly with an increase in
the concentration of catalase, as shown in Figure 2.6E. It was observed that the velocity of
the micromotor increased gradually from ~ 2 x 10 ms™* (~ 13 body length per second) to ~
4.13 x 10 ms™ (~ 27 body length per second) when the concentration was increased from
~2 ug mLt to ~ 10 ug mL2. The effect of the magnetic field on average velocity (Vay) of
the motor was also obtained by varying the magnetic field from 17 mT to 29 mT. Figure
2.6F shows that the velocity increased with the increase of the magnetic strength (H) exerted
on the motor. The average speed attained by the motor was around 1.91 x 102 ms™ (~ 13
body length per second) at ~ 17 mT. However, with the escalation in the magnetic field
strength, the speed increased to 4.86 x 10 ms™ (~ 32 body length per second) at ~29 mT.
Concisely, Figure 2.6 showed that the variations in the process parameters related to the
acid, alkali, and magnetic field-driven motions of the iMushbots under various conditions.

2.3.4. iMushbots in intracellular drug delivery studies

In order to utilize the motors for drug delivery, the iMushbots were loaded with a fluorescent
anticancer drug, doxorubicin (DOX), and were magnetically guided towards HelLa cells. A
schematic illustration in Figure 2.1F demonstrated the usage of DOX-loaded iMushbots

(DOX@iMushbot) as a drug carrier.
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Figure 2.7. (IA-B) shows the magnetic guidance of a DOX@iMushbot (~ 100 um) towards
a target cell using a bar magnet. The scale bar is 100 um. (llIA-B) shows epifluorescence
microscopy images of HelLa cells after its treatment with DOX@iMushbots for 1 h. The
scale bar is 100 um. (lIA) shows Hela cells and the motor showing the bright red
fluorescence of the DOX uptake and drug loading, respectively. (1IB) shows the bright field
image of DOX loaded motors (red). (IlIA-B) Fluorescence (IlIC) bright field and (llID)
merged images of HelLa cells after 3 h treatment with DOX@iMushbots and DAPI. The
scale bar is 10 pm.

The DOX@iMushbots were immersed in the culture plate consisting of HelLa cells and
phosphate buffer saline (PBS) solution devoid of peroxide and the motor was remotely
guided towards the HelL a cells with the help of an external bar magnet having magnetic field
gradient of 1 mT mm™, as shown in Figure 2.7 (IA-B). The HelLa cells were treated with
DOX@iMushbots of ~ 100 um size for 1 h and were imaged under the Nikon ECLIPSE

TS100 epifluorescence microscope after thorough washing with PBS buffer. Figure 2.7
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(11A-B) shows the Epifluorescence microscopy images of HelLa cells after its treatment with
DOX@iMushbots for 1 h, the corresponding bright-field image of the drug-laden motors,
and the treated HeLa cells.

The images suggest successful loading of the drug in DOX@iMushbots along with the
cellular uptake of the DOX by the HeLa cells. In these microscopy images, the DOX
molecules could easily be identified on the surface of the HeLa cells by its characteristic red
fluorescence emission under 480 nm excitation. Free DOX molecules successfully
intercalated into the nuclear DNA of cell nuclei. The red fluorescence signal indicated the
release of DOX from DOX@iMushbots and delivery into the cell nuclei and cytoplasm of
the HelLa cells. The DOX@iMushbot treated HeLa cells were subjected to the nuclear stain
using the DAPI (4', 6-diamidino-2-phenylindole) dye, and the cells were analyzed under
ZEISS LSM 880 confocal laser scanning microscope (CLSM) at excitations of 488 nm and
405 nm.

Figure 2.7 HIA represents the CLSM images of treated cells, which showed red auto-
fluorescence due to the internalization of DOX molecules. Figure 2.7 111B shows the
binding of DAPI dye to the AT regions of nuclear DNA resulted in blue auto-fluorescence
near the nuclear region and thus helped to locate the DNA content inside the cells. The
bright-field image of the sample was captured in Figure 2.7 111C, while Figure 2.7 111D
shows the superimposed images of DOX co-localization and DAPI stain. The CLSM images
show that the distribution of released DOX was homogeneous inside the cells along with
acute localization of DOX in the nuclear region, suggesting the successful uptake of DOX
by the cells and nuclei. Additionally, a time-dependent controlled release study of the drug
from the iMushbots was carried out by incubating the HeLa cells with the drug-loaded

motors for a period of 0.5 h - 12 h and imaged under a confocal microscope.

TH-2289_146153006



C2-33 Chapter 2

(A)

Bright field images CLSM images Merged

Figure 2.8. (A) shows the bright-field, fluorescence, and merged confocal images of HeLa
cells after treatment with DOX@iMushbots for a period of 0.5 h - 12 h at 37°C. (B)
Fluorescent images of (I) untreated (control) (1) free DOX and (IIl) DOX@iMushbot treated
HelLa cells after ethidium bromide-acridine orange dual staining. Dead cells show red
emission due to uptake of ethidium bromide and live cells green due to uptake of acridine
orange dye.

Figure 2.8A shows the time-dependent bright-field and fluorescent images of the
internalization of DOX into the nucleus of the HelLa cells. The figure confirmed the intrinsic
release of drug DOX from the motor to the cancer cells. With increasing culture time, the
red region inside the cell gradually increased due to the release of DOX into the cytoplasm.

The DOX released from the motors passed through the nuclear membrane into the nucleus
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and accumulated in the nuclei. The nuclei of the cancer cells enriched by DOX molecules
appeared red in color under the CLSM. In order to quantify the apoptotic effects of the drugs
after 24 h of treatment with free DOX (0.027 mg mL™1) and DOX@iMushbots (1.07 mg mL"
1Y on HelLa cells, dual acridine orange/ethidium bromide (AO/EB) fluorescent staining
technique was employed.®” The AO dye penetrated the live cells or early apoptotic cells
with membranes intact and attached with the nuclear DNA resulting in green fluorescence.
In contrast, the EB dye only entered into the dead cells with dented membranes, thereby
emitting orange-red fluorescence after binding with DNA fragments or apoptotic bodies.
Figure 2.8B shows the fluorescent micrographs of cells after AO/EB double staining assay.
No reduction in cell viability was observed in case untreated cells (control) after 24 h, as
indicated by AO dye-mediated green fluorescence (Figure 2.8B 1).

Figure 2.8B 11 shows the treatment of cells with free DOX after 24 h time point. A minimal
number of dead cells (red) were visible in this case, thereby suggesting that the existing cell
population consists of mainly live and/or early apoptotic cells. In Figure 2.8B 111, it was
noted that the drug intake by DOX@iMushbots-treated cells resulted in more reduction in
cell viability as compared to free DOX treatment. The number of dead cells (in red) was
more as compared to viable cells (green), which signified the high efficacy of
DOX@iMushbots in causing the cellular apoptosis.

No red fluorescence was observed in the CLSM image in Figure 2.9A and 2.9B. The Bright
field and the CLSM images of the untreated HeLa cells do not show the characteristic red
auto-fluorescence of DOX molecules due to the absence of DOX in the cellular
compartment. From the binding efficiency calculations, it was determined that the 1.07 mg
mL* equivalent of DOX@iMushbots contained 0.024 mg mL™ of DOX, shown in Figure

2.9C.
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The plot was constructed using the binding efficiency protocol, as stated in the experimental
section of the manuscript, and shows the concentration of DOX loading in a definite amount
of DOX@iMushbots. From the plot, it was determined that the 1.07 mg mL™ equivalent of

DOX@iMushbots contained 0.024 mg mL* of DOX.
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Figure 2.9 (A) Bright field and (B) CLSM image of the untreated HelLa cells. (C) Variation
in concentration of loaded drug DOX with an increase in the amount of iMushbots. The
concentration of DOX in the motors was determined by observing the intensity of the
characteristic 590 nm fluorescence peak for DOX molecules. MTT assay of HelLa cells
treated with (D) FeEONPs, (E) uncoated Mushbots, and (F) free DOX for 24 h. The values
are represented as mean + SD of results from three individual experiments.

The Figure 2.9D and 2.9E revealed marginal anti-cancer activity of uncoated Mushbots
(Agaricus bisporus) and free FeONPs respectively, which showed slight toxicity to HeLa
cells at concentrations (C) of 0.5 mg mL™* of uncoated mushbot and FeONPs, as ~ 78-80%
of HeLa cells were found to be viable in a culture medium. For free DOX (Figure 2.9F),
more than ~ 60% of HeLa cells were found to be viable at 0.027 mg mL* dosage whereas
only ~ 48% of viable cells were observed at 0.024 mg mL™ of DOX dosage, which clearly

indicated that HeLa cells were more sensitive to DOX@iMushbots compared to free DOX
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treatment. Thus, the measured ICso value for DOX@iMushbots was equivalent to 0.024 mg
mL? of DOX. It was observed that the percentage of cell viability was high for DOX-free
iMushbots compared to DOX@iMushbots and free DOX, thereby indicating their minimal
contribution in cell death. Further analysis revealed an additional anti-cancer activity of
uncoated Mushbots (Agaricus bisporus) and free FeEONPs, which showed marginal toxicity
to HeLa cells at concentrations of 0.5 mg mL™ as ~ 78-80% of HeLa cells were found to be
viable.

The observations reported here resemble a recent work where a dose-dependent effect of
DOX-loaded titania nanosystems has been performed to uncover the cytotoxicity assays and
proliferation of BT-20 breast cancer cells.*® Although all the components in
DOX@iMushbots are capable of anti-cancer activity, the majority of cell death recorded in
the case of DOX@iMushbot-treatment was primarily due to the release of DOX from the
drug-laden motors in the acidic microenvironment.

The DOX@iMushbots were synthesized by incubating definite numbers of motors in 15 pL
of DOX (166 pug mL™) aqueous solution for 1 h at 37°C (refer to experimental section for
details). Figure 2.10A shows the {-potential of the uncoated motor (Mushbot), FEONPs,
iMushbot, free DOX, and DOX@iMushbots. The {-potential of free DOX was measured to
be 5.27 £ 0.5 mV, and the same of iMushbots was found to be — 22.2 £ 0.5 mV. The coating
of negatively charged FeONPs ({-potential — 27.4 + 1.0 mV) enhanced the net negative
surface charge on the motor from — 15.6 £ 2.0 mV to — 22.2 £ 0.5 mV. The electrostatic
interactions between the cationic DOX and negatively-charged mushroom surface led to the

absorption of DOX molecules on the cavities inside the mushroom.*°
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Figure 2.10. (A) The C-potential measurements for various samples. (B) shows the
fluorescence spectra of the supernatant obtained after treatment of DOX solution with
motors of varying amount for 1 h at 37°C in PBS buffer. (C) Release profile of DOX from
micromotors at time intervals in acetate buffer at pH 4.5 and 7.4. (D) MTT based cell viability
assay of HelLa cells after 24 h treatment with DOX@iMushbots and DOX-free iMushbots
with varying concentrations (C). The values are represented in MTT assay are mean = SD
of results from three individual experiments. (E) FESEM images of (I) untreated and (ll)
treated HeLa cell.

In the process, the cationic DOX was electrostatically immobilized on the iMushbots. After
binding with DOX, the {-potential of the DOX@iMushbots was found to be — 9.94 + 0.2
mV. The overall negative charge on the DOX@iMushbots might reduce the chances of
engulfment of motors by macrophages during in vivo drug delivery.** The drug loading and
binding efficiency are one of the significant parameters used to assess the usability of drug
delivery vectors. The mesoporous mushroom surface provided minimal exposure of loaded
DOX to the external environment, which shielded the DOX from rapid degradation while

the pharmacokinetics and bio-distribution of the loaded drug could be altered by the
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variation in the pH microenvironment.®? Figure 2.10B shows the amount of drug-loaded on
various amounts of DOX@iMushbots, ranging from 0.5 mg to 3 mg. It was observed that
with an increase in the amount of the micromotors (0.5 mg to 3 mg), the binding efficiency
of DOX increased. A gradual decrease in fluorescence intensity of unbound DOX in
supernatant confirmed the increase in binding of DOX with the motor. The binding capacity
of DOX saturated to ~88.09% when the concentration of the micromotor exceeded beyond
3 mg. Thus, 3 mg of DOX@iMushbots were used for controlled release studies and drug
delivery experiments unless stated otherwise.

It may be noted here that the release profile study of the drug from the DOX@iMushbots
was carried out by incubating the motors (3 mg) at 37°C in acetate buffer (pH 4.5 and 7.4)
for 1 h followed by centrifugation (4000 rpm for 10 min), as described in the experimental
section. The supernatant was collected after definite time intervals (O min — 36 h), and
fluorescence intensity of DOX at 590 nm was observed for each time interval using a
spectrofluorometer.

Figure 2.10C shows the release profile of drug DOX and the plot clearly suggests that at
pH 4.5, ~ 81% of the DOX released from the motor within 10 h. It was observed that the
motors released DOX at a rapid rate in the beginning, and the amount of released DOX
reached ~50% in 1 h. The rate of DOX released at pH 7.4 was considerably slower as
compared to pH 4.5 as only ~ 51% of DOX released at pH 7.4 within the first 10 h. In both
the conditions, the rate of drug release from motor became slow after 10 h, and no further
improvement in drug release was observed. Thus, the release of the hydrophobic DOX
molecules enhanced in acidic pH due to the increase in solubility of DOX molecules at
slightly acidic pH conditions.®® The DOX from the motors was mostly retained on the

motors at pH 7.4, which signified that the drug rarely released in normal tissues at this pH.
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The DOX release profile at pH 4.5 suggested that the DOX@iMushbots might sustainably
release the drug after encountering the acidic environment of cancerous cells. The slow
release of DOX from motors at normal blood pH could help in retaining the DOX while
transported through the blood vessels in the body and allow controlled release of the same
near the cancerous cells enabling targeted therapeutics.

The observations reported resembled a recent work, which reported the synthesis of organo-
inorganic nanoparticles for faster release of drugs at lower pH.32 In order to analyze the
cytotoxicity of the iMushbots and DOX@iMushbots, MTT based in vitro cell viability
assays were performed on HelLa cells. For the MTT assay, the HelLa cells were treated for
24 h with different concentrations (C) of iMushbot and DOX@iMushbot within a range of
0.3 to 1.07 mg mL™. It was observed that the number of viable HeLa cells decreased with
an increment in the concentration of micromotors. As shown in Figure 2.10D, when the
HeLa cells were subjected to 1.07 mg mL™ of the DOX@iMushbots, the ~50% cancer cells
were killed efficiently, keeping viable only ~ 48% of cells.

Figure 2.10E | & Il shows the field emission scanning electron microscopy (FESEM)
micrographs of untreated HeLa cells (control) and the cells treated with DOX loaded
micromotors, respectively. The FESEM micrographs in Figure 2.10 E Il revealed the
occurrence of characteristic membrane blebbing and disoriented cell morphology,
suggesting the DOX@iMushbot treated HeL a cells underwent apoptosis. The released DOX
components from the motors interacted with DNA strands and inhibited the DNA

replication, which caused cell death.
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2.4. Conclusions

The simple and economic micromotors were synthesized from the mesoporous edible button
mushrooms and coated with sparsely populated magnetite nanoparticles to infuse the
magnetic remote control. Emulating the movements of the microorganisms, the
micromotors showed a chemotactic response to external alkali and acid stimuli by migrating
directionally toward or away from the chemical trigger. While the magnetite nanoparticles
and the catalase enzyme present on the motor surface ‘activated’ the motor through
heterogeneous catalytic decomposition of peroxide fuel in the surroundings, the asymmetric
homogeneous catalytic decomposition of the peroxide fuel across the motor surface due to
the imposed acid or acid-enzyme or alkali stimulus on the peroxide bath engendered the
necessary thrust for the motion.

The motor migrated towards the alkali stimulus with speed as high as ~19 body lengths per
second, whereas the acid-enzyme induced attractive direction motion was as high as ~30
body lengths per second. The influence of the simple acid stimulus repelled the motor away
with speed as high as ~32 body lengths per second. The speed and directionality of these
micromotors depended on the concentration and nature of the chemical trigger and could be
tuned by changing the chemical potential across the motor. The chemotaxis of the
micromotors could be controlled in different directions with the help of external magnetic
guidance.

Furthermore, the micromotors with negative (-potential could easily be loaded with cationic
anti-cancer drug doxorubicin, which was transported to the vicinity of HelLa cells and
perform a controlled release of drugs under in vitro conditions. The micromotors could
retain and transport the drugs when the pH of the outside fluidic environment was similar

to the human blood — marginally alkaline, and perform a controlled release of the drugs
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when the fluidic environment had pH similar to the cancerous tissues — marginally acidic.
Examples are shown for targeted release and delivery of the drugs inducing the death of
cancerous cells with the help of the micromotors. The efficiency of the micromotors was
found to be much higher than the same as the simple drug in performing cell apoptosis.

The reported self-propelling micromotor holds significant promise in the development of
mushrooms as an effective and biocompatible drug delivery vector in the pH-responsive
systems, apart from being a rich dietary food source. The mushrooms can be thought of
smart alternatives against the synthetic materials for controlled drug delivery applications
with minimal side effects, which opens new avenues for mushroom-based futuristic

biomaterials for theranostic applications.
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CHAPTER 3

Boolean-Chemotaxis of Logibots Deciphering the Motions of
Self-Propelling Microorganisms
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Abstract

The feasibility of a self-propelling mushroom motor, namely a ‘logibot’ has been
investigated as a functional unit for the construction of a host of optimized binary logic
gates. Emulating the chemokinesis of unicellular prokaryotes or eukaryotes, the logibots
made stimuli-responsive conditional movements at varied speeds towards a pair of acid—
alkali triggers. A series of integrative logic operations and cascaded logic circuits, namely,
AND, NAND, NOT, OR, NOR, and NIMPLY, have been constructed employing the
decisive chemotactic migrations of the logibot in the presence of the pH gradient established
by the sole or coupled effects of acid (HCl-catalase) and alkali (NaOH) drips inside a
peroxide bath. The imposed acid and/or alkali triggers across the logibots were realized as
inputs, while the logic gates were functionally reconfigured to several operational modes by
varying the pH of the acid-alkali inputs. The self-propelling logibot could rapidly sense the
external stimuli, decide, and act on the basis of intensities of the pH triggers. The impulsive
responses of the logibots towards and away from the external acid-alkali stimuli were
interpreted as the potential outputs of the logic gates. The external stimuli-responsive self-
propulsion of the logibots following different logic gates and circuits can not only be an
eco-friendly alternative to the silicon-based computing operations but also be a promising

strategy for the development of intelligent pH-responsive drug delivery devices.

This chapter is published in Soft Matter 2018, 14, 3182-3191. | gratefully acknowledge the
assistance of Dr. M. Bhattacharjee and Dr. A. K. Singh.
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3.1. Introduction

Chemotaxis of microorganisms often follows a series of complex logical motions while
executing different tasks.!® Of late, the bio-mimetics of these natural processes have
ushered the development of next-generation artificial micro or nanoscale machines for drug
transport, targeted release, and other biomedical applications.*® In the recent era of
automation, the programmable logic gates have also made frequent appearances in bio-
photonics,®’synthetic circuits,® smart-sensing,® diagnostics, and therapeutics,'® bio-
computationt! and energy harvesting.'?> A number of previous studies have shown logic gate
based sensing,'® information processing,** drug-release,” detections,® preparation of
circuits” and chemical synthesis.'® Further, the colorimetric,’® chemiluminescent,®
fluorescent?! or electrochemical®® signals emulating a Boolean response have also been

found to be suitable for a host of cutting-edge applications.

In this regard, one of the long-standing challenges has been the decoding of logical
operations, which are, in general, manifested as chemotactic migrations of
microorganisms.t22 It is now well known that a series of complex and systematic, logical
operations have been executed for (a) bacteria moving towards a food source, namely,
‘positive’ chemotaxis, and away from the poison, namely, ‘negative’ chemotaxis;t%*
(b)movement of sperms toward the egg during fertilization;? (c) locomotion of neutrophils

against microorganisms as a defense mechanism;?® and (d) neuronal imaging or other

motility behaviors of multicellular frameworks.?”28

Emulating these natural processes, of late, NAND, XOR, AND, OR, NOR, and NOT logic
circuits have been developed employing the living cells.?®3 Further, various biomaterials

are employed to create artificial logic gates targeting essential applications. For example, (i)
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DNA-gates have been employed to identify the behaviors of base pairs;3 (ii) RNA-bio-
circuits are used for the advancement of electronic biosensors;? (iii) microbial logic systems
have been developed for environmental remediation;® and (iv) reversible gates, such as
CNOT, FREDKIN, or TOFFOLLI, are constructed based on the motility of Physarumsp.3*
Interestingly, the logic gates with more than one input have been reported to be essential for
cells to identify a combination of multiple signals, which is found to significantly increase
the sensing specificity and accuracy of control. For instance, Pseudomonas aeruginosa
responsive sensors could sense and nullify the toxic environmental conditions by wiring to
a multiple-input AND gate.®® Inspired by all these seminal contributions, herein, the
development of an artificial micromachine, namely a ‘logibot’ could show a host of pH-

responsive chemotactic migrations, which are implemented to design logical operations.

It is important to note here that over the past few decades expansive efforts have been
devoted to fabricate artificial micro or nanobots.®® In particular, emulating the various
microorganisms, these prototypes have been designed with autonomous decision-making
abilities for the execution of various tasks. The chemotactic migrations such as
diffusiophoresis,®® self-electrophoresis,*® and enzymatic** or inorganic catalyst mediated
bubble-propulsion*>#* have been employed for targeted drug delivery,** environmental
remediation,**>®  microsurgery,®*  surveillance,®? sensing,>*>®> and  microfluidic
applications.®® Interestingly, the motions of these objects can be remotely controlled with
the help of diverse external stimuli such as chemical triggers,* light,>"® ultrasound,*® and
electric and magnetic fields.>>®° The stimuli-responsive behavior of these motors also makes
them suitable candidates for the execution of various logical operations. For example, the
silver-salt motors could execute a NOR gate under a coupled photonic and chemical

trigger®® while another non-spherical motor could show reconfigurable OR and XOR logic
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gates under the same stimuli.®’ Further, a raspberry biomotor could explain AND, NOT, OR
and INHIBIT logical migrations under the collective stimuli of hydrogen peroxide (H20Oz),

near-infrared (NIR) light, and NH3.8

In the context, the development of an artificial self-propelling microswimmer, namely a
‘logibot’ could display a host of interesting chemotactic migrations emulating the AND,
NAND, NOT, OR, NOR, and NIMPLY logic gates. The logibots were synthesized from the
naturally abundant button mushrooms coated with magnetite nanoparticles (FeONPSs) on the
surface. Mimicking the microbial chemokinesis, the proposed microbots self-propelled
randomly in peroxide fuel. This motion was stimulated by the propulsive thrust originating
from the catalytic decomposition of the peroxide fuel under the influence of catalase
enzyme, inherently present in mushroom tissue. The presence of FeONPs on the surface of
microbots could enhance the propulsive thrust due to the additional heterogeneous catalytic

decomposition of the peroxide field on the FeONPs.

The random nature of the migrations of these microbots was made directional with the use
of acid and/or alkali triggers around them. It is well known that the decomposition of the
peroxide fuel is negatively (positively) catalyzed in the presence of acid — HCI (alkali —
NaOH). Thus, establishing a pH gradient around the microbot helped in maintaining a
difference in the amount of the peroxide fuel across the logibot. The directed propulsion
was achieved owing to the differential depletion of peroxide fuel around the logibot. The
reported chemotaxis of the microbots following various logical motions can be employed
as a model mesoscale prototype to decipher the scientific understanding of the diverse
chemotactic migrations of biological entities. Further, they can also be employed for bio-

computation and targeted drug delivery applications.
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3.2.  Experimental Section

3.2.1. Materials

Button mushroom (Agaricus bisporus) was purchased from a regional market (Guwahati,
India). Hydrogen peroxide (H202) (50%), sodium hydroxide (NaOH), hydrochloric acid
(HCI) and ethanol (C2HsOH) were procured from Merck (India). Magnetite nanoparticles,
bovine catalase, and thymol blue were obtained from Sigma-Aldrich (India). All the
chemicals were of analytical reagent grade and used directly as procured. Milli-Q grade

water was used for cleaning and preparation of the solutions in all the experiments.

3.2.2. Methods

(a) Equipment. The surface morphologies of logibots were examined using a field emission
scanning electron microscope (Zeiss Sigma FESEM, Germany) and a Transmission
Electron Microscope (TEM, JEOL JEM 2100, operated at 200 kV). The optical micrographs
were captured under a Leica DM 2500 upright microscope. The magnetization of the
samples was analyzed using a Vibrating Sample Magnetometer (VSM, Lakeshore magnetic
systems 7410 series). The characterization of magnetite nanoparticles deposited on the
surface of the logibot was done by X-ray diffraction (XRD, Bruker AXS Advance D8
diffractometer, Cu Kasource, X-ray wavelength 1.54 A). A pH meter (CyberScan pH 510,
Eutech Instruments) was used to measure the pH of the solutions. The motions of the
logibots were recorded using a Sony Cybershot DSC-HX digital Camera (Sony Corp.,

Japan).

(b) Fabrication of microbots: The synthesis of microbots was carried out by a similar
method as described in the earlier reports.! In brief, button mushrooms (Agaricus bisporus)

were cleaned in running water, cut into cross-sections of ~1mm thickness and dried at 30°C
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for 3 h to facilitate size reduction through grinding using a mortar and pestle. The crushed
fragments of mushrooms (size 50-160 mm) were exposed to ethanol-FeONPs solution
procured commercially and left for overnight drying at 50°C to obtain logibots. In order to
characterize the surface morphology, the logibots were dispersed in ethanol and then drop-
cast on the carbon-coated copper TEM grid. The samples were dried at room temperature

before analyzing under the TEM.

(c) Chemotaxis experiments: The logibot (~140mm) was introduced in a petridish (dia. 3
cm) containing 6 mL of 7.0% (v/v) aqueous H20. fuel. The dual chemical gradients were
introduced onto the petridish using two cotton threads connected to respective chemical
reservoirs (containing acid and alkali solutions) that provided multiple stimuli across the
logibot. In order to nullify the thread effect, the motor speed was calculated by measuring
the displacement of the motor from an initial point to a position of ~6.5 mm away from the
threads. The experiments were carried out thrice for each pH value, and the velocity of the

motor was studied at different pH values of the chemical drip.

3.3. Results and Discussion

3.3.1. The phenomenon

The tissue-based plant biomotors®?-¢® has attracted considerable attention in recent years due
to their biocompatibility and the possession of inherent enzymatic activity. The fabrication
of logibots using mushroom tissue (Agaricus bisporus) has been carried out because
inherent catalase activity®’of the same enabled the logibot to behave like an active material
inside an aqueous peroxide fuel. The catalase enzyme acted as a homogeneous catalyst to

decompose H20; fuel into water (H20) and oxygen (O2) gas bubbles.®*4 The FeONPs coat
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on the surface of the logibots magnified the activity of them through the heterogeneous
catalytic decomposition of the H,O- fuel on the FeONPs.*6:53-85 The random motions of the
logibots were made directional when a pH gradient was imposed using either a single or a
pair of thin cotton threads connected to acid and/or alkali reservoir(s). The presence of the
thymol blue indicator (0.2g in 50mL) in the bath helped in differentiating the regions of high

(blue) to low (yellow) pH zones, as shown in Figure 3.1A.

(A) Microtip  Microtip (B)
reservoir reservoir m
(NaOH)  (HCI) =
Cotto: ), ‘ﬁ\\i - Cotton
thread :»’;mv{. ,ﬂ'md ACID
% O, bubbles ‘Mlcrobot
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Figure 3.1. (A) Schematically shows the experimental setup to develop multiple stimuli
across the microbot to engender the logical locomotion. (B) Schematic representing the
motions of a microbot at different values of pH under the influence of acid and/or alkali
stimuli. The arrows indicate the direction of migration in response to respective acid and/or
alkali (color-coded) stimuli and the numbers represent the pH value of the chemical drip
inside peroxide bath. Image (C) shows the optical micrographs of logibots observed under
the Leica DM 2500 upright microscope, where the scale bar is 200 pum. Image (D) shows
the vibrating sample magnetometry (VSM) of the logibots.

Dual micropipette tips were used as chemical reservoirs containing alkali and acid inputs
in a petridish (3 cm diameter) containing 6 mL of 7.0% (v/v) H20. fuel. The acid (HCI)

gradient was introduced ~ 3 mm away from the center of the petridish with the help of a
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cotton thread connected to a chamber containing a uniform solution of 0.005 M HCI and 2
ppm of catalase. The alkali (0.3 M NaOH) gradient was established at ~11 mm away from
the acid gradient by using a cotton thread connected to a reservoir. The thymol blue
indicator (0.2 g in 50 mL) was dispensed on the peroxide bath to point out the pH gradient.
The logibots (dia. ~ 140 pum) was introduced nearly at the midpoint of the two threads. In
order to nullify the thread effect, the motor speed was calculated by measuring the
displacement of the motor from an initial point to a position of ~ 6.5 mm away from the
thread. The experiments were carried out thrice for each pH value, and the velocity of the

motor was studied at different pH values of the chemical drip.

Interestingly, when the logibots were immersed in a petridish containing 7.0% (v/v)
peroxide fuel, the spontaneous ejection of O2 bubbles imparted the required thrust for motor
propulsion, as schematically shown in Figure 3.1B. The figure also suggests that when an
acid/alkali solution of known pH was dripped from the chemical reservoir with the help of
the threads, a pH gradient could be established across the peroxide bath. It is well known
that the decomposition of the peroxide fuel is negatively (positively) catalyzed in the
presence of acid — HCI (alkali — NaOH). Thus, the drip with alkali (acid) ensured the
presence of a peroxide lean (rich) zone in the bath. A host of interesting behaviors was
observed after performing a series of experiments, as schematically illustrated in Figure
3.1B. For example, in the presence of alkali stimuli (NaOH drip), the logibot migrated
towards the alkali source when pH >5.8 to show an alkali-taxis, as shown by the white
arrow. However, in the presence of acid stimuli (HCl-catalase drip), the logibot migrated
towards the acid source to show an acid-taxis when 2.8 < pH < 5.8, as shown by the green
arrow. On the contrary, the logibot was repelled away from the acid showing a negative

acid-taxis when the pH was < 2.8, as shown by the brown arrow.
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3.3.2. Characterization of logibots
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Figure 3.2. Transmission electron microscopy (TEM) image (A) shows a logibot displaying
porous morphology. The scale bar is 50 nm. Image (B) shows a logibot having the
magnetite nanoparticles (FeONPs) deposited on the surface where the scale bar is 100
nm. Energy Dispersive X-ray (EDX) spectra in the image (C) corresponds to the uncoated
logibots. The EDX plot in the image (D) shows the presence of the FeONPs on the logibot,
indicated by the downward yellow arrows.

The optical micrograph of the logibots is shown in Figure 3.1C, with size ranging from 50
— 150 um. The magnetization saturation of the logibots was measured by the VSM analysis
at 25'C when the magnetic field strength was varied from —15 to 15 kG. The magnetization

curve of the logibots shown in Figure 3.1D has the Ms value of ~ 0.594 emu g*. The

curve confirms the deposition of FeONPs aggregates on the surface of logibots.

The surface porosity of the logibot is displayed in TEM micrograph, Figure 3.2A. The
deposition of aggregates of magnetite nanoparticles (FeONPs) on the motor surface was

observed in the TEM micrograph Figure 3.2B. The surface of uncoated micromotor
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displayed the presence of Cu from the TEM grid and small amount of inherent iron (Fe) in
the uncoated logibot, as shown in EDX plot in Figure 3.2C. The EDX of FeONPs-coated
logibot in Figure 3.2D shows the presence of elemental Fe (0.72%), indicated by the
downward yellow arrows. The above figures confirmed the coating of FeONPs aggregates
on the porous surface of logibots. The TEM micrographs of FEONPs in Figure 3.3A

revealed that they exhibited a spherical shape with a narrow size distribution of ~ 7 — 5 nm.

1o} (€)

Enzyme activity/U
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Figure 3.3. (A) TEM image of magnetite nanoparticles (FEONPs). (B) XRD analysis of

FeONPs.The scale bar at the bottom is 20 nm. Image (C) shows catalase activity of logibots
under a varying pH range.

The XRD pattern in Figure 3.3B showed consistent and broad diffraction peaks at 26 =
18.55°, 30.1°, 35.5° 43.15° 53.45°, 57.6° 62.6° and 68.88° corresponding to the (111),
(220), (311), (400), (422), (511), (440), and (620) crystallographic planes of FeONPs with
the standard pattern of JCPDS CARD N0.19-0629.%% 8" The activity of inherent catalase
enzyme in the micromotors and catalase-HCI drip solutions were estimated by using a
method reported previously.*® The samples were prepared using the reported method and
evaluated in triplicates for each sample by measuring the absorbance of catalase (A240) using
a TECAN microplate reader. The catalase activity of the logibots was evaluated considering
a varying pH window of 2.5 to 6.0, as shown in Figure 3.3C. The optimum pH range for

maximal activity of catalase was found to be between 2.8 to 5.5, beyond which the activity
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was diminished. A gradual decrease in enzyme activity could be observed with pH < 2.8
and pH >5.5, i.e., ~ 0.4 U and which and ~ 1.7 U, respectively.

3.3.3. Measurement of average velocity of logibots

The reasons behind these migrations were studied systematically, as discussed with the
experimental results reported in Figure 3.4. Figure 3.4A shows the directed motion of
logibots towards the alkali stimuli of high pH (pH 45.8) by introducing a 0.3 M NaOH
solution drip in a petridish of 7% (v/v) peroxide fuel. In such a scenario, a logibot was
always expected to have more (less) peroxide fuel towards the rear (front) side owing to its
larger (smaller) distance from the alkali drip. Subsequently, larger catalytic decomposition
of the peroxide fuel at the rear part (acid-rich yellow zone) of the logibot than on the front
side (alkali rich blue zone) helped it in migrating towards the alkali drip. The migration of
the motor could be attributed to the coupled effects of (a) catalase-assisted peroxide
decomposition and heterogeneous catalytic depletion of the peroxide fuel on the FeONPs
on the motor surface and (b) homogeneous rapid peroxide decomposition by the imposed
pH gradient.”? The pH gradient helped in maintaining an imbalance of solute concentration
across the motor, which provided the directional osmotic thrust required for the motion

towards the high pH region of the thread and engender the alkali-taxis.
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Alkali input
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Figure 3.4. Image (A) depicts the chemotactic migration of a logibot towards the thread
under the continuous dripping of alkali (0.3 M NaOH). Image (B) shows the repulsion of a
logibot away from the thread under the continuous dripping of acid (0.005 M HCI). Image
(C) shows chemotactic motion of a logibot under the influence of continuous aqueous acid
(0.005 M HCI) and catalase (1 ppm) drip. Image (D) shows the motion of a logibot towards
the HCl-catalase drip (pH 4.51) in the dual acid-alkali gradient system. Image (E) shows
the motion of logibot away the HCl-catalase drip (pH 2.46) towards the NaOH drip in dual
acid-alkali gradient system. The logibots (size ~ 140 um) were immersed inside a petridish
containing 7.0% (v/v) aqueous H»O solution for all the experiments, and thymol blue
indicator was used to track the pH gradients. The scale bar on all the images is 300 um,
and the numbers denote the time in second. Image (F) shows the stationary state of motor
in peroxide fuel with no net displacement.
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Interestingly, a repulsive migration of the logibot was observed away from the acid-rich
zone (yellow) upon the introduction of the HCI (0.005 M, pHo02.8) drip in the peroxide bath,
as shown in Figure 3.4B. In this case, when the logibot was placed near an acid drip, more
(less) peroxide fuel towards the rear (front) side of it, owing to the smaller (larger) distance
from the acid drip, helped the microbot in migrating away from the acid drip. Larger
catalytic decomposition of the peroxide fuel took place at the rear part (acid-rich darker
yellow zone) of the microbot than on the front side (acid lean, pale yellow zone). As a
consequence, the motor migrated away from the thread dripping acid when pH < 2.8

showing a negative acid-taxis.

The same logibot could be migrated towards the thread when the drip was a mixture of
catalase (3 mg mL') and HCI (0.005 M, 2.8 < pH < 5.8), as shown in Figure 3.4C. In this
situation, the logibot showed directed acid taxis towards the lower pH region. The infusion
of catalase in the acid-drip enhanced the rate of peroxide decomposition and disturbed the
stabilization of peroxide due to the acid-drip. The catalase drip ensured the presence of more
(less) peroxide fuel towards the rear (front) side of the microbot owing to its larger (smaller)
distance from the acid-catalase drip. Consequently, the concentration gradient across the
logibot induced the directed migration towards the low pH region, as indicated by yellow
coloration. The acid-taxis was attuned to the optimal activity of the catalase enzyme, which
in general falls in the pH range of 2.8 and 5.8.7>~"® The enzyme activity is usually affected
by pH changes beyond its favorable range. Since pH is one of the factors responsible in
protein denaturation, the exposure to enzyme catalase in highly acidic and basic pH

solutions could destroy the secondary and tertiary structure of enzyme leading to a gross
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reduction in the enzymatic activity.”*" Importantly, the observed acid and alkali taxis of the
logibot were found to be very similar to the chemotactic migrations of microorganisms.’®

Figure 3.4D shows a case in which the logibot was immersed inside the bath in which, on
one side there was an alkali drip (pH 7.5) while on the other side, there was an acid-catalase

drip (pH 4.51), as schematically shown in Figure 3.1A.

The experimental setup ensured that the motor had nearly equal opportunity to move
towards either the acid-catalase or the alkali drip. However, under the dual gradients, the
logibot showed an acid-taxis owing to the larger osmotic thrust experienced towards the
catalase-acid drip (yellow region). The intense catalase activity in the range of pH 2.8-5.8
played a crucial role in this acid taxis. In comparison, when the pH of the acid-catalase drip
was lowered to ~2.46, and the pH of the alkali drip was kept at ~8.2, an alkali-taxis was
witnessed, as shown in Figure 3.4E. The loss of catalase activity coupled with a larger
osmotic thrust near the alkali-drip helped the logibot to migrate towards the alkali drip (blue
region). Figure 3.4F shows the stationary state of the motor with no net displacement due
to uniform ejection of oxygen bubbles from the surface of the motor in almost all the
directions. This reflects a very high rate of peroxide fuel decomposition in the bath by the
inbuilt catalase activity present in logibots. Concisely, Figures 3.1 and 3.4 together show
the glimpses of the conditional chemotaxis, which was deciphered as the different logic

gates and circuits later.

The impact of various parameters on the motions of logibots was studied by performing the
series of experiments in triplicates. In the case of alkali taxis, the experiments were carried
out by placing a logibot (size ~140 pum) inside the bath with 7.0% (v/v) peroxide fuel and

varying the pH of the alkali (NaOH) drip from 8.3 to 12.9.
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Figure 3.5. Image (A) depicts the variation in the average velocity (Va) of logibot
suspended in 7% (v/v) peroxide fuel under a continuous NaOH drip of different pH. Image
(B) depicts the variation in the Va of logibot suspended in 7% (v/v) peroxide under a
continuous HCI drip with different pH. Image (C) depicts the variation in the Va, of logibot
suspended in 7% (v/v) peroxide under a continuous HCl-catalase drip of different pH.
Image (D) depicts the variation in the Va, of a logibot suspended in 7% (v/v) peroxide under
the varying concentration of catalase (Cca) in a continuous HCl-catalase drip. All the data
reported in this figure is the outcome of the experiments performed in triplicates.

Figure 3.5A shows that the average speed of the logibot (Vav) increased progressively with
the pH of the alkali reservoir. The average speed of the micromotor was found to be ~ 0.93
x 103 ms™at a pH of 8.3, which increase to ~ 3.15 x 10°*ms™ (~21 body lengths per second)
at pH 12.9. Additionally, the repulsive motion of the logibot away from the thread was
recorded under the influence of acid drip by varying the pH of HCI dripping from the
reservoir between pH values 2.6 to 5.8. The Vay of the logibot away from the acid source is
depicted in Figure 3.5B, where a maximum speed of ~ 4.95 x 10 ms™ (~ 32.5 body lengths

per second) was attained at pH 2.8 as the repulsion weakens, the average speed that was
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around ~ 2.57 x 10° ms at pH 5.8 (~ 16 body lengths per second). The variation in the Vay
with the pH of HCI and catalase drip ranging from 2.8 to 5.8 was also studied. The HCI
concentration was varied from 0.1M — 0.005M, while the concentration of catalase was kept
constant (3 mg mL™). Figure 3.5C shows that at pH value of 2.8, the average speed of the
motor was found to be 2.6 x 10° ms™ (~17 body lengths per second). As the pH reaches an
optimum value, an increase in the catalytic activity of the extrinsic catalase present in acid-
enzyme drip was noted, which further enhanced the homogenous decomposition of peroxide
fuel in the bath. This, in turn, increased the motor speed to ~4.5 x 10° ms™ (~ 31 body

lengths per second) at pH value of 5.8.

Further, the average speed of the micromotor was studied by changing the catalase
concentration keeping the concentration of HCI constant (0.005 M, pH 4.51). Figure 3.5D
shows the increase in the speed of the micromotor with an increase in catalase concentration
(Ccat) from ~1 pg mL? to ~11 pug mL*. The speed of the micromotor was found to be ~2.5
x 10 ms™ (~ 16 body length per second) at an initial concentration of ~1 ug mL™, which
increased to ~4.9 x 103 ms™ (~32 body length per second) when the catalase loading in the

drip was ~11 pug mL™.
3.3.4. Mechanism of chemotactic motion

Intelligent MNMs with various propulsion mechanisms can be fabricated when surrounding
fuel controlling the motor—fuel reactions exist as concentration gradients. Such chemical
gradients are ubiquitous in biological environments, which attract or repel chemotactic
micro/nanobots. Due to the presence of a signal source, a vector field is introduced in the
system where the tactic micro/nanomotors move. Upon interaction with the local vector

field, the motor propels toward or away from the signal source, which is similar to the
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sensing of the signal source by the swimmers. A tactic MNM in the vector field retains an
effective potential energy (U,qyis) that is determined by the vector field property.”’® The

propulsion of the motor toward or away from the source lowers the total potential energy.

Utaxis = Smx M(X) (1)

where, u(x) is the potential of the vector field, x is the position relative to the signal and, sm
is a parameter signifying the response of micro/nanobots upon interacting with the vector

field.”""°

Establishment of directional propulsion forces are required to achieve effective movement
towards or away from signal source along the vector field line. However, the miniaturized
motors generally rotate randomly owing to their rotational Brownian diffusion, thus
misaligning the symmetry axis of motors with the local vector field. When asymmetric
motors interact with local vector fields (chemical gradient, flow, magnetic field), they
experience an aligning torque (M) for temporary or continuous orientation.®® Thus, the

micro/nanomotors gain the required propulsion thrust to seek or move away from the source.

Whereas, the direction of propulsion forces for isotropic motors solely depends on local
vector fields, irrespective of Brownian rotations. Force symmetry restricts the motion of
isotropic micro/nanomachines in a uniform environment. But in a vector field, the motors
produce asymmetrical distribution of field-induced chemical energy or products along the
vector field line. Their isotropic structure restricts the change in the distribution of chemical
products with Brownian rotations.®' Hence, such chemotactic microbots demonstrate
directional driving force along a vector field, where distribution of products is defined only

by the vector field. In this regard, when an asymmetric motor exhibiting chemotaxis is
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misaligned with the direction of concentration gradient, there will be an asymmetric
distribution of the chemical product on the two sides of the symmetry axis of the motors.
As aresult, the propulsion thrust gets deviated from its symmetry axis and geometric center,
thus producing an indirect torque (Mp) to rotate the micromotor for aligning its symmetry
axis along with the direction of chemical gradient. The indirect torque arises from the

geometric center of the particle and motor propulsion deviates in response to the gradient.

When the micromotors were exposed to a magnetic field, they were subjected to a force F
arising directly from the local vector field. At this moment, any misalignment between the
local vector field and micromotor symmetry axis could generate an aligning torque (MF) for
self-reorientation of motors along the vector field.””® Broadly, the chemotactic motions of
asymmetric micro/nanobots encompasses an amalgamation of directional propulsion along
the vector field and random Brownian rotations. Strong Mp and Mr will suppress the
Brownian diffusion, thus preventing the motors to wander towards or away from the signal

source and allowing them to move linearly.
3.3.5. Logibots motion: gates and circuits

The response of the logibots under the dual stimuli shown the potential of these self-
propelling objects as promising reconfigurable logic gates because they could be actuated
in presence of both acid and alkali inputs to perform logical migrations. In a way, the logibot
could sense the variation in the pH of the surrounding medium to regulate its migration.
Some specific and rigorous logics of the migrations of the logibot was shown towards acid

or alkali sources, which were previously reported in Figure 3.4.
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Figure 3.6. Image (A) shows the schemes for position and migration of the logibot towards
alkali and acid inputs, respectively. Image (B) shows OR-gate considering the logibot
motion as output “1”. The corresponding truth table of OR-gate has been shown in the
image (C). Images (D-E) show the schematics for position and migration of the logibot
towards alkali and acid inputs and NOR-gate, respectively, considering the motion as
output “0”. The corresponding truth table of NOR logic gate has been shown in the image

(F).

Figure 3.6 shows simple examples of the chemotactic migrations of a logibot under the dual
acid-alkali stimuli, which could be interpreted as the OR- and NOR-gates. Initially,
considered the motions of the logibot was considered as the indicators for the logical
operations. For example, when the logibot moved towards a stimulus or away from the
same, the motion was considered as the logic “1”. In contrast, the logic for a stationary
logibot was considered to be “0”. Figure 3.6A shows the schemes for the motion of the
logibot under the dual external stimuli acid (o) and alkali (B) as the inputs. The figures
suggest that if the logibot moved under the acid (HCI) or alkali (NaOH) inputs the logic

output was assumed to be “1” whereas the lack of motion was assumed to be the logic output
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“0”. It was assumed that the movement under any of the inputs a or B was sufficient to fulfill

the criteria for the logic “1”.

Under this framework, the chemotaxis of the logibot followed an OR-gate, as shown by the
logic circuit in Figure 3.6B and the corresponding truth table in Figure 3.6C. Figure 3.6D
shows the schemes for the motion of the logibot under the dual external stimuli acid (o) and
alkali (B) as the inputs considering the motion as output “0”. Interestingly, when the motion
of the motor was considered as logic “0” and the lack of the motion as the logic “1”, NOR-
gate chemotaxis could be implemented with the similar dual stimuli acid (a) and alkali (j)
inputs. The NOR-gate circuit and the corresponding truth table are shown in the Figures
3.6E and 3.6F, where the presence of both the inputs (acid and alkali) triggered the motion
to provide a logic output of “0”. The logibot could also migrate in the presence of either of
the inputs (acid or alkali), as represented by the logic output of “0”. In contrast, the absence

of the inputs was represented by the logic output of “1”.

In Figure 3.7, some more rigorous logic gates have been developed analyzing the motions
of the logibot between the ranges, (i) pH < 2.8 and pH > 5.8 — towards alkali source and (ii)
2.8 < pH < 5.8 — towards the acid source under dual stimuli whereas towards the alkali
source under the sole alkali stimulus. For example, a chemotactic migration following OR-
gate was observed in the situations where pH < 2.8 and pH > 5.8 when acid was considered
as input o and, alkali as input 8. The motion of logibot towards alkali source was considered
as output “1”, and everything else such as the lack of motion or motion towards the acid
source as output “0”, as shown by the schematic in the Figures 3.7A and 3.7B. The absence
of both the inputs o and B suppresses the motion leading to a digital output of “0” whereas

the presence of either of the inputs or both the inputs resulted in movement of the logibot
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towards the alkali input B defined by the digital output “1”, as shown in the truth table

Figure 3.7C.
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Figure 3.7. Images (A, D, and G) show the motion of the logibot towards alkali and
acid inputs schematically. Image (A) shows the motion of the logibot, and (B) shows
OR-gate considering the motion towards alkali as output “1”. Two digital outputs “1”
and “0” represent two different logic configurations in this case. The corresponding
truth table of OR-gate has been shown in the image (C) for pH < 2.8 and pH > 5.8.
Image (D) shows the position of the micromotor. Image (E) shows NIMPLY-gate
considering the motion towards alkali as output “0” when 2.8 < pH < 5.8. The truth
table of NIMPLY -gate has been shown in the image (F). Image (G) shows the motion
and image (H) shows the cascade-logic-circuit consisting of OR- and NAND-gates
considering motion of the logibot towards acid as output “1” when pH < 2.8 and pH
> 5.8. The corresponding truth table has been shown in the image (I).

Therefore, a successful OR gate could be achieved, considering the pH of the inputs
between pH < 2.8 and pH > 5.8. Figures 3.7D and 3.7E show the chemotaxis
following the NIMPLY -gate when the pH of the acid and alkali inputs were between

the range of 2.8 < pH <5.8. This system could also be defined as NOT-

IMPLICATION-gate. In this situation, the logic was reconfigured as the motion of
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the logibot towards alkali to be digital output “1” and anything else to be digital
output “0”. The logic circuit in the Figure 3.7E and the truth table in the Figure 3.7F
together show that the presence and absence of both the inputs a and § within this pH
range inhibits the motion of the logibot towards alkali, as defined by the output “0”.
Further, the sole presence acid input obstructs the migration of the logibot towards
the alkali defined by output “0” whereas the sole alkali input exhibits the migration
of the logibot towards the alkali indicated by digital output “1”.

A chemotaxis following a cascade of logic circuits consisting of OR- and NAND-
gates could also be achieved using both the inputs a and B when the pH was within
the range of pH < 2.8 and pH >5.8, as schematically shown in the Figure 3.7G and
the corresponding logic circuit and truth table in the Figures 3.7H and 3.71. In this
case, the motion of the logibot towards alkali was considered as the logic output “1”
and anything else was considered as the logic “0”.

It may be noted here that in the presence of both the inputs o and 8 within the range
of pH < 2.8 and pH >5.8, the logibot moved towards the alkali source represented by
digital output “1”°. However, the absence of both the inputs (acid and alkali) inhibits
the logibot motion represented by output “0”. The presence of sole alkali input (p)
facilitated the movement of logibot towards alkali implied as output “1”. Conversely,
the presence of acid input actuated the logibot motion towards alkali defined as digital
output “1”.

The speed of the logibot towards the acid or alkali stimuli could also be interpreted
in terms of different logic gates, as shown in Figure 3.8. The digital outputs “1” and
“0” were considered with respect to Vay 0f the logibot, which at different input pH

values is shown in Figure 3.8(i).
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Figure 3.8. Image (i) shows the graph representing the variation in Va, of a motor
with respect to pH changes of input (HCl-catalase drip). Image (A) shows the motion
of the logibot either towards acid or alkali schematically. Image (B) shows the
cascaded logic circuit consisting of AND, NOT, and OR logic gates considering the
motion of the motor with Vay < 3.5 x 10-3ms™ as digital output “1”. The corresponding
truth table of a cascaded logic circuit has been represented in image (C). Image (D)
shows the micromotor motion only in the presence of acid (pH = 5) schematically.
Image (E) shows a NOT gate designed using single input A of pH value 5 considering
the motion of micromotor as digital output “1” when Va, < 3.5 x 103ms™. The truth
table for corresponding NOT gate has been depicted in the image (F). Image (G)
shows the micromotor motion either towards acid or alkali schematically. Image (H)
shows a cascaded logic circuit consisting of NAND and AND logic gates considering
the motion of the motor with V. > 3.5x 10°3ms? as digital output “1”. The
corresponding truth table of the cascaded logic circuit has been represented in the
image ().

For example, when the digital output “1” has been defined for Vay < 3.5 x 103 ms™,
a drip of pH 2 as input a and a drip of pH 5 as input B resulted in a solution of pH~2.3
for which the Va, < 3.5x 10 ms™. In such a situation, the motion of the logibots in

the presence/absence of inputs (Figure 3.8A) could be interpreted as logic circuit in

TH-2289_146153006



C3-27 Chapter 3

Figure 3.8B and the truth table in Figure 3.8C, showing the logic output of “1”. The
same output was observed during the absence of both the inputs a and 3 and the sole
presence of input o when pH was 2. However, when input 3 was introduced, Vay >
3.5 x 107 ms-1, which was represented by digital output “0”.

Figures 3.8B and 3.8C show that the motion of the logibots could be interpreted as
a cascaded logic circuit consisting of the AND-, NOT-, and OR-gates. The stationary
state of the motor in the absence of inputs and migration in the presence of multiple
inputs for different outputs have been schematically represented in the Figures 3.8D
and 3.8G. The conditional speed of the logibot could also be interpreted as a NOT -
gate, as shown by the logic circuit and truth table in the Figures 3.8E and 3.8F. This
was achieved by considering a single input a of pH 5 while the output was represented
as digital “1>” when Va, < 3.5 x 10-3 ms™. The figures suggest that the absence of
input a (pH 5) resulted in Vay < 3.5 x 10 ms, leading to the digital output “1”.
However, when input a was introduced, Vay > 3.5 x 10-3 ms™, leading to the digital
output “0”.

Additionally, the logic was reconfigured by defining Vay> 3.5x 102 ms as the digital
output “1”, which is shown by the truth table in Figure 3.81. The presence of both
the inputs a and B resulted in Vay < 3.5% 10 ms™, which was indicated as digital “0”.
The logic output was digital “0” in the presence of either of the input a and 8, which
implied Vay < 3.5x 10 ms™. However, the absence of both the inputs o and B, the
output state was “1”, because of Vay > 3.5% 10 ms™. The logic followed by the
logibot in varying pH of dual inputs was a cascaded logic circuit composed of

NAND- and AND-gates, as displayed in Figure 3.8H.
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The logic gates and cascaded circuits associated with the motions of the logibot with
respect to varied pH values have been analyzed statistically and represented in Figure
3.9A and 3.9B. The bar graphs (Figure 3.9A) represent the average velocities of
logibots under the influence of acid and alkali stimuli at the different ranges of pH,

representing the designed Boolean gates.

5 X 1073
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Figure 3.9. (A) Statistical analysis of the performance of various Boolean gates.
Here the logics are based on the variation in the average velocities of motion at
different ranges of pH stimuli. Table 3.1 (B) displays the percentage of tolerance
with respect to variations in the operating parameters, such as the pH of the input
and average velocity of logibots.

The NAND, NIMPLY, and cascaded logic circuits could be designed upon the
introduction of logibots in the presence of inputs of pH value between 2.8 to 5.8,
achieving the highest Vay of ~ 4.43 x 10 ms*. Furthermore, on increasing the pH
window beyond 5.8, the average velocity of logibots was found to be ~ 3.39 x 1073
ms? resulting in the construction of OR, NOR, and NOT gates as depicted in the
figure.

Table 3.1(B) shows the percentage of tolerance with respect to variations in the
operating parameters, such as the pH of the input and average velocity of a logibot.

The experiments were repeated several times to obtain the statistical percentage of
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accuracy. The OR gate designed at pH <2.8 exhibited a percentage tolerance of £6.02.
Additionally, when pH was varied from 2.8 to 5.8, the NAND/NIMPLY gates and
CASCADE circuit showed a percentage tolerance of +8.17. The logic gates
OR/NOR/NOT showed a percentage tolerance of £6.49 on further increasing the pH
from 5.8 to 14. The plot suggests the reliability and percentage accuracy of the
chemotactic responses of the logibots towards a broad spectrum of pH, which could
be utilized in the design and development of various logic circuits.

The proposed logibots were compared and contrasted with the previously reported
ones.™® It may be noted here that one of the major challenges with the construction of
a taxis based Boolean gate is the consistency of the digital ‘0s’ and ‘1s’.%82 In this
study, logical operations were designed based on a uniform digital representation of
‘0s’ and ‘ls’ having percentage tolerance of less than 10. The variations in the
average speed of logibots under the acid-alkali inputs were established after verifying
a large amount of data. The motions of the motors were read as outputs and applied
to logic gates and circuit-level analysis with the consideration of these statistical
variations. The results reported also highlight the following salient attributes of the
proposed logibots: (i) a number of different logic gates could be constructed from a
single embodiment; (ii) the variations in the environmental parameters were key to
the various logical migration; (iii) high output signal was obtained with a pair of
inputs emulating the chemotaxis of microorganisms, and (iv) could also be employed
to develop cascaded logic gates useful for molecular computing with complex data
processing.

However, the following limitations were found to be associated with the proposed

system: (i) the execution of these logical operations needs to be made more robust
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for their independent in vivo functioning; (ii) the logibot operations did not allow
reversibility, which restricted the recovery of the input information from the output;
8283 and (iii) a combination of more than three or four logic gates into the cascaded
system may lead to noise amplification. Thus, in the future, extensive research work
may be necessary to improve upon these aspects. In particular, attention should be
given to improve the sensitivity of the system to ultralow strength inputs and

reusability of the logic circuits
3.4. Conclusions

In this work, versatile operational logic gates and cascaded circuits were constructed
based on the pH sensing ability of tissue-based mushroom logibots. The logibots
exhibited chemotactic motion towards or away from the extrinsic controlling
elements — alkali and acid — inside a bath containing peroxide fuel, emulating the
chemokinesis of unicellular prokaryotes or eukaryotes. Remarkably, the logibot
could rapidly sense, decide, and respond on the basis of the logic input — the intensity
of the pH stimuli in the surroundings — and logic output — the direction and speed of
the logibot motion. The velocity and directionality of the logibots could be tuned by
varying the pH of the alkali and/or acid inputs, which were utilized in achieving
multiple reconfigurable AND, NAND, NOT, OR, NOR, and NIMPLY logic gates
and cascaded logic circuits. In the present scenario, the use of intelligent biological
systems for logic gate implementations has been considered as an eco-friendly
alternative to silicon-based computing operations. Although the provided logical
operations have exhilarating prospects, investigations for overcoming the challenges
are still in the experimental stage. It is expected that this study may provide an

important starting point for the forthcoming design of tissue-based logic gates, which
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may also be of significance in various next-generation biomedical, mechanical,

pharmaceutical and electronic applications at the micro or nanoscale.
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CHAPTER 4

Magnetotactic Curcumin iButtonbots as Efficient Bactericidal

Agents
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Abstract

The microbial contamination of drinking water is one of the most major concerns of
community health in the developing world. Numerous water-borne pathogens are rapidly
evolving and becoming resistant to traditional antibiotics. In order to get an efficacious
bactericidal response, an assembly of several antibiotics or increased dosage is being
administered, which may produce adverse side effects after prolonged use. Here, a proficient
method for disinfecting water-borne coliform bacterial strains of Escherichia coli DH5a has
been reported from contaminated water samples using magnetic microbots decorated with
curcumin conjugates. These magnetic microbots, namely iButtonbots, were composed of
soft Agaricus bisporus (button mushroom) microcapsules with inherent antimicrobial
properties. The locomotives were coated with magnetite nanoparticles for their remote
guidance towards cells and collection along with curcumin for a more enhanced bactericidal
response. The synergic antibacterial effect of curcumin and mushroom constituents imparts
a profound bactericidal property to these magnetic microbots. The microbots have been
capable of efficiently killing the majority of bacterial cells in contaminated water samples.
After the extermination of bacteria, magnetic properties of embedded magnetite
nanoparticles in the porous mushroom matrix allows the collection of microbots from water
samples. The presented biocompatible microbots offer an innovative method for the rapid

decontamination of bacteria-laden drinking water samples.

This chapter is published in Bulletin of Material Sciences 2019 (under Galley Proof). |
gratefully acknowledge the assistance of Dr. A. K. Singh.
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4.1. Introduction

Globally, in the water bodies, the proliferation of bacteria due to their cohesion is found to
be responsible for spreading of severe infectious diseases.!™ This poses a global health risk
as the antibiotic therapies are no longer practical to treat these infections because of
multidrug-resistant genetic makeup in bacteria.*® Therefore, new strategies of antibacterial
research have now become urgent to combat multidrug-resistant microbial infections in
water by non-toxic and inexpensive means.”® Presently, there has been an accelerated
interest towards the use of various inorganic antimicrobial materials®, hydroxyl radicals?®,
oxidants!!, photocatalytic degradation of bacteria'®> and non- thermal plasma methods*® for
reducing serious microbial infections to an extent. Nonetheless, preventing massive - scale
bacterial infections using such techniques still has significant drawbacks due to toxicity,

active immune responses, inflammation, high renal clearance and potential risks.416

To overcome such challenges, the design of a biocompatible micromotor have been reported
in a simple and cost-effective manner, with excellent antibacterial activity alongside having
fuel-free propulsion towards a targeted destination. In particular, the natural edible button
mushroom (Agaricus bisporus) could be one of the most promising mesoporous materials
for designing of the micromotor. Recently, major efforts have been devoted to the
development of fuel-free plant-tissue based microswimmers, in contrast to the toxicity and
complexity of synthetic fabrication techniques. Being a button mushroom tissue-based
motor, it showed excellent antibacterial activity against Gram-negative Escherichia coli,
which is mostly present in contaminated water. The presence of several bioactive
components, especially, phenolic contents influences the antibacterial activity of edible

mushrooms.}”1® Additionally, the inherent porosity of mushroom microtissue enabled
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efficient loading of curcumin (CU), which in turn enhanced the antibacterial efficacy of the

microbots due to the synergic effect.

It is well known that CU is a polyphenolic plant-derived product, which could be potentially
transformed into an antibiotic in the future due to its effectiveness against a broad spectrum
of bacteria. However, high dose cytotoxicity, poor water solubility, and low-bioavailability
are some of the major issues that affect its pharmacological perspective.??? Thus, the
present work introduces the novel concept of delivering CU by loading it on the mesoporous
surface of a biodegradable micromotor before using the same for the killing of bacteria.
Furthermore, the button mushroom-based micromotors were coated with magnetite
nanoparticles (FeEONPs), namely iButtonbots, which allows magnetic propulsion of motors

with precise directional control towards bacterial cells.

So far, powering of nano/micro scale motors have been explored by using fuel-free external
fields or fuel-based catalytic decomposition for a variety of biomedical tasks.*>? Among
these, magnetically actuated swimmers offer stability, safety, and compatibility with
biological systems.?®% They can perform challenging tasks, remote operations, and
advanced cargo transport in a fuel-free surrounding®%. The antibacterial activity of a
variety of methanolic mushrooms extracts have been shown previously!’'%; however,
arguably for the first time, the present study shows the bacterial destruction using magnetic
curcumin (CU)-loaded mushroom micromotor, namely, CU@iButtonbots. Here, the
envisioned antibacterial properties of iButtonbots in contaminated water has been studied,
and hence strictly focussed on fuel-free magnetic actuation of iButtonbots towards bacterial
colonies. The motion of such micromotors could be manipulated using a magnetic field due

to the encapsulation of FeONPs on their surface®*.
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The method of using mushroom tissue as the major component of micromotors greatly
simplifies the fabrication method exhibiting ultra-high CU loading efficiency for bacterial
destruction along with the magnetically guided motion. Very soon, such proof-of-concept
“controlling on-demand” motion of microbots could be essential in achieving various
therapeutic applications such as drug delivery, environmental remediation, cargo transport,
sensing, and micro/nano surgeries. In this regard, these active iButtonbots offer efficient

antibacterial performance and holds considerable promise for safe water treatment.

4.2. Experimental Section

4.2.1. Materials

Edible mushroom (Agaricus bisporus) was obtained from a commercial marketplace
(Guwahati, India). Ammonium hydroxide (NH4OH), ethanol (C2HsOH), and methanol
(CH30H) were purchased from Merck (India). Ferrous sulphate (FeSO4.7H20) powder,
chitosan (CS), phosphate buffer saline (PBS), acetate buffer, and curcumin (CU) was
procured from Sigma-Aldrich (India). Bacteriological grade agar powder, Nutrient broth
(NB), and Luria-Bertani (LB) broth was procured form Hi-media. All the chemicals were

of analytical grade. Highly purified Milli-Q grade water was used in all the experiments.

4.2.2. Methods

(a) Synthesis of CU@iButtonbots. The synthesis of magnetite nanoparticles was carried
out using the reverse co-precipitation method with minor modifications.*® In brief, 100 mL
of 50 % NH4OH was added in a 200 mL beaker, and the pH of the solution was adjusted to
~13. A solution of 1.2 M FeS04.7H20 was added to the NH4sOH solution and mixed well
for 2 h. This resulted in the formation of a black colored solution that indicated the

formation of magnetite nanoparticles (FEONPs). The FEONPs were washed properly and
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was vacuum dried at 50°C overnight. Following this, 0.5 g of anionic FeONPs were then
dispersed in 200 mL of cationic chitosan (CS) solution (0.04 g in 200 mL, 2% acetic acid
solution), and the mixture was stirred continuously for 2 h at room temperature. The CS
coated FeONPs was washed thoroughly with ethanol and Milli Q water. Finally, the
modified FeONPs were magnetically separated and dried overnight at 50°C. The purpose of
obtaining CS modified FeONPs was to alter the negative {-potential of FeONPs into positive

¢-potential .3

The edible mushrooms were cut into pieces of ~1 mm thickness and allowed to dry on the
vacuum at 50°C for 4 h. The mushrooms (~5 g) were sectioned using a microtome into the
varying dimensions ranging from 40 pum to 200 um, followed by treating them with a
solution of freshly prepared CS coated FeONPs. The solution evaporated by drying it
overnight in a vacuum oven at 50°C. The heat treatment resulted in the fabrication of
FeONP-loaded micromotors (iButtonbots). The iButtonbots were incubated in 20 pL of
anionic CU (200 pg mL™Y) in an ethanol solution for 1 h at 37°C with continuous stirring at
pH 7.5. The CU-loaded iButtonbots (CU@iButtonbots) were separated from the solution by
centrifugation at 5000 rpm for 10 min and washed with methanol to eliminate any free CU
till the supernatant become colorless. The micromotors were then allowed to dry at 37°C for

5 h. All the experiments were carried out using freshly prepared micromotors.

(b) Measurement of velocity: The iButtonbots (size ~ 150-170 pum) were introduced in a
petriplate containing 8 mL of water. A paper grid (dimension 1 mm x 1 mm) was placed
below the petriplate to measure the displacement of the micromotors. An external magnetic
field of strength varying from 10 to 30 mT was applied using an electromagnet. Every ~1

mm displacement of iButtonbots per unit time towards one magnetic pole was considered
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for the measurement of velocity. The experiments were carried out thrice for calculating

mean value and standard deviation.

(c) Binding and Release Efficiency of CU: A solution of CU (200 pL of 20 mg mL™) was
added to a varying concentration of iButtonbots (1 mg - 6 mg) in 100 uL PBS (pH 7.4) and
incubated for 1 h at 37°C. Anionic CU was absorbed on the surface of micromotor due to
electrostatic interactions with positively charged CS coated FeONPs. Subsequently, the CU
loaded iButtonbots (CU@iButtonbots) were centrifuged at 5000 rpm for 10 min, to remove
the unloaded CU. The retrieved pellets obtained after centrifugation (CU@iButtonbots) was
dispersed in distilled water. The supernatants containing the unloaded CU were collected
and the fluorescence intensity of 560 nm peak was recorded at an excitation wavelength of
420 nm. Simultaneously, the emission intensity of free CU (200 pL of 20 mg mL™?) was
measured as initial CU concentration. All the experiments were carried out thrice to confirm

reproducibility.
The Binding Efficiency (B. E.) of CU was calculated using the following equation:

BE(%Qzl—(CU%
(CU)i

x100. 1)

Here, (CU)i represents the initial concentration of CU in the solution, and (CU)s represents

the concentration of unloaded CU present in the supernatant.

The CU released from 5 mg of CU@iButtonbots were studied at different time intervals (0
min — 24 h). The pellets obtained after centrifugation of CU-treated motors were washed
thoroughly with distilled water and then dispersed in 200 pL of acetate buffer of pH 4.5 and

PBS buffer of pH 7.4. The solutions were incubated at 37°C for 1 h followed by
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centrifugation. Finally, supernatants were collected, and the fluorescence intensity of CU
was recorded at 420 nm excitation using a spectrofluorometer. Water was considered as the

baseline reference.

The confocal imaging of the CU@iButtonbots was done after loading of CU on the surface
of iButtonbots for 1 h at 37°C. Subsequently, the CU loaded iButtonbots (CU@iButtonbots)
were centrifuged at 5000 rpm for 10 min, to remove the unloaded CU. The samples were
mounted on a glass slide, covered with a sealed coverslip, and viewed under a Zeiss LSM
880 using a 405 nm excitation wavelength and a green fluorescence with emission ranging

from 450 to 600 nm.

(d) Antibacterial Studies: For the antibacterial studies, Gram-negative bacteria
Escherichia coli DHSa was grown in LB broth at 37°C for 12 h under shaking conditions at
180 rpm. The bacterial culture was then treated with different concentrations of free CU,
iButtonbots and CU@iButtonbots (20 to 100 pg mL™). The size of the micromotors was in
the range of (~150-170 pum) that was treated with bacterial colony count of 8.6 x 10" CFU
mLL. The bacterial growth was measured in triplicates by recording the optical density (OD)
using a UV-visible spectrophotometer (Jasco V-630) at 595 nm. Additionally, the bacterial
cultures were plated on nutrient agar media to determine the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC). In this method, 100
ML of bacterial culture treated with optimized MIC and MBC of free CU, iButtonbots, and
CU@iButtonbots was spread-plated on the media plate using an L-rod and incubated at 37°C

for 12 h.

(e) Growth Curve Analysis: The growth kinetics study for Escherichia coli was carried

out after treating the bacteria with MIC and MBC of free CU, iButtonbots and
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CU@iButtonbots, followed by monitoring the bacterial growth for 12 h in an incubator at
37°C under shaking conditions at 180 rpm. The growth curve was plotted and analyzed with

respect to the time interval.

The bacterial cells treated with free CU, iButtonbots, and CU@iButtonbots were fixed in a
suspension of 3% glutaraldehyde in 0.1 M PBS at pH 7.2 and incubated for 1 h at 37°C. The
cells were then washed carefully in buffer, followed by post fixing them using 1% osmium
tetroxide for another 1 h. Subsequently, the cells were dehydrated in 30%, 50%, 75%, 90%
and 100% ethanol, 5 min each. The fixed cells were then filtered using a 0.2-micron filter
and mounted on FESEM stub for sputter coating. The treated cells were viewed and

analyzed. Similarly, the morphology of untreated bacterial cells was also examined.

4.3. Results and Discussion

4.3.1. Characterization of the microbots

The present study focusses on the fabrication of magnetic microbots using button
mushrooms (Agaricus bisporus) for evaluating their antibacterial efficacy due to their
biocompatibility, therapeutic benefits, enriched nutritional value, and inherent antimicrobial
components. The presence of bioactive like polysaccharides and triterpenes are mainly
responsible for their antibacterial activity'’-** 3. Also, such biodegradable microbot could
fight defensive immune attacks facing fewer rejections as foreign antigens in the biological
systems. The fabrication of iButtonbots and the steps followed for the loading of curcumin
(CU) on their surface (CU@iButtonbots) describing the destruction of Escherichia coli cells

has been schematically illustrated in Figure 4.1.
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Figure 4.1. A brief illustration depicts the fabrication of micromotors and the destruction of
Escherichia coli cells using CU@iButtonbots. The edible mushrooms were cut into small
fragments of the dimension 40-200 um using a fine microtome blade. The mushroom
fragments were treated with a solution containing freshly prepared chitosan (CS) coated
magnetic iron-oxide nanoparticles (FeONPs) to yield magnetic iButtonbots. The as-
obtained motors were further treated with the ethanolic solution of curcumin to produce
curcumin (CU) laden iButtonbots, namely CU@iButtonbots, for antimicrobial studies.

Briefly, the edible mushrooms were cut into pieces of ~1 mm thickness and allowed to dry
on the vacuum at 50 °C for 4 h. The mushrooms (~5 g) were sectioned using a microtome
into the dimensions 40-200 um, followed by treating them with a solution of freshly
prepared CS coated FeONPs, to form iButtonbots. The antibacterial activity of iButtonbots
was further enhanced by the efficient loading of CU on their surface, owing to its
tremendous bacterial destruction potential. CU loaded microbots (CU@iButtonbots) were
prepared by incubating iButtonbots in 20 pL of anionic CU solution (200 pg mL™) at 37°C

for 1 h. The detailed steps of fabrication have been discussed in the experimental section.

The mushroom microtissues were of size ~40-200 pm and possessed high porosity on their
surface, as confirmed from the FESEM analysis, in Figure 4.2(a). With a view to present
magnetically guided motion, the microtissues were coated with FeONPs, named as
iButtonbots. The FeONPs were randomly deposited on their surface that enabled the

magnetophoretic movement of iButtonbots under the influence of an applied magnetic field.
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Figure 4.2. FESEM micrographs of (a) uncoated microtissue with mesoporous
structures on their surface. (b) coated FeONPs on the surface encircled in red. The
scale bar on all the images is 2 um. (c) Vibrating sample magnetometer (VSM) analysis
of iButtonbots with Magnetization saturation of 0.87 emu g*. (d) ¢ potential values of
the samples.

The surface morphology of iButtonbots was characterized FESEM, as shown in Figure
4.2(b), which revealed the presence of coated FeONPs on the surface, encircled in red. The
FeONPs were spherically shaped, exhibiting a size range of ~ 20 - 60 nm. The magnetization
saturation of the iButtonbot was found to be 0.87 emu g™* by vibrating sample magnetometer
(VSM) analysis, as shown in Figure 4.2(c). Figure 4.2(d) showed the (-potential of
uncoated microtissue, FeONPs, iButtonbots, chitosan (CS), CS coated iButtonbots, free CU,
and CU@iButtonbots. The (-potential of FeONPs and microtissues was found to be — 23.6

+1.0mV and 4.32 £ 2.0 mV, respectively, which led to electrostatic binding of FeEONPs on
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the mushroom surface, besides their porous nature facilitating absorption. The -potential
of FeONPs coated iButtonbots was measured to be — 20.5 £ 2.0 mV. The coating of CS
(5.42 £ 3.0 mV) enhanced the net positive charges of iButtonbots leading to a {-potential of
10.39 £ 0.5 mV. Finally, the electrostatic interactions between negatively charged CU (—
4.81 + 2.0 mV) and positively charged CS coated iButtonbots (10.39 £ 0.5 mV) led to the
binding of CU molecules on the mesoporous surface of micromotors. Accordingly,

CU@iButtonbots exhibited a {-potential of 1.89 + 1.5 mV.

&)

ST
Field/kG

Figure 4.3. (A) TEM analysis of FeONPs. (B) Vibrating Sample Magnetometer (VSM)
analysis of synthesized FeONPs. FETEM micrographs of (C) uncoated microtissue and (D)
FeONPs coated micromotor, i.e., iButtonbots. The loaded FEONPs have been encircled in
yellow.

Hence, immobilization of free CU could be achieved on the porous surface of iButtonbots,
which prevents the interaction of bound CU with external surroundings and shields CU from
instability and degradation. Thus, CU@iButtonbots could be considered as potential drug

delivery vehicles, which could release a drug in a pH-dependent microenvironment by
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altering their pharmacokinetic properties. The TEM analysis synthesized FEONPs has been
shown in Figure 4.3A, indicating the size to be in the range of ~20 to 80 nm. The
magnetization saturation of FeONPs was found to be 31.55 emu g* from VSM graph Figure
4.3B. Further, FETEM micrographs of uncoated microtissue and FeONPs coated
iButtonbots have been shown in Figure 4.3C & Figure 4.3D, respectively, which confirmed

FeONPs coating on the surface of iButtonbots.
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Figure 4.4. FESEM-EDX spectra of (A) uncoated microtissue and (B) FeONPs coated
micromotor.

Additionally, FESEM-EDX analysis of uncoated microtissue (Figure 4.4A) and
iButtonbots confirmed the loading of FEONPs on the surface of motors as shown in Figure
4.4B. Besides many elements, the presence of 64.9% of elemental Fe in iButtonbots
confirmed the coating of magnetite nanoparticles. FESEM-EDX analysis of microtissue and

iButtonbots confirmed the loading of FeONPs on the surface of motors.

4.3.2. Drug binding studies and motion-based studies

Magnetically guided propulsion of iButtonbots was studied after the FeEONPs coating on the

surface of micromotor by aid of a magnet. A control experiment was performed to show the
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stationary state of iButtonbot in the absence of any magnetic field. Importantly, upon the
introduction of an external magnetic field, the iButtonbots rendered guided motion in an
aqueous medium due to induced magnetization of FeONPs, as shown in Figure 4.5(a). The
motion of the iButtonbots could be remotely controlled in many directions by stirring the
magnet on a pre-defined route, thus improving their functionality as drug-delivering
microbots. The iButtonbots could be navigated towards different positions at the desired

time interval by regulating the strength of the magnetic field.

Figure 4.5(b) represented the magnetically guided motion of CU@iButtonbots towards the
bacterial cell that got attached to the cell surface after targeted motion. The arrow indicated
the path followed by the micromotor (yellow circled) towards the cells (red circled). Figure
4.5(c) shows that the average velocity (Vay) of iButtonbots increased with the increase of the
magnetic strength (H). The average velocity attained was around 1.45 x 10 ms™ at ~ 10
mT. However, with acceleration in the magnetic field strength, the velocity of iButtonbot
increased to 6.51 x 102 ms! at ~30 mT. The non-invasive nature, strong remote
controllability and high penetration capability of homogenous magnetic fields have been
realized for navigating the motion. Such proof-of-concept “regulating on-demand”
magnetic motion of microbots hold significant promise for controlling the directionality of

micromotors.2%-33

The iButtonbots were loaded with fluorescent CU in order to study the drug-delivering
potential of the microbot for improved antibacterial efficiency. The electrostatic interactions
between negatively charged CU (- 4.81 + 2.0 mV) and positively charged CS coated
iButtonbots (10.39 £ 0.5 mV) led to the binding of CU molecules on the mesoporous

surface, with an absolute {-potential of 1.89 £ 1.5 mV (CU@iButtonbots).

TH-2289_146153006



C4-17 Chapter 4

9]
[\
<>

T

pH 7.5 {

2
£ 2 (d) Free CU 80F (e)
= 20 ——1mg < i\%
g ——2mg 2 60} ?*
$1s = 3 Uikt
E 4 mg 3
g 10 — 5 mg ':: 40F
Z ===-6 mig g
g )
= =
S =
2 o
=

<

0 5 10 15 20 25
Time [h]

500 600 700 800 0
Wavelength (nm)

Figure 4.5. (a) Shows magnetically guided migration of iButtonbot in water using bar
magnet. The respective positions of the micromotor (encircled in red) have been shown at
t=0s,2s,45s,6s,12s, and 27 s. (b) Magnetically guided motion of CU@iButtonbots
towards the bacterial microcolonies. The scale bar on all the images is of 200 um. (c)
Variation in the average velocity (Vay) of iButtonbots with an increase in the strength of the
applied magnetic field (H). (d) Fluorescence spectra of the supernatant obtained after
treatment of curcumin (CU) solution with iButtonbots of varying concentrations at 37°C in
PBS buffer at pH 7.4. (e) The release profile of CU from iButtonbots with time at pH 4 and
7.5.

The amount of CU loaded on the various concentrations of iButtonbots, ranging from 1 mg
to 6 mg, has been represented in Figure 4.5(d). It was found that with a gradual increase in
the concentration of iButtonbots, the binding efficiency of CU increased. The binding was
confirmed by a steady decrease in fluorescence spectra of unbound CU in the supernatant.
The binding efficiency of CU saturated to ~79.51% beyond a concentration of 5 mg, and

the concentration of bound CU was found to be ~ 13.48 mg mL™. Thus, 5 mg of
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CU@iButtonbots were used for pH-dependent release studies and antibacterial experiments.
The time-dependent release study was carried out to quantify the in vitro release of bound
CU from CU@iButtonbots. Figure 4.5(e) shows the time-dependent release profile that
suggested the maximum release of CU (~76.4%) in pH 4.0 at 8" h. This further decreased
to 68% and 37.2% at the end of 12 h and 24 h, respectively. At pH 7.5, a maximum release

of 20% could be observed at 8" h that reduced thereafter, to 15% at 24 h.
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Figure 4.6. (A) Stationary state of iButtonbot in water without magnetic field. (B) Release
fluorescence spectra of CU@iButtonbots with respect to varied time intervals at 420 nm
excitation using spectrofluorometer. (C) Average velocity of iButtonbots of the varying size
range (~70 pm -150 pm) using a constant magnetic field strength of 30 mT.

A control experiment was performed to show the stationary state of iButtonbot in the
absence of any magnetic field by placing iButtonbot in a petridish filled with 8 mL of water,
as shown in Figure 4.6A. The release spectra of 5g of CU@iButtonbots with respect to
various time intervals (20 mins to 8 h) has been shown in Figure 4.6B. The intensity of
fluorescence spectra progressively increased with time, confirming the maximum release at
8™ h. The average velocity of iButtonbots with size ranging from 70 pum to 150 pm was

increased to ~11x10" ms?, which gradually got reduced with bigger size of the iButtonbots.
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Also, the average velocity of iButtonbots by narrowing down the size range (~70 um -150
pm) using a constant magnetic field strength of 30 mT was investigated. An optimum size
of iButtonbot (~150-170 um) has been considered to study their average speed because the
small-sized iButtonbot (~ 70-150 pum) exhibited rapid motion that was inconvenient to
analyze and control their motility towards bacterial colonies. The pace of the iButtonbots
with size ~150-170 pm displayed an average speed of (~ 6.5 x10° ms™), which was

optimum for antibacterial investigations, as shown in Figure 4.6C.

Thus, a biphasic release pattern of loaded CU could be observed form CU@iButtonbots
with an early burst of release at pH 4 followed by a sustained release. The significant release
of CU at pH 4 is well-off for its activity against pathogenic bacteria in acidic environments.*’
Notably, such early burst release is essential to prevent bacterial growth in infectious sites.
In addition, the sustained release would prevent bacterial infections with lessened toxicity

exhibiting an effective therapeutic ratio, which is favorable over long-term antibiotic doses.’

Figure 4.7. (a) Fluorescence (b) Bright field and (c) merged confocal images of curcumin
loaded iButtonbots (CU@iButtonbots). (d) 3-D model of z stacks that depicted the
internalization of CU molecules on iButtonbots. The scale bar on all the images is 100 pm.
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The confocal micrographs (under ZEISS LSM 880) of CU@iButtonbots has been shown in
Figure 4.7, where the image suggested successful loading of CU on the surface of
iButtonbots. The fluorescence, bright field, and merged image has been shown in Figures
4.7(a), (b), and (c), respectively. The CU molecules could be easily identified on the surface
of iButtonbots by its characteristic green fluorescence emission under 405 nm excitation.
The gallery images were reconstructed to get the 3-D model of z-stacks that depicted the
internalization of CU molecules on mesoporous microbots, ensuring efficient loading,

shown in Figure 4.7(d).
4.3.3. Antibacterial studies

After the efficacious loading of CU, the antibacterial activity was further investigated on
Gram-negative — bacteria, Escherichia coli DH5a. The size of the uncoated microtissues
and micromotors was in the range of ~150-170 pm for antimicrobial studies. The standard
bacterial plate count was found to be 8.6 x 10’ CFU mL, which was calculated using the
standard bacterial plate count method. For the antibacterial studies, Gram-negative bacteria
Escherichia coli DHSa was grown in LB broth at 37°C for 12 h under shaking conditions at
180 rpm. The bacterial cultures were plated on nutrient agar media to determine the
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC).
In this method, 0.1 mL of 10 dilution of bacterial culture treated with optimized MIC and
MBC of free CU, iButtonbots, and CU@iButtonbots was spread-plated on the media plate.
All the samples were plated in triplicate plates using an L-rod and incubated at 37°C for 12
h with approximate counts of 89, 93, and 77 colonies. The standard bacterial plate count
was found to be 8.6 x 10’ CFU mL™, which was calculated using the standard bacterial

plate count method:
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CFU mL_1= . _Averagecount . )
(Dilution plated)(mL plated)

where CFU mL™! stands for colony-forming unit per mL.

The % bactericidal efficiency of iButtonbots was calculated with varying sizes of the
microbot (~ 50 to 160 pum) by treating the bacterial colonies of 8.6 x 10’ CFU mL™ for 12
h. The inhibition efficiencies to Escherichia coli was calculated as

[Abs]; —[Abs]

% Bactericidal efficiency = [Abs]
i

3)

where [Abs]; is the absorbance of control bacterial culture and [Abs]: is the absorbance of
treated bacterial colonies after a time interval of 12 h. The bacterial growth was measured

by recording the optical density (OD) using a UV-visible spectrophotometer at 595 nm.

(ug mL1) Free CU iButtonbots CU@iButtonbots

Mic 69 50 33

87 61 51
MBC

Table 4.1: Data representing the minimum inhibition concentration (MIC) of and minimum
bactericidal (MBC) values of free CU, iButtonbots, and CU@iButtonbots for Escherichia
coli.

Vital factors monitoring the antibacterial activity have been revealed towards optimizing
the bacterial killing operation of the functionalized micromotors. The MIC and MBC values
of free CU, iButtonbots, and CU@iButtonbots has been displayed in Table 4.1.
Comparatively, the MIC obtained for CU@iButtonbots was found to be least, i.e., 33 pg
mL? that inhibited bacterial growth. Thus, among the different concentrations tested, the

minimum concentration of CU@iButtonbots (33 pg mL™) that evidently inhibited the
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growth of Escherichia coli was considered as MIC. Similarly, the MIC for free CU and
iButtonbots was found to be 69 pug mL™? and 47 pug mL* respectively that measurably
inhibited bacterial growth. Interestingly, MIC for iButtonbots was lower as compared to free
CU indicating the high antibacterial activity of mushroom-based micromotors as compared
to native CU. Similarly, the MIC for free CU and iButtonbots was found to be 69 pug mL™*
and 50 pg mL™, respectively, which measurably inhibited bacterial growth. Interestingly,
MIC for iButtonbots was lower as compared to free CU indicating the high antibacterial

activity of mushroom-based micromotors as compared to native CU.
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Figure 4.8. (a) Minimum Inhibitory Concentration (MIC) values of samples for Escherichia
coli. (b) Growth curve of Escherichia coli in the presence of samples with respect to the
varied time interval.

The maximum inhibition of bacterial growth could be observed for MIC of
CU@iButtonbots, i.e., 33 ug mL™ as shown in Figure 4.8(a). This was probably due to the
sustained release of CU from the surface of CU@iButtonbots that hindered bacterial
proliferation.>3 Further, the culture was re-inoculated to a fresh medium, and the MBC for

the samples was determined, as witnessed from the absence of turbidity in the medium.
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Additionally, Table 4.1 shows the MBC concentrations of free CU, iButtonbots, and
CU@iButtonbots that resulted in bacterial killing. The free CU exhibited a MIC and MBC
value of 69 pg mLtand 87 pug mL™?, respectively. In contrast, the MIC and MBC values for
iButtonbots were less as compared to free CU, i.e., 50 pg mLand 61 pg mL™. The growth
curve studies on Escherichia coli revealed that at MIC (33 pg mL™) of CU@iButtonbots,
bacterial growth inhibition was observed, and at its MBC (51ug mL™1), the growth was
completely stopped, as shown in Figure 4.8(b). A dramatic increase in the antibacterial
efficiency could be observed from the lowest obtained MIC and MBC of CU@iButtonbots
at the end of 12 h, as compared to control bacterial culture with no added samples. This
could be interpreted from the lowest optical density (OD) of the growth curve that can be

directly correlated to minimum bacterial growth.

To confirm the MIC/ MBC values of free CU, iButtonbots and, CU@iButtonbots, the
bacteria were plated on nutrient agar media. Figure 4.9(a) indicated the control of bacterial
colonies with complete bacterial growth. Few bacterial colonies were observed in the case
of CU@iButtonbots at their MIC (33 pug mL™), and no bacterial colony was seen at their
MBC (51pg mL7), as shown in respective Figures 4.9(b) and (c). The antibacterial
compounds bound to such micromotors have numerous advantages over their free form in
terms of their stability and decreased side-effects.* Thus, iButtonbots could protect the
bound CU from initial degradation upon motioning with different molecules in the external

environment.
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(a) Control (b) MIC

Figure 4.9. Escherichia coli bacterial colonies (a) with complete bacterial growth (control).
(b) MIC for CU@iButtonbots at 33 ug mL* (¢c) MBC for CU@iButtonbots at 51 pug mL™?,
showing no growth using spread plate method on nutrient agar media. FESEM micrographs
of bacterial cells (d) control (e) treated with uncoated microtissue and (f) treated with
CU@iButtonbots. The scale bar on all the images is 1 pm.

Further, the interaction of CU@iButtonbots and iButtonbots with Escherichia coli was
studied using FESEM analysis. The control bacterial cells exhibited a smooth cell surface
with whole-cell morphology, as shown in Figure 4.9(d). However, the bacterial cells treated
with iButtonbots displayed disrupted cell wall morphology that strongly suggested the
potent antibacterial activity of mushrooms, shown in Figure 4.9(e). The mushroom tissues
in iButtonbots could probably use their natural phenolic compounds for hydrolysis of
glycosidic linkages in cells, exhibiting a synergistic effect with FeONPs resulting in cell
damage.®® Remarkably, a more profound loss of cellular integrity could be observed in

bacterial cells treated with CU@iButtonbots due to the effective release of CU from the
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motor and intrinsic antibacterial effect of mushroom“, that led to complete bacterial cell

lysis, as displayed in Figure 4.9(f).

Free CU

iButtonbots

Figure 4.10. Escherichia coli grown on nutrient agar (A) control bacteria treated with free
curcumin (CU) at their (B) minimum inhibitory concentration (MIC, 69 pug mL?), (C)
minimum bactericidal concentration (MBC, 87 ug mL™. Escherichia coli grown on nutrient
agar (D) control bacteria treated with iButtonbots at their (E) minimum inhibitory
concentration (MIC, 50 ug mL?) and (F) minimum bactericidal concentration (MBC, 61 g
mL1).

The antibacterial compounds bound to such micromotors have numerous advantages over
their free form in terms of their stability and decreased side-effects.* Thus, iButtonbots could
protect the bound CU from initial degradation upon motioning with different molecules in
the external environment. Similar results for free CU and iButtonbots were obtained at their
respective MIC and MBC (Figure 4.10 A-F). Few bacterial colonies were observed in the
case of iButtonbots at their MIC (50 pug mL™), and no bacterial colony was seen at their
MBC (61ug mL™Y). However, for free drug CU, few bacterial colonies were observed at

their MIC (69 pug mL™Y), and no bacterial colony was seen at their MBC (87 pug mL™). The
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results further confirmed the heightened antibacterial efficacy of iButtonbots as compared

to free drug.

The gallery images of the total 70 optical sections of CU@iButtonbots captured from their
top to bottom surface using confocal microscopy at 405 nm excitation has been shown in
Figure 4.11A. The% bactericidal efficiency of iButtonbots was calculated with varying
sizes of the microbot (~ 50 to 160 pm) by treating the bacterial colonies of 8.6 x 10’ CFU
mLfor 12 h (Figure 4.11B). The bactericidal efficiency was less than 80% for a size range

of ~ 50 to 80 pm.
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Figure 4.11. (a) Confocal images of the entire 70 optical sections of CU@iButtonbots at
405 nm excitation. (b) % Bactericidal efficiency of iButtonbots with varying sizes.

However, with a gradual increase in the size of iButtonbots, the efficacy was drastically
elevated, reaching maxima of ~99.8% killing using microbots of size range ~150-160 pm.
This could be attributed due to the higher amount of CU loaded on the surface of large-sized
microbots, thus exhibiting a synergistic bactericidal effect. The enhanced antibacterial
activity of CU@iButtonbots reflected the leakage of cytoplasmic contents outside the
bacterial cell for effective bacterial killing. Therefore, the results signified that iButtonbots

could significantly kill Gram-negative bacteria in a hasty and environment-friendly
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approach. The magnetically driven CU@iButtonbots could be extremely operative for
antibacterial water treatment as Gram-Negative infections are ever more challenging to treat

due to their cell wall structures.

4.4. Conclusions

In brief, the motivation of our work was to demonstrate a highly effective bacterial killing
approach based on the coupling of the antibacterial activity of biocompatible curcumin
loaded micromotor (CU@iButtonbots) with their magnetically guided motion. The
mesoporous iButtonbots of size ~40-200 um were fabricated in a cost-effective manner from
edible button mushroom and loaded with FEONPs for magnetic steering. The magnetic
iButtonbots could be efficiently driven in Escherichia coli contaminated water samples that

could enhance the mixing of bacteria in contaminated fluids.

The iButtonbots were immobilized with anionic curcumin by electrostatic interactions, and
superior bacterial killing was thus obtained using CU@iButtonbots, compared to free
curcumin. Even further improvements can be achieved by doping with other antimicrobial
drugs and introducing a swarm of such magnetically handled iButtonbots for accelerated
bacterial killing in highly contaminated areas. The present study encourages the fuel-free
motion of biodegradable micromachines that could significantly improve water treatment
strategies and environmental remediation. The biocompatibility of such bacterial micro
fighters makes them promising candidates not only to in vitro applications but also for

diverse in vivo therapeutics.
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CHAPTER 5

Acoustic Propulsion of Vitamin C loaded Teabots for
Targeted Oxidative Stress and Amyloid Therapeutics
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Abstract

In this study, the fabrication of ascorbic acid (AA) template nanomotors was achieved using
buds of Camelia sinensis, undergoing fuel-free propulsion. The motors, namely, Teabots,
display propulsion by converting the sound energy from the acoustic field into a mechanical
one. The mesh-like structures of the anionic Teabots facilitate superior adsorption of
ascorbic acid (AA-Teabots) undergoing a controlled release. The motors show antioxidant
properties at physiological pH range by scavenging intracellular reactive oxygen species.
Interestingly, the percentage release of ascorbic acid is significantly higher under the
influence of ultrasound exposure, as compared to the standard pH-dependent release. The
motors were also efficient in the degradation of artificially synthesized toxic amyloid fibrils.
The acoustic delivery of AA-Teabots could protect HEK-293 cells from oxidative injuries
alongside preventing protein-aggregation derived diseases. Soon, such acoustic powered
biocompatible AA-Teabots have been envisioned to provide an attractive approach in

proficient delivery and controlled release of therapeutic payloads at targeted zones.

This chapter is published in ACS Applied Bio Materials 2019, 2, 4571-4582. | gratefully
acknowledge the assistance of Dr. D. Dutta, Dr. M. Bhattacharjee, and Dr. A. K. Singh.
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5.1. Introduction

Artificial self-propellers for the guided transport of therapeutic agents in the diseased body-
parts have been considered to be one of the most emerging areas of nanoscale research.-2
In this regard, while considerable attention has been given to the catalytic motors, various
in vivo biomedical applications is expected to obviate the fuel-driven motions due to
difficulties in modulating the motions.® In order to address these issues, efforts have been
made to propel the motors under the remote excitations involving photons®, magnetic field®
11 acoustic waves'? and/or electric field**, In particular, recent studies have shown that
the propulsion of nanomotors using safe MHz ultrasound frequencies (3-10 MHz) can
enhance the prospects of the self-propelling objects in diverse biomedical applications
causing insignificant harm to biological samples and human body.'® In a way, the rather
innocuous acoustic waves enable a facile and fuel-free remote control on the motions of the
self-propellers inside the biological systems alongside facilitating a controlled mechanical
release.16-20

Apart from the driving force for the motion, another important factor in the design and
development of micro or nanoscale motors has been the materials of construction. While
the majority of the first-generation self-propellers were rather synthetic devices?:% of late,
the usage of biomaterials has become nearly mandatory at least for the motors used in the
biological realm due to low cost of fabrication and biocompatibility.2’=° In this regard, the
idea of acoustically driven plant-based motors could emerge as a novel candidate for
intracellular drug delivery of unharmed biological samples.33° Further, under confinement
and inside the viscous biological mediums, the practice of ultrasound exposure is expected

to facilitate the remotely guided propulsions of such devices.™3¢ Given these backgrounds,
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herein, nanomotors have been fabricated from C. sinensis , which is capable of binding
Ascorbic acid (AA) on their surface and exhibits sustained release when driven acoustically
towards oxidatively stressed cells. In particular, the proposed ultrasound (US) propelled, L-
Ascorbic acid (AA) functionalized Teabots aimed to act as an (a) unique reactive oxygen
species (ROS) scavengers in the human embryonic kidney (HEK-293) cell model and (b)

efficient amyloid inhibitors.

(a) 2 FITC labelled AA-Teabots
MxReactive oxygen species | Fibril breakagc by
AA Ascorbic acid >
AA-Teabots
T oS A LessROS
AA AA Ly

ROS

Scavengersg )

Ultrasound

- propulsion
HEK-293 cell ~ . :@‘
e
é)' /]
(¢) Sample on Waveform generator Amplifier Oscilloscope
Transducer e
e
P SN = [ © PN
/ range
" y‘ }l’u“cr Wavefi Output / @ @ @ @
M 73\-;50 rm

Figure 5.1. Schematically describes acoustic propulsion of ascorbic acid-functionalized
Teabots (AA-Teabots) (a) inhibiting intracellular oxidative stress by scavenging ROS and
(b) exhibiting anti-amyloidogenic properties. (c) Schematic representing the experimental
set up for ultrasound-powered propulsion of AA-Teabots where the sample holder was
placed on a piezoelectric transducer (0.5 x 10 x 5 mm) connected to waveform generator,
power amplifier and monitored using an oscilloscope.

The Teabots were synthesized from unfermented white tea buds of Camellia sinensis
comprising of polyphenols from catechin family exhibiting anti-tumor and immune-
stimulatory activities, lowering blood pressure, HIV treatment, and restoration of the

oxidative damages.3"-*°
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In view of this background, Teabots were employed for the reduction of intracellular ROS
on hydrogen peroxide (H202) induced HEK-293 cells, represented in Figure 5.1a. The
metabolic state of these cells is found to be comparable to normal human cells, displaying
rational levels of oxidative stress. Intracellular ROS mainly comprises of the non-radical
peroxide, superoxide or hydroxyl radical, which causes signal transduction resulting in cell
autophagy, necrosis, and physiological apoptotic damages.*%! The presence of H20; in cells
enhances oxidative damage by generating more ROS, creating an imbalance between
oxidation and anti-oxidation defense systems.*%43

In particular, the cytoprotective effects of Teabots have been monitored by their ROS
scavenging capability in H2O2-induced oxidative stressed cells. It is also well known that
ascorbic acid (AA) is one of the essential antioxidants in the human tissues, which is
unstable, have low skin permeability and cannot be synthesized in a human body.**% In
order to overcome some of these challenges, AA was encapsulated on the Teabots that could
perform US induced sustained release for ROS scavenging in the cells.4”4°

Interestingly, several studies have associated neurological disorders such as Alzheimer’s,
Parkinson’s, and Huntington’s with the combined effects of the elevation of intracellular
ROS and accumulation of B-amyloid fibrillar aggregates.®®>! Although many reports
demonstrated the dose-dependent inhibition of fibrillation process by chemical/biological
mechanisms, very few reports revealed the complete dissolution of fibrils under in vitro
conditions.>>*® To achieve specific degradation of toxic amyloid fibrils, our research is
directed towards the need for biocompatible acoustic delivery of AA-Teabots with anti-
amyloidogenic properties, schematically described in Figure 5.1b. In a way, fuel-free US
propulsion of AA functionalized Teabots achieved unprecedented inhibition of intracellular

oxidative stress and amyloidogenic degradation through a sustained release of AA. The
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experimental set up for ultrasound-powered propulsion of AA-Teabots has been shown in
Figure 5.1c. The acoustic responses of the plant-based AA-Teabots passage the gap
between artificial motors and biological systems, making a biocompatible design for in vivo

biomedical applications.
5.2. Experimental Section

5.2.1. Materials

White tea (Camellia sinensis) was collected from II'T Guwahati. Hydrogen peroxide (50%)
and sodium chloride were procured from Merck (India). L- Ascorbic Acid, DPPH (2, 2-
diphenyl-1-picryl-hydrazyl-hydrate) and Thioflavin T were purchased from Sisco Research
Laboratories Pvt. Ltd (SRL) while Alamar Blue (Resazurin Sodium salt) and 2,6-
dichlorophenolindophenol(DCPIP) were procured from Himedia (India). Methylene Blue,
2', 7'-Dichlorodihydrofluorescein diacetate (DCHFDA), nitro blue tetra-zolium (NBT),
NADH (nicotinamide adenine dinucleotide), phenazinemethosulfate (PMS), sodium
dodecyl sulphate (SDS), Fluorescein-5-isothiocyanate (FITC), Hen Egg White Lysozyme
(HEWL), phosphate buffer saline (PBS), Sodium Chloride(NaCl) and Potassium chloride
(KCI) were procured from Sigma-Aldrich (India). All the chemicals were of analytical grade
and used as received without any purification. Piezoceramic Rings were purchased from Pl
Ceramic GmbH (Germany). Milli-Q grade water was used for all the experiments.

5.2.2. Methods

(a) Fabrication of AA-Teabots: The infusions of white tea were prepared by steeping 25
g of ground tea buds (Camellia sinensis) in 100 mL of boiling sterile water for 5 min. The
infusion was then added with 0.5% of the chitosan solution and homogenized using vortex

for 20 min. The resulting solution possessed suspended tea particles that were separated via
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differential centrifugation at 4000 rpm, 14000 rpm, and 24000 rpm for 30 min, 1 h, and 2 h,
respectively. The underlying idea behind this was to separate the tea particles concerning
their sizes at macro, micro, and nanoscale levels, respectively. The supernatant obtained
after centrifugation at 4000 rpm (4 K-S) was collected and re-centrifuged at 14000 rpm for
1 h. Similarly, the supernatant from 14000 rpm (14 K-S) centrifugation was again
centrifuged at 24000 rpm for 2 h followed by removal of the supernatant (24 K-S). The
retrieved pellet-particles obtained from centrifuged 4 K-S, 14 K-S, and 24 K-S was
dispersed in sterile water after vacuum drying. The size of the tea particles was analyzed,
and the nano-sized ones obtained from 24 K-S were considered for further experiments. The
particles (0.5 to 12.5 mg) were incubated in a 0.1 M ascorbic acid (20 pug mL™) in phosphate
buffer (PBS) for 4 h and at 37°C. Freshly prepared ascorbic acid loaded particles (AA-
Teabots) were centrifuged for 5 min at 5000 rpm, vacuum dried at 26°C and used for further
experiments.

(b) Ultrasound setup: The ultrasound-powered propulsion of AA-Teabots was performed
using a previously reported acoustic cell method, shown in Figure 5.1c.%® The Teabots were
suspended on a hollow lid (diameter 2 cm) filled with 1 mL of PBS. Briefly, the ultrasonic
field was generated by placing the lid at the center of a piezoceramic transducer, (i) with
thickness 0.5 mm and an outer/inner diameter of 10 mm and 5 mm, respectively. The
transducer was fixed to the bottom center of a glass slide and connected through a 15 MHz
waveform generator (ii) coupled to a power amplifier (iii) for regulating the intensity of
acoustic waves. The monitoring of the electric signal was carried out by using a 20 MHz
storage oscilloscope (iv). A continuous sine, pulse, and triangular waveform with varying
frequencies (1 — 20 MHz) were applied to the piezoceramic transducer under the influence

of a fixed voltage (20.0 V).
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(c) Amyloid Fibrillation and Disintegration: The formation of amyloid fibrils was studied
using a previous protocol with minor modifications.>® The HEWL solution (2 mg mlI%, 140
MM) was prepared in an aqueous solution of 137 mM and 2.7 mM of NaCl and KClI,
respectively. The pH of the protein mixture was adjusted to 5.0, and magnetically stirred at
70°C for 48 h. The fibrillation of the amyloid samples was studied by mixing 20 pL of
protein sample in 10uM ThT- PBS solution at different time intervals. Following this, the
fluorescence intensity of ThT in the protein solution was measured at an excitation
wavelength of 440 nm.

The matured fibrils were fabricated from HEWL protein by incubating standard solutions®®
and the long fibrils were isolated by centrifugation at 5000 rpm for 15 min. The retrieved
pellets were dispersed in PBS buffer of pH 7.4 followed by incubating 900 pL of dispersed
fibrils with different concentration Teabots and AA-Teabots (3 — 20 pg mL™t) at 60°C for a
fixed time (72 h). Moreover, the effect of a fixed concentration of the samples (20 ug mL"
1 on fibrillar disintegration was checked at different time intervals (0 to 72 h). The
degradation of fibrils was monitored by subjecting them to ThT fluorescence assay, FE-
TEM analysis, and CD spectroscopy. The treated amyloid samples (20 pL) were mixed with
10uM ThT in 1 mL PBS buffer at pH 7.4 and incubated for 15 min before
spectrofluorometric analysis. The excitation wavelength was set at 440 nm, and emission
was recorded between 460 nm to 600 nm. The ThT emission peak was measured at 488 nm
and the fibril growth curve was plotted concerning time. Field emission transmission
electron microscope (FE-TEM) was used to monitor the effect of free AA (17.6 ug mL™?),
Teabots and AA-Teabots (20 pg mL™?) on amyloid growth. For analysis of amyloid
assembly, the treated protein samples were deposited on a copper TEM grid and dried in a

vacuum oven overnight. The CD spectra analysis of the treated HEWL samples was carried
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out in the range of 200-260 nm after proper baseline correction. The mean residual ellipticity
(MRE) graph was plotted, and the percentage of a and B-sheets for the control and treated
amyloid samples was obtained.>"*8

(d) Effect of Nanomotors on Oxidative Stressed Cells: The HEK-293 cell lines for the
cellular study were obtained from National Centre for Cell Sciences (NCCS), Pune, India.
The HEK-293 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) with the
supplementation of 10% (v/v) fetal bovine serum (PAA Laboratories, Austria), L-glutamine
(4mM), penicillin (50 units/mL), streptomycin (50 mg/mL, Sigma-Aldrich) and maintained
in a humidified incubator with 5% CO2 atmosphere at 37 °C.

HEK-293 cells were seeded in a 96-well microtiter plate at a density of 1 x 10 cells/well
and cultured in 5% CO: incubator at 37°C for 24 h. To induce oxidative stress in cells,
different concentrations of H>O: solutions (0- 1000 puM) were added to the cells and
incubated for 5 h at 37°C in the incubator. Alamar blue cell viability assay was performed,
as described below, to evaluate the cytotoxicity and optimum H20 concentration for further
studies.

A density of 1 x 10* cells/well were seeded and incubated in 5% CO; incubator at 37°C for
24 h. Then, different concentrations of free AA (17.6 pg mL™?), Teabots and AA-Teabots
with a final concentration of 4.5 to 12.5 pg mLin PBS, pH 7.4 was added to the wells and
incubated for another 24 h. Following this, the cells were exposed to optimum H2O>
concentration (400 uM) and incubated for an additional 5 h. The cells in the wells only with
media were kept as control, and the cells treated with only 400 uM H20- in the media were
also included. The cell viability was determined using the AB assay, as described earlier.
(e) Measurement of Intracellular ROS: The generation of ROS in HEK-293 cells was

measured using fluorescent 2, 7-dichlorofluorescein — diacetate (DCFH-DA). The cells
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were seeded in a 96-well plate at a density of 1 x 10* cells/well and incubated for 24 h in a
humidified CO; incubator at 37 °C. Then, concentrations of free AA (17.6 pg mL™Y), Teabots
and AA-Teabots with final concentrations of 4.5 to 12.5 ug mL™in PBS, pH 7.4 was added
to the wells and incubated for another 24 h. Likewise, the cells were treated with 400 uM
H20, and incubated for 5 h. The cells without any sample addition were kept as control.
After treatment, the cells were added with ImM DCFH-DA (5uL/well) and incubated for
10 min. The old media was discarded, and the cells were washed and dispersed in 100 puL
of PBS. The non-fluorescent DCFH-DA dye freely penetrates the cell membrane and
undergoes hydrolysis by esterase to form DCFH. In the presence of intracellular ROS, the
hence formed DCFH gets oxidized to a highly green-fluorescent 2, 7-dichlorofluorescein
(DCF) where the intensity is parallel to the amount of generated ROS inside the cells. The
fluorescence intensity of DCF in all the samples was recorded using a Perkin Elmer
fluorescence spectrophotometer at an excitation and emission wavelength of 488 nm and
530 nm, respectively, and represented graphically. Following this, the cells were imaged
under an Epifluorescence microscope under green excitation of 340 — 380 nm.*3%°

(F) Determination of ascorbic acid (AA) binding and release efficiency: A solution of
ascorbic acid (AA) in water (20 ug mL1) was added to a varying concentration Teabots (0.5
mg — 12.5 mg) and incubated for 4 h under vigorous stirring conditions (1000 rpm) at 37°C.
Nitrogen gas was flown through the reaction mixture continuously for 15 min, and the pH
of the solution was adjusted to 7.4 by adding 0.1 M NaOH solution. The anionic ascorbic
acid was bound on the surface of Teabots due to its porous structure. Following this, the
solution was then centrifuged for 20 min at 5000 rpm; 4°C to remove the unbound AA and
the retrieved pellets (AA-Teabots) was dispersed in sterile water. A calibration curve was

constructed based on the known concentration of the free ascorbic acid solution.
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Applying Beer's law, the supernatants containing the unbound AA were collected and
quantified by UV — visible Spectrophotometer (Perkin Elmer) at 264 nm. The initial amount
of AA concentration was obtained from the intensity of total free AA (20 pg mL™?) in the
solution. The experiments were performed thrice to ensure reproducibility. The binding
efficiency (B.E.) was calculated using the following formula °:

ML), 0
(AA),

Here, (AA)i represents an initial concentration of ascorbic acid in the solution, and (AA)s

B.E.(%) = .

represents the concentration of unbound ascorbic in the supernatant.

The release of AA from AA-Teabots (8 mg) was studied at different time intervals (0 -12
h). The retrieved pellets collected after centrifugation of AA treated Teabots were
appropriately washed and then dispersed in 100 pL of chloride buffer of pH 1.2 and PBS
buffer of pH 7.4. The resulting solution was incubated for 3 h at 37°C followed by
centrifugation. The supernatants were obtained, and the release study of bound AA was
analyzed by a UV-visible spectrophotometer at 264 nm®°.

Additionally, the release of AA was also studied under the influence of a sine ultrasonic
waveform of 8 MHz for a fixed time interval. The retrieved pellets were dispersed in PBS
and exposed to ultrasound waves for 10 min. The solution was centrifuged, and the
supernatant was analyzed spectrophotometrically for a comparative release study of bound
AA.

(g) Stability of bound ascorbic acid (AA): The stability of bound AA on AA-Teabots and
free AA in solution was carried out using a previously reported method.®* The loaded AA
on the surface of Teabots was extracted using 1.0 g of sample in 20 mL of extraction solution

(5% NaCl and 1% SDS). The ascorbic acid level was measured by titration using a mixture
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of 1% oxalic acid solution (w/w) and 0.025% DCPIP (w/v). The stability analysis was
carried out for 0 to 20 days after the loading of ascorbic acid on the surface of Teabots. The
samples were protected from sunlight at 37 + 2°C. The experiments were performed in
triplicates to ensure reproducibility.

The antioxidant activity of AA encapsulated on Teabots was analyzed by using methylene
blue (MB) as an oxidizing agent. The reduction of MB dye to its leuco form by bound AA
confirmed the antioxidant activity of AA after binding on the surface of Teabots. AA-
Teabots (~ 3g) were mixed with ImM MB solution and stirred vigorously until the blue MB
dye turns colorless. The conversion of MB to the leuco form was confirmed by using UV-
Vis spectroscopy at 264 nm.%° Both the experiments were performed in triplicates to verify
whether the AA bound on the surface of Teabots is as effective as free AA in solution.

(h) Measurement of Speed under Ultrasonic waves: The ultrasonic propulsion of AA-
Teabots (size ~ 150 -300 nm) was evaluated by placing the nanomotors in a transparent
hollow lid (~ 2 cm) filled with 1 mL of PBS. The displacement of the nanomotors from
initial to the final point was calculated per unit time by placing the lid on a paper-grid with
dimensions 1 mm x 1 mm.'° The velocity of the nanomotors was measured under the
influence of acoustic waves with varying frequencies (0 — 20 MHz) and voltage (10 — 20
V). The experiments were carried out in triplicates to attain the average value and error bars.
(1) Alamar Blue (AB) Cell Viability Assay: For the cell viability assay, HEK-293
cells/well were seeded in a 96-well microtiter plate at a density of 1 x 10* cells/well and
cultured in 5% CO- incubator at 37°C for 24 h. The cells were then treated with AA (17.6
pg mLY), Teabots and AA-Teabots with a final concentration of 4.5 to 12.5 ug mL™ and
incubated for another 24 h followed by cell viability studies using Alamar blue (AB) assay.

Briefly, an AB solution (10% v/v of AB dye) was prepared in sterile water, and 10 uM
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solution was added to each well following 3 h incubation. The oxidized form of AB
(Resazurin) gets reduced to resorufin by metabolically active cells. Thus, the cellular
toxicity was measured spectrophotometrically by measuring the absorbance at wavelengths
of 570 nm and 600 nm using a microplate reader.®%% The results obtained after independent
experiments were averaged over 3 replicates per well. Also, negative controls with only AB
solution in media (without cells) were included, and the background absorbance measured
in those was subtracted. The percentage reduction of AB that is directly proportionate to the

percentage of cell viability was calculated by using the following formula:

(OzxAl)—(leAz) <100
(RyxN;)—(R,xN,) ' 2

where O1 is molar extinction coefficient (E) of oxidized AB at 570 nm, Oz s E of oxidized

% Cell Viability =

AB at 600 nm, R; and R are the E of reduced AB, A: and A; are the absorbance of test
wells and N1 and N> are the absorbance of negative control wells at 570 nm and 600 nm,

respectively.

(J) Field Emission Scanning Electron Microscopy (FESEM) of Treated Cells: The
morphological changes in the cells after their treatment with only H202 (400 uM) and H.O2+
AA-Teabots (400 UM + 12.5 pg mL*) was compared with the untreated cells using FESEM
analysis. The cells were incubated overnight (37 °C) at a density of 1 x 10° cells in a 35 mm
culture dish for 24 h inside a humidified CO- incubator. The grown cells were treated AA-
Teabots (12.5 pg mL™Y) and incubated overnight at 37 °C. Following this, the cells were
added with H2O> (400 uM) in respective culture dishes and incubated for an additional 5 h.
For sample preparation, the cells were washed with PBS and subsequently harvested by

trypsinization. Next, the fixation was done by adding 70% chilled ethanol, and the cells
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were finally drop-casted on a piece of glass slide covered with aluminum foil. The sample

was allowed to vacuum dry in a desiccator and analyzed under FESEM.

(k) FITC on AA-Teabots for intracellular tracking: An agueous solution of FITC in
DMSO (5 mg mL™) was added to AA-Teabots (12.5 pg mL™*) magnetically stirred for 3 h
at 37 °C in the dark. FITC was absorbed on the surface of AA-Teabots due to electrostatic
interactions forming fAA-Teabots. Following this, the formed fAA-Teabots were
centrifuged at 5000 rpm for 15 min, to remove the unloaded dye. The retrieved pellets were
then collected and dispersed in distilled water, and the intensity of the peak was measured
at an excitation wavelength of 488 nm.®* The CLSM analysis was carried out by seeding 1
x 10° HEK-293 cells on a coverslip placed in a 35 mm culture dish and incubating in a CO;
incubator at 37 °C for 24 h. Thereafter, the cells were treated with FITC loaded AA-Teabots
(FAA-Teabots) and incubated for 6 h followed by washing the cells with PBS. The fixing of
cells was done by adding 0.1% formaldehyde and 70% chilled ethanol. The coverslips
containing the control without Teabots and the treated cells were carefully mounted onto
the glass slides with their sides sealed. The samples were then visualized under Zeiss CLSM
microscopy at an excitation wavelength of 488 nm to ensure intracellular uptake of AA-

Teabots.?

(1) 2, 2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) assay: The DPPH assay was carried
out to assess the radical scavenging activity of AA, Teabots and AA-Teabots using a
reported method,® which is based on reduction process of DPPH by accepting an electron
or hydrogen. Here, 0.1 mM of DPPH was mixed with different concentrations of AA (17.6
pg mL™), Teabots and AA-Teabots (4.5 to 16.5 pg mL™Y) and incubated at room temperature

in the dark for 20 min. The absorption spectra of the samples were recorded using a UV-
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visible spectrophotometer at 517 nm. In this test, methanol was used as blank, and DPPH +
methanol was considered as control. The bluish methanolic solution of DPPH turned to
yellow with the addition of samples. The free radical scavenging activity of the samples was

parallel to decreasing absorbance value that is represented by percentage inhibition as®:

% Inhibition = Absorbance_,.,, — Absorbance,,, 100,

Absorbance,, ., (3)

(m) Superoxide Scavenging Assay using Nitro Blue Tetra-Zolium (NBT): The
quenching of superoxide radicals by AA (17.6 pg mL™), Teabots and AA-Teabots were
evaluated by studying inhibition of NBT reduction. The oxidation of NADH generates
superoxide radicals in the mixture assayed by NBT reduction. In this method, different
concentration of the nanomotors (4.5 to 16.5 pg mL™?) was mixed with 3 mL of reaction
solution containing 100 mM PBS, 468 uM NADH (nicotinamide adenine dinucleotide), 156
MM NBT (nitro blue tetra-zolium) and 60 uM PMS (phenazinemethosulfate). The mixture
was incubated at 25°C for 5 min, and a purple-colored product (diformazan) was formed
upon reduction of NBT by superoxide. The detection of peroxide was carried out
spectrophotometrically by measuring the diformazan at 560 nm against blank samples. The
reaction mixture without the samples was used as a control. The decrease in absorbance of
the solution corresponds to the increase of superoxide anion scavenging activity of the
samples. The percentage of inhibition of superoxide radical was calculated using the same

formula as described in DPPH assay.®>%
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5.3. Results and Discussion

5.3.1. Fabrication and Characterization

The presence of phytochemicals is a significant motivation here for the fabrication of robust
Teabots for targeted delivery of drugs in oxidative stressed cells, executing ultrasonic
propulsion. Apart from the antioxidant properties of Teabots, the increase of intracellular
ROS concentration levels in neurodegenerative disorders necessitates the functionalization
of Teabots with antioxidant compounds such as AA, offering efficient ultrasound-mediated
controlled cellular delivery. Therefore, this approach has been exploited for targeted
delivery for the AA-Teabots where the chemical stability of AA was preserved. The study
highlights the potential of their role in protecting stressed cells from oxidative challenge.
Hence, this method satisfied all the principles for green chemistry without the intervention
of any toxic chemicals, ensuing towards the development of biological friendly
nanomachines that are not considered as foreign invaders by the immune system in the body.
The detailed experimental procedure for fabrication of Teabots has been discussed
previously in the Experimental Section 5.2.2. and represented schematically in Figure 5.2a.
The schematic showing the encapsulation of Teabots using AA followed by and linear and
circular US propulsion of AA-Teabots has been described in Experimental Section 5.5.2.
and presented in Figure 5.2b.

A stable nano-suspension of Teabots was obtained from the supernatant after centrifugation
at 24000 rpm (24 K-S), which was considered to be suitable for further experiments. To
date, the mechanism behind nanoparticle formation from tea extract and their role in the
developmental process is not well understood. However, the presence of various tentative

microscale components in black and green tea have been reported that are highly bioactive.®’
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Figure 5.2. (a) Schematic depiction of the steps to fabricate Teabots from white tea buds
(C. sinensis) by differential centrifugation. (b) A schematic diagram describing the
fabrication of AA-Teabots by encapsulating ascorbic acid (AA, 30 ug mL?) on the surface
of Teabots exhibiting linear and circular motion. The AA-Teabots were labeled with FITC
(fAA-Teabots) for the in vitro intracellular tracking in cell studies.

In this direction, a few components of novel Teabots from unfermented white tea with their
excellent biocompatibility was dissected. The TEM micrographs of nano Teabots of size
range have been shown in Figure 5.3a reveals spherical shaped particles with size ranging

from 200 — 500 nm. The retrieved pellet-particles obtained from centrifuged 14 K-S is

represented in Figure 5.3b.
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Figure 5.3. (a) TEM micrograph of nano AA-Teabots. (b) FETEM micrograph of
microparticles of size ~1-2 um synthesized from white tea bud (C. sinensis) after differential
centrifugation at 14000 rpm. (c) EDX spectra of nanosized Teabots showing the presence
of elements like carbon, oxygen, potassium, calcium, and magnesium.

The EDX spectra of the nanomotors obtained after 24 —S has been displayed in Figure 5.3c,
ensuring the presence of elements like carbon, oxygen, potassium, calcium, and magnesium.
The surface morphology of as-synthesized Teabots has been represented by the FETEM
micrographs in Figure 5.4a, which revealed porous mesh-like structures on the surface. The
mass spectra obtained from LCMS analysis has been shown in Figure 5.4b, which revealed
the presence of phenolic acid derivatives and theaflavins.®"° The loading of AA into the
Teabots could be due to electrostatic interaction, encapsulation or adsorption.*® The mesh-
like structures present on the surface of Teabots, along with their negative charges facilitated
greater adsorption of positively charged AA through electrostatic interactions. The (-
potential of free AA was found to be -4.27 + 0.3 mV, and the same of Teabots was found to
be 3.9 + 0.5 mV. The coating of negatively charged AA reduced the net positive charge on
Teabots with {-potential of ~1.92 + 0.8 mV, as shown in Figure 5.4c. The localization of
AA-Teabots inside the HEK-293 cells was tracked by using a negatively charged FITC
tracker dye. The positive (-potential of AA-Teabots could load the negatively charged FITC
(- 5.2 £ 3 mV) on their surface, forming fAA-Teabots exhibiting a {-potential of around

0.23+0.3mV.
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Figure 5.4. (a) Field Emission Transmission Electron Microscope (FETEM) micrographs
and (b) Liquid Chromatography (LCMS) indicating the presence of phenolic acid derivatives
and theaflavins w.r.t. m/z ratio. (c) ¢-potential measurement of samples. (d) UV-visible
absorption spectra of the supernatant obtained after treatment of ascorbic acid (AA)
solution (30 pg mL*) with various concentrations of Teabots for 4 h.

[M+ H]" /[ M-H] (m/2) Tentative Identification
1 129.07, 158.03 Theanine
2 381 1-O-caffeoyl-3-O-sinapoylquinic acid
3 173 Theanine
4 195.03 Caffeine
5 337 5-p-Coumaroylquinic acid
6 353 3-Caffeoylquinic acid
7 497.17 Dicaffeoylshikinic acid

Table 5.1. Presence of phenolic acid derivatives and theaflavins w.r.t. m/z ratio using LC.

The identification of building blocks of the Teabots was further validated by performing
LCMS for protonated/deprotonated molecules ([M + H] */ [M-H]") at respective m/z ratios,

as represented in Table 5.1.
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Figure 5.4d represented the amount of AA loaded on various concentrations of AA-
Teabots, ranging from 0.5 mg to 10 mg. It was observed that with a gradual increase in the
concentration of nanomotors (0.5 mg to 10 mg), the binding efficiency of AA increased.
This was confirmed by the gradual decrease in absorbance intensity of unbound AA in the
supernatant. The binding capacity of AA saturated to ~89.41% at a concentration of 8 mg,
corresponding to ~17.6 pg mL-1 of AA. Thus, 8 mg of AA-Teabots were used for release
studies of AA and other experiments unless mentioned otherwise.

5.3.2. Encapsulation and Release of Ascorbic Acid

The binding efficiencies of AA were studied by loading and incubating AA on 8 mg of

Teabots at different time intervals.
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Figure 5.5. (a) UV-visible absorption spectra of the supernatant obtained after treatment
of 8 mg ascorbic acid (AA) at different time intervals. (b) FTIR spectra of free AA, Teabots
and AA-Teabots. (c) Stability analysis of free AA and encapsulated AA w.r.t time (10 min —
12 h). (d) UV-visible absorption spectra of AA released in the supernatant from AA-Teabots
at different time intervals (10 min — 12 h).
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A gradual decrease in absorbance of unbound AA in the supernatant could be observed,
which confirmed the increased binding of AA w.r.t. varied time intervals (30 min to 12 h),
as shown in Figure 5.5a. A gradual decrease in the absorption spectra of unbound AA in
the supernatant could be observed with an increase in time. The binding efficiency got
achieved saturation state to ~89.41% when the time exceeded beyond 5 h. The porous mesh-
like structures on Teabots shielded the bound AA from rapid degradation providing minimal
exposure towards external surroundings, thus enhancing the shelf life of loaded AA. The
binding of AA on Teabots was also supported by FTIR spectra of free AA, Teabots, and
AA-Teabots with direct evidence for the binding of AA on the surface of Teabots (Figure
5.5b). FTIR spectra of AA in the range 3,215-3,520 cm™ corresponds to the different
hydroxyl groups.” The characteristic peak of AA at 1,750 cm™ due to stretching vibrations
of the C=0 of the five-membered lactone ring disappears after binding onto the surface of
Teabots. A slight shift of the C=C stretching band from 1,665 to 1,635 cm™ could be seen

after AA loading.

Significant changes in the positions of different bands of AA-Teabots and free AA revealed
a piece of direct evidence for the binding of AA on the surface of Teabots.’ The stability of
bound AA was carried performed for 0 - 20 days after loading of ascorbic acid on the surface
of Teabots and compared with free AA.®! As evident from Figure 5.5¢, the shelf life of AA
bound into the surface of Teabots was higher as compared to free AA during the 20-day
storage period. In a way, the Teabots shield the bound AA entirely from the interactions
with the external environment. Figure 5.5d shows the release behavior of AA from AA-

Teabots, which achieved the highest release after 5 h, at pH 7.4, and could be interrelated
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with the highest absorbance intensity. However, the amount of AA released from AA-

Teabots attained saturation beyond 6 h.

Methylene blue (MB) assay was performed to determine the antioxidant activity of ascorbic
acid (AA) encapsulated Teabots. The schematic for this magic blue bottle redox reaction
depicting the reduction behavior of AA is represented in Figure 5.6a, where the reducing
property of AA was retained even after encapsulation. The conversion of the colored
oxidized form of MB (MB™) to its reduced colorless leuco MB (LMB) by AA-Teabots
confirmed the effectiveness of bound AA on the surface. The UV-visible spectra for free
AA, uncoated Teabots and MB (before and after treatment) considered as control has been

shown in from Figure 5.6b.
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Figure 5.6. (a) Reaction showing reduction of methylene blue (MB) to Leuco-methylene
blue (LMB) by encapsulated AA in AA-Teabots. (b) UV-visible spectra of Teabots (black
line), bleached methylene blue (green line, LMB), methylene blue (blue line, MB) and AA
(pink line). (c) UV-visible spectra of Teabots (blue line) and AA-Teabots in MB solution (red
line).

A strong absorption peak at 237 nm and two sharp peaks (294 nm, 656 nm) indicated the
presence of AA and MB, respectively. The MB solution treated with free AA formed LMB
that is represented by a peak at 250 nm. The unbound Teabots displayed a peak of lower

wavelength at around 270 nm. The UV-visible spectra of AA coated Teabots along with

MB (before and after treatment) have been represented in Figures 5.6c.
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The Teabots treated with MB exhibited two similar peaks as control MB (in Figure b),
ensuring that MB is not converted to its reduced form LMB. However, the AA-Teabots
treated with MB solution showed only one peak at 294nm, with the disappearance of peak
at 656 nm corresponding to MB solution. This indicated that AA molecules bound on the
surface of AA-Teabots retained their anti-oxidant property and chemical stability, which
efficiently converts MB to LMB. This further proved that the bound AA molecules are not
leached away from the Teabots when dispersed in aqueous solutions.

Traditionally, the controlled cellular delivery of AA at higher concentration has been very
challenging due to their poor stability on the carriers.*>“® In the present study, it was found
that AA was quite stable on the Teabots. Therefore, the ultrasonic delivery of AA using
Teabots could enhance the delivery performance of AA as compared to the conventional
molecular form. Thus, the AA-Teabots exhibited less sensitivity towards light, temperature,
oxygen, and heat permitting to propose them as potential candidates as stable antioxidants
for intracellular delivery.

5.3.3. Motion-based release studies

The release profile of drug AA, which indicates that at pH 7.4, ~89.2% of the AA was
released gradually from the Teabots until 300 min before saturating has been shown in
Figure 5.7a. In contrast, there was a dramatic increase in the percentage of AA released
(~64%) at pH 1.2 (chloride buffer) in the first 30 min interval. Thus, a sustained release of
AA was observed from AA-Teabots at pH 7.4, with a gradual increase of release percentage
at prolonged time intervals.

As stated earlier, the anionic AA got encapsulated onto the positively charged Teabots by

electrostatic interactions; the higher percentage of release in neutral pH may be probably
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due to an optimum pH condition that resulted in effective diffusion of the drug.”*"® On the
contrary, the abrupt increase in the release of AA from Teabots at a lower pH of 1.2 may
occur probably due to a highly acidic condition in the surrounding medium. As expected,
the sustained release of unstable antioxidants, such as AA, could be achieved by
encapsulating them with Teabots offering slow and continuous delivery of AA under

physiological conditions.
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Figure 5.7. (a) Release profile of AA from AA-Teabots at intervals of time in PBS buffer of
pH 7.4 and chloride buffer of pH 1.2. (b) Variation in average velocity (Va) of AA-Teabots
in PBS of pH 7.4 exhibiting circular motion under the influence of a varied ultrasound
frequency range of sine, pulse and triangular waveforms at 20V. (c) Variation in average
velocity (Va) of AA-Teabots exhibiting circular motion in presence of fixed sine wave
frequency (8.5 MHz) and different range of voltage (10 — 20 V). (d) Variation in average
velocity (Vav) of AA-Teabots in PBS of pH 7.4 under the influence of a varied ultrasound
frequency range of sine, pulse and triangular waveform at 20 V, linear motion.
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The influence of fluid, pressure gradient, and acoustic forces have been previously
explained, demonstrating the locomotion of nanoscale biological materials to identical
levitation plane node and streaming.®® The direction of acoustic waves falling on the surface
of Teabots could be altered to achieve circular and linear motion. The placement of the
sample holder directly at the center of the transducer allowed uniform scattering of waves
on the Teabots from all directions, leading to circular motion.

Conversely, when the sample holder was placed sideways on the transducer, the motion was
assumed to be axisymmetric with the standing acoustic wave generated by the transducer.>-
7 This resulted in a unidirectional distribution of waveforms on the surface of nanomotors,
resulting in linear motion. Hence, AA-Teabots could convert the applied acoustic energy
into mechanical energy achieving spontaneous directional motion.

In the present experimental setup, the Teabots were exposed to three different waveforms
of ultrasound: sine, pulse and triangular of varying frequencies (1 - 20 kHz) and at a fixed
voltage of 20 V. To investigate the impact of varying frequencies and waveforms on the
motion of AA-Teabots, a series of experiments was carried out. Figure 5.7b shows the
average velocities of AA-Teabots (Vav) exhibiting circular motion under the influence of
three different ultrasonic waveforms at varying frequencies.

When the AA-Teabots were immersed in a bath of PBS buffer of pH 7.4 and introduced
with varying frequencies of three different ultrasonic waves, the motors attained a maximum
speed at 8.5 MHz followed by a gradual decrease in their speed with the further increase of
frequencies. At 8.5 MHz, the AA-Teabots exhibited a maximum average velocity (Vav) of
~95x102ms?, 2.7 x 102 ms™and 1.51 x 10 m s’ for sine, pulse and triangular wave,
respectively. Thus, the optimum frequency of ultrasonic waves was considered to be 8.5

MHz, beyond which the velocity decreases in the presence of a sine wave.
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However, the Vay of AA-Teabots in the presence of a pulse and triangular waves was found
to be reduced as compared to a sine wave. The motion of AA-Teabots was monitored under
the influence of a constant sine wave frequency of 8.5 MHz with varying voltage range
between 10 - 20 V. Figure 5.7c revealed the average velocities of the circular motion of
AA-Teabots that was found to be maximum ~ 9.4 x 102 m s, at 20 V, beyond which the
nanomotors exhibited nearly constant Vav. Figure 5.7d displayed the average velocities
(Vav) of AA-Teabots showing linear motion under the influence of sine, pulse, and triangle
waveform at a frequency range of 0 — 20 MHz and a fixed voltage (20 V).

The Va Was found to be maximum in the presence of sine wave (5.9 x 102 m s*) and lowest
in the triangular wave (1.29 x 10 m s*), which matched with the observed Va, of AA-
Teabots following a circular path. Comparatively, there was a significant reduction in the
maximum Va of linearly moving AA-Teabots when compared with their circular
locomotion. The reason for the reduced average velocity of linear motion might be attributed
to the position of the transducer and sample holder, which could be improved with further
investigation.

The random motion of AA-Teabots without PBS buffer was considered as control. The
circular motions of AA-Teabots in PBS buffer of pH 7.4 was studied under the influence of
sine, pulse, and triangular waves at ~8.5 MHz. The ultrasonic motion of nanomotors is
driven primarily due to their rigid nature, which could propel without any metallic coating
on the surface. The AA-Teabots exhibited fast autonomous propulsion under the influence
of varying sine, pulse, and triangular acoustic waves with productive modes of linear and
circular motions. The optimized setup enabled the AA-Teabots to convert the local

resonating ultrasound into distinct directional motions.*>-8
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Similarly, the linear motion of the AA-Teabots was monitored at a fixed voltage of 20 V
under the influence of sine, pulse, and triangular waveforms of varying frequencies (0 - 20
kHz) and a fixed voltage of 20 V. The random collective motion of the motors in the absence
of fluid confirmed their actual acoustic propulsion with the negligible effect of fuel on

motors, shown in Figure 5.8a.

Sine wave

Pulse wave

Figure 5.8. (a) Random collective motion of AA-Teabots in the absence of PBS buffer. (b)
US propelled circular motion of AA-Teabots under the influence of sine waveform (8.5 MHz)
in PBS buffer of pH 7.4. The numbers 0-2 represents the position of the AA-Teabots at, t =
0s,05s,15s,15s, and 2 s, respectively. Scale bar is 20 um. (c¢) US propelled linear
motion of AA-Teabots under the influence of sine waveform (8.5 MHz) in PBS buffer of pH
7.4. The numbers 0-3 represent the position of the motors at, t =0 s, 1.5 s, and 3 s,
respectively. The scale bar is 100 um. (d) US propelled circular motion of AA-Teabots
under the influence of pulse waveform (8.5 MHz) in PBS buffer of pH 7.4. The numbers 0-
9 represents the position of the motors at, t=0s,2s,4 s, 7s, and 9 s, respectively. The
scale bar is 100 pum. (e) US propelled linear motion of AA-Teabots under the influence of
pulse waveform (8.5 MHz) in PBS buffer of pH 7.4. The numbers 0-6 represent the position
of the nanomotors at,t =0 s, 3 s, and 6 s, respectively. The scale bar is 100 um. (f) Linear
motion of AA-Teabots towards oxidative stressed HEK-293 cell lines under the influence of
sine waveform (8.5 MHz). The AA-Teabots and cells have been marked with yellow and
red circles and the direction of motion has been represented by arrows. The scale bar is
100 pum.

The nanomotors in Figure 5.8b exhibited faster circular motion within a time of ~ 2 s,

achieving an average velocity of ~ 9.5 x 102 m s! under the influence of sine waveform at
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a constant frequency of 8.5 MHz. The numbers 0-2 represents their position at, =0 s, 0.5
s, I's, 1.5, and 2 s, respectively. Figure 5.8¢ shows the linear motion of the AA-Teabots
at a fixed voltage of 20 V and sine wave frequency of 8.5 MHz from 0 to 3 s, where the
average velocity was found to be maximum, i.e., 5.9 x 102 m s?®. The numbers 0-3
represents their positionatt=0s, 3 s, and 6 s, respectively. On the contrary, the influence
of pulse wave decreased the average speed of the rotating motors to 2.7 x 102 m s rendering
a circular motion at around 9 to 10 s, as shown in Figures 5.8d.

The linear motion of the AA-Teabots at a fixed voltage of 20 V and pulse wave frequency
of 8.5 MHz has been represented in Figure 5.8e where the average velocity was found to
be 2.2 x 102 m s The numbers 0-6 represent the position of the nanomotors att=0s, 1.5
s, and 3 s, respectively. Additionally, the linear motion of AA loaded motors towards
stressed HEK-293 cell lines and their attachment to the cell surface has been represented in
Figure 5.8f.

The intracellular motion of the AA-Teabots was recorded under the influence of acoustic
sine waveform with PBS buffer of pH 7.4 in oxidative damaged HEK-293 cell lines. The
AA-Teabots could be targeted towards the cells under the influence of ultrasonic waves and
undergo release of bound ascorbic acid inside the cells, protecting them from stress-induced
damage by scavenging ROS.

However, the influence triangular wave decreased the average speed of the nanomotors to
1.51 x 102 m s-! rendering a circular motion at around 10 s. The influence of the triangular
wave decreased the average speed of the nanomotors to 1.51 x 102 m s respectively

rendering a circular motion at around 10 s, as shown in Figure 5.9a.
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At 8.5 MHz, the nanomotors exhibited a maximum average velocity (Vay) of 1.51 x 102 m
s’ for a triangular wave. Additionally, the direction of acoustic waves could be altered by
placing a small area of the hollow lid on the transducer such that an uneven distribution of
ultrasonic sine waves could be introduced on the surface of nanomotors. The highly stable
AA-Teabots could convert the applied acoustic energy into mechanical energy achieving
spontaneous linear motion. The average velocity of the AA-Teabots undergoing linear
motion was calculated under the influence of triangle waveform at 8.5 MHz considering

their displacements at t = 0 s and 8 s, represented in Figure 5.9b.
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Figure 5.9. (a) US propelled circular motion of AA-Teabots under the influence of a
triangular waveform (8.5 MHz) in PBS buffer of pH 7.4. The numbers 0-10 represent the
position of the nanomotors att=0s, 2 s, 3 s, 6 s, and 10 s, respectively. Scale bar is 50
pm. (b) US propelled linear motion of AA-Teabots under the influence of triangle waveform
(8.5 MHz) in PBS bhuffer of pH 7.4. The numbers 0-8 represents the position of the
nanomotors att = 0 s and 8 s, respectively. Scale bar is 50 um. (c) Bar graph depicting the
maximum average velocities (Va) of AA-Teabots exhibiting circular motion in the presence
of sine, pulse, and triangular ultrasonic waveform at 8.5 MHz at 20 V. (d) % release of AA
from AA-Teabots under the influence of ultrasonic sine wave of 8.5 MHz.
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The Vav Was found to be lowest in the triangular wave (1.29 x 10 m s?), which matches
the observed Vav of AA-Teabots following a circular path. Comparatively, there was a
significant reduction in the maximum Vay of linearly moving AA-Teabots w.r.t their circular
locomotion. Thus, the optimum frequency of ultrasonic waves was considered to be 8.5
MHz, beyond which the velocity decreases in the presence of a sine wave, shown in Figure
5.9c. The % release of AA was also studied under the influence of a sine ultrasonic
waveform of 8 MHz for a fixed time interval. The retrieved pellets were dispersed in PBS
and exposed to ultrasound waves for 10 min. The solution was then centrifuged, and the
supernatant was analyzed spectrophotometrically for a comparative release study of bound
AA.

Interestingly, the % release of bound AA was much found to be ~ 80% at the end of 10 min,
which was much higher as compared to pH-dependent release at pH 7.4 and 1.2, as depicted
in Figure 5.9d. Thus, the therapeutic range of ultrasound could lead to a dramatic
enhancement in the percentage release of bound AA. Thus, using a therapeutic range of
ultrasound triggers, highly accelerated propulsion of AA-Teabots could be realized, leading
to a dramatic enhancement in percentage release of bound AA. The possible factors for
regulating release rates include ultrasound exposure parameters, the molecular weight of the
loaded drug, material density, geometry, and type of polymeric matrix.*® The mechanism
behind deploying incorporated drugs from the carriers using a therapeutic range of
ultrasound has been reported to be acoustic activation. However, the detailed manner by
which such effects are created due to an interaction between generated bubbles and drug

carriers is still unexplained.*¢1°
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5.3.4. Anti - Amyloidogenic Studies

The formation of amyloid fiber was confirmed by collecting the samples after 72 h of
amyloid growth followed by measuring The ThT selectively binds with amyloid fibrils
giving strong fluorescence upon binding.5*%? The effect of different concentrations of

Teabots and AA-Teabots on the growth of amyloid formation has been investigated.
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Figure 5.10. (a) Thioflavin-T assay of amyloid samples in presence of different
concentrations (3-20 ug mL?) of (a) Teabots and (b) AA-Teabots. (c) Bar graph depicting
the disintegration of amyloid fibrils in presence of different concentrations (3-20 ug mL™?) of
Teabots and AA-Teabots. (d) Changes in Thioflavin-T intensity of Teabots and AA-Teabots
at a concentration of 20 pg mL™.

The disintegration of the matured fibrils was studied by administering 3 pg mL™ to 20 pg
mL* of the nanomotors in 20 L protein solution followed by incubation for 72 h at 60°C.

Upon analyzing the samples, it was observed that the intensity of ThT decreased gradually
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with an increase in concentrations of Teabots and AA-Teabots, where AA-Teabots caused
the maximum intensity drop. Figures 5.10a and 5.10b confirmed the disappearance of
amyloid fibrils as the ThT signal became negligible with an increase in the concentration of
Teabots and AA-Teabots, respectively. However, from Figure 5.10c, the results
convincingly proved that AA-Teabots (20 pg mL™) could offer the best performance in the
dissolution of the model fibrils as compared Teabots, confirmed by the highest reduction of
ThT fluorescence. This finding revealed that encapsulation of anionic AA on the surface of
Teabots contributed to attain better performance than Teabots in disintegrating matured
amyloid fibrils, indicating low contents of cross B-sheets.>*>* The ThT assay revealed the
disappearance of fibrils as time progressed with a gradual decrease in ThT fluorescence. At
the same time, AA-Teabots proved to be more efficient in fibrillar disintegration at the end

of 72 h owing to higher intensity drop, as represented in Figure 5.10d.
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Figure 5.11. (a)Thioflavin —T assay of amyloid samples in presence of 20 ug mL* of (a)
Teabots and (b) AA-Teabots at different time intervals (0-72 h). FE-TEM images of (c)
control mature amyloid fibrils and (d) 70% Ethanol (positive control) + amyloid fibrils.
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Further, the effect of a fixed concentration of Teabots and AA-Teabots (20 ug mL') on
mature HEWL was investigated by incubating them at varied time intervals (0 — 72 h) under
standard conditions and monitoring the ThT fluorescence intensity of the samples at
different time intervals (0 - 72 h), as shown in the Figures 5.11a and b, for Teabots and
AA-Teabots, respectively. The ThT assay revealed the disappearance of fibrils as time
progressed with a gradual decrease in ThT fluorescence, while AA-Teabots proved to be
more efficient in fibrillar disintegration at the end of 72 h owing to higher intensity drop.
The FETEM micrographs of control amyloid fibrils and fibrils treated with 70% ethanol
(positive control) have been depicted in Figures 5.11c and Figure 5.11d, respectively.!”
Complete dissolution of long matures fibrils could be observed after ethanol treatment that
was almost identical to those obtained from treatment with AA-Teabots.

Accordingly, it could be confirmed that at a concentration of (20 pg mL™), AA-Teabots can
perform better than Teabots in disintegrating matured amyloid fibers due to twin-benefits
of both AA and Teabots. Further, the formation of fibrils and their disintegration using
Teabots and AA-Teabots (20 pg mLt) were imaged by FETEM after 72 h incubation. The
micrographs of long matured fibrils formed in the absence of any nanomotors were
considered as control, shown in Figures 5.12 (i, iii and v). The disintegration of long
amyloid fibers using free AA (17.6 pg mL™Y), Teabots, and AA-Teabots (20 pug mL™) has
been represented in Figures 5.12 (ii, iv, and vi), respectively. The results indicated that the
length of the amyloid fibrils in the presence of AA-Teabots was significantly reduced than
those of Teabots treated fibrils. The fibrils treated with free AA and Teabots exhibited
aggregation and minor disintegration in some regions. Conversely, the matured fibrils
treated with AA-Teabots got fragmented into shorter pieces that could be considered more

effective in reducing amyloid cytotoxicity.
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Figure 5.12. FETEM micrographs showing the control long amyloid fibres (i, iii and v) and
the degradation effect of free AA, Teabots and AA-Teabots on mature amyloids (ii, iv and
vi) at a concentration of 20 ug mL™. (vii) ThT fluorescence of HEWL fibrils (blue), native
HEWL (red), fibrils treated with Teabots (pink) and AA-Teabots (green). (viii) CD spectral
analysis of native HEWL (black) and influence of free AA, Teabots and AA-Teabots on
mature HEWL fibrils at a concentration of 20 ug mL™.

As shown in Figure 5.12 (vii), the ThT fluorescence intensity of the formed amyloid fibrils
(blue line) was dramatically increased as compared to the free native HEWL (red line) that
confirmed the presence of high cross -sheets contents in formed amyloid fibres. Negligible
ThT fluorescence could be observed from the native HEWL due to the absence of amyloid
fibrillation. The structural analysis of the native HEWL and treated HEWL fibrils was
performed using CD spectroscopy to monitor any alterations in secondary structures
associated with fibrillation of the protein. For instance, as represented in Figure 5.12 (viii),
the presence of a negative peak at 218 nm and 193 nm indicated the formation of B-sheet

structures and random coil.
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Sample % pB-sheet
HEWL (Native) 19.7
Fibrils 69.4
HEWL Fibrils + Free AA 42.8
HEWL Fibrils + Teabots 53.6

HEWL Fibrils + AA-Teabots 25.2

Table 5.2: % B-sheets of native HEWL, mature fibrils, and treated loose amyloid fragments
with different samples.

The representative CD spectra of HEWL fibrils in the presence of AA-Teabots (20 pg mL-
1y showed a significant fall in mdeg value at 208 nm and 218 nm, indicating that the amyloid
protein did not form a B-sheet structure and disappearance of long fibrillar species along
with the increase in helicity. Table 5.2 display the percentage of B-sheet content of native
HEWL and amyloid fibrils after treatment with free AA (17.6 pg mL™?), Teabots, and AA-
Teabots. As expected from the other results, AA-Teabots could lower the % p-sheet to
25.2% that is almost close to native HEWL (19.7%) and much lesser than untreated amyloid
fibrils (69.4%).

The results also revealed the presence of a monomeric form of HEWL fibrils with a
concomitant decrease in B- sheet structures found to possess the highest reduction in the
case of AA-Teabots as expected. In contrast, the presence of respective signals from the
secondary structures revealed incomplete dissolution of fibrils using Teabots (20 pug mL™).
The % relative lowering in the B-sheet content is ~ 20% in the presence of AA-Teabots (20
ug mL1) in comparison with Teabots, which proved the inhibition of predominant B-sheet
structures. Perturbation of cross-linked B- sheets might be because of the hydrophobic
interactions of polyphenols present in Teabots, interactions via specific amino acid residues,

and flat aromatic structures of AA with aggregated amyloid structures.*
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Figure 5.13. (a) Effect of different concentrations (0 to 1000 uM) of H.O, on HEK-293 cells
using Alamar blue (AB) assay. Images recorded by an epi-fluorescence microscope under
UV excitation of 340 — 380 nm. (i, ii and iii) Bright field images; (b, ¢ and d) Fluorescence
images of control, H,O2 (400 uM) + AA (17.6 pg mL?) and H,O (400 uM) +Teabots (12.5ug
mL?) treated cells, respectively. The scale bar is 100 um. (e) In vitro superoxide scavenging
activities of free AA, Teabots and AA-Teabots.

It is also possible that all these types of interactions could be responsible for reducing the
extent of fibrillation and changes in the secondary structure of fibrils.>*%® The optimum
concentration of H>O; to induce oxidative stress in HEK-293 cell lines was achieved by
incubating different concentrations (0 to 1000 uM) of H2O> for 5 h at 37°C, and the cell
viability assay using AB was performed, as described earlier.

Figure 5.13a shows that there was a significant reduction in the percentage viability of the
cells with peroxide loading. The data showed that cell viability was reduced to 50 + 5% in
400 uM H>0, — a treated group of cells and nearly abolished the cell survival at 900 uM
H>0». H20: induced oxidative damage of cells were proven at a concentration where the
cell viability was reduced to 50 — 70%. Hence, the treatment of 400 uM H20 (13.6 pg mL"

1 for 5 h was chosen for further experiments.
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Figure 5.13b displays the control cells treated with I mM DCF-DA that revealed negligible
intensity exhibiting negligible intracellular ROS. Peroxide induced stressed cells treated
with free AA (17.6 ug mL") display less fluorescence than that of cells treated with Teabots
(12.5 pg mLY), as shown in the Figures 5.13¢ and d. The above images validated the fact
that free AA could scavenge more ROS than unbound Teabots but exhibited lesser
scavenging activity than AA-Teabots. The corresponding bright-field images have been
represented in Figures 5.13 (i), (ii) and (iii).

Additionally, the superoxide scavenging activity of the nanomotors was also investigated at
varying concentration range (4.5 — 16.5 pg mL™%) and compared with free AA (17.6 pug mL-
1 using PBS-NBT reduction assay.®® As expected, with an increase in concentration, AA-
Teabots exhibited ~ 90 = 4.5 % inhibition of superoxide anions confirming potent
superoxide quenching activity of AA-Teabots. Additionally, Teabots and free AA displayed
good scavenging activity (60 £ 10%) in a dose-dependent manner, shown in Figure 5.13e.
Henceforth, AA-Teabots exhibited excellent antioxidant activities under in vitro conditions
as well, when compared with standard free AA.

The above results validated the degradation of toxic amyloid fibrils by AA-Teabots thus
possibly reducing the amyloidogenic cytotoxicity. In order to analyze the cytotoxicity of
free AA (17.6 ug mL™), Teabots and AA-Teabots, Alamar blue (AB) based in vitro cell
viability assay were performed on HEK-293 cells. From the binding efficiency calculations,
it was determined that AA-Teabots contained 4.4 ug mL™? of loaded AA on their surface.

It was observed that the number of viable cells decreased with an increment in
concentrations of nanomotors. Additionally, AA-Teabots proved to be highly non-toxic 4.5
ug mL?, achieving ~95% cell viability that gradually reduced to ~90% at a concentration

of 12.5 ug mL™?, shown in Figure 5.14a.
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Comparatively, the cell viability of Teabots was found to be ~80% within the defined
concentration range. For free AA, ~73% of viable cells were observed, thereby indicating
minimal contribution in cellular toxicity. Thus, it was seen that the percentage of cell
viability was high for AA-Teabots compared to Teabots in studied concentration range, and
therefore AA-Teabots could be a better option for sustained intracellular delivery of AA.

In this study, the H20. induced oxidative injured HEK-293 cell model was used to
investigate the protective effects of AA-Teabots at the cellular level. In order to achieve the
ideal H20- treated level; different concentrations (0 to 1000 uM) of H.O> to HEK-293 cells
was exposed for cell viability studies. After that, the oxidative stress inhibitory effect of
AA-Teabots, Teabots, and free AA was investigated against oxidative stress-induced
damage in HEK-293 cell model. The cells were pre-treated with AA (17.6 pg mL™) and
nanomotors (0 — 12.5 pug mL™Y) for 24 h. Then 400 uM H.02 was exposed to the cells for 5
h and cell cytotoxicity was investigated using AB assay.

Figure 5.14b showed that the cell viability was reduced to ~50% after their exposure to 400
MM H20- for 5 h. However, the cell viability was restored to ~60 + 5% and 80 + 2.55 %
after the cells were exposed to the varied range of Teabots and AA, respectively.
Comparatively, the best protective effect could be observed using 12.5 pg mL™? of AA-
Teabots where the cell viability was restored to 93%. These results signified that AA-
Teabots (12.5 pg mI™) could protect cells from H2O; -induced oxidative stress by inhibiting
intracellular ROS generation. Consequently, from the above data, it can be presumed that
AA-Teabots could down-regulate ROS accumulation and protect cells from oxidative
damage. In order to prove this hypothesis, the intracellular levels of ROS in H.O, — treated

HEK-293 cells were evaluated using 1 mM DCFH-DA fluorescent stain.

TH-2289_146153006



C5-41 Chapter 5

140} (2) B AA (17.6 pg mL™) 140} (b) [ H,0, (400 uM)
e I Teabots ?12 I Teabots
Q120p Il AA-Teabots S of [ AA (17.6 pg mL™)
;100 3.'00 F I AA-Teabots
= 80 Z 80p
< <
= 60 > 60F
E 40 & 4of
20F 204
0 0
0 45 85 125 45 85 125
Concentration of nanobots (ug mL-1) Concentration of nanobots (ng mL™")
210 (c) Control (d)

—
N U L
S o o
T T T

(=)
<
T

(12.5 pg mLT)

(17.6 pg mlfl)

W
>

% DCFDA Fluorescence
\&
[(—]

]

Control H,0, Teabots AA AA-Teabots

H,0,+ AA- (f)
Teabots

Control

Figure 5.14. Effect of Teabots and AA-Teabots on HEK-293 intracellular ROS. (a) The
Alamar blue (AB) assay representing cell viability of HEK-293 cells treated with free AA
(17.6 pg mL?), Teabots and AA-Teabots with a concentration range of with respect to
control cells (4.5 — 12.5 ug mL?) for 24 h. (b) Protective effect of free AA, Teabots and AA-
Teabots on H2O, — induced oxidative damage in HEK-293 cells. The cell viability was
assessed by AB assay after treating with 400 uM of H,0.. (c) % DCF-DA fluorescence of
the cells measured with microplate reader where the fluorescence in the control group was
designated as 100%, which was used to measure the relative fluorescence intensity of cells
in the other groups. Data has been expressed as the mean + SD of triplicate experiments.
Images recorded by an epi-fluorescence microscope under excitation of 340 — 380 nm. (i,
ii and iii) Bright field images; (d, e and f) Fluorescence images of control, H.Oztreated (400
uM) and H20: (400 uM) + AA-Teabots (12.5 ug mL?) treated cells, respectively. Scale bar
is 100 um. Field Emission Scanning Electron Microscope (FESEM) micrographs of (g)
Control cells; (h) H20, — induced oxidative damage (400 uM) in HEK-293 cells and (i) H>O-
(400 uM) with AA-Teabots (12.5 pg mL?) treated cells.

The results indicated that the intensity of DCF fluorescence in H.O»-treated group was
significantly increased to 180 + 7.39% compared to the control cell group while the
fluorescence intensity was drastically reduced 130 = 5% and 120 + 10%, respectively, in

HEK-293 cells pre-treated with Teabots and free AA (Figure 5.14c). As expected, the cells
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treated with AA-Teabots (12.5 pug ml™?) showed the highest ROS scavenging activity with a
significant reduction of fluorescence intensity up to 80 + 10%. The results helped in
inferring that indeed the AA-Teabots could suppress intracellular ROS generation and
restore H>O> triggered loss inside HEK-293 cells.

Following this, the treated cells were imaged under an epifluorescence microscope under
green excitation of 340 — 380 nm. The corresponding bright-field images of control and
treated cells have been represented in Figures 5.14 (i), (i) and (iii). The control HEK -293
cells, in Figure 5.14d, on treatment with DCFH displayed negligible green fluorescence
due to the absence of intracellular ROS species. Figure 5.14e shows that the exposure of
HEK-293 cells to 400 uM H20> increased the intensity of DCF green fluorescence
displaying an abnormal cell morphology. This confirmed the generation of a large amount
of ROS upon H20; treatment.

However, the cells treated with AA-Teabots displayed slightest green fluorescence, which
was nearly identical to the control cells indicating a reduction of ROS to normal levels, as
shown in Figure 5.14f. Peroxide induced stressed cells treated with free AA (17.6 pg mL"
1y and Teabots (12.5 pg mL™) were analyzed (refer to Figure 5.13b-d) with bright-field
images [refer to Figure 5.13 (i) - (iii)]. These pictorial representation results were also in
agreement with the graphical representation of DCF fluorescence intensity, as described in
Figure 5.14c. Taken together, these results implied that AA-Teabots could significantly
reduce the levels of peroxide-induced ROS generation to sustain a balanced cellular redox

status associated with the antioxidant activity of bound AA on the Teabots. Additionally,
the superoxide scavenging activity of the nanomotors was also investigated at varying

concentration range (4.5 — 16.5 pg mL™) using PBS-NBT reduction assay.56¢
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AA-Teabots exhibited ~ 90 + 4.5% inhibition of superoxide anions confirming potent
superoxide quenching activity of AA-Teabots (refer to Figure 5.13 e). Besides, FESEM
micrographs of HEK-293 cells undergoing H202 exposure revealed the apoptotic phenotype,
while AA-Teabots protected the cells from H20> induced phenotype alterations, as shown

in Figures 5.14 (g) to (i).

Control | Teabots + H,0, Free AA + H,0,

Figure 5.15. Field Emission Scanning Electron Microscope (FESEM) micrographs of (a)
Control cells; (b) H.02 (400 uM) +Teabots (12.5 ug mL?) and (c) H20, (400 uM) +AA (17.6
ug mL?) treated cells. Confocal microscopy images of control cells showing, (d)
Fluorescence image, (e) Bright field image and (f) Merged image.

The FESEM micrographs revealed the effect of free AA and Teabots on the peroxide-
induced stressed cells, depicted in the respective Figures 5.15 a, b and c. It could be
observed that free AA and Teabots could protect the cells from H20- induced oxidative
damage to some extent, however, relatively lesser than AA-Teabots. The confocal images
of control cells with no fluorescence have been shown in Figure 5.15 d, e, and f. The cells
were not treated with any FITC labeled fluorescent samples because of which no green
fluorescence was observed. To determine the uptake of AA-Teabots by HEK-293 cells, they

were conjugated with fluorescent dye FITC by electrostatic interaction.
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Figure 5.16. Confocal microscopic images. (a) Bright-field image, (b) fluorescence image,
(c) merged image and (d)z-stack image of HEK-293 cells treated with FITC labeled AA-
Teabots (fAA-Teabots), which depicts the intracellular localization of AA-Teabots. (e)
DPPH radical scavenging activity.

The {-potential of AA-Teabots was found to be around 1.92 + 0.8 mV that could easily bind
to negatively charged FITC (- 5.2 £ 3 mV). The fAA-Teabots exhibited a - potential of
about 0.23 + 0.3 mV. Subcellular localization fAA-Teabots was observed from CLSM
micrographs, as depicted in Figure 5.16. The bright-field image of HEK-293 cells treated
with FITC labeled AA-Teabots was captured, as shown in Figure 5.16a. The fluorescence
CLSM micrographs in Figure 5.16b revealed the uptake of fAA-Teabots into HEK-293
cells as indicated by the green fluorescence arising due to fAA-Teabots.

The merged images in Figure 5.16¢c revealed that the fAA-Teabots were efficiently
inoculated by the cells, which was essential for ROS scavenging activity. The depth
projection of the confocal micrograph of fAA-Teabots revealed the intracellular intake of
AA-Teabots, as presented in Figure 5.16d.

The in vitro antioxidant assays were carried out using DPPH and PMS-NBT reduction
systems to evaluate the free radical quenching activity of free AA, Teabots and AA-Teabots.

An odd electron in the nitrogen atom of DPPH reduced to form a yellow colored hydrazine
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molecule.®® The concentration-dependent scavenging activity of free AA (17.6 pug mL™),
Teabots and AA-Teabots (4.5 — 16.5 ug mL™?) have been shown in Figure 5.16e. The plot
suggests that the AA-Teabots were more effective than free AA and Teabots, leading to 90
+ 2.5% inhibition of free radicals. The results helped in inferring that the AA-Teabots
exhibited excellent antioxidant activities under in vitro conditions as well when compared

with standard free AA.

5.4. Conclusions

In conclusion, ultrasound-propelled ascorbic acid loaded nanomotors have been deisgned,
namely AA-Teabots, from Camellia sinensis, which could offer efficient loading, localized
transport, and release capabilities of therapeutic payloads for anti-oxidative and anti-
amyloidogenic responses. Multiple acoustic waveforms were examined to study the
conversion of acoustic energy into different propulsion behaviors of the drug-loaded
Teabots. Our findings suggested that the material density of the motors along with the
direction of ultrasound plays an important role in their motility. Such observations propose
further research to understand the physics behind nanomotor propulsion in the presence of
acoustic waveforms involving linear and viscous forces. Additionally, AA-Teabots could
protect the HEK-293 cells from peroxide-induced oxidative damage by reducing
intracellular ROS. Moreover, the AA-Teabots could efficiently disintegrate the matured
amyloid structures into nontoxic loose aggregates.

While these initial proof-of-concept revealed the benefits of using Teabots to carry active
ascorbic acid for inhibition of oxidative stress and amyloid cytotoxicity, major efforts are
required to further evaluate the therapeutic advantages of such acoustically driven

biocompatible drug delivery system (AA-Teabots). Future research efforts will aim at the
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clinical interpretation of our preliminary results addressing major challenges such as in vivo
activity of AA-Teabots steering through the bloodstream, overcoming the blood-brain
barrier, and retaining active transport properties on forthcoming theranostic systems with
precious targeting. Concisely, the remarkable performances and capabilities of such
ultrasound driven AA-Teabots proposing advanced fuel-free propulsion and sustained drug

release could open the door to a wide range of biomedical tasks and applications.
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CHAPTER 6

Magnetically Controlled Tea Microbots to Target Biofilms in
a Kill-Clean Way
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Abstract

Treatment of persistent biofilm infection is formidable, even with broad-spectrum antibiotic
therapies. Thus, low-cost and intelligent micromachines may serve as an active mechanical
means to dislodge such deleterious bacterial communities. Herein, biocompatible
micromotors from Tea buds (T-Budbots) were designed that can be magnetically driven on
the biofilm matrix to kill and remove the fragmented biofilm segments with precision,
proposing a “Kill-Clean” strategy. With these principles, the design of a bactericidal robotic
platform decorated with magnetite nanoparticles could be achieved aimed at clearing
biofilm on the surfaces. The smart T-Budbots were capable of integrating antibiotic
Ciprofloxacin (CIP) on their surface to increase their antibacterial efficacy against
pathogenic bacterial communities of Pseudomonas aeruginosa and Staphylococcus aureus.
It is noteworthy that the release of bound drug from the porous T-Budbots was triggered by
the acidic environment of the biofilm. This work represents a first step in the involvement
of a plant-based microbot exhibiting magneto-robotic therapeutic properties, providing a

non-invasive and safe approach to dismantle harmful biofilm infections.

This chapter is under submission. I gratefully acknowledge the assistance of A. T. Simon,
S. Maity, and Dr. A. K. Singh.

TH-2289_146153006



C6-4 Chapter 6

TH-2289_146153006



C6-5 Chapter 6

6.1. Introduction

Inside the endless evolution of medical science, the setup of aseptic conditions allowed the
practicability of high-level surgeries, with the hope of low infection risk and safe healing.!-2
In return, major hospital-borne infections have appeared due to the association of
heterogeneous bacterial communities on the abiotic (implants and catheters) and biotic
(teeth and mucosal) surface .>° Moreover, bacterial outbreaks are pervasive in pipes, water
lines, and industrial settings resulting in metallic corrosion.®’ Such syntrophic consortium,
named biofilm, remains to be a survival strategy of microbes that are notoriously difficult
for treatment and eradication.®! An added concern is their high-level resistance towards
current antibiotics because of a compact extracellular matrix that prevents aminoglycoside

drugs from entering, leading to serious medical complications.>°

Presently, antibacterial research has thus risen to prominence since traditional antibiotic
therapies remain to be immensely ineffective towards biofilm destructions.®2° Current
approaches for the treatment of infections in patients include repeated exposures of
antibiotics?!, strong oxidants??, antifouling nanoparticles®, unbound liposomes®* and
replacing the biofilm infected devices at times.?> However, such anchored materials can
only target biofilm at their interfaces, dependent on host circulation and become inactive
with time due to adhesions with surface proteins.?® Additionally, these targeted measures
can be time-consuming, life-threatening at a higher dosage and costly in dealing with
infected implanted devices, thus limiting their potency.?”?8 Clearly, new technologies need
to be introduced for effective killing of the bacterial cells using low-dose therapy and

simultaneous removal of disrupted biofilm using a dynamic system.?°°
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One safe alternative relies on miniaturized robots powered by different chemical fuels and
external stimuli that convert accessible energy into movement.”81%3% Until now, different
types of nano/micromotors have been explored in a wide range of applications such as
environmental remediation®233, sensing®3® and drug delivery to precision therapeutics.3°
Although several examples of self-propelled synthetic motors using heavy metals have been
reported so far*®* only a few biodegradable motors exhibiting fuel-free actuation have

been reported until now.!94>48

To address the limitations of synthetic motors in biomedical tasks due to toxicity and
expensive fabrication techniques®®*’, biocompatible motors using plant-tissues were
developed for safe and cost-efficient antimicrobial therapeutics, exhibiting tether-free
controlled motion by magnetic actuation. Under suitable conditions, magnetic actuation is
an attractive approach because the magnetic field penetrates harmlessly inside the materials
or fluids, allows controlled particle motion in confined areas exhibiting varied robotic
motility.36374 To our knowledge, the implementation of magnetically actuated plant-based

micromotors in biofilm disruption and removal has been reported for the first time.

The present work introduces magnetotactic microbots, namely T-Budbots, derived from Tea
buds of Camellia sinensis that offers a sustained release of encapsulated drug and efficient
destruction of free-floating bacteria and their biofilms. The enhanced antibacterial activity
is attributed to the synergistic effect of Ciprofloxacin (CIP)-modified microbots (CIP@T-
Budbots) and their continuum motion on the biofilm surface, which enhances microbot-
bacteria interaction. It has been noted that strains of Gram-Negative Pseudomonas
aeruginosa and Gram-positive Staphylococcus aureus are mostly opportunistic for

pathogenic biofilm formations that promote chronic infectious diseases, renders ineffective
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drug treatments and needs replacement of medical devices.*®->2 Moreover, the combined use
of T-Budbots and drug CIP could fight emerging drug-resistance problems by improving
the efficacy of free CIP. Such synergistic modification could address the challenges of the
free drug that includes growing bacterial resistance, poor solubility, high dose side effects,

and inadequate delivery systems for sustained release.8>3-°%

Thus, fight against such pathogenic bacterial biofilm was conceivable by (i) killing the
embedded bacteria using antibiotic (CIP) loaded T-Budbots; (ii) disturbing biofilm
architecture to improve penetration of antibiotic; and (iii) removing the degraded matrix
using magnetic field actuation by “Kill-Clean” approach. Such killing and cleaning
modality of biodegradable T-Budbots coupled with magnetic actuation gains unprecedented

potential for biofilm eradication, particularly in therapeutic and environmental applications.

6.2. Experimental Section

6.2.1. Materials

Tea buds (Camellia sinensis) were collected from Tea garden in IIT Guwahati. The
experiments described below involves the use of the following chemicals as-purchased:
chitosan (Sigma-Aldrich), phosphate buffer saline (PBS) (Himedia), ciprofloxacin HCI
(CIP) (Sigma-Aldrich), magnetite nanoparticles (FeONPSs) (Sigma-Aldrich), nutrient broth
(NB) (Sigma-Aldrich), brain heart infusion (BHI) broth (Sigma-Aldrich), acridine orange
(AO) (Himedia), propidium iodide (PI) (Himedia), Crystal Violet Stain (CV) (Himedia) and
agar powder (bacteriological grade, Himedia). All the chemicals were of analytical grade
and used without further purification. Milli-Q grade water (> 18 MQ cm™, Millipore) was

used to perform all the experimental procedures.
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6.2.2. Methods

(a) Fabrication of magnetic ciprofloxacin-loaded T-Budbots (CIP@T-Budbots): Tea
bud extract was prepared by grinding 30 g of buds and boiling in 150 mL of sterile water
for 4 min. The obtained solution possessing suspended particles was separated in terms of
size by differential centrifugation at 5000 rpm and 15000 rpm for 30 min and 1 h,
respectively. Following this, the supernatant obtained after centrifugation at 5000 rpm for
30 min was re-centrifuged at 15000 rpm for 1 h. The basic reason behind such simplest form
of centrifugation was to obtain the particles concerning their sizes at macro and microscale
levels. The final pellet obtained after centrifugation at 15000 rpm was carefully retrieved,
dried in a vacuum oven, and dispersed in sterile water. The size of the particles was
investigated, and the micro-sized particles in the range of 50 um — 160 um were considered
for further experiments. The microparticles (~5-6 mg) were incubated with 400 pL of 800
ug mL* of magnetite nanoparticles (FeONPs) and stirred properly in sterile water for 2 h.
The solution was mixed with 0.7% chitosan and homogenized for 30 min at room
temperature for attaining physiochemical stability. The mixture was filtered, and the
obtained FEONPs- loaded microbots (T-Budbots) was washed thrice with 70% ethanol,

followed by vacuum drying at 50°C for 2 h.

(b) Loading and release efficiency (%) of drug CIP: The as-obtained FeONPs- loaded
microbots (T-Budbots) with varying concentrations of 1-6 mg were incubated in 300 puL of
30 mg mL! of Ciprofloxacin HCI (CIP) solution and stirred for 2 h at 37°C. Finally, the
magnetic CIP- loaded microbots (CIP@ T-Budbots) were centrifuged for 5 min at 5000
rpm, to remove the unbound drug. Following this, the recovered pellets containing CIP —

modified magnetic microbots were dispersed in distilled water. The supernatants containing
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the unbound CIP were withdrawn, and the intensity of CIP molecules was analyzed by UV-

visible spectrophotometric analysis at 278 nm. The Binding Efficiency was calculated using

the formula:®3¢

P), —(CIP),
(CIP),

B.E.(%)= (c x100. (1)

Here, (CIP); denotes the initial concentration of CIP in the solution, and (CIP)s indicates
the concentration of unloaded CIP in the supernatant.

The amount of drug CIP released from 6 mg of CIP@T-Budbots was studied at different
time intervals (0 min — 12 h) in acetate buffer of pH 4 and PBS buffer of pH 7.4. The pellets
obtained after centrifugation of CIP-loaded motors were washed carefully with water and
then dispersed in 100 pL of acetate buffer of pH 4 and PBS buffer of pH 7.4. The solution
was incubated in the buffers at 37°C up to 12 h followed by centrifugation, and the
supernatants were collected. Finally, the intensity of CIP at 278 nm peak was recorded for
the supernatants using UV-spectrophotometer. The % release was calculated using the
8,36.

formula

Drug release in supernant

Cumulative Release (%) = —
Drug loaded inmicrobot

x100. (2)

(c) Antibacterial studies: The antibacterial activity of the microbots was screened against
Gram-negative bacteria (Pseudomonas aeruginosa MTCC 2488) and Gram-positive
bacteria (Staphylococcus aureus MTCC 96). Pseudomonas aeruginosa were grown in NB
and Staphylococcus aureus were propagated in BHI followed by 12 h incubation at 37°C
under shaking condition (180 rpm). The bacterial strains were treated with different
concentrations of CIP@T-Budbots (where CIP concentration ranges from 50 to 120 pg mL"

1, free CIP (50 to 120 pg mL1), T-Budbots (50 to 120 pug mL™?) and FeONPs (200 to 400
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pug mLY). The optical density (OD) was recorded at 595 nm using a UV-visible
spectrophotometer in triplicates to monitor bacterial growth.

Further, minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) were again confirmed by plating the bacterial strains of concentrations ~1x10® CFU
mL* on agar media. The bacterial colonies treated with MIC and MBC of CIP@T-Budbots
were spread-plated on the solidified media using L-rod. Similarly, the bacteria treated with
MIC and MBC of free CIP, T-Budbots, and FeONPs were also plated and incubated at 37°C
for 12 h.

In addition, the growth curve was analyzed for the bacterial strains after treating them with
MIC and MBC of CIP@T-Budbots, T-Budbots, and free CIP, followed by monitoring the
growth for 12 h at 37°C. The morphology of the untreated (control) and treated bacterial
strains was observed by FETEM analysis.

(d) Crystal violet (CV) biofilm assay: The bacterial strains were diluted to 1x106 CFU mL
1 using the respective media from which 100 pL of Pseudomonas aeruginosa and 200 pL
of Staphylococcus aureus cultures were added to a 96-well plate and incubated at 37°C in a
static environment for 24 h. The wells were washed with PBS after followed by the addition
of fresh media. After this, different concentrations of CIP@T-Budbots, free CIP, T-Budbots,
and FeEONPs (100 — 300 pug mL™* for Pseudomonas aeruginosa biofilm and 80-140 pug mL"
! for Staphylococcus aureus biofilm) was added followed by 12 h incubation. Following
this, the biofilm was stained with 0.01% crystal violet in fresh media and incubated for 15
min at 37°C in static condition. Wells with untreated biofilm and blank wells were used as
controls. The crystal violet stain was dissolved in 95% ethanol, and the absorbance was
recorded in triplicates at 595 nm using microplate reader. The statistical significance of the

data was evaluated by one-way analysis of variance (ANOVA).
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(e) Acridine orange (AO)/ propidium iodide (P1) dual staining assay: The bacterial
strains were diluted to 1x10° CFU mL™ using the respective media from which 100 pL of
Pseudomonas aeruginosa and 200 pL of Staphylococcus aureus cultures were added to a
96-well plate and incubated at 37°C for 24 h in a static environment. After this, grown
biofilm was treated with CIP@T-Budbots and free CIP at their minimum biofilm inhibitory
concentration (MBICsp) and incubated for 12 h. The biofilm was treated with 0.01 mg mL"
1 of AO/PI stain and incubated in dark conditions. The imaging was carried out using

confocal microscopy at an excitation wavelength of 495 nm for AO and 540 nm for PI.

(F) Magnetic actuation of CIP@T-Budbots for biofilm eradication: The motion-based
experiments were carried out in a 6-well plate on which Pseudomonas aeruginosa and
Staphylococcus aureus biofilm was grown at a concentration of 1x10® CFU mL™. The
magnetic T-Budbots (50 um — 100 pm) were introduced on the biofilms, and their
magnetotactic motion was remotely controlled using a neodymium bar magnet generating a
magnetic field of strength 0.01 T. Actuation was performed by introducing an aligned
magnetic field to achieve a chosen motion pattern. The microbots were magnetized
perpendicularly to their long axis or direction of travel for achieving linear motion on the
surface of biofilm. Uniform rotating magnetic fields were generated by moving the magnet
around an axis or center to drive the drug-loaded T-Budbots in a spinning arrangement. The
T-Budbots could drill through the biofilm matrix, remove the degraded products, and the
videos of the cleared area displaying the removal process were captured using a Leica
upright microscope.

The displacement of the microbots in the presence of magnetic field was investigated by
placing the 6-well plate on a paper grid of dimensions 1 mm x 1 mm. The velocity was

measured after every ~ 1mm displacement of T-Budbots per unit time in one direction.* To
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determine the position of magnetic T-Budbots, the videos were processed by extracting the
image frames per second using Image J software. The rotational speed (®) of the T-Budbots
was measured by measuring the number of turns of the T-Budbots divided by time, specified
as revolutions per minute (rpm).>” In addition, the magnetotactic motion of T-Budbots in a
petriplate filled with 6 mL of water was considered as control.

After cleaning of surface biofilm, the percentage viability of biofilm attached on the surface
of microbots was calculated using CV assay, where untreated biofilm was considered as
control. Additionally, the biomass of the T-Budbots before and after biofilm removal was
measured and compared to confirm the adhesion of destroyed biofilm debris on their
surface. This was done by measuring the weight of T-Budbots (~ 10 mg) before introducing
them on the surface of the biofilm matrix. Simultaneously, the magnetically actuated T-
Budbots were collected from the matrix after biofilm removal, and their biomass was
measured for comparative analysis.

(g) FESEM analysis: The morphologies of both treated and control biofilm was studied
using FESEM. During the analysis, the biofilms of Pseudomonas aeruginosa and
Staphylococcus aureus was treated with CIP@T-Budbots at their MBICsg in 96-well plate
and incubated at 37°C for 24 h in static condition. The biofilm was washed gently with PBS
and fixed with 2.5% glutaraldehyde. The sample was allowed to dry in a glass slide covered
with aluminum foil, air dried, sputter-coated with a gold film, and analyzed.

Also, the disruption of biofilm debris collected by magnetotactic CIP@T-Budbots was
confirmed by using FESEM analysis to validate the killing and attachment of the biofilm
matrix on the surface of microbots. The T-Budbots were recovered gently from the
substrate, placed on an aluminum covered glass slide and allowed to dry in vacuum at room

temperature for analysis.
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(h) Equipment: The surface morphologies and size of the T-Budbots were examined by
Field emission transmission electron microscope (FETEM, JEOL 2100F) and transmission
electron microscope (TEM, JEOL JEM 2100). The microbots were sonicated in water and
the drop-casted onto a carbon-coated copper TEM grid for drying. The elemental
composition of the samples was analyzed by TEM- energy-dispersive X-ray spectroscopy
(EDX, JEOL JEM 2100). A dynamic light scattering (DLS) based particle size analyzer was
used to determine the (-potential of the samples.

The mass analysis of the samples was measured using Liquid Chromatography-Mass
Spectrometer (LCMS, Waters; Model: Q-Tof Premier) in positive and negative detection
mode with a desolavtion temperature of 400°C at 3.5 V. The UV visible spectrophotometer
(JASCO V-630) was used to calculate the loading-release percentage of drug CIP and to
monitor the bacterial growth. The chemical analysis of the T-Budbots was done using
Raman spectroscopy (CPX 100) in the range of 400-3000 cm™. The magnetization curve of
the magnetic samples was obtained by using vibrating sample magnetometer (VSM,
Lakeshore magnetic systems 7410 series). The treated biofilms were imaged using confocal
laser scanning microscope (ZEISS LSM 880). The surface of the free-floating bacteria and
biofilm was examined by FESEM (Zeiss Sigma FESEM, Germany). A 15 pL of the sample
was dropped on a glass side wrapped with aluminum foil, dried and sputtered with a gold
film (SC7620"Mini", Polaron Sputter Coater, Quorum Technologies). The pH of the
solutions was measured by pH meter (CyberScan pH 510, Eutech Instruments). The
magnetically controlled motion of T-Budbots was recorded under a Leica DM 2500 upright

microscope.
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6.3. Results and Discussion

6.3.1. Fabrication and Characterization

Till date, significant research suggested the antimicrobial properties of Tea extract owing to
the presence of several polyphenols, however the presence of active microparticles in the
extract and their contributions need to be explored.>®®° This has drawn our attention to
isolate and investigate the contribution of microparticles from Tea buds of Camellia
sinensis, particularly in robotic therapeutics. Surprisingly, the particles exhibited efficient
drug loading capability, accelerated antibacterial killing, and could remove biofilm via
magnetic actuation. The tea solution with suspended particles was separated in terms of size
by differential centrifugation at 5000 rpm and 15000 rpm for 30 min and 1 h, respectively.
Following this, the supernatant obtained after centrifugation at 5000 rpm for 30 min was re-
centrifuged at 15000 rpm for 1 h to obtain the particles concerning their sizes at macro and
microscale levels. The final pellet obtained after centrifugation at 15000 rpm was carefully
retrieved, dried in vacuum oven, and dispersed in sterile water. The size of the particles was
investigated, and the micro-sized particles in the range of 50 um — 160 um were considered
for further experiments. Such inexpensive plant-based methods involving the use of non-
toxic chemicals ensures the development of biocompatible and biodegradable microbots,

thus lowers the chances of rejection by the immune system.3¢47

The T-Budbots were navigated under the influence of magnetic field to kill the biofilm and
drill out the debris from the surface, as represented schematically in Figure 6.1(i-ii). The
detailed experimental procedure for the fabrication of microparticles derived from Tea buds

illustrated schematically in Figure 6.1(a-e).
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Figure 6.1. Schematic representation of (i) intact bacterial biofilm grown on a substrate
before treating them with T-Budbots and (ii) magnetically driven T-Budbots across biofilm
surface under the influence of a magnetic field for biofilm disruption and removal by “Kill-
Clean” approach. Schematics describing fabrication of CIP loaded T-Budbots showing (a)
collected Tea buds (b) preparation of Tea extract and their differential centrifugation at (c)
5000 rpm (d) 15,000 rpm followed by (e) filtration to form (f) microparticles of size (50-160
pm). (g) The microparticles were decorated with chitosan-modified FeONPs followed by
loading of drug (CIP) to fabricate CIP@T-Budbots.

The microparticles obtained from Teabuds (~5-6 mg) of size 50 um — 100 um were
incubated with 400 pL of 800 ug mL of magnetite nanoparticles (FeONPs) and mixed with
0.7% chitosan for 30 min at room temperature that offered physicochemical stability of
FeONPs.®! Also, the cationic chitosan ({-potential of 16.5 + 3.0 mV) was used to modify
the surface charge of negatively charged T-Budbots towards a positive value of 5.03 + 1.0
mV. The obtained FEONPs- loaded microbots (T-Budbots) was washed thrice with 70%

ethanol, followed by vacuum drying at 50°C for 2 h.

TH-2289_146153006



C6-16 Chapter 6

-3
N
T

(b)

N
>
T

~
n
T

Moment/e.m.u
o
hn >

n
=
T

7<_"J

-20000 -10000 0 10000 20000
Field/ kG

Element  Weight% Atomic% N Eloment  Weight% Atomic%
71.86 91.40 CK 3962 9.1

235

0.08

0.02

0.01

0.18

597

Figure 6.2. (a) TEM images of FeONPs with scale bar 50 nm. (b) VSM analysis of FeONPs.
EDX spectra of (c) Tea microparticles and (d) FeONPs decorated T-Budbots.

Pseudo-spherical particles of size ~50 um — 100 um were considered for physical disruption
of bacterial biofilm due to their inherent polyphenols, optimized loading of FeONPs on their
porous surface for collective motion and their suitable dimensions to scrub away dead
biofilms from substrates. The FeEONPs (~800 pug mL™) were decorated on the surface
microparticles (~6 mg) to form magnetically responsive T-Budbots. The TEM micrographs
of FeONPs has been shown in Figure 6.2a, illustrating spherical morphology of size range
between 20 nm — 60 nm. The magnetization saturation of FeONPs was measured using VSM
analysis that was found to be ~ 66 emu g, shown in Figure 6.2b. The elemental analysis
of Tea bud microparticles and FeEONPs coated T-Budbots measured by EDX analysis has
been displayed in Figure 6.2c and 6.2d, respectively. The presence of high content of Fe

(% weight of 22.62) in FeONPs decorated T-Budbots as compared to microparticles (%
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weight of 0.65) confirmed the electrostatic encapsulation of negatively charged FeEONPs on

cationic microparticles.

Figure 6.3. FETEM micrographs of (a) microparticles from Tea buds and (b) FeONPs
decorated microparticles to form T-Budbots. FESEM images of (c) open porous surface of
T-Budbots and (d) T-Budbots after encapsulation with drug, CIP hydrochloride to form
CIP@T-Budbots. The loading of CIP on the surface led to the closing of the pores, shown
in the magnified inset indicated by yellow dotted lines.

FE-TEM micrograph of Tea bud microparticles revealing mesh-like porous structures has
been shown in Figure 6.3a. Also, the FeONPs decorated on the surface of microparticles
have been displayed in Figure 6.3b, which confirmed the design of magnetic T-Budbots.
Further, the anionic drug CIP was entrapped on the chitosan-stabilized surface of magnetic
T-Budbots (to form CIP@T-Budbots) by electrostatic interaction, revealing their loading

capability, combating resistance with improved antibacterial efficacy.

The surface morphologies of T-Budbots and CIP@T-Budbots analyzed using FESEM have
been shown in Figure 6.3c and 6.3d, respectively, confirming the closing of pores on the

surface of T-Budbots after CIP loading, therefore forming CIP@T-Budbots. The
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encapsulation of drugs resulted in the closing of the pores present on the surface of T-

Budbots, as displayed in the magnified inset of Figure 6.3d.
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Figure 6.4. (a) VSM analysis of tea microparticles showing negligible magnetization
saturation. (b) LCMS spectra of T-Budbots.

On the contrary, the magnetic moment of the tea microparticles was found to be
insignificant, as measured by VSM analysis, displayed in Figure 6.4a, which falls in
agreement with its EDX spectra in Figure 6.2c. The peak of protonated ion [M+H]* for T-
Budbots has been analyzed using LCMS spectra, shown in Figure 6.4b, that are consistent
with standard data.?®® The catechin content in the microbots showed the m/z for
gallocatechin (307), a characteristic product ion of epicatechin gallate (459) and
epicatechins gallate (443). The m/z signal at 291 corresponds to a distinctive fragment ion
identified in the mass spectrum of epicatechin. Further, the peak of protonated ion [M+H]*
for free T-Budbots has been compared that confirmed the loading of CIP on the surface of

T-Budbots.
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Figure 6.5. (a) VSM analysis of FeONPs decorated T-Budbots. (b) Liquid Chromatography
(LCMS) of CIP@T-Budbots indicating the presence of catechin and their derivatives w.r.t.
m/z ratio. (c) ¢- potential measurements (d) Raman spectroscopy of free drug, CIP and T-
Budbots, and CIP modified T-Budbots.

Comparatively, the magnetic moment of FeONPs decorated T-Budbots was found to be ~
58.5 emu g1, because of which they can be magnetically steered and navigated in the
presence of a magnetic field as shown in Figure 6.5a. The mass spectra of CIF@ T-Budbots
has been analyzed using LCMS to determine the compounds present, as shown in Figure
6.5b. The ion transitions from peaks 332.2 to 230.7 were monitored for the presence of
encapsulated CIP on T-Budbots. The m/z peaks at 385, 368, and 345 also confirmed the
simultaneous determination of bound CIP that matches well with the existing literature. The

appearance of peaks at m/z 307, 443 and 459 revealed the presence of epicatechins gallate
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and epigallocatechins gallate from the T-Budbots in CIP@T-Budbots.®2%® Further, the peak
of protonated ion [M+H]" for free T-Budbots has been compared that confirmed the loading

of CIP on the surface of T-Budbots, as shown in Figure 6.4b.

Figure 6.5¢ shows the (-potential of Tea microparticles, FeEONPs, FeONPs- decorated
microbots (T-Budbots), chitosan, chitosan modified T-Budbots, free CIP, and CIP@T-
Budbots. The (-potential of Tea microparticles and FeONPs was measured to be 4.57 £ 1.5
mV and — 13.6 = 0.5 mV respectively that allowed the electrostatic binding of FeONPs on
Tea particles, forming T-Budbots with (-potential of -10.43 + 2.0 mV. The cationic chitosan
(C-potential of 16.5 £ 3.0 mV) was used to modify the surface charge of negatively charged
T-Budbots towards a positive value of 5.03 + 1.0 mV. The electrostatic interactions between
anionic CIP drug (-11.31 = 0.5 mV) and positively-charged T-Budbots decreased the net
positive charge on the microbot to 2.26 £ 0.5 mV, which lead to the absorption of CIP
molecules on a mesoporous cavity of T-Budbots. The porous surface of microbots provided
minimal exposure of loaded CIP to external surroundings and thus shielded CIP from rapid
degradation. The bio-distribution of bound CIP can be investigated by alterations of pH
value in the surrounding microenvironment. Correspondingly, the overall positive surface
charge of CIP@T-Budbots could bind specifically to the negatively charged bacterial cell

wall facilitating surface design for the killing of bound bacterial cells.

The Raman spectra of T-Budbots, free CIP, and CIP@T-Budbots has been represented in
Figure 6.5d that agreed quite well with existing literature. In case of free CIP, low-intensity
peaks were observed, which might be due to poor aqueous solubility of CIP. The peaks at
1379 cmtand 1622 cm™* was observed due to ring vibrations. For T-Budbots, the prominent

peaks at 440 cm®, 2915 cm?, 1728 cm™, 1467 cm™ and 2788 cm™ indicated bending
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vibrations of 4-aminobutyric acid with CH2 (C3) assignments, C-H stretching vibrations
(epicatechin), C6 ring breathe vibrations (theophylline) CH> N7 asymmetric stretching
vibrations (caffeine) and presence of theophylline respectively.®”-%° The Raman shifts for
CIP@T-Budbots was associated at 1655 cm™, 1411 cm™, 771 cm™ and 484 cm™ that
indicated stretching vibration of aromatic C-C rings, symmetric stretching vibration of O-
C-O group in carboxylic acid, stretching vibration of C-F group and bending vibration of
C-C group in aliphatic chain of cyclopropyl group respectively.®’-"0 Besides, the increase in
peak intensity of CIF bound on the surface of T-Budbots confirmed the enhanced activity

of CIP w.r.t free CIP.
6.3.2. Drug loading and release studies for bacterial Killing

The amount of CIP loaded on various concentrations of T-Budbots, ranging from 1 mg to 6
mg has been represented in Figure 6.6a. It was observed that with a steady increase in
microbot concentration, the binding efficiency of CIP was increased, which was confirmed
by a gradual decrease in absorbance intensity of unbound CIP in the supernatant. The
binding efficiency of CIP got saturated to ~ 88.56% at a concentration of 6 mg of T-Budbots,
corresponding to ~ 22.4 pg mL* of CIP. Thus, 6 mg of CIP@T-Budbots were used for
release studies of CIP and other experiments unless mentioned otherwise. To quantify the
in vitro release of CIP from T-Budbots, the time-dependent release profile was studied that
was found to be more significant at pH 4 with a maximum release of 85% at 8" h and
gradually reducing to 64% at 12" h. At pH 7.4, a maximum release of 25% was found at 8™

h, which was gradually reduced to 18% at 12" h.
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Figure 6.6. (a) UV-visible absorption spectra of the supernatant obtained after treatment
of ciprofloxacin hydrochloride (CIP) solution (300 pL of 30 mg mL™) with various
concentrations of T-Budbots (1-6 mg) for 2 h. (b) Release profile of CIP from CIP@T-
Budbots at different intervals of time in PBS buffer of pH 7.4 and acetate buffer of pH 4.
Growth curve study showing the inhibitory and killing effect of T-Budbots, free CIP, CIP@T-
Budbots by measuring the OD at 595 nm on (c) Pseudomonas aeruginosa and (d)
Staphylococcus aureus.

As shown in Figure 6.6b, the release pattern was biphasic at pH 4, exhibiting an initial burst
release, followed by sustained release of CIP from T-Budbots. Such a phenomenon is vital
to prevent bacterial proliferation at initial stages of infection, thereby eradicating them from
their affluent acidic environment.® Also, the sustained release pattern of CIP from

biocompatible T-Budbots would inhibit infection, offering effective therapeutic index at low
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drug concentrations and reduced toxicity, thus proving to be advantageous over continuous

antibiotic intake.

After successful loading of CIP on T-Budbots, the antibacterial activity of CIP@T-Budbots
was investigated against Gram-negative bacteria (Pseudomonas aeruginosa) and Gram-
positive bacteria (Staphylococcus aureus). Among different concentrations tested, the
minimum concentration of CIP@T-Budbots, T-Budbots, FeEONPs, and free CIP that
measurably inhibited the bacterial growth and killed the bacteria was considered as MIC
and MBC, respectively. The antibacterial activity was investigated against Gram-negative
bacteria (Pseudomonas aeruginosa) and Gram-positive bacteria (Staphylococcus aureus).
The bacterial strains were treated with different concentrations of CIP-loaded T-Budbots
(CIP concentration ranging from 50 to 120 pg mL™?), free CIP (50 to 120 ug mL?), T-

Budbots (50 to 120 pug mLt) and FeONPs (200 to 400 pug mL™).

The growth curve studies on Pseudomonas aeruginosa revealed that at MIC (78 ug mL™)
of CIP@T-Budbots, there was an arrest in bacterial growth and at its MBC (85 pg mL™),
the bacterial growth was killed entirely. Comparatively, the free CIP exhibited higher values
of MIC and MBC of 95 and 110 pg mL™ respectively. The declined growth curve intensity
suggested bactericidal activity for free CIP and T-Budbots, which was less than CIP@T-
Budbots, as represented in Figure 6.6¢c. Similarly, the growth curve studies on
Staphylococcus aureus revealed that at MIC (56 pug mL™) of CIP@T-Budbots, arrest in
bacterial growth was observed and bactericidal activity was observed at its MBC (44 g
mL1). Comparatively, the free CIP exhibited higher MIC and MBC of 77 and 92 pug mL™?
respectively, that could be inferred from the growth curve, as shown in Figure 6.6d.

Interestingly, the MIC and MBC for Pseudomonas aeruginosa was higher as compared to

TH-2289_146153006



C6-24 Chapter 6

Staphylococcus aureus due to the presence of a thick cell wall in Gram-negative bacteria

that remains unaffected at low toxin concentration and hinders their penetrability.”"2

Among different concentrations tested, the minimum concentration of CIP@T-Budbots, T-
Budbots, FeONPs, and free CIP that measurably inhibited the bacterial growth and killed
the bacteria was considered as MIC and MBC, respectively. The MIC and MBC of the
samples have been represented in Table 6.1. As interpreted from the table above, the MIC
and MBC value of CIP@T-Budbots was less for both the bacterial strains indicating the

synergistic antibacterial therapy involving bound drug CIP and T-Budbots.

(nug mL?) | T-Budbots | FeONPs | Free CIP | CIP@T-Budbots

Pseudomonas MIC 85 250 95 78

aeruginosa MBC 100 315 110 85

(nug mL?) | T-Budbots | FeONPs | Free CIP | CIP@T-Budbots

Staphylococcus MIC 70 180 77 56

aureus MBC 81 220 92 74

Table 6.1. MIC and MBC of samples against Pseudomonas aeruginosa and

Staphylococcus aureus bacteria.

The growth curve studies on Pseudomonas aeruginosa revealed that at MIC (78 ug mL™)
of CIP@T-Budbots, there was an arrest in bacterial growth and at its MBC (85 pg mL™),
the bacterial growth was completely killed. Comparatively, the free CIP exhibited higher
values of MIC and MBC of 95 and 110 pg mL™ respectively. Similarly, the growth curve

studies on Staphylococcus aureus revealed that at MIC (56 pug mL™) of CIP@T-Budbots,
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arrest in bacterial growth was observed and bactericidal activity was observed at its MBC
(74 pg mLY). Comparatively, the free CIP exhibited higher MIC and MBC of 77 and 92 g
mLt respectively. Interestingly, the T-Budbots alone could exhibit MIC and MBC values
close to free drug CIP. Also, Gram-negative bacteria were susceptible at higher MIC and

MBC concentrations than Gram-positive bacteria due to their thick cell wall.”

It is important to note that T-Budbots alone could exhibit bactericidal activity against both
the strains with MIC and MBC values more or less as free CIP due to their inherent
compounds with antibacterial properties.>®>° The drug CIP bound to microbots have several
merits over free form in terms of their effectiveness, stability, and reduced side effects due
to their less content than in pure form. The pattern of activity exhibiting higher detrimental
effect of drug-loaded microbot than the free drug in the physiological environment was
probably due to synergistic combination with active T-Budbots that shielded the bound drug

from early degradation, thus preventing bacterial resistance.’”"°

Moreover, to confirm the respective MIC and MBC, the bacteria were plated on nutrient
agar media where only a few bacterial colonies were observed at MIC and no colony at
MBC of CIP@T-Budbots, T-Budbots, FEONPs and free CIP (Figure 6.7). The respective
MIC and MBC were confirmed by plating both the bacterial colonies (~1x108 CFU mL™)
on nutrient agar media and treating them with respective MIC/MBC concentrations of
CIP@T-Budbots, T-Budbots, FeONPs, and free CIP. For Pseudomonas aeruginosa, the
control bacterial cells were incubated on agar media resulting in a confluent growth of

bacterial colonies, presented in Figure 6.71 (a).
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Control

P. aeruginosa

Control T-Budbots

Figure 6.7. (I) Plating of Pseudomonas aeruginosa colonies (a) control; with MIC
concentrations of (b) T-Budbots at 85 ug mL*?, (c) FeONPs at 250 ug mL?, (d) Free CIP at
95 ug mL?* and (e) CIP@T-Budbots at 78 pg mL?; with MBC concentrations of (f) T-
Budbots at 100 ug mL?, (g) FEONPs at 315 pug mL?, (h) Free CIP at 110 pg mL* and (i)
CIP@T-Budbots at 85 ug mL™2. (Il) Plating of Staphylococcus aureus colonies (a) control;
with MIC concentrations of (b) T-Budbots at 70 pg mL™%, (c) FEONPs at 180 ug mL?, (d)
Free CIP at 77 ug mL* and (e) CIP@T-Budbots at 56 pug mL*; with MBC concentrations of
(f) T-Budbots at 81 ug mL?, (g) FEONPs at 220 ug mL?, (h) Free CIP at 92 ug mL* and (i)
CIP@T-Budbots at 74 ug mL™.

FeONPs

Free CIP  CIP@T-Budbots

The bacterial colonies treated with MIC of T-Budbots (85 pg mL™), FeONPs (250 pg mL"
1, free CIP (95 ug mLY) and CIP@T-Budbots (78 pug mL™?) resulted in few colonies on the
plate, as shown in Figure 6.71 (b-e) respectively. However, no bacterial colonies were
observed on the plate after treating with MBC of T-Budbots (100 pg mL™?), FeONPs (315
pg mLY), free CIP (110 pg mL™Y) and CIP@T-Budbots (85 pg mL™?), shown in Figure 6.7
I (f-i) respectively. Similarly, control Staphylococcus aureus bacterial colonies were grown

on an agar plate that resulted in confluent growth, as shown in Figure 6.711 (a). The bacteria
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treated with MIC of T-Budbots (70 ug mL™), FeONPs (180 ug mL™), free CIP (77 ug mL"
1y and CIP@T-Budbots (56 pg mL™) resulted in few colonies on the plate, as shown in
Figure 6.711 (b-e) respectively. However, no bacterial colonies were observed on the plate
after treating with MBC of T-Budbots (81 pg mL™?), FeONPs (220 pug mL™), free CIP (92

ug mL?) and CIP@T-Budbots (74 ug mL™Y), shown in Figure 6.711 (f-i) respectively.

P. aeruginosa

S. aureus

Figure 6.8. FETEM images of (a) control bacteria (Pseudomonas aeruginosa), bacteria
(Pseudomonas aeruginosa) treated (b) CIP@T-Budbots at their MIC (85 pg mL™?) and (c)
free drug CIP at their MIC (95 ug mL?). (d) Control bacteria (Staphylococcus aureus) and
bacteria treated with (e) CIP@T-Budbots at their MIC (56 ug mL?), (f) bacteria treated with
free drug CIP at their MIC (77 ug mL?). The images were taken at a scale bar of 500 nm.

Images of untreated (control) Pseudomonas aeruginosa and Staphylococcus aureus having
smooth cell surfaces were captured using FETEM analysis, as shown in Figure 6.8a and
6.8d, respectively. In addition, the FETEM micrographs showing the disrupted cell
morphologies of Pseudomonas aeruginosa and Staphylococcus aureus treated with CIP@T-
Budbots confirmed the combination antibacterial therapy of CIF@T-Budbots, as shown in
Figure 6.8b and 6.8e, respectively. Also, the bound CIP could probably use the iron present

in FeONPs coated CIP@T-Budbots, thus forming hydroxyl radicals via tricarboxylic acid
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cycle leading to NADH depletion and damage.”® Moreover, treatment of Pseudomonas
aeruginosa and Staphylococcus aureus with free CIP at their respective MIC values resulted
in a loss of cellular integrity, causing cell death, as shown in Figure 6.8c and 6.8f,
respectively.

6.3.3. Biofilm killing

The effective bactericidal activity of CIP@T-Budbots led us to investigate their activity
towards the destruction of pathogenic biofilms formed by Pseudomonas aeruginosa and

Staphylococcus aureus, which causes life-threatening infections.

(ngmL?) | T-Budbots | FEONPs | Free CIP | CIP@T-Budbots
Pseudomonas MBICso
aeruginosa 300 300 250 200
(ng mL™)
Staphylococcus MBICso 140 140 120 100
aureus

Table 6.2. MBICs of samples against Pseudomonas aeruginosa and Staphylococcus

aureus biofilms.

The antibiofilm studies performed on Pseudomonas aeruginosa and Staphylococcus aureus
at different concentrations of T-Budbots, FeEONPs, free CIP, and CIP@T-Budbots revealed
their 50% (MBICso) inhibition values represented in Table 6.2. Different concentrations of
CIP@T-Budbots, free CIP, T-Budbots, and FeONPs (100 — 300 pg mL* for Pseudomonas

aeruginosa and 80-140 pg mL™ for Staphylococcus aureus biofilm) was added. In case of
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Pseudomonas aeruginosa, treatment with free CIP (100-300 pg mL™) exhibited 50%
(MBICsp) inhibition at a concentration of 300 pg mL™.

However, treatment with CIP@T-Budbots (100-300 pg mL™) showed 50% (MBICso)
inhibition at a concentration of 200 pg mL™, which was far more less than free drug CIP.
Similarly, Staphylococcus aureus biofilm treated with CIP@T-Budbots (80-140 ug mL™)
exhibited 50% (MBICso) inhibition at a concentration of 100 pg mL™, which was far more
less than MBICso of free CIP observed at a concentration of 140 pg mL™. The crystal violet
stain was used to record the absorbance 595 nm using microplate reader. As noted, the
MBICsp value of CIP@T-Budbots was less indicating the synergistic antibiofilm efficacy
involving bound drug CIP and T-Budbots. Also, Gram-negative bacterial biofilm was
disrupted at higher MBICso concentrations due to the thick cell wall of bacterial cells.

In case of Pseudomonas aeruginosa, treatment with free CIP (100-300 pg mL™Y) exhibited
50% (MBICsp) inhibition at a concentration of 300 pg mL™, presented in Figure 6.9a.
However, treatment with CIP@T-Budbots (100-300 pug mL™?) exhibited 50% (MBICso)
inhibition at a concentration of 200 pug mL?, which was far more less than free drug CIP.
Similarly, Staphylococcus aureus biofilm treated with CIP@T-Budbots (80-140 pg mL™)
exhibited 50% (MBICso) inhibition at a concentration of 100 ug mL™, which was far more
less than MBICso of free CIP observed at a concentration of 140 pug mL™?, as shown in
Figure 6.9b. Notably, the T-Budbots alone could also show direct antibacterial and
antibiofilm effect against both the bacterial strains with MIC/MBC and MBICsp values not

far from free CIP, which is due to the presence of bactericidal catechin derivatives.5®%°

TH-2289_146153006



C6-30 Chapter 6

140 (a) B T-Budbots 140 b S
g ; e _120[ (D) [ FeONPs
= 120 P.acruginosa g Free CTP £ e B Fres CIP
E 100 *x -I + [ CIP@T-Budbots E 100 [*_] “, CIP@T-Budbots

> *

E 80 E 80 I | | -
2 60 £ 60 L
Z 40 2 40
© [}
20 2 20

0Conlrol 100 150 200 250 _300 0 Control 80 100 120 140
Concentration (ug mL™") Concentration (ug mL1)

(¢) Pu (e)

Figure 6.9. Antibiofilm activity of T-Budbots, FEONPs, free CIP, and CIP@T-Budbots on
(a) Pseudomonas aeruginosa and (b) Staphylococcus aureus. The ANOVA test revealed
the statistical significance of T-Budbots, FeEONPs, free CIP, and CIP@T-Budbots samples
with respect to control sample. Statistical significance is signified by * (p < 0.05), ** (p <
0.005), *** (p < 0.001), and **** (p < 0.0001). The data are represented as mean + SD of
three individual experiments. FESEM images showing control biofilms formed by (c) P.
aeruginosa and (d) Staphylococcus aureus. The biofilms were treated with respective
MBICso of CIP@T-Budbots (200 pg mL* for Pseudomonas aeruginosa and 100 pg mL* for
Staphylococcus aureus). FESEM images of destroyed biofilms formed by (e)
Pseudomonas aeruginosa and (f) Staphylococcus aureus. Scale bar is 10 pum.

The results obtained for antibiofilm activity supported the results of antibacterial studies
proving Staphylococcus aureus biofilm to be susceptible to lower toxin concentrations’*"®
than Pseudomonas aeruginosa biofilm and enhanced biofilm killing activity of CIP@T-
Budbots. FESEM micrographs of untreated (control) Pseudomonas aeruginosa and

Staphylococcus aureus biofilm with even surfaces have been shown in Figure 6.9c-d,
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respectively. Besides, the micrographs showing the degraded biofilm of Pseudomonas
aeruginosa and Staphylococcus aureus treated with respective MBICso of CIP@T-Budbots
confirmed the combination antibacterial therapy of CIF@T-Budbots, as shown in Figure

6.9e-f, respectively.

()

Figure 6.10. CLSM images of (a) control Pseudomonas aeruginosa biofilm stained with (i)
PI (i1) AO (iii) bright field and (iv) merged image. (b) Pseudomonas aeruginosa biofilm
treated with MBICso (200 pug mL?) of CIP@T-Budbots (i) stained with PI (ii) bright-field
image (iii) stained with AO and (iv) merged image. (c) Control Staphylococcus aureus
biofilm stained with (i) PI (ii) AO (iii) bright field and (iv) merged image. (d) Staphylococcus
aureus biofilm treated with MBICso (100 pg mL™?) of CIP@T-Budbots (i) stained with PI (ii)
bright-field image (iii) stained with AO and (iv) merged image. The control biofilm exhibited
high intensity of green fluorescence, as observed from the merged images, due to greater
number of viable cells and their uptake of AO stain. The red fluorescence emitted from the
biofilms treated with CIP@T-Budbots is due to dead cells stained by Pl. The imaging was
carried out using confocal microscopy at an excitation wavelength of 495 nm for AO and
540 nm for PI. The scale bar for all the images is 100 um.

The dual staining performed using the AO/PI dyes indicated that the CIP@T-Budbots could
reduce the biofilm masses by preventing bacterial proliferation. Figure 6.10a (i-iv) shows
the fluorescence micrographs of Pl stain, AO stain, bright field, and merged image of control

Pseudomonas aeruginosa biofilm, respectively, that was visualized under confocal
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microscopy. As can be seen from the merged image, the cells emitted out maximum
intensity of green fluorescence because of the uptake of AO by live bacterial cells. This
indicated the presence of a very less number of dead cells with a negligible intensity of red
fluorescence from P1 stain.

Figure 6.10b (i-iv) shows the fluorescence micrographs of Pl stain, bright field image, AO
stain, and merged image of Pseudomonas aeruginosa biofilm, respectively, treated with the
MBICso of CIP@T-Budbots (200 pg mL™). A prominent red fluorescence could be
visualized from the merged image due to the permeability of PI stain through the dead
bacterial cells. The green fluorescence was emitted out from a limited area indicating a
lesser number of viable cells. Similarly, Figure 6.10c (i-iv) shows the confocal micrographs
of PI stain, AO stain, bright field and merged image of control Staphylococcus aureus
biofilm, respectively. The cells emitted out maximum intensity of green fluorescence,
indicating more viable cells, as observed from the merged image.

The fluorescence micrographs of PI stain, bright field image, AO stain, and merged image
of Staphylococcus aureus biofilm was treated with the MBICso of CIP@T-Budbots (100 pg
mL!), presented in Figure 6.10d (i-iv) respectively. Consistently, the merged image
achieved maximum red fluorescence due to penetration of PI stain through the damaged
cells. Only a limited area emitted green fluorescence confirming few live cells. Likewise,
the confocal micrographs of control biofilms and biofilms treated with MBICs of free drug,
CIP has been captured, which confirmed that CIP@T-Budbots were more effective in killing
and reducing biofilm masses than free CIP. The dual staining using the AO/PI dyes was
carried out to study the effect of free drug against biofilms formed by Pseudomonas
aeruginosa and Staphylococcus aureus and comparing with detrimental effects CIP@T-

Budbots.
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Figure 6.11. CLSM images of (a) control Pseudomonas aeruginosa biofilm stained with (i)
PI (if) AO (iii) bright field and (iv) merged image. (b) Pseudomonas aeruginosa biofilm
treated with MBICso (250 ug mL?) of free drug CIP (i) stained with PI (ii) bright-field image
(iii) stained with AO and (iv) merged image. (c) Control Staphylococcus aureus biofilm
stained with (i) PI (ii) AO (iii) bright field and (iv) merged image. (d) Staphylococcus aureus
biofilm treated with MBICso (120 pug mL™?) of free drug CIP (i) stained with PI (ii) bright-field
image (iii) stained with AO and (iv) merged image. The control biofilm exhibited high
intensity of green fluorescence, as observed from the merged images, due to greater
number of viable cells and their uptake of AO stain. The red fluorescence emitted from the
biofilms treated with CIP@T-Budbots is due to dead cells stained by Pl. The imaging was
carried out using confocal microscopy at an excitation wavelength of 495 nm for AO and
540 nm for PI. The scale bar for all the images is 100 um.

Figure 6.11a (i-iv) shows the fluorescence micrographs of Pl stain, AO stain, bright field,
and merged image of control Pseudomonas aeruginosa biofilm, respectively that was
visualized under confocal microscopy. As can be seen from the merged image, the cells
emitted out maximum intensity of green fluorescence because of the uptake of AO by live
bacterial cells. This indicated the presence of a very less number of dead cells with
negligible intensity of red fluorescence from Pl stain. Figure 6.11b (i-iv) shows

micrographs of Pl stain, bright field image, AO stain, and merged image of Pseudomonas
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aeruginosa biofilm, respectively, that was treated with the MBICso of free CIP (250 pug mL"
1. A red fluorescence could be visualized from the merged image due to the permeability
of PI stain through the dead bacterial cells. The green fluorescence was emitted out from a
limited area indicating a lesser number of viable cells.

Similarly, Figure 6.11c¢ (i-iv) shows the confocal micrographs of PI stain, AO stain, bright
field, and merged image of control Staphylococcus aureus biofilm, respectively. The cells
emitted out maximum intensity of green fluorescence, indicating more viable cells, as
observed from merged image. The fluorescence micrographs of PI stain, bright field image,
AO stain, and merged image of Pseudomonas aeruginosa biofilm was treated with the
MBICs of free CIP (120 pg mL ™) has been presented in Figure 6.11d (i-iv) respectively.
Consistently, the merged image achieved maximum red fluorescence due to penetration of
PI stain through the damaged cells. Only a limited area emitted green fluorescence
confirming few live cells.

Remarkably, the intensity of red fluorescence emitted out from the merged images [Figure
6.11b (iv) and 6.11d (iv)] was comparatively less than the fluorescence of biofilms treated
with MBICso of CIP@T-Budbots [Figure 6.10b (iv) and 6.10d (iv)]. Hence, this study
confirmed that MBICso of CIP@T-Budbots was more effective in killing and reducing
biofilm masses than MBICs of free CIP. Therefore, the reduction in the biomass of biofilms
realized from CV assay and AO/Pl-based staining suggested that T-Budbots releasing CIP

could combat recurrent biofilm infections more efficiently than the free drug.
6.3.4. Cleaning of Biofilm by Robotic T-Budbots

Robotic biofilm killing and cleaning platforms that exploit FeEONPs decorated T-Budbots

was formulated to achieve magnetic field induced removal of biofilm debris using a
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permanent magnet (0.01 T) on Pseudomonas aeruginosa and Staphylococcus aureus
biofilm. It is important to note that T-Budbots could be propelled in a magnetic field to
dismantle biofilms and simultaneously kill them as soon as they come in contact with
dislodged bacterial cells. The enhanced killing of bacterial cells was attributed due to the
pH-dependent release of bound CIP from T-Budbots and combinatorial antibacterial
efficacy. Interestingly, the introduction of a linear magnetic field could drive the T-Budbots
in a distinctive unidirectional pattern following a straight path across the biofilm surface

while leaving the neighboring domains intact.

By defining a trajectory that was initiated upon magnetic actuation, which gradually
removed the degraded biofilm biomass following a linear path. The clearing of biofilms in
a linear motion might be desired to clear biofilms at specific pathological areas without
harming the adjacent healthy tissues and identification of microbial compositions. In this
process, a droplet of microbots with magnetization placed near the targeted site and

simultaneous introduction of a magnetic field could lead to localized biomass eradication.

The magnetic steering of T-Budbots to sweep Staphylococcus aureus and Pseudomonas
aeruginosa biofilm in a directed linear motion was recorded. The linear trajectory and
position of the microbots at different time points (t) that confirmed the clearance of the
cleaned area across Staphylococcus aureus and Pseudomonas aeruginosa biofilm, has been
represented in Figure 6.12 (a-c) and 6.12 (d-f) respectively. The positions of the microbots
exhibiting linear motion on surface of Staphylococcus aureus biofilm and Pseudomonas
aeruginosa biofilm has been represented at time,t=(a) 5 s, (b) 50 sand (¢) 100 sand t =

(d) 10's, (e) 130 s and (f) 200 s respectively.
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Figure 6.12. Motion of T-Budbots in biofilm under magnetic control. Initially, the microbots
with linear footprints were formed on the surface of Staphylococcus aureus biofilm. The
positions of the microbots have been denoted at time, t = (a) 5 s, (b) 50 s, and (c) 100 s.
The positions of the microbots with linear footprints on the surface of Pseudomonas
aeruginosa biofilm has been denoted at time, t = (d) 10 s, (e) 130 s, and (f) 200 s. Similarly,
spinning microbots with circular footprints were formed on the surface of Staphylococcus
aureus biofilm. The positions of the micromotors have been denoted at time, t=(g) 5 s, (h)
205 s and (i) 300 s. The positions of the micromotors with circular footprints on the surface
of Pseudomonas aeruginosa biofilm has been denoted at time, t = (j) 10 s, (k) 130 s and
(I) 240 s. The scale bar for the images is 1 mm. The direction of T-Budbots has been
indicated by yellow arrows.

Interestingly, the formation of lined footprints could be observed as the microbots were

driven linearly towards a direction, drilling out the biofilms from the surface.

Thereafter, a circular magnetic field was introduced by rotating the magnet to spin the
magnetotactic CIP@T-Budbots in a circular pattern across the biofilm surface. During this

process, a trajectory was defined from the center point that progressively swept outward in
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a coordinated manner, indicating the capability of large scale cleaning of biofilm matrix.
The microbots realigned themselves with the direction of rotating magnetic field along their
short axis. The magnetic steering of T-Budbots to sweep Staphylococcus aureus and
Pseudomonas aeruginosa biofilm in a spinning motion was recorded. The circular trajectory
and position of the microbots at different time points (t) across Staphylococcus aureus and
Pseudomonas aeruginosa biofilm, has been represented in Figure 6.12 (g-i) and 6.12 (j-1),
respectively. The positions of the microbots exhibiting spinning motion on surface of
Staphylococcus aureus biofilm and Pseudomonas aeruginosa biofilm has been represented

attime,t=(a)5s, (b) 205sand (c) 300sandt=(d) 10 s, (e) 130 s and (f) 240 s respectively.
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Figure 6.13. (a) Linear motion of T-Budbots in biofilm under magnetic control in water. The
positions of the micromotors have been denoted at time, t = 1 sto 8 s. Scale bar is 1 mm.
(b) Average velocity, Va of the T-Budbots in water. (c) Variations in average velocity, Vay
of T-Budbots with respect to their varied size range of 40 um to 160 um. (d) Measurement
of biofilm viability (in %) to confirm the death of biofilm debris attached on the surface of
micromotors after their removal from the surface.
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Similarly, the formation of spiral footprints could be observed as the microbots were drilling
out the biofilms from the surface. The magnetotactic motion of T-Budbots moving linearly
in water was considered to be control Figure 6.13a, describing the positions of the
microbots at varied time points (t) from 1 s to 8 s. The average velocity of magnetically
driven T-Budbots in water was found to be ~ 0.63 x 10 ms™, as shown in Figure 6.13b.
The Vay of microbots on the surface of Pseudomonas aeruginosa and Staphylococcus aureus
biofilm with varied size range (size ~ 40 to 160 um) has been depicted in Figure 6.13c. In
case of Pseudomonas aeruginosa biofilm, the microbots (size range ~ 40 pm to 80 pm)
moving linearly attained a maximum average velocity of ~ 2.5 x 102 ms™ whereas the Vay
of spinning T-Budbots was found to be ~1.3 x 102 ms™. For Staphylococcus aureus biofilm,
the microbots (size range ~ 40 um to 80 um) moving linearly attained a maximum average
velocity of ~ 2.7 x 102 ms™ whereas the Vay of spinning T-Budbots was found to be 1.1 x
102 ms™. The average velocity was gradually reduced with increasing size of the microbots
that can be regulated by introducing a strong magnetic field. The minor variations in average
speed of microbots across the biofilm could possibly due to more surface roughness of

Staphylococcus aureus biofilm than Pseudomonas aeruginosa.’’

In addition, the T-Budbots exhibited rapid linear motion than spinning motion because of
more complications of rotational motion to go around the circle than linearly moving
microbots from one point to another in a straight line. Further, the rotational speed depends
on the time-dependent angular acceleration of the spinning microbots and how rapidly the
microbots are rotating about an axis w.r.t their size.”®" Contrarily, the linearly moving T-
Budbots were independent of complicated angular rotations showing fast magnetic response

and scrubbing out the degraded biofilms in a straight path.’®
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The electrostatic binding of negatively charged biofilms on the surface of cationic microbots
destroyed the cellular integrity in Staphylococcus aureus and Pseudomonas aeruginosa
biofilms. After clearing of biofilm debris from the surface, the % viability of the attached
biofilm was studied by CV assay. Predictably, the % viability of the removed biofilm
attached on the surface was measured to be less than 30 % as compared to untreated biofilms
that further confirmed their complete disruption, as shown in Figure 6.13d. From the graph,
it can be concluded that the biofilm debris removed from the surface by magnetically

propelled T-Budbots revealed negligible amount of viable bacterial cells.

The average velocity of T-Budbots (size ~ 90 to 120 um) exhibiting linear and spinning
motion across Staphylococcus aureus and Pseudomonas aeruginosa biofilm was calculated
at varied time points of t= 0 to 20 s, presented in Figure 6.14a. The Vay of microbots
exhibiting a linear motion was found to be ~2.9 x 10 ms™, which was far more than the
spinning motion of microbots with V4, of ~1.3 x 102 ms™ because of more complications
of rotational motion to go around the circle than linearly moving microbots from one point

to another in a straight line.”

Further, the rotational speed depends on the time-dependent angular acceleration of the
spinning microbots and how rapidly the microbots are turning about an axis w.r.t their
size.’® On the contrary, the linear motion of the T-Budbots on the biofilms were
independent of complicated angular rotations exhibiting fast motion in less time.”® The Vay
of microbots on the surface of Staphylococcus aureus and Pseudomonas aeruginosa biofilm

with varied size range (size ~ 40 to 160 um) has already been described in Figure 6.13c.

Additionally, the rotational speed, ®» for the spinning microbots on both the bacterial

biofilms grown at a concentration of 1x108 CFU mL* was calculated.
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Figure 6.14. (a) Average velocity of T-Budbots in the presence of magnetic field (0.01 T)
exhibiting linear and spinning motion-based biofilm removal. (b) Rotational speed, w for the
spinning microbots on both the bacterial biofilms grown at a concentration of 1x108 CFU
mLt. FESEM micrographs of (c) control CIP@T-Budbots, (d) untreated bacterial biofilm,
(e) degraded Staphylococcus aureus biofilm debris on the surface of T-Budbots and (f)
degraded Pseudomonas aeruginosa biofilm debris on the surface of T-Budbots, Scale bar
1 um. (g) Quantitative measurement of biomass for T-Budbots (control) and T-Budbots
after being magnetically driven on the biofilm surface leading to killing and attachment of
debris on their surface.

As observed from Figure 6.14b, the o of T-Budbots on Pseudomonas aeruginosa biofilms
was found to be ~ 9 rpm that was higher than T-Budbots spinning on Staphylococcus aureus
biofilm (~ 4 rpm). The difference in rotational speeds could possibly due to more surface
roughness of Staphylococcus aureus biofilm than Pseudomonas aeruginosa’’-"°, thus taking

a long time to complete their spins about an axis.

The FESEM image CIP@T-Budbots and a control biofilm matrix have been represented in

Figure 6.14c and 6.14d, respectively. The FESEM micrographs of degraded
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Staphylococcus aureus and Pseudomonas aeruginosa biofilms attached on the surface of
magnetically actuated T-Budbots has been shown in Figure 6.14e and 6.14f respectively.
This confirmed the electrostatic binding of negatively charged biofilms on the surface of
cationic microbots, thus proving the disappearance of cellular integrity and biofilm
degradation. Moreover, the amount of degraded biomass attached on the surface of
microbots was confirmed by calculating the average weight of collective CIP@T-Budbots

before and after placing them on biofilm matrix.

As expected, the microbots were showing an incremental increase in weight (from ~10 mg
to 14.8 mg) after clearing the debris from the surface confirming removal of debris with
precision, represented in Figure 6.14g. The control microbot exhibited an average biomass
of ~10 mg that was introduced on the surface of biofilms. Later, as the microbots moved on
the surface to plow through and remove biofilms, quantitative analysis showed a significant
increase of microbot biomass to ~14.8 + 1 mg. Even the % viability of the drilled-out biofilm
attached on the surface of T-Budbots was demonstrated and found to be significantly less

than control cells, as described in Figure 6.13d.

Remarkably, the free-floating bacteria were killed, the biofilms were degraded, and debris
was removed from the surface to avoid regrowth. Above all, the efficacy of robotic T-
Budbots have been demonstrated for bacterial destruction and uprooting of degraded biofilm
in a “Kill-Clean” manner. Even though this proof-of-concept is at the initial stage, further
optimization for bulk production is being envisioned to increase the potency of the
combinatorial therapeutic systems with other resistant antibiotics and target infected

biostructures in vivo from confined spaces.
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6.4. Conclusions

In summary, biocompatible microbots derived from Tea buds was fabricated as a modality
for magneto-robotic eradication of biofilms that can effectively address both Gram-positive
and Gram-negative bacterial strains. In the first platform, the CIP-modified T-Budbots could
show improved antibacterial and antibiofilm susceptibility of drug CIP hydrochloride that
was electrostatically integrated on porous T-Budbots, as compared to free CIP and T-
Budbots alone. This platform ensures an efficient drug delivery system with sustained
release of drug at acidic microenvironment of biofilms. In the second platform, the
magnetically driven linear and spinning motion of CIP@T-Budbots could efficiently uproot
the degraded biofilms, thus restoring the paths clogged by biofilm in a kill-clean way. Thus,
the synergistic kill-clean approach of microfighters have been proposed that provides a
conceptual robotic platform offering therapeutic defense against pathogenic bacterial

infections and eradicate harmful biofilms from medical and industrial settings.
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7.1. Summary

In summary, the thesis reports the fabrication of a host of micro and nanomotors derived
from plants. The miniaturized motors could be efficiently guided to achieve a controlled
motion under the influence of either in situ chemical fuel gradient or fuel-free acoustic or
magnetic field. These fabricated micromotors were employed in pH sensing, drug loading,
on-demand sustained drug release at targeted site to perform vital therapeutic tasks. The
attractive propulsion and near fuel-free requirements of plant-derived motors are expected
to revolutionize disease treatments owing to their future practical endeavors — specifically

biomedical ones.

In Chapter 2, controlled migration of an intelligent and biocompatible “iMushbot”
composed of Agaricus bisporus, mushroom microcapsules coated with magnetite
nanoparticles has been studied. The otherwise randomly moving microbot could
meticulously direct itself toward and away from the acid- and alkali-rich regions with the
help of acid, acidic catalase, and alkali stimuli, emulating the chemotaxis of
microorganisms. The presence of magnetite nanoparticles not only helped in improving the
“activity” of the motor through the heterogeneous catalytic decomposition of the peroxide
fuel but also provided a remote magnetic control on the chemotaxis. The mesoporous
iMushbots having negative {-potential could easily be loaded with the cationic anticancer

drugs, which were magnetically guided toward the cancerous cells to cause apoptosis.

In Chapter 3, the feasibility of a self-propelling mushroom motor, namely a ‘logibot’ has
been explored as a functional unit for the construction of a host of optimized binary logic

gates. Emulating the chemokinesis of unicellular prokaryotes or eukaryotes, the logibots
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made stimuli-responsive conditional movements at varying speeds towards a pair of acid-
alkali triggers. A series of integrative logic operations and cascaded logic circuits, namely,
AND, NAND, NOT, OR, NOR, and NIMPLY, have been constructed employing the
decisive chemotactic migrations of the logibot in the presence of the pH gradient established
by the sole or coupled effects of acid (HCl-catalase) and alkali (NaOH) drips inside a
peroxide bath. The external stimuli-responsive self-propulsion of the logibots following
different logic gates and circuits can not only be an eco-friendly alternative to the silicon-
based computing operations yet also be a promising strategy for the development of

intelligent pH-responsive drug delivery devices.

Chapter 4 describes a proficient method for disinfecting water-borne coliform bacterial
strains of Escherichia coli DH5a from contaminated water samples using magnetic
microbots decorated with curcumin conjugates. These magnetic microbots, namely
iButtonbots, were composed of soft Agaricus bisporus (button mushroom) microcapsules
with inherit antimicrobial properties. The locomotives were coated with magnetite
nanoparticles for their remote guidance towards cells and collection along with curcumin
for an enhanced bactericidal response. The presented biocompatible microbots offer an

innovative method for the rapid decontamination of bacteria-laden drinking water samples.

In Chapter 5, the fabrication of ascorbic acid (AA) template nanomotors has been reported
using buds of Camelia sinensis, undergoing fuel-free propulsion. The motors, namely,
Teabots, display propulsion by converting the sound energy from the acoustic field into a
mechanical one. The mesh-like structures of the anionic Teabots facilitate superior
adsorption of ascorbic acid (AA-Teabots) undergoing a controlled release. The motors show

antioxidant properties at the physiological pH range by scavenging intracellular reactive

TH-2289_146153006



C7-5 Chapter 7

oxygen species. . The acoustic delivery of AA-Teabots could protect HEK-293 cells from

oxidative injuries alongside preventing protein-aggregation derived diseases.

In Chapter 6, biocompatible micromotors from Tea buds (T-Budbots) were designed that
can be magnetically driven on the biofilm matrix to kill and remove the fragmented biofilm
segments with precision, a “Kill-Clean” strategy. With these principles, bactericidal robotic
platform decorated with magnetite nanoparticles has been presented aimed at clearing
biofilm on the surfaces. The smart T-Budbots can integrate antibiotic Ciprofloxacin on their
surface and increase their antibacterial efficacy against pathogenic bacterial communities of
Pseudomonas aeruginosa and Staphylococcus aureus. It is noteworthy that the release of
bound drug from the porous T-Budbots was triggered by the acidic environment of the
biofilm. This work represents a first step in the involvement of a plant-based microbot
exhibiting magneto-robotic therapeutic properties, providing a non-invasive and safe
approach to dismantle harmful biofilm infections.

Briefly, this thesis has covered the new principles based on exploiting plant tissues for

designing micro- and nanomotors, which seems to improve drug transport, tissue

penetration, and, most importantly, physical and/or chemical actuation of motors. The
scientific findings can be listed in the following ways:

e The thesis shows that mushrooms can be thought of smart alternative against the
synthetic materials for fuel-driven and fuel-free controlled drug delivery applications
with minimal side effects, which opens new avenues for mushroom-based futuristic
biomaterials for anticancer therapeutics. However, selection of mushroom species based
on attributes such as toxicological profiles, porosity, enzyme content and medicinal

values are extremely important to ensure reproducibility. On the contrary, same species
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of mushrooms cultivated in different localities would certainly portray a lesser extent of
non-reproducibility, upon standardization.

e The thesis reports the design of versatile operational logic gates and cascaded
circuits based on the pH sensing ability of tissue-based mushroom logibots. It is
expected that this study may provide an important starting point for the future
design of plant tissue-based logic gates, which may also be of significance in
various next-generation biomedical, mechanical, pharmaceutical, and electronic
applications at the micro or nanoscale.

e A highly effective bacterial killing approach has been demonstrated based on the
coupling of the antibacterial activity of biocompatible curcumin loaded
micromotor (CU@iButtonbots) with their magnetically guided motion. The
biocompatibility of such mushroom-based bacterial microfighters makes them
promising candidates not only to in vitro applications yet also for diverse in vivo
therapeutics.

e The thesis also reports an ultrasound-propelled ascorbic acid loaded nanomotors,
namely AA-Teabots, from Camellia sinensis, which could offer efficient loading,
localized transport, and release capabilities of therapeutic payloads for anti-oxidative
and anti-amyloidogenic responses.

e Besides this, struggle against pathogenic bacterial biofilm was possible by (i) killing the
embedded bacteria using antibiotic (CIP) loaded T-Budbots; (ii) disturbing biofilm
architecture to improve penetration of antibiotic; and (iii) removing the degraded matrix

using magnetic field actuation by “Kill-Clean” approach.
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To summarize, the fabricated microbots have been classified in a tabulated form (Table 7.1)

based on their size, shape, fabrication materials, actuation, applications, advantages and

challenges.
Microbots Size Materials | Actuation | Applications Advantages Challenges
/Shape
iMushbots | 50-160 um/ | FeONPs- Self- Drug delivery | Powered, Miniaturization,
Pseudo- coated propulsion and controlled, shape control,
spherical Button and Anticancer autonomous unstable under
Mushroom Magnetic therapeutics actuation, acoustic waves, fuel
biocompatible, requirement, in vivo
porosity, application
sophisticated pH
sensing, low cost
Dual pH sensing, Multiple inputs
Logibots 50-160 pm/ | FeONPs- Self- Designing easy to fabricate, responsiveness, poor
Pseudo- coated propulsion logic gates biocompatible, robustness under
spherical Button and autonomous ultrasonic waves,
Mushroom Magnetic propulsion, sophisticated control
magnetic steering,
low cost
Biocompatible, Large-scale water
iButtonbots | 40-200 um/ | FeONPs- Magnetic Drug delivery, | low cost, easy to treatment, collective
Pseudo- coated Bactericidal fabricate, fuel-free | magnetic motion,
spherical Button agents for motion, inherent costly set up,
Mushroom water antibacterial advanced control
remediation components, strategies
magnetic control,
porosity
Stable, high speed, | Intracellular tracking,
Teabots 200-500 Tea leaves Acoustic Drug delivery linear and circular | trained person, bulky
nm/ and ROS motion, effective power sources, in
Spherical scavenging drug release, low vivo activity,
cost, fuel-free optimizing
motion, ultrasound- mediated
biocompatible, drug release
bio-imaging,
porosity
Stable, Large-scale setup,
T-Budbots | 50-100 um/ | FeONPs- Magnetic Drug delivery, | biocompatible, advanced control
Irregular coated Tea Antibacterial | antibacterial strategies, bulk
Buds and components, production, activity
Anti-biofilm robust, porosity, in confined spaces
fuel-free linear and
spinning motion

Table 7.1. Major categories, advantages and challenges of plant-based microbots.
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7.2. Future Scopes

The fabrication of plant-derived functional micro/nanomotors will require a culmination of
all research avenues that have been discussed here as well as for new applications. Notably,
despite these current advancements in plant-based MNMs, many challenges remain to be
addressed for rendering these initial proof-of-concept studies into real-world in vivo
applications. Some of the tremendous yet exciting challenges include immune rejection,
partial tissue penetration, precise navigation, spontaneous release of the drug payloads and
propulsion against the dynamic blood flow. In this regard, standardized methodologies,
duration of treatment, the selection of species, sensitivity of assay, warranty of subjective
evaluation and calculating sample size of animals are critically important. Key factors such
as toxicity of the material and environmental fate needs to be considered. Additionally,
checking formulations, monitoring of controls, tested animals, measured effects and level
of doses is of great importance. By considering comparable nature of disease between the
human and animal models, the data obtained can be more reliable. For instance, xenograft
mouse model used for cancer studies may exhibit different levels of immunodeficiency and
their difference in tumor microenvironment might affect the experiment, resulting in poor
data correlation with in vitro studies. Further, treatment of micro/nanomotors as
pharmaceutical formulations in studies with detailed pharmacokinetic and
pharmacodynamic parameters could bridge the gap between medical doctors and
researchers.Even in well-designed in vivo experiments, the translatability of data may
weaken due to some dissimilarities between human and animal components. Developments
into microelectromechanical systems (MEMS)/nanoelectromechanical systems (NEMS)

technology could create a vision for materializing allied research into clinical setup. Thus,
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considering the above-mentioned points will increase the reproducibility and reliability of
preclinical results-with a brighter future ahead- towards clinical trials. Eventually, with
careful attention to key challenges and requirements, such externally driven plant-based
MNMs will create new avenues for delivering therapeutic payloads directly to targeted
destinations.

Where do we go from here? The ability of plant-based MNMs to address biomedical and
environmental problems is just beginning to be investigated. In the not-so-distant future,

presented work can be extended in various ways:

e The work in Chapter 2 confirmed the killing of two-dimensional (2D) cancer cells by
self-propelling iMushbots. However, the efficiency of iMushbots to destroy three-
dimensional (3D) cancer models can be envisioned to study the physiologic drug
responses. Hence, the investigation of signaling in spheroids and the reactions in the
mice models upon drug treatment will be advantageous for anticancer therapeutics.

e The work in Chapter 3 can be further extended by designing logic gates based on the
multi-stimuli-responsive motion behavior of logibots. Their on-off motion can be
studied by the application of varying concentration of H20», and ultrasound induced-
collective motion of logibots. Also, it is likely that micromotors moving collectively in
a pH gradient will undergo a change in zeta potential, resulting in aggregation of motors.
Propulsion of aggregated motors in a pH gradient based on surface charges can be
further investigated using ultrasonic waves and magnetic fields along a predetermined
route for in vitro and in vivo experiments.

e The Chapter 4 details in explaining the antibacterial activity of biocompatible curcumin

loaded micromotors (CU@iButtonbots) against Gram-Negative bacteria. In this regard,
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their antibacterial efficacy can be tested against Gram-Positive bacteria coupled with
their anti-biofilm efficacies. Swarms of micromotors could be used for accelerating the
bacterial killing in large contaminated areas, while guidance of the micromotors could
be achieved by the assistance of a magnetic segment. Thus, stochastic models for
predicting magnetotactic behavior of swarms in large-scale spaces need to be urgently
developed, perceiving the environment actions and creating feedback loop.

e In Chapter 5, a swarm of acoustically propelled Teabots could be investigated exhibiting
neuroprotective efficacy in neuronal cells, mainly targeting Alzheimer’s disease.

e In Chapter 6, our preliminary data revealed the organized schooling of T-Budbots to
eradicate and destroy biofilms at laboratory scale. Magnetic manipulation of such
biocompatible microbots could be used to eliminate biofilm in model human teeth as
well as ocular biofilms.

e It is hoped that more efforts to understand the physical and chemical mechanisms
involved in plant-based biomotors will undoubtedly lead to huge technological
breakthroughs in the field of therapeutics. The concept of studying the dynamics of
motor motion by time-dependent mean square displacement (MSD) and coupling to a
non-Newtonian fluid rheology is very much the key components in future attempts to
overcome challenges of propulsion. Specifically, the technique of motor tracking
microrheology can be performed within living cells using bio-microrheology (BMR) for
an exciting understanding of cell physiology and monitoring the effects of targeted drug

delivery.
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