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Multifunctional colloidal microgels that exhibit stimuli-responsive behaviour and excellent biocompatibil-
ity have attracted particular attention for developing functional compartmentalized networks. Herein, a
series of stimuli-responsive microgels (MO, M1, and M2) were designed through the copolymerization of
di(ethylene glycol) methyl ether methacrylate (DEGMA) and methacrylic acid (MAA) monomers using
hydroxy ethyl methacrylate-coupled azobenzene (HEMA-Az) and ethylene glycol dimetharylate (EGDMA)
as crosslinkers. The behaviour of the microgels in response to temperature, pH, and light was thoroughly
investigated using spectroscopic, microscopic, and light-scattering techniques. Interestingly, the micro-
gels deswelled with an increase in temperature, decrease in pH, and under the irradiation of UV light.
Such a reversible swelling/deswelling behaviour was exploited for microgel M2, which showed better
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photoactuation at pH 5 with a higher fluid pumping velocity. The actuating microgel M2 was optimized
for loading the drug ciprofloxacin (Cf) to study its release at different temperature, pH, and light con-
ditions. Microgel M2 exhibited photoresponsive Cf release at pH 5 and 37 °C, demonstrating its potential
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Introduction

The fascinating complexity of living cells in terms of their hier-
archical molecular organization and adaptability to different
environmental triggers has motivated the scientific commu-
nity towards developing artificial cells as compartmentalized
synthetic networks.’™ Bottom-up strategies, such as conver-
sion of nanogels into microgels via precipitation polymeriz-
ation and conversion of microgels into coacervates via emul-
sion polymerization/ligation/Janus-like phase separation, have
recently been adopted for higher order compartmentalization
in colloids.”” In this regard, a number of physicochemical
parameters, e.g. hydrophobicity, charge density, molecular
flexibility, degree of crosslinking, stratify the hierarchical
ordering in these synthetic compartments as oligomers, coa-
cervates, microgels, hydrogels, fibres, etc.>® Microgels consist
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for application in on-demand drug release.

of a spherical 3D-crosslinked network with a size ranging from
10 nm to a few microns with appreciable colloidal stability and
possess a porous structure with a high surface area to volume
ratio.® Recently, emergent functional synthetic systems, such
as self-dividing and growing coacervates, stimuli-responsive
and catalytically active coacervates, and nano/microcontainers
for cargo storage and delivery, have attracted interest with
regards to their compartmentalization, adaptivity, and struc-
tural integrity."** The incorporation of stimuli-responsive
moieties in microgels renders a variable response to the local
environment e.g. temperature, pH, light, solvent, ionic
strength, electric or magnetic field, which is reflected in the
reversible swelling/deswelling behaviour.'”™° Moreover, poly-
meric microgels can be loaded with functional monomers and
a variety of cargoes, such as enzymes and drugs, to exhibit on-
demand on-site release and delivery applications. This spatio-
temporal control over drug release reduces the risk of a sub-
therapeutic dose of the drug in the target area.>’>° Snowden
et al. was the first to report the use of the PNIPAM microgel as
a carrier to release acetylsalicylic acid and fluorescein-labelled
dextran owing to PNIPAM’s thermo-responsive characteristic at
physiological temperature.***' Recently, oligo(ethylene glycol)
methacrylate (OEGMA)-based polymers have attracted great
interest owing to their NIPAM-like thermo-responsiveness,
polyethylene glycol (PEG)-like excellent biocompatibility
and biodegradability.*> Lu et al reported OEGMA-based

This journal is © The Royal Society of Chemistry 2024
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triply-responsive microgels using coumarin methacrylate to
demonstrate the light-triggered release of the drug
doxorubicin.*

Our group has also explored coumarin, ferrocene-tethered
polymer chain collapse in segmented block co-polymeric
systems towards tailored self-healing, catalysis, drug release,
and ECM design.***" Azobenzene with its outstanding revers-
ible photoisomerization properties and offering the ability to
precisely modulate its isomerization wavelength through minor
structural modifications is an ideal candidate for use as a photo-
switch in various applications. Further, we exploited a photore-
sponsive azobenzene motif with an excellent photoswitching
ability between its cis and trans states for on-demand peptide
piezoelectronics®* and self-propelling or fluid pump devices
owing to its conformation-induced mass-transfer capabilities.***>
Moreover, light-driven drug activation and release as mediated by
azobenzene has recently emerged as an active area of
photopharmocology.*®*” Interestingly, advancements in these
fields have now started to focus on self-propelling or fluid-actua-
tion-based drug-delivery systems to access low permeability or
physiologically unfavourable disease sites to overcome the limit-
ations of passive drug release.*® Therefore, we hypothesized that
it would be possible to control the outward flow motion of a fluid
(fluid flow) based on the swelling/deswelling of microgels via the
photoactuation of azobenzene, which could then be used in an
on-demand drug-release system, which would therefore not solely
rely on pH and temperature cues.

Herein, we designed multi-responsive (temperature, pH, and
light) microgels via the copolymerization of OEGMA, methacrylic
acid (MAA) monomers along with ethylene glycol dimethacrylate
(EGDMA) and photoresponsive azobenzene-tethered hydroxy
ethyl methacrylate (HEMA-Az) crosslinkers (Scheme 1). The
characterization and stimuli-responsive behaviour of the micro-
gels were studied extensively using microscopy, spectroscopy, and
scattering techniques. Interestingly, the microgels exhibited
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photoactuation multiple times, which was further explored
towards exploiting the fluid flow pattern with both inward and
outward flow for the first time. Further, we demonstrated the
efficient loading of ciprofloxacin in the microgels and its on-
demand release under orthogonal and combined stimuli triggers
as a proof-of-concept for drug release propelled by fluid flow for
the first time. Such photoresponsive microgels could potentially
allow designing and developing photoactuating fluid micro-
pumps that are adaptable to the external environment and
capable of selectively delivering a drug to the active site.

Experimental section

Materials

Di(ethylene glycol) methyl ether methacrylate (DEGMA),
methacrylic acid (MAA), ethylene glycol dimethacrylate
(EGDMA), and ciprofloxacin hydrochloride monohydrate were
obtained from Tokyo Chemical Industry. Potassium peroxodi-
sulfate (KPS, 99%) was purchased from Merck, Germany. All
the chemicals were of analytical grade and used as received.
Milli-Q water with a resistivity of 18.2 MQ cm at 25 °C was
used to prepare all the solutions.

Synthesis of the microgels

Synthesis of the microgels was carried out via free radical pre-
cipitation polymerization.*>*® Three microgels (M0, M1, M)
were prepared by tuning the crosslinker concentration accord-
ing to the reactions compositions in Table 1 and according to
the following preparation process. The appropriate amounts of
di(ethylene glycol) methyl ether methacrylate (DEGMA),
methacrylic acid (MAA), and ethylene glycol dimethacrylate
(EGDMA) were dissolved in 48 mL Milli-Q water in a 250 mL
three-neck round-bottom flask. After 10 min, hydroxy ethyl
methacrylate-coupled azobenzene (HEMA-Az) dissolved in
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Scheme 1 Schematic of drug loading and release from the multi-responsive microgel in the presence of stimuli.
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Table 1 Composition of the microgels as per the initial monomers

DEGMA MAA EDGMA HEMA-Az
MG (mol%) (mol%) (mol%) (mol%)
MO 88 10 2 0
M1 88 10 1.5 0.5
M2 88 10 1 1

1 mL ethanol was added to the reaction mixture (¢f. ESI,
Fig. S1 and 2f). The reaction mixture was heated to 70 °C
under an inert atmosphere. After 1 h, an initiator (KPS)
dissolved in 1 mL was added to initiate polymerization. The
reaction was allowed to proceed for 6 h. After completion of
the reaction, the sample was then centrifuged at 10 000 rpm
for 40 min followed by two repeated washings for purification.
Finally, the samples were re-dispersed in Milli-Q water and lyo-
philized for storage (Scheme 2).

UV-visible spectroscopy

The UV-visible spectra were recorded using an Agilent Cary-60
spectrophotometer in the wavelength range of 800 to 200 nm.
Irradiation was carried out using 365 nm and 455 nm lasers
and was performed inside a UV cuvette with a 10 mm path
length. For the irradiation experiments, 10 pL of microgel was
diluted to 1 mL using 10% DMSO in water. Further, the
irradiation experiments were performed using the lasers until
saturation was attained.

Irradiation system

The irradiation assembly was procured from Holmarc Opto-
Mechatronics Ltd, Kerala, India with a power input of 230 V/50
Hz. The irradiation set-up included a detector attached with a
365 nm UV laser, which was utilized to irradiate the drug-
absorbed microgel samples. The percentage drug release
without irradiation was studied using UV spectroscopy after
incubating in a vertical oscillation lab incubator at 145 rpm.
The percentage drug release from the drug-loaded microgel
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was estimated under 365 nm UV light irradiation for certain
time intervals at different pH.

Dynamic light scattering (DLS)

The phase-transition behaviour of the prepared microgels as a
function of temperature, pH, and light was extensively investi-
gated using a Malvern Zetasizer Nano-S90 instrument, wherein
the intensity, volume, and number size-distribution data were
collected. For the DLS measurements, diluted microgel disper-
sions with a final concentration of 0.05 wt% were used. The
thermoresponsive behaviour was tested within the temperature
range of 20-50 °C, allowing a 10 min equilibration time prior
to the measurement at each temperature. The pH-responsive
behaviour was tested from pH 3 to pH 12. The pH of the
samples was adjusted by the addition of acid or base. The
microgel samples were irradiated by 365 nm or 465 nm light
before the measurement to investigate their light-responsive
behaviour. The data presented here are averages from 20 runs
with a 10 s acquisition time. The temperature-induced deswel-
ling ratio was calculated by the equation given below:

R}z‘o °C\ 3
- (R7> (1)

High-resolution transmission electron microscopy (HR-TEM)

TEM images were recorded using a JEOL JEM 2100 microscope
with a tungsten filament at an accelerating voltage of 200 kV.
For the sample preparation, a 0.05 wt% aliquot of aqueous
microgel dispersion was drop-cast on a 200-mesh carbon-
coated Cu grid. The samples were further vacuum-dried over-
night prior to loading them in the instrument. The obtained
TEM images were then analysed with Image] software.

Fluid-flow study

A thin layer of PDMS sheet with a small circular aperture in
the centre (d = 4.6 mm) was first made and placed on the glass
slide in such a manner that the circular opening remained in

i/‘ T- ,pH- and light responsive microgel

Scheme 2 Schematic of the synthesis of the azobenzene-based multifunctional microgels.

19256 | Nanoscale, 2024, 16, 19254-19265

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr02728k

Published on 18 2024. Downloaded on 01/11/25 14:25:35.

Nanoscale

the middle of the slide. Then, the glass slide was dipped in
1 wt% PEI solution to selectively activate the patch.
Subsequently, the microgel dispersion was drop-cast onto the
activated patch and allowed to dry overnight. The microgel was
thus immobilized on the glass slide through H-bonding and
electrostatic interactions. Later, the PDMS film was peeled off
to leave the microgel pattern on the glass slide. Next, a custo-
mized chamber with the dimensions of length = 1 cm, width =
1 cm, height = 1.8 mm was placed on the glass slide and
sealed with a PET sheet. An aqueous solution containing
tracer particles (5 pm in diameter) was introduced into the
chamber to initiate fluid pumping. An Olympus IX73 inverted
optical microscope with a 100 W halogen lamp was used to
observe the fluid flow. The sample in the chamber was irra-
diated with laser light at wavelengths of 365 nm and 455 nm
to investigate the light-responsive fluid-flow behaviour. Real-
time footage depicting the motion of the particles was
recorded for subsequent analysis. To assess the velocity of the
fluid, a total of 10 particles were monitored over 30 s using
Tracker software (motion analysis software).

Drug loading

Ciprofloxacin (Cf), an antimicrobial drug, was loaded into the
microgel (M2) and its calibration curve was plotted at 272 nm.
Specifically, Cf was loaded into the crosslinked microgel to
obtain a dispersion of 4 wt%, 1 mL. The dispersion (pH 5) was
then mixed with aqueous ciprofloxacin (1 mg mL™", 500 uL).
Further, it was stirred vigorously in a vertical oscillation lab
incubator at 145 rpm for 4 h at 25 °C. The Cf-loaded cross-
linked microgel was then centrifuged to remove any free drug.
The drug-loading content was analysed by UV-visible spec-
troscopy at 272 nm based on a calibration curve obtained with
varied drug concentrations. The drug-loading content (DLC)
and drug-loading efficiency (DLE) were calculated®** using
the following equations:

wt of drug in microgel

Drug-1 i = 1 2
rug-loading content wt of microgel x 100 (2)
. .. wt of drug in microgel
Drug-1 ffi = 1
rug-loading efficiency Wtof feeding drug 00 (3)

Drug release

The drug-release behaviour of the microgel was investigated at
pPH 7.4, 9, and 5.4 with and without 365 nm UV-light
irradiation. For the release of Cf from the microgel in the
crosslinked state, the Cf-loaded microgel (4 wt%) was dis-
persed in phosphate-buffered saline (PBS) of pH 7.4. The dis-
persion was centrifuged (7000 rpm for 30 min) and the super-
natant solution (1 mL) was analysed by UV-visible spectroscopy
at 272 nm to determine the amount of Cf released. The
sample condition was maintained at 37 °C or 25 °C using a
magnetic stirrer. The Cf-loaded microgel was subsequently re-
dispersed into the supernatant solution for further release
testing at time intervals of 0.5, 1, 2, 3, 4, 5, 6, 9, and 19 h. For
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assessing photoresponsive Cf release, the microgel was irra-
diated at 365 nm during incubation.

Results and discussion
Design and characterization of the microgels

Microgels were prepared using a free radical precipitation
polymerization method with the monomers DEGMA, MAA,
and crosslinkers EGDMA and HEMA-Az (Scheme 2).
Incorporation of the azobenzene-tethered crosslinker was
expected to make the microgels photoresponsive. The overall
mol% of the crosslinkers was maintained constant at 2%,
whereas the concentration of the individual crosslinkers was
tuned, as given in Table 1. Thus, the MO microgel with
EGDMA as the crosslinker only was considered as the control
microgel. For the syntheses of microgels M1 and M2,
0.5 mol% and 1 mol% of HEMA-Az were used as the photore-
sponsive crosslinker alongside EGDMA to keep the overall
crosslinking density intact. The morphological features of the
prepared microgels were characterized by TEM, which revealed
the spherical morphology of the M0 and M1 microgels with a
core-corona structure (Fig. 1A and B). Notably, the core was
dense with a fuzzy corona, owing to the fluctuations in density
within the microgel network, which led to the particles devel-
oping an outer edge that was slightly uneven. However, the
core—corona morphology was not distinctly observed in the M2
microgel owing to its denser core structure (Fig. 1C). This
could be presumably attributed to the increase in hydrophobic
density in the microgel network, which promoted increased
hydrophobic interaction in the constrained core in the M2
microgel. The average diameters of M0, M1, and M2 were
395.7 + 33, 290 + 37, and 253 + 34 nm, as determined from the
TEM images, respectively (Fig. S31). DLS data obtained as
intensity, number, and volume percentages showed narrow
size distributions for the microgels at the elevated temperature
of 60 °C (Fig. 1D and S471). The DLS data corroborated well
with the sizes obtained from the TEM analysis with the slight
hydrodynamic diameters (Fig. 1E). Notably, the size of the
microgel particles was reduced with the increase in azo-
benzene content. The formation of smaller particles with the
presence of a high content of azobenzene in the microgels
could be attributed to the increase in hydrophobicity and the
comparatively high degree of crosslinking in the presence of
the azobenzene-based crosslinker. Next, we monitored the
surface charges of the microgels at different pH by zeta poten-
tial measurement (Fig. 1F). The microgels were found to be
negatively charged with almost similar values (~—8 mV) owing
to the deprotonation of the methacrylic acid. Interestingly, the
accumulation of negative surface charge increased (~—18 mV)
upon increasing the pH from 5 to 9.

Stimuli-responsiveness of the microgels

Next, we investigated the stimuli-responsive behaviour of the
microgels towards external conditions, such as temperature,
pH, and light. DLS data recorded as a function of temperature
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Fig. 1 TEM images of the microgels (A) MO, (B) M1, and (C) M2 drop-cast at 50 °C. (D) DLS data for the percentage intensity distribution of the
microgels at 60 °C and (E) comparison of the sizes obtained from the TEM and DLS data. (F) Zeta potential of the microgels at different pHs. Sample
concentration = 0.5 mg mL™. TEM and DLS data were recorded at pH 7.

furnished the hydrodynamic diameter (Dy,) as a result of the
temperature-induced phase-transition behaviour of the micro-
gels (Fig. 2A-C and S51). The pH of the microgels was main-
tained at pH 7. At 20 °C, the aqueous dispersions of all the
microgels exhibited much higher hydrodynamic diameters,

corresponding to the swollen states, while at higher tempera-
tures, the typical volume phase transition from the swollen to
collapsed state led to a decrease in the Dy, values of the micro-
gels. This could be attributed to the breaking of the hydrogen
bonding between the microgels and water molecules at elev-
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Fig. 2 (A-C) DLS data for the temperature-induced reversible swelling/deswelling of MO, M1, and M2 microgels, respectively. (D) Variation in the
hydrodynamic diameter (D) of the microgels with a gradual increase in temperature, showing their swollen and collapsed states. (E) Temperature-
induced deswelling ratios and VPTTs for the microgels at 60 °C. (F) DLS data showing the reversibility of the temperature-induced swelling/deswel-

ling for up to 3 cycles. Sample concentration = 0.5 mg mL™%, pH 7.
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ated temperatures. Such temperature-induced phase transition
was found to be reversible upon decreasing the temperature.
The size of the microgel particles gradually reduced with the
increase in the temperature in the range from 20 °C to 60 °C
(Fig. 2D). It was noteworthy that the azobenzene-based micro-
gels (M1 and M2) showed less thermosresponsiveness com-
pared to the control microgel (M0). This was presumably due
to the fact that the azobenzene crosslinker increased the
hydrophobic content in the microgel network to ultimately
reduce the swelling capacity of the particles.”®>* The obtained
deswelling ratios of the microgels clearly revealed that the
swelling capacity of the microgels was significantly reduced
from MO to M2 from 18.6 to 3.3 (Fig. 2E). However, there was
no significant change observed in the volume phase-transition
temperature (VPTT) of the microgel particles, which were
found be ~38.1 °C, ~37.9 °C, and ~37.9 °C for M0, M1, and
M2, respectively. Interestingly, all the microgels exhibited a
reversible thermoresponsive behaviour with respect to the size,
albeit to different extents, when subjected to an alternating
cycle of heat-cool annealing between 20 °C and 60 °C (Fig. 2F).

Furthermore, we investigated the pH-induced phase-tran-
sition behaviour of the microgels at different pHs (Fig. 3A-C).
We observed narrow size-distribution profiles for the microgels
and a significant increase in the hydrodynamic diameter (Dy,)
upon increasing the pH to 12 at 25 °C from the detailed ana-
lysis of the DLS intensity, volume, and number data (Fig. S67).
Interestingly, such a pH-driven increase in Dy, was reversible
upon reverting the pH to 4. Here, at high pH, the carboxylic
(-COOH) groups of MAA in the microgel particles underwent
deprotonation to form carboxylate ions (-COO™) (pK, of MAA
~4.7) and exhibited considerable electrostatic repulsion. This
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resulted in further water intake inside the microgel network,
ie. more swelling of the microgels.>>*® Furthermore, the
change in Dy, of the microgels was investigated by DLS upon
the gradual increase in the pH from 3 to 12 (Fig. 3D). The pH-
driven swelling ratios of the microgels clearly revealed there
was no specific trend (Fig. 3E), as the extent of the MAA was
constant. This corroborated with the fact that the protonation/
deprotonation of MAA controlled the pH sensitivity of the
microgels. AFM images for M2 corroborated their height as
~15 + 2 nm at pH 12 compared to their height as ~6 + 1 nm at
pH 4 (Fig. 3F and G).

The incorporation of the azobenzene crosslinker prompted
us to study the photoresponsiveness of the microgel particles.
Interestingly, the HEMA-Az molecule exhibited excellent revers-
ible trans to cis isomerization of azobenzene upon irradiation
with the 365 nm light for 10 min (Fig. S71). The absorbance at
335 nm decreased while another peak at 430 nm appears,
which was attributed to n-n* and n-n* transitions, respectively.
We were curious to explore the implication of such photo-
switching of the HEMA-Az crosslinker in the spatially con-
strained environment of the microgel network. Notably, the
azobenzene-incorporated microgels also exhibited a photoi-
somerization behaviour, albeit with a rather longer irradiation
time, as monitored from the UV-vis spectra. Thus, upon
irradiation with UV light (365 nm), M2 exhibited a gradual
reduction of the characteristics at 335 nm and an increase in
the 430 nm peak over 20 min, indicating trans to cis isomeriza-
tion, which could be retrieved within a minute upon shinning
visible light (455 nm) on the sample (Fig. 4A-C). On the con-
trary, the M1 microgel showed faster trans to cis photoisomeri-
zation kinetics owing to its lower incorporation of the hydro-
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Fig. 3 (A-C) DLS intensity data showing pH-induced reversible swelling/deswelling of the microgels M0, M1, and M2. (D) Variation in the hydrodyn-
amic diameter (Dy,) of the microgels as a function of pH, showing their swollen and collapsed states. Sample concentration = 0.5 mg mL™, T =
25 °C. (E) Histogram showing the pH-induced de/swelling factors for the microgels. (F-G) AFM height images of the M2 microgels at pH 4 and 12,

respectively.
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concentrations = 0.5 mg mL™%, T = 30 °C, pH 5.

phobic azobenzene crosslinker, which made the microgel core
less compact (Fig. S8t). Such slower trans to cis photoisomeri-
zation kinetics for M2 indicated a greater activation energy
barrier, owing to the constraint environment present in the
dense hydrophobic core of the microgel network. Next, we per-
formed DLS analysis to investigate the implication of such
reversible photoswitching over the swelling/deswelling behav-
iour of the microgels. Fig. 4D shows the gradual reduction in Dy,
for both M1 and M2 with increasing the irradiation time. This
accorded with the findings of Phua et al,”” who reported that
their microgels underwent rapid deswelling even though the
trans isomers were converted into the more polar cis isomers.
The constricted spatial arrangement of the azobenzene motif
embedded in the microgel as a crosslinker played a significant
role in such deswelling. Also, the cis state has a higher free-
volume requirement than the trans state, and to accommodate
the cis form in the microgel network, water molecules are
excluded by breaking the hydrogen bonds. The exclusion of
water results in entropic gain while breaking the hydrogen
bonding raises the enthalpy, i.e. entropic and enthalpic com-
pensation is required to accommodate the cis form.>® Further,
upon irradiation of visible light the microgel particles reswelled,
and such the reversibility of photoinduced swelling/deswelling
was demonstrated for up to 3 consecutive cycles (Fig. 4E).
Interestingly, the deswelling factor of M2 (~1.31) was found to
be slightly better than that of M1 (~1.14) over the three cycles
(Fig. 4F). This might be due to the higher concentration of the
azobenzene crosslinker present in M2. Expectedly, the control
microgel MO did not show any swelling/deswelling in response
to photoirradiation. The AFM height images showed a contrac-
tion of the height for the microgel M2 from ~6 + 1 nm to ~4 +
1 nm upon UV irradiation (Fig. 4G and H).
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Actuating microgel with fluid-flow control

The photoresponsive swelling/deswelling of the microgels
prompted us to explore their potential for micropump actua-
tion by fluid movement, with an aim for extraordinary pre-
cision at the microscale level. Consequently, we conducted an
investigation wherein M1 and M2 microgels (pH 5) were
immobilized within micropump chambers in a -circular
pattern (4.6 mm diameter) through hydrogen bonding and
electrostatic interactions (Fig. 5A). Our experimental set-up
involved injecting an aqueous solution containing suspended
tracer particles (5 um in diameter) into the chamber. Initially,
we observed an inward flow, i.e. fluid moved towards the film
in the case of the M2 microgel at a velocity of 0.66 + 0.0941 pm
s™' due to the hydrophilicity of the microgel (Fig. 5B).
However, after approximately 4 to 5 min the fluid flow ceased
as the microgels reached equilibrium with the surroundings.
Upon UV-light irradiation, a reversal in the fluid flow direction
was observed, with the fluid moving outward, i.e. away from
the film, at a velocity of 1.35 = 0.0834 ym s (¢f ESI, Movie
SV1t). This outward flow phenomenon was attributed to the
response of the azobenzene molecules within the microgel to
UV irradiation. Upon exposure, the trans isomer of azobenzene
undergoes a transformation into the cis state. Remarkably, the
cis state demands a larger free volume compared to the trans
state, compelling the microgel network to exclude water mole-
cules. This exclusion mechanism is facilitated by the disrup-
tion of hydrogen bonds, consequently driving the fluid to flow
outward from the microgel film.

Moreover, when exposed to visible light, an intriguing rever-
sal occurred, with the fluid now flowing towards the microgel
film with a velocity of 2.35 + 0.0794 um s~ (¢f. ESI, Movie

This journal is © The Royal Society of Chemistry 2024
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SV27). This oscillatory behaviour of the fluid indicated a
dynamic response to light stimuli. Such fluid-flow reversal was
based on the reversible nature of the azobenzene molecule’s
photoisomerization. Under visible light, the cis state showed a
transition back to the trans state, reducing the free volume
requirement and allowing the microgel to reabsorb water
molecules, thus drawing fluid towards the film. A fluid-flow
pattern akin to M2 was observed with the M1 microgel, but
with a slower velocity, attributed to the lower concentration of
azobenzene present within the M1 microgel structure
(Fig. 5C). Notably, these studies were also done at pH 7, but no
directional flow was observed. Further, we estimated the stabi-
lity of the microgel M2 after immersion in different culture
media, e.g. PBS, FBS, DMEM, and HF12. The zeta potential
data of M2 monitored over 7 days did not show any observable
difference, indicating the microgel was stable (Fig. S9At). To
further evaluate the cytotoxicity of the microgels, we performed
an MTT assay with the L929 mice fibroblast cell line, which
revealed a greater than 80% biocompatibility of M2 over a
broad concentration range (Fig. S9BY).

Drug-loading studies

Following the successful demonstration of the photorespon-
sive microgels effectiveness in the actuation pump study, we

This journal is © The Royal Society of Chemistry 2024

speculated that they might be able to modulate the fluid flow
with subsequent diffusion and mass transfer. Thus, we aimed
to exploit such photoactuation of the microgels for stimuli-
responsive drug delivery. Since the M2 microgel showed a
better fluid flow and photoactuation behaviour, we selected
this system for the on-demand stimuli-responsive release
studies. Ciprofloxacin (Cf), an antibiotic drug used in
microbial infections, was chosen for the drug-loading and
-release study. Interestingly, the drug (Cf) has two pK, at pH
6.1 and 8.8 owing to the presence of carboxylic acid and amine
motifs, respectively. Thus, the zeta potential values of Cf at pH
5, 7, 9 were found to be ~0.19, ~—6.89, and —12.32 mV,
respectively (Fig. 6A). This indicated that at pH 5, the drug
remained in a cationic form while at pH 7 and higher the drug
became negatively charged. The zeta potential of the M2
microgel showed an increase in negative charge with increas-
ing the pH, owing to the presence of MAA having a pK, of 4.7.
With consideration of the zeta potential values of Cf and
the microgels, the drug-loading studies were performed at
25 °C at different pHs. The changes were monitored by UV-vis
spectroscopy to ensure the maximum Cf absorption by the
microgel network via physical diffusion, hydrophobic inter-
actions, and electrostatic interactions. The drug-loaded micro-
gels showed negative zeta potentials at all the pHs.
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Interestingly, at pH 5 the drug-loading content (DLC) and
drug-loading efficiency (DLE) were found to be the best, with
values of 4.97% and 99.4%, respectively (Fig. 6B). This was pre-
sumably due to the enhanced electrostatic interaction of the
cationic form of the drug with the negatively charged microgel.
Moreover, the swelling of the microgels at higher pH led to
higher diffusion, besides the electrostatic repulsion, which
rendered a lower drug loading.>® Thus, we observed a DLC of
0.11% and DLE of 20% at pH 7, while at pH 9, they were found
to be 0.23% and 40%, respectively. Thus, we optimized the
drug-loaded M2 microgel at pH 5 for the further drug-release
studies.

Stimuli-responsive drug release

Next, we performed drug-release experiments by subjecting the
Cf-loaded M2 microgel to different stimuli of pH, temperature,
and light. The microgel was placed in phosphate buffer media
of pH 5.4, 7.4, and 9 maintained at a temperature of 25 °C and
37 °C. The media with pH 5.4, 7.4 and 9 mimic the endolyso-
somal compartment, extracellular pH, and wound environ-
ment, respectively. Notably, the temperatures (25 °C and
37 °C) were below and above the VPTT of the microgel; there-
fore, enabling a possible understanding of the drug-release
pattern with respect to pH and temperature. Moreover, the
photoswitching behaviour of the microgels mediated by the
photoisomerization of azobenzene was also probed towards
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obtaining the photoresponsive drug-release pattern, inspired
from the actuating fluid-flow pump model.

Henceforth, 12 simultaneous delivery conditions were
selected without irradiation and with irradiation (4 = 365 nm)
at two temperatures (25 °C and 37 °C) along with three pH
conditions (5.4, 7.4, and 9) in order to control the release of Cf
from the microgel (¢f ESI, Fig. S101). Fig. 7A and B give the
release data of M2 microgel placed in phosphate media of pH
5.4, 7.4, and 9 maintained at 25 °C without and with light
irradiation. At pH 7.4 and pH 9, we observed a negligible
amount of drug release (~2% and ~3%, respectively) over 20 h.
However, at pH 5.4 the loaded M2 microgel demonstrated a
slightly higher (~8%) percentage of drug release. This was pre-
sumably due to lowering the electrostatic interaction of the
microgel at pH 5.4 and the drug, leading to the passive
diffusion of Cf from the hydrophobic core of the microgel.
Interestingly, upon UV irradiation, the M2 microgel at pH 5.4
exhibited ~30% cumulative drug release, while cumulative drug
release was noted to be ~18% and ~25% at pH 7.4 and 9,
respectively. It is noteworthy that minimal electrostatic attrac-
tion existed between the positively charged ammonium ion of
Cf and the microgel due to the increased protonation of the
—-COO™ groups. Thus, the light-mediated photoisomerization of
azobenzene directly impacted the hydrophobic core of the
microgels to prompt Cf release. Such differences in the drug-
release extent at higher pH might account for the extent of the
photoswitching at those pHs. This corroborated the fluid pump
actuation study, where the flow velocity was found to be highest
at pH 5. Moreover, differential repulsive electrostatic inter-
actions between the negatively charged drug and microgels
might play a role in the comparatively higher release at pH 9.

Next, we performed drug-release experiments at the physio-
logical temperature of 37 °C, which was above the VPTT of the
M2 microgel. This incidentally paved the way for the tempera-
ture-mediated volume phase transition of the drug-loaded
microgels to greatly enhance the Cf release at 37 °C. Fig. 7C
and D show the release data for M2 microgel placed in phos-
phate media of pH 5.4, 7.4, and 9 maintained at 37 °C in the
dark and under light irradiation. We noted the drug-release
pattern attained a plateau within 20 h, where, Cf release from
the microgels showed an initial burst effect within 2 h, owing
to the enhanced diffusion process from the microgel interior,
and later maintained a sustained effect for up to 19 h. This
could be an outcome of the hydrophobic azobenzene inner
core concomitantly reducing the diffusion mechanism.'®°°
This alternate release profile could probably ascribe to the
temperature along with the pH sensitivity of the loaded micro-
gels along with change in hydrophilicity of the drug in accord-
ance with the pH and light. In the dark condition at pH 5.4, a
cumulative release of 12% of Cf was observed, while at pH 7.4
and pH 9, a negligible amount (~3% and ~4%, respectively) of
drug release was noted. This could presumably be attributed
to the passive release of Cf and the temperature-mediated col-
lapse of the hydrophobic core in comparison to the case at
25 °C. However, upon light irradiation at acidic pH 5.4, the
maximum cumulative drug release was noted to be approxi-
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mately 45%, whereas at pH 7.4 and 9, it was 30% and 39%,
respectively. Here, the M2 microgel system was in a collapsed
state because of MAA and the more profound light interaction
with the core at pH 5.4. The combination of increased temp-
erature and light irradiation upon the M2 microgel and the
increased drug solubility under acidic condition contributed
to the improved drug release.>

The drug-release kinetics were fitted with different pharma-
cokinetic models, including zero, first, Higuchi, and
Korsmeyer-Peppas model, in order to analyze the release
pattern of the microgel systems under different conditions
(Fig. S11, 12 and Table S17). For the Korsmeyer-Peppas model,
better R*> values were found showing it to be most suitable
fitting model. The diffusion exponent () of less than 0.5 indi-
cated it followed a Fick’s law of diffusion mechanism.
Interestingly, the UV-irradiation-rendered n value between
0.5-1 t suggested a combination of diffusion and erosion to be
the ideal mechanism of drug release. Furthermore, drug
release at lower pH exhibited higher kxp values, indicating the
pH-mediated shrinking mechanism of the microgel enhanced
the drug-release rate. Notably, the optimized size of the micro-
gel ensured a significant barrier to entering the bloodstream
through damaged endothelial cells. We anticipate that these
microgels would predominantly remain localized while ensur-
ing effective and sustained drug release at a wound site.

Conclusions

To summarize, we designed multi-responsive (temperature-,
pH-, and light-responsive) microgels with the different con-
tents of azobenzene crosslinkers, denoted as M0, M1, M2. The
effective incorporation of the azobenzene-based polymer into
the microgel network furnished the microgels network with
the distinctive photoisomerization property of azobenzene.
Furthermore, the microgels exhibited reversible swelling/des-
welling behaviour with temperature, pH, and light stimuli.
Notably, the size and deswelling ratio of the microgels were
reduced with the increase in azobenzene content owing to the
increased overall hydrophobicity of the microgels.
Furthermore, the M2 microgel system exhibited excellent
photoactuation, which was exploited for controlling the fluid-
flow pattern via inward and outward flow for the first time.
Such modulation of the fluid flow with subsequent diffusion
and mass transfer propelled by photoactuation of the microgel
was explored in stimuli-responsive drug (Cf) release experi-
ments. The drug was loaded in M2 microgel at 25 °C and pH
5, with an excellent adsorption capacity of 49.7 ug per milli-
gram. In vitro-release experiments were performed by adjusting
the temperature, pH, and light conditions, exhibiting ~45%
on-demand release in the presence of UV light at 37 °C and
pH 5.4. Such an azobenzene-based microgel system was
demonstrated to be a promising option for light-responsive
topical delivery. In this study, we highlighted azobenzene-
based multifunctional microgels and their capability to
achieve on-demand drug release in response to various

Nanoscale, 2024, 16,19254-19265 | 19263


https://doi.org/10.1039/d4nr02728k

Published on 18 2024. Downloaded on 01/11/25 14:25:35.

Paper

stimuli. Such stimuli-responsive microgels with tailored bio-
chemical, mechanical, and structural characteristics might
also find application in catalysis, enzyme immobilization, and
tissue engineering. This feature has the potential to accelerate
the development of functional systems intended for bio-
medical applications, and work towards that direction is
already underway in our laboratory.
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