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ABSTRACT

Limitations associated with the traditional cancer therapies prompt the scientific
community to develop an effective, safer, smarter and targeted drug carriers that
improve the efficiency of the drug carrier, reduce the adverse effects of the drug
on the healthy cells, and helps in preventing the cancer recurrences. This
research aims to design a stimuli-responsive, self-healable, adhesive, and
injectable polymeric hydrogel with ester functionalized ionic liquid (ILs) as one of
the additives to improve the efficiency of the anti-cancer drug in encapsulation
and localized delivery. The designed polymeric hydrogel responds to intracellular
biological stimuli (e.g. acidic pH of cancerous cells and temperature), change the
morphology through changing the shape and size of the gelator within the
hydrogel matrix and release the encapsulated doxorubicin (DOX) at the tumor
site efficiently. Molecular interactions, gel morphology, and mechanical strength
of the hydrogel were characterized through various analytical techniques,
including small angle neutron scattering (SANS). Adhesive properties of the
polymeric hydrogel were measured by lap-shear strength tests and
biocompatibility and cellular drug uptake study on human breast cancer (MCF-
7) and human cervical carcinoma cells (HeLa). The in-vitro cytotoxicity and drug
release study showed that the hybrid hydrogel is more effective at killing the
cancerous cells, and the targeted release of the DOX occurred at intracellular
acidic pH. The polymeric hydrogel provides an efficient therapeutic approach for

the encapsulation and release of the drug. Overall, the study offers a proof of
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concept to test the feasibility of the hydrogel system whether the hydrogel
formulation helped or hindered the total cellular DOX trafficking.

Keywords: Injectable hydrogel; Self-healable gel; stimuli responsive drug

release; localized chemotherapy; cancer recurrence.
1. Introduction

Cancer is causing ~9.6 million deaths globally in 2018 (second highest after
heart disease) with 1 in 6 deaths is due to cancer. Abnormal cell proliferation
and metastasis that leads to cancer development and recurrence after treatment
and results in the above statastics.23 Surgical removal of the cancerous cells are
normally followed by a round of chemotherapy or radiotherapy in order to lower
the expectancy of tumor metastasis.* Doxorubicin (DOX) is an approved
chemotherapeutic drug for the treatment of lung, breast, ovarian, and acute
Ilymphoblastic leukaemia.> However, clinical application of DOX is hindered by
its dose-dependent non-site-specific toxicity, such as cardio-toxicity and
prevalence of off target effects. Several drug carriers have recently been studied
to carry the drug molecules for the site-specific delivery such as liposomes,
niosomes, solid lipid nanoparticles, polymeric micelles, dendrimers, nanotubes,
and magnetic nanoparticles. These carriers reduce the drug administration
dosages needed for treatment and are cost-effective. They also reduce the severe
systematic off target side effects experienced through intravenous
administration.® But these carriers suffer from instability in circulation, poor
batch-to-batch reproducibility, poor oral bioavailability, difficulty with
sterilization, poor drug solubility, and accompanied toxicity to name a few.7”®
These can be overcome through site-specific stimuli responsive localized drug
delivery.

Stimuli responsive polymeric hydrogels are among the well-recognized and
recently tested site-specific drug carriers. However, they suffer lower
mechanical strength, rapid but limited drug loading, poor physical stability, non-
injectability, non-biodegradability and potential toxicity.l91! These could be

improved through incorporating external additives and modified solution
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conditions.!? Thermo-responsive polymeric hydrogel synthesized by Qu et al
through free radical polymerization exhibited increased drug release from the
hydrogel matrix with rise in the temperature. Increasing the temperature of the
hydrogel through irradiation decrease the mesh size and increases the release of
loaded drug molecules. The gold nanorods (GNRs) doped DOX loaded polymeric
hydrogel prevented the breast cancer recurrence effectively and efficiently than
the undoped DOX loaded polymeric hydrogel after primary tumor resection.!?

New advancements in localized chemotherapy have led to design smart
switchable hydrogel system that enable further control over the physicochemical
behavior of the gel matrix, which is highly desirable in the site-specific delivery
of chemotherapies and are stimuli- responsive, which response to different
stimuli or changes in the physiochemical environment i.e. pH, electric field,
temperature, magnetic fields, light intensity and biological molecules to name a
few.1416 The hydrogels undergo changes in their several physicochemical
properties such as colour or transparency, conductivity, permeability and phase
behavior on account of the external stimuli. 1416

In our quest towards smart drug carriers for the targeted drug delivery, we
had tested various soft assemblies including vesicles, coacervates and hydrogels
for their ability to transport the drug molecules.!”?2 In continuation to that,
herein we report poly(vinyl alcohol) (PVA) based hybrid hydrogel consisting of
ester functionalized morpholinium based ionic liquid (CisEMorphBr) and other
biocompatible additives including, dextrose, glycerol and sodium tetraborate.
The polymeric hydrogel 1is stimuli responsive hybrid, biocompatible,
biodegradable and high drug uptake efficient delivery system with ability to self-
healing (Scheme 1). PVA is a known water soluble, biocompatible,
biodegradable and thermo-responsive polymer that has been used in numerous
biomedical applications including in implants, contact lenses, drug delivery
devices, artificial heart surgery, in repairing and regenerating tissues and
organs and wound dressings.??2¢ Biocompatible and biodegradable (4-(2-
(hexadecyloxy)-2-oxoethyl)-4-methylmorpholin-4-ium bromide (CisEMorphBr)
was added to modulate the properties of the PVA through synergistic

interactions.2>:26 It was observed that drug encapsulation and loading capacity
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was improved in the presence of CisEMorphBr. The presence of an oxygen atom
in the morpholine ring and the cleavable ester functional group in the long alkyl
chain (hydrophobic part) significantly increases the biocompatibility and
biodegradability (ester hydrolysis by its (-I) effect) of the IL.27 The hydrophobic
alkyl chains of the CisEMorphBr through hydrophobic interactions with the
polymeric chains of the PVA forms 3D network structure that can carry the
doxorubicin (DOX) within the gel network. Introducing dextrose and glycerol
enhances the mechanical properties whereas sodium tetraborate introduces the
self-healing property within the hydrogel matrix. Overall our prime objective is
to construct a self-assembled structure that is capable of not only encapsulating
anti-cancer drugs but also is site specific and possesses stimuli-responsive
properties with biodegradable, biocompatible, adhesive and self-healing

characteristics.

7~
HO OH 0L _ -CHs
K’( (CH2)15
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Scheme 1. Chemical structures of (A) Dextrose, (B) CisEMorphBr, (C) PVA, (D)
Sodium tetra borate and (E) Glycerol.

2. Experimental Section

2.1 Materials

Poly(vinyl alcohol) (PVA), dextrose (>99.5%), glycerol (>99.0%) and sodium
tetraborate (99.98%) were used as received from Sigma Aldrich. (4-(2-
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(hexadecyloxy)-2-oxoethyl)-4-methylmorpholin-4-ium bromide(CisEMorphBr)

was synthesized and characterized according to the reported procedure.26
2.2 Preparation of the hydrogel

PVA (5000 mg), dextrose (250 mg), CisEMorphBr (500 mg), and glycerol (2.52
mL) were mixed in deionized water (75 mL), heated in a water bath at 70 °C for
90 min to form a transparent solution. The solution was then cooled to room
temperature and mixed with sodium tetraborate solution (25 mL, 0.04 mol L1).
The resulting mixture was then heated with stirring at 75 °C in water bath for
60 min giving a homogeneous transparent solution. The mixture when cooled to
room temperature forms the polymeric transparent hydrogel (Scheme 2). The
resulting hydrogel have PVA (580 mM), CicEMorphBr (11 mM), dextrose (13
mM), glycerol (434 mM) and sodium tetraborate (10 mM), where the

concentrations of each components are given in the parenthesis.

M= PVA, Dextrose, Glycerol and C16EMorphBr ; S= Sodium tetraborate.

Scheme 2. Schematic representation for the hydrogel preparation.

2.3 Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of PVA + H20, PVA + CisEMorphBr + dextrose + H2O and
PVA + CisEMorphBr + dextrose + glycerol +sodium tetraborate + H20 were
recorded using a Shimadzu FTIR-8400S spectrophotometer to deduce the

possible interactions between the molecules or with the solvent.

2.4 Dynamic light scattering (DLS) and zeta potential measurement
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DLS measurements were carried out in a Zetasizer nano ZS (Malvern, UK) by
varying pH and temperature of the polymeric hydrogel. Same instrument was

used to measure the zeta potential of polymeric hydrogel using a dip cell.
2.5 Small-angle neutron scattering (SANS)

Small-angle neutron scattering experiments were performed at 25 and 37 °C
using the SANS-I diffractometer at Guide Tube Laboratory, Dhruva Reactor,
Bhabha Atomic Research Centre, Mumbai, India.’® SAS Fit analyzing software
was used here to analyze the experimental scattering data using different fitting

models.

Equations (1) and (i1) were used to get the output of the 1D scattering intensity

function for cylinders:

/2

N f F2(q,a).sin a da + background )
0

Scale

P(q) =

With

. (1
sin({= gL cosa J1 (qR sina)
F(q,a) = 2(Ap)V 1<2 )1 Rsi
3 gL cosa qrsina

(ii)

Where a, q and Ap are the angle between the axis of the cylinder, the volume of
the cylinder and scattering length density differences between the scatterer and

the solvent respectively whereas J1 is the first order Bessel function.
2.6 Morphology of the hydrogel

The morphology of the hydrogel was studied using SEM (Hitachi S-3400 N), FE-
SEM (Hitachi S-4800), TEM (Philips CM-200), and AFM (Park XE 100) using

previously reported methods.2%
2.7 Rheology

Rheological analysis was carried out on a Physica MCR 301 (Anton Paar)

rheometer at 25 °C. We have used a 40 mm-diameter parallel plate (1 mm gap)
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that is attached to a transducer. We have placed the polymeric hydrogel sample
between the parallel plates while taking care of solvent from evaporation.
Angular frequency sweep measurement was performed at 1-100 rad s'! under a
constant strain of 0.1%. These rheological measurements were perfromed within
the viscoelastic region where G’ and G’ are storage and loss modulus and are
independent of strain amplitude. Frequency was fixed to 1 rad s while
performing the strain scans from 0.1 to 10%. The critical strain was defined as
the point from where G’ and G” crosses over, which results in gel breakdown. The
polymeric hydrogel was tested for its self- recovery properties against the applied
shear forces through measuring the strain sweep or thixotropic properties of the
hydrogel. Frequency was fixed to 1.0 Hz when the strain was changed from 0.1%
to 25%.

2.8 Adhesiveness of the polymeric hydrogels

The adhesive properties were measured by lap-shear strength tests on different
samples such as rubber, porcine skin, and glass. Briefly, after cutting the sample
into fragments (35 mm X 10 mm), freshly prepared hydrogel (100 pl) was applied
to one of the fragments. Second fragment of the sample was then brought in
contact with the first one. The contact area between the sample and hydrogel
was chosen to be 10 X 10 mm?2. After applying a 50 g/cm? load for 6.0 h, the

adhesion strength was measured using a Testometric M100-1CT instrument.
2.9 Dynamic Swelling behavior of hydrogel

Accurately weighed hydrogel samples were immersed separately in aqueous
buffer solution of 10 mL at pH 7.4 and pH 5 (at 37 °C) for 2 h to attain the
swelling equilibrium. At pre-determined time, the hydrogel samples were taken
out and weighed. Surface water was removed using the tissue paper and the
weight of the swollen gel (Wx) was determined. The equilibrium-swelling ratio
(Q) of the hydrogel was calculated from equation (iii):

Wa

“w,

(iii)
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Where, W, 1s the weight of water molecules in the swollen 3D gel network under

certain condition and Wy, is the weight of the dry gel.

2.10 Phase Transition Behavior

The gel-to-sol transition of hydrogels (pH=5.0; pH=7.4) were confirmed using
Cary 50 UV/visible spectrometer within the temperature range of 20 to 90 °C.
Temperature was controlled using peltier-controlled variable temperature cell

holder.
2.11 In vitro degradation of gel.

The degradation of polymeric hydrogel was investigated using phosphate
buffered saline (PBS) solution with pH 7.4 (normal tissue) and pH 5 (cancerous
tumour tissues). The hydrogel was weighed accurately and immersed into the
buffer solution of choice. The mixture was then stirred magnetically (50-70 rpm)
before placing the gel samples in incubation for 42 days at 37 °C. The
degradation of the hydrogel was observed through measuring the change in

weight of the gel at regular time intervals using equation (iv):

M, — M,
——x 100 i
2 (iv)

X

Loss of mass (%) =

Where, My and My are dry mass of the gel sample initially and after the certain

time of degradation.

2.12 Drug Loading studies.

We used modified breathing-in mechanism to load DOX within the polymeric
hydrogel (with and without CiscEMorphBr). The samples were than put on
shaker for 3h followed by centrifugation at 10,000 rpm for 10 to 15 min. The
supernatant obtained was diluted and the drug present in that was measured
using UV-Vis spectrometer at 480-485 nm. Equations (v) and (vi) were used to

calculate the drug loading efficiency (LE) and encapsulation efficiencies (EE):
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Initial Drug Concentration — Drug Concentration After Loading
LE (%) = *

100
Initial Drug Concentration )

Loading Ef ficiency — Initial Drug Concentration(pg/ml)
Initial Hydrogel concentration (ug/ml)

EE (%) = +100 (vi)

2.13 In vitro DOX release studies.

To measure the effect of temperature and pH changes on DOX release, the drug
loaded polymeric hydrogel was immersed in 37 °C, pH = 5.0 and 7.4 PBS at 200
rpm. At pre-determined time intervals, the drug release media were removed
and replaced with fresh PBS. Absorbance at 480-485 nm was measured using
Cary 50 UV/visible spectrometer to determine the amount of DOX in the release

medium.
2.14 Cytotoxicity Assay (MCF-07 and HeLa cell)

The in vitro cytotoxicity of polymeric hydrogel and DOX-loaded hydrogel was
performed through the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The cell lines were selected were, MCF-7 (human breast
cancer cell line) and HeLLa (human ovarian cancer). Briefly, the cells were seeded
in each well of the plates with 96-well, cultured overnight and exposed to
successive concentrations of DOX free polymeric hydrogel and DOX loaded
hydrogel (1, 5, 10 and 15 pg/mL DOX) in culture medium. Physiological
temperature (37 °C) and 5% COz incubator was selected to incubate the cell as
the controls. The medium was removed once the cells were cultivated for 48 h.
Subsequently; the cells were washed with PBS buffer with ultimate care and
again incubated with fresh 5 mg/mL MTT medium for more 4 h. The cycle of
removing the medium was repeated and 200 ul. DMSO per well was added. The
plates containing the cell wells were incubated at 37 °C for approximately 10 min
and the absorbance was recorded at 540 nm using microplate readers. Cell

viability was calculated with respect to positive and negative controls.

2.15 Drug uptake analysis
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Cells were seeded 50,000 cells/well in 6-well plates and cultured until 70%
confluency had been reached. After this time the media was replaced with varied
concentrations of DOX loaded hydrogel in culture medium, respectively (DOX
Free, 1 pg/mL DOX, 5 ug/mL DOX, 10 pg/mL DOX & 15 pg/mL DOX). The cells
were cultured for 4 and 24 h after which the media was removed, and they were
washed three times with phosphate buffered saline. The cells were counted and
100,000 cells aliquoted into an eppendorf tube. The cell suspension was
centrifuged at 800 rpm, the supernatant removed, and cells suspended in water.
The amount of DOX was measured using a UV-Vis spectrophotometer at 480-485

nm and calculated per cell, comparing to controls.
3. Results and Discussion

We focused here to design a polymeric hydrogel based drug delivery vehicle that
can be (1) programmed to release the encapsulated drug through biological
stimuli (pH and temperature), (i1) capable of secondary modifications and (ii1) is
capable to retain high water to allow passive diffusion of the entrapped drug
upon hydration. The designed PVA based hydrogel consists of CisEMorphBr,
dextrose, glycerol and sodium tetraborate as the additives, functions of which are
already mentioned in the introduction section of the manuscript. The PVA based
hydrogel possesses insufficient elastic properties; forms stiff membrane and offer
limited hydrophilicity for the biomedical applications in its purest form.29.30
Whereas, CisEMorphBr based hydrogel though having known biodegradability
and biocompatibility, have higher critical gelation concentration (CGC, 7.20 %
w/v) and lack in mechanical strength, which restricts its commercial applications
as the drug carrier.?” To ameliorate this, herein, we had proposed the formation
of PVA based hybrid hydrogel with CisEMorphBr as an additive, where the ratio
of mass fraction was 10:1 for PVA :CisEMorphBr. Through addition of
CisEMorphBr, we aim to (i) control the cost and injectability of the hydrogel and
(i1) improve the hydrophilicity of the hydrogel. We further added dextrose (x; =
0.0025) to improve the mechanical properties of the hydrogel and glycerol (x; =
0.000025) as well as sodium tetraborate (xi = 0.0000038) to induce the self-
healing property in the polymeric hybrid hydrogel. The polymeric solution was
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transformed into hydrogel upon cooling due to the molecular interactions within
the components of the mixture. The molecular interactions responsible for the
sol-gel transition are confirmed through the change in the frequency within the
FTIR spectrum of the components of the hydrogel and are shown in Figure 1A.
The hybrid hydrogel was formed during the sol-gel transition in which Dextrose-
CisEMorphBr, Dextrose-PVA, and CisEMorphBr-PVA were strongly cross linked
(Figure 1B). Strong supporting hydrogen bonds are present between the
Dextrose-CisEMorphBr-PVA (H-bonding I) and reversible hydrogen bond link
PVA-Borax-PVA to PVA-Glycerol-PVA (H-bonding II).3! The movement of the
PVA chains are restricted through these strong H-bonding network and
exhibited a stimuli-free self-healing ability (Video-S1) to the polymeric hydrogel
and improved its mechanical stability. These hydrogen bonds follows the bond
strength in the order of: H-bonding I> H-bonding II.5!

Sodium
PVA Dextrose ILs Glycerol tetraborate

-
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Figure 1. (A) FT-IR spectra of hydrogel with different components; (B)
Schematic representation of the internal structures and bonds of

self-healable hydrogel.
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Figure 2. Temperature and pH responsive size distribution of polymeric

hydrogels.
Table 1: Temperature and pH responsive size distribution of polymeric
hydrogels.
Temperature pH (25 °C) pH (37 °C)

Gel oC

25 37 5 7.4 5 7.4
Size 33215 301+5 420+£5  340+£5  H520+5 35645
PDI 0.33 0.21 0.21 0.28 0.29 0.20
Zeta -19 -20 -13 -18 -17 -11.5

To effectively use the hydrogel for drug delivery purpose, it is recommended
to investigate whether the hydrogel the stimuli responsive. To counter this
argument, we hereby studied the hydrodynamic sizes of the gelators within the
hydrogel matrix through DLS under the influence of temperature and pH. The
data also helps us to define the conditions for the drug encapsulation and

release. The results of size distribution along with the distribution plots are
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shown in Table 1 and Figure 2 respectively. Interestingly, out of the three
hydrogel samples, hydrogel with 75 mL water (25 mL of sodium tetraborate;
total amount of water (Ta) 1s 100 mL), showed increase in the size of the
aggregates with increasing temperature, whereas rest of the hydrogels; 25 mL
(Ta=50 mL) and 50 mL (Ta=75 mL) showed a non-specific response to
temperature. Higher degree of cross-linking often renders a greater extent of
rigidness and stiffness to the gel networks, which in turn restricts the
temperature sensitivity of the hydrogel. In addition, below 37 °C the hydrogel
was in more hydrated form and show maximum swelling state with size of the
aggregates in the range of 332 £ 5 nm at 25 °C. Further, as the temperature
increases to 37 °C, the size of the aggregates within the hydrogel matrix
decreases to 301 + 5 nm (Figure 2), possibly because of water exclusion from the
hydration shell. This eventually resulted in the collapse of the hydrogel due to
volume phase transition (VPT) and resulted in a more compact gel networks
because of the increased hydrophobicity. 32:33 It 1s worth to mention here that PDI
values decreases with temperature (0.33 at 25 °C and 0.21 at 37 °C), indicative of
the phase transition (Table 1). Further, zeta potential data exhibited minor
increase in the surface charge from -19 to -20 mV across the temperature range

that indicates the increased colloidal stability with temperature.3*

Temperature and pH affects inversely on the size of aggregates within the
polymeric hydrogel. The interplay of forces responsible for swelling of the
polymeric hydrogel are certainly responsible for the changes observed at higher
temperature and acidic pH (Figure 2). At acidic pH, the hydrogel gets protonated
and attracts higher amount of water molecules on its surface through H-bonding
and increases the size of the aggregates. Higher degree of swelling at acid pH
further strengthen the claim, vide infra. It was found that polymeric hydrogel
exhibited temperature and pH responsive characteristics with optimum size at
37 °C and 5.0 pH (Table 1). Other formulations (25 °C and 5.0 pH, 37 °C and 7.4
and 25 °C and 7.4 pH) that are tested in the present work did not show any
particular trend. These data are the basis of our drug encapsulation and release

of the entrapped drug from the polymeric hydrogel system studied here.
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We further employed small angle neutron scattering (SANS) to verify the
effect of pH and temperature on the size of the aggregates within hydrogel
matrix. In the SANS experiment, we measure the differential scattering cross
section (dX/dQ)) per unit volume as a function of wave vector transfer (q). As
shown in Figure 3, all the data were fitted using (q?!) cylindrical micellar
model.27:35.36 With increasing the temperature and decreasing the pH of the gel
system (from 25 to 37 °C and 7.4 to 5.0 pH), the cross-sectional radius of the
cylinder increases. This implies that the radius of aggregates increases with
increasing the temperature and decreasing the pH, also evidenced by DLS

measurements, vide supra (Table 2).

Table 2: Fitted parameters from modeling of SANS experimental.

Parameters Without drug pH pH
(pH 7.4) (25 °C) (37 °C)
(Cylindrical
25 °C 37 °C 5.0 7.4 50 74
micelles)
Cross-sectional
. 19.0 21.2 25.0 24.2 25.1 24.8
radius (A)
Length (L) > 350 A
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Figure 3: SANS scattering of hydrogel samples at various

temperatures and pH.

The structural arrangement within the hydrogel has been explored through
studying the morphology. We studied the morphology of the hydrogel through
SEM, FE-SEM, TEM, and AFM imaging. Figure 4A presents a typical SEM
image, showcasing the hierarchical porous three dimensional (3D) structure with
smooth and porous structure with an irregular distribution of micro and
nanometer scale pores.2?6 FE-SEM image was acquired to reveal the 3D fibrous
structures and assembly in the hydrogel which are composed of fibers with
diameters < 20 um (Figure 4B).28 TEM images confirmed that the 3D hydrogel
was formed through ordered fibers ranging in the length of 100 nm (Figure 4C).37
Further, AFM (Figure 4D) image that is effective in providing surface
topography and phase images confirmed the formation of a porous, soft and
fibrous structure within the hydrogel. The AFM images of the polymeric
hydrogel in Figure 4D show good agreement with the results of the SEM and FE-
SEM studies.?8
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Figure 4. Morphology of the hydrogel through (A) SEM; (B) FESEM; (C) TEM;
and (D) AFM images.
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First Breakage

Second Breakage
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Figure 5. (A) Frequency sweep dynamic rheology data at 25 °C (strain 0.1%);
(B) Strain sweep dynamic rheological data for the hydrogel 25°C (®
= 1 rad s1); (C) Thixotropic data of the gel, obtained by step-strain
measurements at 25 °C at a constant frequency (1 rad s?); (D) ‘NIT’
letter written through syringe to showcase the self-healing
character of hydrogel; (E) Self-healing properties and SEM image of
self-repaired previously damaged location after the hydrogel

underwent self-healing.

The strain sweep and angular frequency sweep measurements were
performed for the polymeric hydrogel to explore its mechanical strength.27.28.35
The changes in the storage moduli G’, and loss moduli G”, as a function of
angular frequency for the polymeric hydrogel at 25 °C is shown in Figure 5A. It
can be seen that at fixed strain of 0.1%, G’ was higher than G” within the whole
frequency range, which indicates the unstable colloidal particles that forms 3D
branched solid-like network within the hydrogel, SEM image, vide infra. The
strain amplitude sweep of the hydrogel sample (Figure 5B) demonstrated the
elastic response typical of polymeric hydrogel.? Rapid decrease in G’ was
observed beyond the critical strain strain value (yc), 1.e. 8.5% and the cross-over
was observed at 9.8% strain. Above y., G’ decreases through breaking of the 3D
network within the hydrogel. We note that the mechanical properties of the
studied hydrogel exhibits rapid recovery after a large amplitude oscillatory
breakdown, also known as thixotropic behavior of the hydrogel (Figure 5C).15.40
Under the application of a large amplitude oscillatory force (= 25%; =0.1 rad s-1),
the G’ decreases from 1205 to 110.6 Pa, resulting in a quasi-liquid state of the
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hydrogel (tan 6=1.69). However, when the amplitude is decreased (= 0.1%; =0.1
rad s'1), immediate recovery in G’ to its initial value was observed and it return

to quasi-solid state (tan 6= 0.12).4!

According to the results for rheological recovery properties (Figure 5C), the
self-healable hydrogel studied here existed in a sol state under high shear strain
and come back tothe elastic (gel) state once the stress was removed.
Therefore, this hydrogel could be used as an injectable gel through embedding
the drugs within the gel matrix for localized treatments. The shear strain should
be within the range of compressed plunger of the syringe through which the gel
1s passed and made to gel “flow” like liquid and pass through the needle. Herein,
reported hydrogel was tested for its injectable properties and the hydrogel due to
the dissociation of hydrogen bonding network mentioned above flow like liquid
from the needle of the syringe (Figure 5D) merely by applying pressure through
plunger. Once the pressure was removed, the extruded hydrogel returned
to the gel state. The self-healing property of the polymeric hydrogel was explored
through drawing the three letters ‘NIT" (The initial letters of National Institute
of Technology) in the fragments (Figure 5D) using the syringe. It was observed
that without any external stimuli, these fragments of hydrogel became smoother
(under ambient temperature) to complete the word ‘NIT’, exhibiting the excellent

self-healing ability of the studied polymeric hydrogel.

In addition, the studied polymeric hydrogel was cut in pieces and allowed to
self-repair without any external stimulus successfully (Figure 5E). It was further
observed that the self-repaired hydrogel could be stretched more than 20 times
than its original length without further breaking. After stretching beyond its
limit the new damage was observed from the site other than its first healed site
showcasing its excellent self-healing abilities.?! These properties (self-healing
and injectable behavior) of studied polymeric hydrogel could be envisaged as new

age invasive strategy in delivering the drug and implant to the body.!>
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skin, bone, muscle and liver; (B) Representative shear load—
displacement curves of the polymeric hydrogels with different
substrates; and (C) Schematic representation to determine the
adhesive strength of the polymeric hydrogel on rubber, porcine skin

and glass.

We have successfully explored the adhesive properties of the studied
polymeric hydrogel with various biological tissues such as skin, fat, bone and
muscle and the results in the form of visual images are given in Figure 6A. A
schematic diagram (Figure 6C) illustrated the adhesive strength of the polymeric
hydrogels to different substance (i.e. rubber, porcine skin, and glass). We used
lab shear test to study the adhesion properties where 10 mm contact area was
selected between the hydrogel sheet and the substrate. Here, the substrate was
fixed and the polymeric hydrogel sheet was stretched at the controlled rate of
100 mm min-l. Strongest adhesion was observed for the rubber samples. The
adhesion stress as a function of displacement was drawn in order to get the
adhesion strengths of the hydrogels with various substrates like porcine skin,
glass and rubber (Figure 6B). Rubber due to it roughness provides the largest
contact area with the hydrogel and showed the maximum value of the adhesion
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stress of 8.68 KPa. Besides, the adhesion of polymeric hydrogels on porcine skin
and glass are 8.20 KPa and 7.47 KPa respectively (Figure 6B). Present polymeric
hydrogel offer higher adhesive behavior as compared to the various polymer-
based gel; e.g. an ionic hydrogel with physically cross-linked polyvinyl alcohol
demonstrated the values of 5.22 KPa.*? In the polyacrylamide (AM) based
hydrogel, the adhesive strength of the hydrogel to porcine skin was increased
through doping AM with polydopamine (DA) and the adhesion strength was
reached to its maximum (15.2 KPa) when the the ratio of DA to AM was 0.8
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Figure 7. Swelling kinetics of polymeric hydrogel at 37 °C.

Through studying the swelling kinetics of the hydrogel in aqueous medium,
we determined the wettability of the hydrogel and the results are summarized in
Figure 7. When the hydrogel was immersed in water, it readily absorbs water
because of its highly porous 3D network structure. Results suggests that the
hydrogel can absorbs water about ten times more than its weight on drying.32.44
It takes approximately 70 = 5 (pH =5) and 85 + 5 min (pH =7.4) to attain the fully
saturated state. As observed in Figure 7, swelling of the hydrogel was decreased
at pH = 7.4, may be due to the presence of more physical crosslinks between 3D

hydrogels network.>

20| Page



—e—pH 7.4
404 —o—pH5 100<GeI; chqu Gel ﬁl}m‘ + ° + °
3 s ¥ v °
> x g
~ ~ Region1l  Region2  Region3 @ °
0 O 5 —
[x) Temperature
N c
° [
- 20 E 50
< £
2 @ °
7] S 251 °
= g .°.
04 = i ° pH=7.4
0{eeoeeoeoe8 * pH=5.0
T T T T T
0 10 20 30 40 50 25 50 75 100
. 0
Time (Days) Temperature ('C)

©) (D)

Figure 8. Degradation and in vitro release study (A) % weight loss of gel as a
function of time when the hydrogel was incubated in pH 7.4 PBS and
pH 5 PBS solution at 37 °C, (B) Phase transition of hydrogel (pH=5.0
and pH=7.4) at different temperatures, (C and D) TEM images of the
DOX loaded polymeric hydrogel with and without CisEMorphBr.

In order to utilize the hydrogel in implants, it is desirable to study its
degradation behavior under the tumour cell and physiological conditions. This
avoids the need for its surgical removal after the treatment and once the drug is
released at its desirable rate. The in vitro biodegradation of hydrogel was
estimated through observing the physical appearance of the hydrogel incubated
under acidic (pH 5.0, the pH of tumour cells) and normal (pH 7.4) physiological
condition. When incubated the hydrogel in the PBS buffer of 7.4, till 7 days no
remarkable change in its physical appearance was observed (Figure 8A), after
which we observed slight turbidity in the solution, indicating the degradation of

the hydrogel. However, when incubated with pH 5.0 PBS, within 5 days of
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incubation, slight turbidity was observed, ascribed to the breakage of 3D
structures in the hydrogel matrix suggesting the quicker erosion of the hydrogel
in the acidic condition.

As shown in Figure 8B, the gel-to-sol transition might be divided in to three
regions, at the temperature below 50 °C (pH=5.0) and 55 °C (pH=7.4), the
hydrogel remains semi solid like behavior and non-flowing characteristics with
almost zero transmittance value (region 1). With increasing the temperature
between 50-65 9C for pH=5.0 and 55-80 °C for pH=7.4, the transmittance
increases gradually, and the hydrogel transformed into viscous gel (region 2). As
the temperature reached 65 °C (pH=5.0) and 80 °C (pH=7.4) or above, viscous gel
become a transparent solution with no fibrous aggregates could be observed
(region 3). Such a temperature and pH induced phase transition was reversible
and i1s probably because of the association and disassociation of the hydrogen
bonding between molecule-molecule when the temperature and pH were
changed. The hydrogel in the absence of CisEMorphBr, showed low
encapsulation efficiency (~52.4%) and drug loading capacity (~3.2%) for DOX,
whereas the addition of DOX at the same ratio in the presence of CisEMorphBr
displayed higher encapsulation ~ 79.7% with a drug loading capacity at ~ 12.3%.
Drug encapsulation and loading efficiencies of the sodium alginate-based
hydrogel was enhanced by the addition of cationic gemini surfactant.*6 Therefore,
CisEMorphBr was determined to be a suitable candidate to improve loading
efficiencies. TEM images of the gel with and without CisEMorphBr show clear
difference in the encapsulation of DOX (Figure 8C, 8D). Increased hydrophobicity
of the system due to the incorporation of the CisEMorphBr within the hydrogel
matrix might be the reason for the increased drug encapsulation and loading
efficiencies, FTIR spectra vide supra. Drug might get encapsulated within the

fibrous structures of the gel matrix more in the presence of CisEMorphBr.
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drug release kinetics; (B) DOX release from the polymeric hydrogel at
37 °C and pH 5.

Table 3: Statistical parameters derived through fitting the drug release data to

zero order, first order and Higuchi model kinetic models; 47

r’@ pH (25 °C) r’@pH (37 °C)

Order 7.4 5 7.4 5
Zero 0.874 0.921 0.893 0.902
First 0.810 0.889 0.963 0.921
Higuchi’s 0.942 0.960 0.987 0.974

The in-vitro DOX release results under the two different physiological
conditions of temperatures (25 °C and 37 °C) and pH (pH 5.0 and 7.4) from DOX
loaded polymeric hydrogels are reported in Figure 9A. We observed ~82.3%
cumulative release of DOX from the DOX loaded polymeric hydrogel at 37 °C and
pH 5.0 after 50 h, whereas for the same time period ~53 % release was observed
for pH 7.4. A similar pattern was observed when the polymeric hydrogel was
incubated at 25 °C. The cumulative DOX release was ~64.0% at pH 5.0 and
~22.3% at pH 7.4. As expected, the acidic pH accelerate the release of DOX,
attributed to the increased hydrophilicity of DOX and de-solubilization inside the
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polymeric hydrogel fibrous network, thus drug release is enhanced. Further,
more drug was released at 37 °C, likely due to the increased permeability within
the hydrogel network.*8 Thus, the studied polymeric hydrogel demonstrate smart
release of DOX controlled through temperature and pH. Comparing the above
two conditions, we observed that DOX exhibited ~50% of sustained release in the
former case while we observed only ~30% release in the latter case within 20 h.
Above results demonstrate that the hydrogel studied here showed slow and
sustained released of DOX under physiological conditions of temperature and
(acidic) pH.15:16.32 Ag shown in TEM image, drug molecules are released in PBS

from the DOX loaded polymeric hydrogel at pH 5 and 37 °C (Figure 9B).

To get insights into the drug release mechanism, the in vitro release data
were fitted to zero order equation, first order equation and Higuchi release
kinetic models through plotting C; vs t, log (Co-Ct) vs t and C; vs square root of t,
respectively.*” Here Co and C; are the initial amount of drug in the hydrogel
matrix and drug released at time t. It was concluded from the data of Table 3
that the DOX release from the hydrogel matrix were found to follow Higuchi release
model.*® The release of drug from gel occurs mainly through surface erosion.
Influence of temperature and pH in changing the surface area and size of the

aggregates also contributes to the release of the drug from the gel matrix.

We had assessed the cytotoxicity of polymeric hydrogel and DOX loaded
polymeric hydrogel through treating the Hel.a and MCF-7 cell lines with them.
The polymeric hydrogel displayed excellent biocompatibility (Figure 10A, 10B)
while DOX loaded- polymeric hydrogels exhibited higher toxicity as compare to
the free DOX in cervical and breast cancer cell lines. Further, we used GraphPad
Prism Software to determine the ICso values from the dose response curve for
DOX loaded polymeric hydrogels against MCF-7 cell lines and the results are
summarized in Figure 10A and 10B. Regardless of incubation time, no-DOX
polymeric hydrogels showed little to no cytotoxicity (Figure 10A, 10B). This
shows that our system is a safe drug delivery method. The ICso value in case of
DOX loaded polymeric hydrogels for HeL.a and MCF-7 cells were found to be 0.97
and 0.84 + 0.5 pg/mL at 48h of the treatment exposure.
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Figure 10. Cytotoxicity study. % cell viability of (A) HeLa and (B) MCF-7; Drug
uptake study of (C) HeLa and (D) MCF-7 cells after exposure to
different doses of DOX loaded polymeric hydrogels for 48 hrs.

Cellular uptake studies were performed to assess whether inclusion in the
hydrogel influenced the drug ability to traffic into cells. The data (Figure 10C,
10D) showed that drug entered both cell lines in the picogram quantity per cell.
In both cell lines, the data did not appear to show a concentration dependent
uptake effect, possibly for these cells time is more influential in uptake. Indeed,
DOX has been shown to take up to 48 h to internalize into cells in its native
form, so the presence of the gel appears to be promoting earlier uptake, this
finding rationalizes the cytotoxicity data, whereby, earlier uptake is resulting in

greater cytotoxicity compared to the literature 1Cso values.
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4. Conclusion.

To sum up, we developed a pH and temperature dual responsive smart polymeric
hydrogel as an efficient anticancer drug carrier. The drug release profile was
dictated through measuring the swelling and phase transition behavior of the
hydrogel at physiological conditions (37 °C and pH 5.0). DOX doped polymeric
hydrogels exhibited improved encapsulation, cytotoxicity and drug uptake
towards HeLa and MCF-7 cell lines. The dual stimuli responsive nature of the
studied smart polymeric hydrogel could be envisaged as the smart drug carrier
for the wide-ranging positively charged drugs for cancer therapy. In order to
further elucidate this potential, further work is required in order to understand
the in vitro trafficking mechanisms as well as drug localization within the cell,

biodegradation in vitro and if favorable an in vivo efficacy study.

Supporting Information. Video description of the stimuli-free self-healing

ability to the polymeric hydrogel is given as Video-S1.
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