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Herein we have prepared an antifouling and self-healable poly(dimethyl siloxane) (PDMS) based hydrogel
which consists of a mixture of curcumin loaded zwitterionic PDMS polymersomes and amine
functionalized PDMS polymersomes prepared via Reversible Addition—Fragmentation Chain Transfer
(RAFT) polymerization and a Schiff-base reaction. The curcumin loaded polymersome consists of a
PDMS and poly([dimethyl-[3-(2-methyl-acryloylamino)-propyl]-(3-sulfopropyllammonium)] (poly(sulfobetaine))
based tri-block copolymer (BCP) and it was characterized by dynamic light scattering (DLS), high resolution
transmission electron microscopy (HRTEM), field emission scanning electron microscopy (FESEM) and atomic
force microscopy (AFM) analyses. To prepare the hydrogel, amine functionalized PDMS polymersomes were
crosslinked with polyethylene glycol dialdehyde (PEG-DA) in pH 7.4 buffer solution via a Schiff-base reaction.
This hydrogel was able to show sustained delivery of the entrapped curcumin drug for more than 72 h. The
self-healing characteristic of the prepared hydrogel in the presence of saline water was elucidated by the
“scratch and heal” method and subsequently analyzed through tensile study. Due to the presence of

Received 11th May 2019, the poly(zwitterionic) moiety in the hydrogel system, it was observed that the hydrogel can efficiently reduce

Accepted 1st November 2019 protein deposition, where Bovine Serum Albumin (BSA) was taken as a model protein. It was observed that
the curcumin loaded hydrogel was detrimental towards both Gram-negative (Escherichia coli) and Gram-

positive (Staphylococcus aureus) bacteria. This type of smart soft hydrogel system can be a potential material

DOI: 10.1039/c9tb00949¢

Published on 04 November 2019. Downloaded on 3/11/2025 4:46:26 PTG.

rsc.li/materials-b

1. Introduction

In recent days, soft contact lenses (SCL) have been extensively
used for improving a wide range of vision deficiencies. A high
level of drug loading, controlled release of the therapeutics,
wearing comfort, and ease of removal from the ocular surface
are the major advantages of using soft hydrogel based contact
lenses."” Since the invention of the first soft hydrogel contact
lenses based on poly(2-hydroxyethyl methacrylate) (PHEMA)
(having 38% water content) by Lim and Otto, there has been
a plethora of literature in this field.> Among 150 different types
of available soft contact lenses, PHEMA has been the most
widely used material. But the poor permeation of oxygen of the
conventional PHEMA based hydrogel provokes the develop-
ment of silicone based SCL, which dramatically improve the
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for therapeutic applications for several eye diseases.

corneal oxygen supply (commercially available since 1999).*
The presence of the silicone domain offers least resistance to
oxygen permeation through the hydrogel system, which posi-
tively reduces hypoxia related complications. Apart from the
oxygen permeation, PDMS based SCL provide transparency,
good biocompatibility, and thermal and oxidative stability.
For this reason it is reported that silicone based SCL are
appropriate for developing artificial ophthalmic devices like
contact lenses, soft intraocular lenses, artificial corneas etc.””’
In this work, we have designed a smart PDMS based SCL with
an encapsulated antimicrobial and antifouling agent to fight
against microbial infection as well as to reduce biofilm for-
mation. It is a well-reported fact that microbial infections in the
eyes can result in blindness and morbidity. To fight against
these types of fungal and microbial diseases, generally, intrao-
cular injection or eye drops are used for specific delivery of the
drug and to reduce drug induced side effects.>® But the
problems associated with this type of system are poor solubility
and dispersity of the drug molecules, which result in poor
bioavailability of the drugs. It is reported that only 1-7% of the
applied dosage reaches the targeted site as the rest of the
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applied drug is washed out with the tears due to eye movement.'
So, the patient has to be administered the drug several times in a
day. As a consequence, the use of drug loaded soft hydrogel based
contact lenses is the best alternative for the sustained delivery of
the entrapped drug molecules, particularly in the case of fungal
infections like fungal keratitis infection where formation of a
strong biofilm resists the penetration of eye drops.'™"

The major limitations associated with hydrophobic PDMS
based SCL are poor wettability, and excessive deposition of
proteins (such as lactoferrin, lysozyme and albumin), mucin
and lipids, which impart several ocular discomforts."” To optimize
the required hydrophilicity in PDMS based hydrogels, in many
cases the PDMS surface is modified to ensure good wettability via
stabilization of the tear film over and under the contact lens."*
Bozukova et al,'® Chen et al.'® and many other researchers have
reported the effect of PEG in other polymer compositions to
incorporate hydrophilicity and anti-protein adhesion properties.
Deposition of certain proteins results in an increase in the
generation of microbes that can accelerate inflammatory
related complications like giant papillary conjunctivitis."” The
problem associated with PEG is its auto-oxidative nature to
form ether and aldehyde, resulting in the loss of the antifouling
activity of PEG."™ This limitation associated with the PEG
polymer provokes the emergence of a new class of polymeric
material that can resist protein deposition as well as stay strong
against the chemical degradation process. Jiang and co-workers
reported that poly(zwitterionic) materials (poly(sulfobetaine)),
poly(carboxybetaine) and poly(phosphobetaine) can show
ultralow-fouling, salt-resistance properties (anti polyelectrolyte
effect), excellent hydrophilicity and biocompatibility."**°

The major objective of this investigation is to prepare a new
PDMS based hydrogel having a hydrophilic zwitterionic moiety
and to use this material for effective delivery of hydrophobic
drugs like curcumin, a natural drug as a model. Curcumin has a
composition of 1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-
3,5-dione and can exist in both keto (in neutral as well as acidic
solution) and enol (in alkaline media) tautomeric forms.>!
It is approved as a ‘“‘generally regarded as safe” compound by
the U.S. Food and Drug Administration.”” Curcumin is a multi-
functional drug that can efficiently control different diseases like
anterior segment eye diseases, e.g. oxidative stress, inflammation
due to conjunctivitis, hyperglycemia, glucoma etc.>* But the use
of curcumin in ocular delivery is restricted due to its lower bio-
availability, as it is poorly soluble in water.>* In this case, we have
prepared a unique PDMS based polymersome system where
the middle block of the polymersome forming ABA triblock
copolymer is hydrophobic in nature (B segment, PDMS block),
which helps in encapsulating the hydrophobic drug via hydro-
phobic-hydrophobic interactions. The outer hydrophilic layer
(A segment, polyzwitterionic block) helps the polymersome to
easily disperse into the hydrophilic hydrogel system as well as to
increase the bioavailability of the hydrophobic drug. Polymer-
somes are a class of polymeric materials having a diameter of 50 nm
to 5 um prepared using amphiphilic synthetic block copolymers.>
Polymersomes can exist in the form of vesicular structures or in the
form of hollow tubes that can encapsulate water.>
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In this application, the hydrogel should have self-healing
properties apart from the antifouling characteristics so that
the structural integrity of the contact lens will be maintained
in the event of any damage or cracks during the usage of
this material. In this case, we have studied the self-healing
characteristics of the hydrogel after the generation of artificial
micro cracks. There have been several approaches to prepare
self-healable polymer materials, such as based on Diels-Alder
reactions,?®” disulfide reactions,*®° ionic interactions*° etc.
Here, we have utilized a simple ionic interaction approach
that can provide dynamic self-healing instantaneously and
repeatedly.

This investigation reports the preparation of a PDMS centered
tri-block copolymer based soft hydrogel material via xanthate
mediated RAFT polymerization and a Schiff-base reaction. The
hydrogel consists of PDMS based polyzwitterionic polymer-
somes and polyethylene glycol dialdehyde (CHO-PEG-CHO)
crosslinked amine functionalized PDMS polymersomes. To
prepare the amine functionalized PDMS, a poly(glycidyl metha-
crylate)-block-polydimethylsiloxane-block-poly(glycidyl methacrylate)
(PGMA-b-PDMS-b-PGMA) triblock copolymer was prepared
using RAFT-PDMS-RAFT as a macro RAFT reagent followed
by the amination of the PGMA unit using ethylene diamine
(EDA) as a ring opening reagent for the glycidyl group of the
PGMA unit. This tri-block copolymer was crosslinked via a
Schiff-base reaction. To incorporate self-healing, antifouling
and antimicrobial properties, during the crosslinking reaction
a curcumin incorporated PDMS based zwitterionic polymer-
some was added into the system. The PDMS based zwitterionic
BCPs were synthesized via a sequential copolymerization
method where RAFT-PDMS-RAFT was used as a macro RAFT
reagent to prepare the second block of poly(N-[3-(dimethyl-
amine)propyljmethacrylamide) = (PDMAPM-b-PDMS-b-PDMAPM)
followed by its betainization using 1,3-propane sultone via a ring
opening reaction. To the best of our knowledge, the preparation of
this type of PDMS hydrogel based on covalent as well as zwitter-
ionic interactions and its application in therapeutic contact lenses
have not been reported so far.

2. Experimental
2.1. Materials

Poly(dimethylsiloxane), bis(hydroxyalkyl) terminated (M, =
5600 g mol ') (OH-PDMS-OH), N-[3-(dimethylamine)propyl]-
methacrylamide (DMAPM), glycidyl methacrylate (GMA),
1,3-propanesultone, 2-bromopropionyl bromide (97%) (BPBr),
triethylamine (Et;N), 4,4’-azobis (4-cyanovaleric acid) (ABCVA)
(thermal initiator), carbon disulfide (CS,), diethyl ether (Et,0),
potassium hydroxide (KOH), ethanol (EtOH), N,N’-dicyclo-
hexylcarbodiimide (DCC), 4-(dimethylamino)pyridine (DMAP),
4-formyl benzoic acid (FBA), dichloro methane (CH,Cl,, DCM),
anhydrous magnesium sulfate (MgSO,) and sodium hydrogen
carbonate (NaHCOj3), ethylene diamine (EDA), curcumin (Cur)
drug, and bovine serum albumin (BSA) were purchased from
Sigma-Aldrich, USA.
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2.2. Methods

The preparation of the PDMS based macro-RAFT reagent has
been explained in the ESL¥

2.2.1. Synthesis of the tri-block copolymer of poly(N-[3-
(dimethylamino)propyljmethacrylamide) (PDMAPM-b-PDMS-b-
PDMAPM) using RAFT-PDMS-RAFT as a macro-RAFT reagent.
In a typical xanthate mediated RAFT polymerization process,***
PDMS macro RAFT (M,gpc = 6000 g mol™) (0.98 g, 1.63 x
10~* mol) was dissolved in 1.5 ml of DMF in a Schlenk tube
under inert (N, atm) conditions. After that, the monomer DMAPM
(4.2 g, 2.4 x 10”2 mol) and a DMF solution of the thermal initiator
ABCVA (0.012 g, 4.28 x 10> mol) (0.5 ml) were purged into the
Schlenk tube (Table 1). The reaction mixture was allowed to stir
for 30 min under an inert atmosphere and after that the whole
system was transferred to an oil bath having a temperature of
80 °C. After 24 h, the Schlenk tube was placed into an ice bath
to terminate the reaction followed by the precipitation of the
obtained product in diethyl ether. Finally, the tri-block copolymer
PDMAPM-b-PDMS-b-PDMAPM was acquired via drying in a
vacuum oven for 48 h at 40 °C (for PDMAPM,;-b-PDMSg5-b-
PDMAPM,; (conversion = 98%, Mpcpc = 30500 g mol
P = 1.34)) ['"H NMR, CDCl;, 6 = 0.07 ppm (Si-CHj), 6 =
0.56 ppm (Si-CH,-CH,-), 6 = 1.64 ppm (Si-CH,-CH,-), 0 =
1.66 ppm (CH3-CH,-O-), 6 = 2.29-2.33 ppm (-N-(CH3), and
(CH3),-N-CH,-), ¢ = 3.20 ppm (-CO-NH-CH,-), 0 = 3.55-3.45 ppm
(-CH,-0-) and ¢ = 4.66 ppm (i, CH;-CH,-O-)].

2.2.2. Synthesis of zwitterionic block copolymer (ZPDMAPM-
b-PDMS-b-ZPDMAPM) via betainization of the PDMAPM-b-PDMS-
b-PDMAPM copolymer. The betainization of the PDMS based tri-
block copolymer (PDMAPM-H-PDMS-b-PDMAPM) was carried out
by a ring opening reaction of 1,3-propane sultone to prepare
the zwitterionic block copolymer. In a typical synthesis process,
a 50 wt% excess of 1,3-propane sultone (1.5 g, 1.23 x 10> mol)
and the tri-block copolymer PDMAPM-b-PDMSg5-b-PDMAPM (1 g,
3.27 x 107> mol) were dissolved in 25 ml of dry THF and the
reaction mixture was allowed to stir for 24 h at room temperature.
After that, THF was distilled out using a rotary-evaporator and the
obtained product was dissolved in a minimum volume of water
followed by re-precipitation from excess THF. The precipitate was
collected via centrifugation and subsequent drying under a
vacuum at 30 °C. 'H NMR of the product was carried out using
D,0 as a solvent to confirm the formation of the zwitterionic
polymer ['"H NMR, D,0, § = 0.07 ppm (Si-CH3), 6 = 0.56 ppm
(Si-CHy-CH,-), 6 = 1.64 ppm (Si-CH,-CH,-), 6 = 1.66 ppm
(CH3-CH-O-), 6 = 2.94 ppm (-CH3-SO; ), o 3.10 ppm
([-N(CH,)(CH,),]), 0 = 3.46 ppm ([-N(CH,)(CHa)]), & = 3.55-
3.45 ppm (-CH,-O-) and 0 = 4.66 ppm (CH;-CH,-O-)].
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2.2.3. Synthesis of the tri-block copolymer of poly(glycidyl
methacrylate) (PGMA-b-PDMS-b-PGMA) using RAFT-PDMS-
RAFT as a macro-RAFT reagent. In a typical polymerization
method, PDMS macro RAFT (M,gpc = 6000 g mol™') (0.98 g,
1.6 x 10~* mol) was dissolved in 1.5 ml of DMF in a Schlenk
tube under inert (N, atm) conditions for 10 min. After that, a
DMF solution of GMA (4.4 g, 3.1 x 10> mol) and the thermal
initiator ABCVA (0.012 g, 4.25 x 10> mol) (dissolved in 0.5 ml
of DMF) were injected into the Schlenk tube under a nitrogen
atmosphere (Table 1). The reaction mixture was stirred under
N, conditions for 30 min and then placed into an oil bath
kept at 80 °C to carry out the polymerization reaction for 24 h.
After completion of the reaction, the reaction was quenched by
placing the Schlenk tube into cold water. The product (PGMAy;-
b-PDMS;5-b-PGMAy;) was obtained after precipitation in diethyl
ether followed by drying in a vacuum oven at 40 °C (conversion =
98%, Mycpc = 32000 g mol™', P = 1.42) ['H NMR, CDCl;,
0 = 0.07 ppm (Si-CH3), 6 = 0.56 ppm (Si-CH,-CH,-), J =
1.64 ppm (Si-CH,-CH,-), 6 = 1.66 ppm (CH3;-CH,-O-), 6 =
2.65 ppm and 2.86 ppm (-CH,-O-CH-), § = 3.55-3.45 ppm
(-CH,-0-), 6 = 3.25 ppm (-CH,-O-CH-), § = 3.84 ppm and
4.31 ppm (-COO-CH,-) and 0 = 4.66 ppm (CH3-CH,-O-)].

2.2.4 Amine modification of the tri-block copolymer. For
the amination of the tri-block copolymer PGMA-b-PDMS-b-
PGMA, a predetermined amount of the block copolymer
(2.5 g, 7.8 x 10~ mol) was dissolved in DMF (30 ml) in a
100 ml round-bottomed flask and purged with nitrogen for
10 min to make the inner atmosphere inert. After that, the
whole system was transferred to an oil bath kept at 80 °C.
Approximately, a 3 mol% excess of ethylene diamine (1 ml) was
added dropwise to the system using a dropping funnel under
continuous stirring conditions for 15 min, maintaining the
inert atmosphere. After completion of the reaction, the ethylene
diamine modified block copolymer was precipitated out in
excess diethyl ether. The obtained product was again dissolved
in DMF and then dialyzed in deionized water using a dialysis
tube having a molecular weight cut off of 3 kDa. After that, the
dialyzed solution was freeze-dried to get the amine modified
PGMA-b-PDMS-b-PGMA (AmMPGMA-b-PDMS-b-AmMPGMA) [0 =
0.07 ppm (Si-CH3), 6 = 0.56 ppm (Si-CH,-CH,-), 6 = 1.64 ppm
(Si-CH,-CH,-), 0 = 1.66 ppm (CH;3-CH,-O-), 6 = 2.79 ppm (-NH-
CH,-CH,-NH,), 6 = 2.91 ppm (-CH-CH,-NH-), 6 = 3.13 ppm
(-CH-OH), 6 = 3.55-3.45 ppm (-CH,-O-) and ¢ = 4.66 ppm
(CH;-CH,-O-)].

2.2.5. Synthesis of polyethylene glycol-dialdehyde. Poly-
ethylene glycol-dialdehyde (PEG-DA) was prepared by the modi-
fication of PEG using 4-formyl benzoic acid (FBA) via a Steglich

Table 1 Different BCPs via xanthate mediated RAFT polymerization using modified PDMS as a macro-RAFT reagent? in DMF at 80 °C

Expt. no. Sample composition

[M]: CTA-RAFT:[I] Conv. (%) Mynur (g mol™") Mygpc (g mol™) P

Mn/Theo (g m0171)

1 PDMAPM,;-b-PDMSgs-b-PDMAPM,; 584 :4:1 98
744:4:1 98

2 PGMAg3-b-PDMSes-b-PGMAo;

24500
28 600

30500
32000

1.34 30856
1.42 32440

@ RAFT polymerization of DMAPM and PGMA was carried out using xanthate modified PDMS of M, = 6000 g mol " as a macro-RAFT reagent in

DMF at 80 °C.
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esterification reaction. In a typical synthesis method, PEG-4000
(5 g, 1.25 x 10 mol), FBA (1.5 g, 10 x 10~* mol) and DMAP
(3 g, 2.46 x 10~* mol) were mixed in 40 ml of dry THF and
allowed to stir for 1 h at ice cold temperature. After that, a dry
THF solution of DCC (5.159 g, 2.5 x 10~ > mol) was added
dropwise to the prepared solution for 15 min under vigorous
stirring conditions under an inert atmosphere (N, atm). The
reaction mixture was allowed to stir at room temperature for
48 h followed by the centrifugation of the obtained solution to
remove the insoluble dicyclohexyl urea (DCU). The obtained
supernatant was concentrated using a rotary-evaporator and
was precipitated out in diethyl ether. The precipitate was again
re-dissolved in 5 ml of THF and subjected to dialysis against
deionized water using a dialysis membrane having a molecular
weight cut off of 3 kDa for 24 h. The deionized water was
replaced with fresh every 12 h. The final product after dialysis
was obtained via the freeze drying process and analyzed using
CDCl; as a solvent (0 = 3.86 ppm (a, -O-CH,-CH,-O-), ¢ =
7.96 ppm (¢, CHO-phenyl ring proton), é = 8.22 ppm (b, -COO-
phenyl ring proton), 6 = 10.12 ppm (-CHO)).

2.2.6. Preparation of the PDMS hydrogel via a Schiff-base
reaction. In a typical preparation method, 10 ml of an aqueous
solution of (concentration 300 mg ml~') the AmPGMA-b-PDMS-
b-AmPGMA polymersome was mixed with 5 ml of an aqueous
solution of polyethylene glycol-dialdehyde (concentration
100 mg ml™ ") in a reaction tube and homogenized for 5 min
before casting in a Teflon coated mould having the shape of a
contact lens. After that the solution was allowed to undergo gel
formation. It was observed that the solution turned into gel in
25 min. To confirm the formation of the hydrogel, the same
experiment was carried out inside a vial and the formation of
the hydrogel was confirmed through the vial inversion method.
The as prepared hydrogel was dipped into an ethanol water
mixture (1:4 volume ratio) for 24 h to get rid of the residual
reactants from the hydrogel. After that the hydrogel was
allowed to dry in a vacuum oven at 30 °C. It was observed that
when the solution was cast at a thickness of <2 mm, it was not
turbid. But more than 2 mm thickness resulted in a turbid
hydrogel. At a thickness of 1.5 mm, the hydrogel provides a
transmittance of 83% (Fig. S1a, ESIt), monitored using UV-vis
spectroscopy. The restriction of the path of the light at higher
thickness of the hydrogel due to the presence of more micro-
phase separation in the thick hydrogel as compared to the thin
hydrogel might be the reason behind the loss in transparency.*>*®
The presence of the hydrophobic PDMS segment and the hydro-
philic poly(amine) (AmPGMA) segment creates the micro-phase
separation.

The same process for hydrogel preparation was applied in the
case of the zwitterionic polymersome incorporated hydrogel.
Along with the amphiphilicity due to the presence of PDMS
and AmMPGMA segments, formation of the strong zwitterionic
interactions in the presence of polyzwitterionic polymersomes
also affects the transparency at higher thickness of the hydrogel.
At high thickness, there is a chance of the formation of more
zwitterionic interactions between the zwitterionic polymersomes,
which can affect the transparency of the polymer film.*” In our

This journal is © The Royal Society of Chemistry 2020
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previous report, we have proved the formation of the crystalline
domain by the polyzwitterionic segment via SAXS analysis.”®
In this case we observed 79% (Fig. S1b, ESI}) transmittance at
a thickness of 1.5 mm. To prepare the curcumin loaded hydrogel,
a curcumin drug loaded polyzwitterionic polymersome solution
at a concentration of 20 mg ml~" was thoroughly mixed with
10 ml of an aqueous solution of (concentration 300 mg ml™ )
AmPGMA-b-PDMS-b-AmPGMA BCP followed by the addition
of 5 ml of polyethylene glycol-dialdehyde (concentration
100 mg ml"). The whole system was allowed to homogenize
for 5 min and then cast over the mould. It was observed that the
whole system turned into a gel after 18 min of standing. The vial
inversion method was also applied in this case to confirm the
formation of the hydrogel. In this case, 74% transmittance
(Fig. Sic, ESIt) was observed for the curcumin loaded film with
a thickness of 1.5 mm. It was observed that at higher thickness
(2.5 mm), the transparency further reduced to 56% (Fig. S1d,
ESIt). A PDMS based hydrogel having no curcumin was prepared
as a control sample for the antimicrobial activity. Since the
curcumin molecule can exist in keto/enol tautomeric form, it
forms H-bonds between the amine groups of the amine functio-
nalized PDMS BCP. This restricts the gel formation in the next
step via a Schiff-base reaction between the aldehyde group of
CHO-PEG-CHO and amine group of the amine functionalized
PDMS BCP. As a result, a hydrogel was not formed. For this
reason, we have encapsulated the curcumin drug in the zwitter-
ionic polymersomes and dispersed accordingly during the
hydrogelation.

2.2.7. Swelling study of the synthesized hydrogel. The
swelling ratio of the synthesized PDMS based hydrogel was
determined using the gravimetric method. To study the swel-
ling of the hydrogel, a predetermined amount (400 mg) of the
disc shaped hydrogel was dipped into PBS buffer solution
having a pH of 7.4. After a definite time interval, the swollen
hydrogel was taken out from the PBS buffer and the weight of
the swollen hydrogel was taken after gently pressing the hydrogel
with tissue paper to remove the excess surface buffer solution.
The swelling ratio of the hydrogel was determined using the
formula mentioned below

Q o Wswolien — WDry

B WDry

where Wp,, and Wsyoen are the dry and swollen weight of the
hydrogel sample respectively.

2.2.8. Self-healing test. The self-healing property of the
hydrogel was monitored using the “scratch & heal” method.
To carry out the experiment, a micro notch was created over the
hydrogel surface using an insulin syringe in its dried condition.
After that, 1 ml of saline water (0.154 M) was added over the
notched surface of the hydrogel and kept for 15 min. The self-
healing efficiency of the hydrogel was monitored using optical
microscopy, AFM, tensile tests and rheology analysis. The
tensile test of the self-healed hydrogel was carried out to have
an idea of the retention of the mechanical properties by the
hydrogel after being cracked. For the self-healing experiment,
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a hydrogel without the polyzwitterionic polymersome was taken
as a control.

2.2.9. Mechanical properties. The tensile strength and
elongation at break of the wet hydrogels (dimensions =
50 mm x 15 mm x 1.5 mm) were measured using a Hounsfield
H10KS tensile test machine. Tensile test analysis was carried
out to confirm the self-healing ability of the hydrogel. It was
carried out by maintaining a crosshead speed of 10 mm min "
using a load cell of 500 N at room temperature. All the hydrogel
samples were brushed with silicone oil to prevent the evapora-
tion of water from the hydrogel surface.

The isothermal rheology analysis of the PDMS based hydrogel
in its swollen state was carried out using an Anton Paar (USA)
parallel plate rheometer. In this case, the shear strain was varied
from 0.001 to 10%, maintaining a constant angular frequency of
1 Hz at a 25 °C temperature. For the self-healing study, a
cylindrical shaped hydrogel having a thickness of 0.3 cm was
placed in a parallel plate rheometer. The shear strain was varied
as mentioned earlier. The variation of the viscoelastic behavior of
the synthesized PDMS based hydrogel samples was examined.

2.2.10. Protein adsorption assay. To study the antifouling
activity of the synthesized hydrogel, a piece of square shaped
hydrogel having a dimension of 1 x 1 cm” was dipped into
10 ml of 0.154 M BSA (concentration = 2 mg ml~ ') and left for
24 h at 37 °C. After the completion of the experiment, 3 ml of
the BSA solution was withdrawn and the absorbance of the
solution was measured using a UV-visible spectrophotometer at
a maximum wavelength of 286 nm. To have an idea about the
morphological change of the hydrogel surface after being
treated with the BSA solution, FESEM analysis of the hydrogel
surface was carried out. Before the analysis, the hydrogel
sample was washed with excess PBS buffer solution (50 ml),
so that the free BSA proteins over the hydrogel surface can be
washed out. The protein adhesion study was carried out over
both the hydrogel having the poly(zwitterionic) polymersome
(experimental sample) and that without (w/o) the poly-
(zwiterionic) polymersome (control sample).

2.2.11. Drug loading and in vitro release study. To encap-
sulate curcumin drug in the tri-block copolymer based poly-
mersome, a predetermined amount of poly(zwitterionic) BCP
(200 mg) was dissolved separately in DMF (5 ml) at a concen-
tration of 40 mg ml~" and then in the same solution curcumin
drug was dissolved at a concentration of 2 mg ml™'. The
mixture was stirred for 10 min till complete homogenization.
Then 20 ml PBS buffer of pH 7.4 was added dropwise to the
resultant solution with subsequent stirring for 2 h to produce
curcumin loaded polymersomes followed by dialysis of the
resultant drug loaded polymersome solution using dialysis tube
having a molecular weight cut off of 3 kDa. For the dialysis, the
tube was immersed in 1 L of PBS buffer solution for complete
removal of DMF. During the dialysis process, every 6 h the
buffer solution was replaced with fresh buffer solution to
ensure the complete removal of DMF. Then the polymersome
solution was centrifuged at 5000 rpm for 10 min to settle out
the unloaded curcumin. The amount of loaded curcumin
was determined by using a UV-vis spectrophotometer with a
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standard calibration curve at a wavelength of 425 nm. The drug
loading efficiency (DLE) and the drug loading content (DLC)
were calculated by the following equations mentioned below

(Weight of loaded drug in nanoparticles)
(Weight of drug in feed)

DLE(%) = x 100

(Weight of loaded drug in nanoparticles)
(Total weight of the drug loaded nanoparticles)

DLC(%) =

x 100

All the experiments were carried out in triplicate and the
average data were presented.

After that, the curcumin loaded polymersome solution was
freeze dried and was kept for further study. The procedure
to prepare the drug loaded hydrogel has been explained
previously.

To evaluate the curcumin release from the hydrogel sample,
200 mg of the gel was placed into 10 ml of PBS buffer solution
(pH 7.4) enclosed in a dialysis bag having a molecular weight
cut off of 3 KDa. After that the dialysis bag was transferred into
an incubator shaker (60 rpm) and the temperature was main-
tained at 37 °C. During the incubation, the dialysis membrane
filled with the hydrogel was dipped into 30 ml of PBS buffer
kept in a closed conical flask. At predetermined time intervals,
the PBS solution present outside the dialysis tube was taken out
and centrifuged at 5000 rpm for 10 min to settle out the leached
curcumin drug (as it is a hydrophobic drug) from the gel. Then
the released curcumin was solubilized in 2 ml of ethanol and
the amount of the released curcumin from the gel was deter-
mined using a UV-vis spectrophotometer at Ap.x = 420 nm
using a standard calibration curve of curcumin drug in ethanol.
Here, we have used this method to protect the hydrogel sample
from disintegration during continuous shaking. As we have
studied the drug release study for more than 150 h, we believe
that the hydrogel film will disintegrate in that time under
shaking and can form small hydrogel particles. If we do not
use the dialysis membrane as a barrier then the hydrogel
particles formed during shaking can be separated out with
the leached curcumin drug during centrifugation. This might
interrupt the UV-vis analysis of the drug. The following equation
was used to determine the amount of curcumin release:

Curcumin release%

Amount of the curcumin released at time “¢”

= - - x 100
Total amount of the curcumin present in the hydrogel

2.2.12. Antimicrobial assay. An inhibition zone method
was applied for the qualitative estimation of the antimicrobial
activity provided by the curcumin incorporated encapsulated
polymersome hydrogel. In a typical formulation for the pre-
paration of a lysogeny broth (LB)-agar plate, tryptone (1 g), yeast
extract (0.5 g), NaCl (1 g) and water (100 ml) were mixed
thoroughly. The pH was adjusted to 7.0. After that, agar (2 g)
was added to the solution and mixed well before autoclave
sterilization. For this analysis, Escherichia coli (Gram-negative)
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and Staphylococcus aureus (Gram-positive) were taken as model
microbes. The bacterial samples were spread over the LB-agar
plate individually using the pour plate technique before placing
the hydrogel solution (in PBS of pH = 7.4) over it. A well method
was adapted in this case to study the antimicrobial action by
the hydrogels. After placing the sample over the agar plate, it
was allowed to incubate for 24 h at 37 °C. The formed zone of
inhibition was measured using the zone measurement scale.
To study the repeatability of the experiments, the antimicrobial
activity of the samples was observed three times and an average
value has been reported in this manuscript.

2.2.13. Morphological analysis of bacteria. The morpholo-
gical analysis of the drug treated bacteria was carried out via
SEM analysis. To characterize the morphology of the bacteria
after being treated with the curcumin loaded embedded poly-
mersome hydrogel, log phase S. aureus and E. coli bacteria were
cultured in fresh LB medium having the curcumin loaded
polymersome containing hydrogel as a positive control and
the zwitterionic hydrogel without curcumin encapsulation as a
negative control. The whole solution was incubated for 3 h at
37 °C in a shaking incubator. Bacterial cells were collected via
centrifugation and then washed thrice with PBS (pH 7.4) buffer.
The isolated bacterial cells were then fixed with 2.5% glutar-
aldehyde solution for 2 h. After that the glass slide was washed
with 50, 70, 85, 90, and 100% ethanol for 10 min to dehydrate
the whole system. Before SEM imaging, all the samples were
gold sputter-coated.

2.2.14. MTT colorimetry assay. The MTT colorimetric assay
was carried out using the following mentioned protocol. For
this study, human dermal fibroblast cells were harvested using
trypsin-EDTA (Himedia, TCL144). After that, the cells were
counted using a hemocytometer followed by seeding of the
cells in a 96-well plate. The measured cell density was about
5000 cells per well. A high glucose DMEM medium (Gibco,
12800-017) with 10% FBS (Himedia, RM9955) was used to grow
the cells. After 75% confluence growth of the cells, the media
were altered to incomplete DMEM medium for treatment.
The curcumin loaded hydrogel and the hydrogel devoid of
curcumin were crushed and dispersed in PBS solution and
sonicated to get a uniform solution. The dispersion was again
mixed with incomplete DMEM medium. The final concen-
tration of the dispersion was 50 pug ml™'. Finally, the plates
were incubated for 48 h, and the incomplete medium was
replaced by 100 ul of MTT reagent (Thermo Fischer Scientific,
M6494) per well (1 mg ml™ ). After the required incubation,
a reading was taken at a wavelength of 550 nm using a
microplate reader (Biorad) to determine the cytotoxicity.>®

For the cytotoxicity of HaCat cells, a similar procedure was
adopted to that explained above.

2.2.15. Statistical analysis. The protein adhesion assay and
the antimicrobial assay were carried out in triplicate and the
average values of all triplicate values (+standard deviation)
were reported. Student’s ttest was used to compare the statistical
significance of the test samples against the control.

The characterization techniques have been explained in
the ESL¥
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3. Results and discussion

In this work, a tri-block copolymer based on PDMS was prepared
via the RAFT polymerization method. A PDMS based macro-RAFT
reagent was synthesized via modification of dihydroxy terminated
PDMS (OH-PDMS-OH) using bromination followed by a xantha-
tion reaction (Scheme S1, ESIt). After that this macro-RAFT
reagent was used to prepare a zwitterionic tri-block copolymer

’ ’
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Scheme 1 Preparation of the zwitterionic modified PDMS tri-block
copolymer.
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Scheme 2 Preparation of amine functionalized PDMS.
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and amine modified PDMS block copolymers (Schemes 1 and 2).
'H NMR analysis was utilized to elucidate the chemical structure
of the modified PDMS and formed block copolymer. The "H NMR
spectra of the pristine PDMS and bromine terminated PDMS are
shown in Fig. S2 and S3 (ESIt) respectively and explained in
the Experimental section. After xanthation of the brominated
PDMS analogous new characteristic resonances appeared at
0 = 4.66 ppm (i, CS-O-CH,-) (Fig. 1a).

Using the PDMS-macro RAFT reagent, an ABA tri-block
copolymer (PDMAPM,;-b-PDMS¢5-b-PDMAPM;;) was synthe-
sized using DMF as a solvent. The formation of the tri-block
copolymer was confirmed by "H NMR analysis. The charac-
teristic peaks for the second block (PDMAPM) appeared at
0 = 2.29-2.33 ppm [0, -N-(CH3), and p, (CH;),-N-CH,-] and
0 =3.20 ppm (m, -CO-NH-CH,-) (Fig. 1b). The molecular weight
of the tri-block copolymer was calculated to be Mpc =
30500 g mol™ ', having a P of 1.34 (Fig. S4, ESIt). Upon
betainization, several new peaks appeared at ¢ = 2.94 ppm (s,
-CH;-SO;7), 6 = 3.10 ppm (p, [-N(CH,)(CH;),]") and & = 3.46
ppm (q, [-N(CH,)(CH;),]").
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The shifting of the peak from 6 = 2.29 ppm (-N-(CHj3),) to
4 =3.10 ppm ([-N(CH,)(CH3),]") (Fig. 1c) indicates the success-
ful betainization (approximately 100% determined from NMR
analysis, indicated with the yellow highlight in Fig. 1) of the
tertiary amine to form the polyzwitterionic tri-block copolymer
(z-BCP).

To prepare the amine functionalized PDMS BCP, initially
the PDMS-macro RAFT reagent was utilized to prepare a PGMA
incorporated tri-block copolymer (PGMAgy;-b-PDMS¢s-b-PGMAy;)
followed by amination with EDA (Scheme 2). Characteristic peaks
for the PGMA segment appeared at é = 2.65 ppm and 2.86 ppm
(0, -CH,-O-CH-), 6 = 3.25 ppm (n, -CH,-O-CH-) and at 6 = 3.84 ppm
and 4.31 ppm (m, -COO-CH,-) (Fig. 2a). For the tri-block copolymer,
a number average molecular weight (M,,) of 32 000 g mol " was
observed from GPC analysis, having a D of 1.42 (Fig. S4, ESIf).
The obtained value of D designates the successful control radical
polymerization between the PDMS-macro RAFT reagent and
GMA.*

Upon amination of the PGMA unit, new characteristics peaks
appeared at ¢ = 2.79 ppm (p, -NH-CH,-CH,-NH,), ¢ = 2.91 ppm
(0, -CH-CH,-NH-) and at ¢ = 3.13 ppm (n, -CH-OH) (Fig. 2b).

The bifunctional crosslinker poly(ethyleneglycol) dialdehyde
(Ald-PEG-Ald) was prepared and characterized using 'H NMR
analysis as explained in the Experimental section (Fig. S5, ESIT).

The formation of the copolymer (PDMAPM-b-PDMS-b-
PDMAPM) was further characterized with FTIR analysis. Pris-
tine PDMS showed characteristic absorption peaks at 1033 cm™*
and 1192 cm™ ' for Si-O-Si stretching, 1265 cm™ " due to CH;
symmetric bending in Si-CHj, 2975 cm™" for C-H stretching in
CH;, and 3412 cm™ " due to OH ™~ stretching.*® After the formation

~3.49
/325
~286
-265
-192
-128
-110
-0.95
-0.09

CDCls

(b)

50 as 4.0 3.5 3.0 20 15 1.0 0.5 0.0

2.5
1 (ppm)

Fig. 1 'H NMR analysis of the (a) PDMS-xanthate macro RAFT reagent;
(b) PDMAPM-b-PDMS-b-PDMAPM tri-block copolymer and (c) PDMS based
zwitterionic tri-block copolymer (ZPDMAPM-b-PDMS-b-ZPDMAPM).

232 | J Mater. Chem. B, 2020, 8, 226-243

Fig.2 H NMR analysis of the (a) PGMA-b-PDMS-b-PGMA tri-block
copolymer and (b) amine modified PDMS based tri-block copolymer
(AMPGMA-b-PDMS-b-AMPGMA).
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Polymersome

Hydrophilic segment Hydrophobic segment
(PDMAPMZ) (PDMS)

Fig. 3 HRTEM image of the (a) ZPDMAPM-b-PDMS-b-ZPDMAPM tri-block copolymer based polymersome; (b) and (c) magnified view of the
polyzwitterionic polymersome; (d) amine modified PDMS tri-block copolymer (AmPGMA-b-PDMS-b-AmPGMA) based polymersome and (e) magnified

view of the amine functionalized polymersome.

of the block co-polymer (PDMAPM-b-PDMS-b-PDMAPM), new
absorption bands appeared at 1431 cm™*, 1732 ecm ™" and 2930~
2840 cm ™" due to the presence of C-N stretching, =C=0 group
stretching and asymmetric and symmetric stretching of the
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Fig. 4 FESEM images of the (a) ZPDMAPM-b-PDMS-b-ZPDMAPM tri-
block copolymer based polymersome; (b) magnified view of the polymer-

some; (c) amine modified PDMS tri-block copolymer (AmPGMA-b-PDMS-
b-AmMPGMA) based polymersome; and (d) curcumin loaded polyzwitter-

-CH,, group, respectively. After the treatment with 1,3-propane
sultone, characteristic absorption bands appeared at 931 cm™*
and 1477 cm ' (-CHj; stretching and bending vibrations of
[RN(CH;);]), and 1033 cm™ " and 1193 cm™ ' (symmetric and
antisymmetric vibrational peaks of the SO;~ group), indicating
the betainization of the PDMAPM group (Fig. S6, ESI{).*!

FTIR analysis was also utilized to find out the functionality
present in the PGMA-b-PDMS-b-PGMA tri-block copolymer. Due
to the presence of the PGMA segment, characteristic absorption
bands appeared at 850 cm ' and 915 cm ™' (oxirane ring

Polymersome formation in the tri-block copolymer system

w

Low curvature

-4

[ <P<1]|

| Polymersome |

FESEMimage  HRTEMimage  AFM image

ionic polymersome incorporated PDMS-NH, crosslinked hydrogel and (e)
elemental analysis of the hydrogel.

Scheme 3 Schematic representation of the probable mechanism of
self-assembly by the synthesized tri-block copolymers.
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asymmetric contraction and expansion), 1135 cm™ " (C-O-C
stretching vibration) and 1736 em™" (stretching of the =C=0
group).”> Upon modification with ethylene diamine (EDA), the
absorption bands at 850 cm™* and 915 cm ™! disappeared. This
indicates the successful ring opening by the EDA segment. A
bunch of new peaks appeared at 1495 cm ' (C-N stretching),
1582 cm ™' (N-H stretching) and 3445 cm™ ' (O-H stretching)
due to the presence of the EDA addition (Fig. S7, ESIT).**

Amine modified PDMS
BCP
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3.1. Self-assembly behavior of the tri-block copolymer in
aqueous solution and study of its morphology

Amphiphilic BCPs having ionic segments as one of the blocks
are an interesting class of macromolecules due to their fascinating
range of self-assembled structures including spherical, lamellar,
rod-like, vesicular etc.** Among different morphological orienta-
tions of BCPs, the vesicular structure is an important class of

Schiff Base Interaction (Covalent Bond)

o
_/\ Jj\ﬂr

o
> NH ks
Y i "‘[(,}\,\,\WTI/(

Schiff Base Interaction (Covalent Bond)

Zwilterionic 7nleraction

Scheme 4 Synthesis scheme of the PDMS based hydrogel (i) without and (i) with the polyzwitterionic polymersome.
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self-assembled structures of polymers because of its resem-
blance to liposomes (lipid vesicles). In our study, we have
monitored the self-assembly of BCPs via HRTEM, FESEM and
AFM analyses.

Fig. 3a shows the polymersome formed by ZPDMAPM-b-
PDMS-b-ZPDMAPM. This polymersome has three distinct layers
as evidenced by HRTEM images. The enlarged images of the
distribution of the tri layer have been shown in Fig. 3b and c.
AmPGMA-b-PDMS-b-AmMPGMA also shows a similar type of
morphology (Fig. 3d) (enlarged image shown in Fig. 3e). The
DLS analysis showed that the polyzwitterionic polymersomes
have a particle size of 265 &+ 5 nm with a particle distribution
index (PDI) of 0.352 (Fig. S8a, ESIt). A high value of the PDI
indicates ionic interactions between the polyzwitterionic seg-
ments. The curcumin loaded zwiterionic polymersomes have
a bit bigger particle size of 282 + 4 nm with a PDI of 0.379
(Fig. S8b, ESIt). Whereas, the amine modified PDMS polymer-
somes have a particle size of 255 £ 5 nm with a PDI of 0.334.
The zeta potential of the zwitterionic polymersomes was also
measured and it was 1.44 mV.

Like the HRTEM images, FESEM analysis also indicates a
ring like morphology (polymersome) for the PDMS based tri-block
copolymers in the presence of water. Both ZPDMAPM-b-PDMS-b-
ZPDMAPM (Fig. 4a) [Fig. 4b is the zoomed image of the zwitter-
ionic polymersome] and AmMPGMA-b-PDMS-b-AmPGMA (Fig. 4c)
acquired a ring like morphology in the presence of water. The
interaction of the polyzwitterionic polymersomes inside the bulk
of the PDMS based hydrogel was evidenced by FESEM analysis as
shown in Fig. 4d. The elemental mapping of the self-assembled
BCP has revealed the presence of silicon (Si), confirming the
existence of PDMS in the self-assembled structure (Fig. 4e). The
FESEM images of the PDMS-NH,, polymersome crosslinked hydrogel
and polyzwitterionic polymersome incorporated PDMS-NH, cross-
linked hydrogel have been shown in Fig. S9 (ESIt).

Formation of this type of polymersome morphology is
governed by several factors like the nature of the solvent, the
block length ratio of the segments present in the BCP and the
polymer-solvent interaction parameter (), which is directly
related to the solubility parameter (6) and the dielectric con-
stant value of the solvent (g).

In water, the hydrophobic segment of the BCP (like PDMS)
tries to orient itself so that it has minimum interaction with the
water. The self-assembly offered by BCPs is mainly due to the
unfavorable mixing enthalpy, which allows the micro-phase
separation in the BCP.

The difference in the solubility of the different segments of
BCP has an important effect over the formation of the curved
structure rather remains as a flat layered sheet form. Formation
of a thermodynamic instability gradient by the different blocks
of the BCP provokes the system to be curved and adopt the
vesicular morphology. By accepting the curved morphology,
the free energy of the hydrophilic layer gets increased while
the reverse thermodynamic phenomenon occurs for the hydro-
phobic segments. The obtained AFM images (Fig. S10, ESIt)
also corroborate the results obtained in the HRTEM and FESEM
analyses. Fig. S10 (ESIt) shows that the soft segment PDMS
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(dark brown color) occupies the middle layer of the tri-block
copolymer, whereas the hard polyzwitterionic segment (bright
yellow color) finds the terminal part of the tri-block copolymer.
It is reported that the interfacial curvature of the lamellar
structure is related to the packing parameter (P), which can
be expressed as follows:

Ve KgL2

P= —1—HL
T4 c+

where P = packing parameter; A. = the interfacial area between
the hydrophilic and hydrophobic segments; V. and L. are the
volume and length of the hydrophobic segments of the amphi-
philic BCP, H = mean curvature and Kg = Gaussian curvature.
The geometry and the molecular shape of the self-assembly
depend on the packing parameter value (P). It is reported that if
the “P” value for a tri-block copolymer is in the range of 1/2 <
P < 1, it will orient itself in a polymersome shape like in our
present system.*> The mechanism of the formation of the
polymersome has been schematically represented in Scheme 3.

3.2. Preparation and properties of the hydrogel

The hydrogel was prepared using Schiff-base chemistry. As the
Schiff-base reaction between an amino and an aldehyde group
to form an imine linkage can be carried out at physiological pH,
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Fig. 5 Study of the self-healing activity through AFM depth profilometry,
carried out in tapping mode: (a) 3D image of the cut and (b) 3D image of
the self-healed zone and (c) rheology analysis of the synthesized PDMS
based hydrogels.
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it increases its biocompatibility. The amine modified PDMS
based tri-block copolymer was crosslinked with dialdehyde
modified poly(ethylene glycol) (Ald-PEG-Ald). Rapid formation
of crosslinking via formation of imine bonds was observed
when the amine modified PDMS solution comes into contact
with the aqueous solution of the aldehyde modified PEG. The
formation of the imine bonds and subsequent gelation was very
rapid (25 min) and was confirmed through the inversion vial
method (Scheme 4(i)a and (i)b). It was observed that in the
presence of polyzwitterionic polymersomes the gelation time
reduced significantly to 18 min. In this case also the formation
of the hydrogel was confirmed through the inverse vial method
(Scheme 4(ii)c and (ii)d). The probable reason behind the rapid
gelation may be due to the formation of zwitterionic inter-
locking along with the formation of imine bonds.*®*%%”

The change in the hydrophilicity of the PDMS based hydrogel
with incorporation of the polyzwitterionic polymersome and
curcumin loaded polyzwitterionic polymersomes was evaluated
by water contact angle (WCA) analysis. It was observed that the
WCA value for the pure PDMS based hydrogel (6, = 110°) altered in
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the presence of polyzwitterionic polymersome incorporation and it
reduced to 0. = 94°. Upon incorporation of the hydrophobic drug
loaded polymersomes into the PDMS based hydrogel formula-
tions, a significant increase in the water contact angle (6. = 102°)
value was observed. It can be explained by considering the fact that
the curcumin drug loaded polymersomes occupied the free space
of the network structure in the bulk of the PDMS hydrogel, which
directly imparts hydrophobicity to the surface (Fig. S11a, ESIT).

The swelling of the formed hydrogel was measured through
the gravimetric method. As explained in the experimental
section a predetermined amount of a disc shaped hydrogel
was dipped into water and the swelling of the hydrogel mea-
sured through a relative water uptake study. It was observed
that the PDMS based hydrogel showed lower swellability (Q. = 12%)
as compared to the hydrogel having the polyzwitterionic polymer-
some (Q. = 20%) (Fig. S11b, ESIt). Upon loading of the hydrophobic
drug curcumin, the % swelling value again comes down to
16% (Qc).

Differential scanning calorimetry (DSC) analysis was carried
out to get an idea about the thermal response given by the
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Fig. 6 FESEM images of (a) BSA protein cast over the glass slide; (b) BSA protein adsorbed over the PDMS based hydrogel without (w/o) entrapped
polyzwitterionic polymersome; BSA protein adsorbed over the PDMS based hydrogel having entrapped polyzwitterionic polymersome at (c) the initial day
of study and (d) after 7 days of dipping into BSA solution; (e) analysis of the BSA adsorption through UV-vis analysis; (f) protein adsorption (%) over the
hydrogel surface calculated using the calibration curve and (g) schematic of the antifouling activity of the hydrogel.
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zwitterionic PDMS based hydrogel system. From the DSC
analysis (Fig. S12, ESIt), it was observed that the hydrogel is
stable up to 250 °C with no strong deviation in the DSC traces.

3.3. Study of self-healing and mechanical properties

We have adopted a ‘“scratch and heal” method in the case of
our synthesized hydrogel to have an idea about its self-healing
ability. In this case, we created a notch over the hydrogel
(zwitterionic polymersome incorporated PDMS hydrogel) surface
using an insulin syringe and then the notched hydrogel was
treated with saline solution (0.154 M NaCl solution). It was kept
for 20 min before the optical microscope imaging of the scratched
and healed surface. The as prepared PDMS based hydrogel having
no zwitterionic polymersomes was taken as a control. It was
observed that in the case of the zwitterionic polymersome incor-
porated hydrogel, rapid and significant healing occurred repeat-
edly, whereas for the pure PDMS hydrogel the cut remained the
same after the salt solution treatment (Fig. S13, ESIt). The self-
healing in the case of the zwitteionic polymersome incorporated
hydrogel was the effect of the reformation of the ionic bonds after
the application of the saline solution which were ruptured during
the cut. After the application of saline water, the hydrogel surface
swelled up and the ionic counterparts of the polyzwitterionic
segments came closer to each other and reformation of the ionic
bonds occurred via the participation of the quaternary ammo-
nium cations (-N(CH3);*) and the sulfonate anions (-SO;~).%° The
healing in the hydrogel system was also analyzed through AFM
analysis and Fig. 5 presents the obtained results. The 3D image of
the cut (Fig. 5a) and the healed (Fig. 5b) surface obtained from
AFM analysis delineates the successful healing of the surface.

It is reported that silicone based hydrogels are relatively
stiffer than conventional PHEMA based hydrogels due to the
presence of silicone.*® In our study we have found that the as
prepared PDMS based hydrogel has a modulus of 0.15 (MPa),
having an elongation before break (EB%) of 155%. After the
incorporation of the curcumin loaded polyzwitterionic poly-
mersome in the recipe of the PDMS hydrogel preparation, an
increase in the modulus value (0.18 MPa) and a significant
increase in the EB% (340%) were observed. The high percen-
tage of elongation in the case of the polymersome incorporated
PDMS hydrogel can be explained via considering the formation
of the ionic interlocking between the zwitterionic segments.
A significant elongation of ~340% of the hydrogel was
observed before break, because of the presence of elastic ionic
interactions. As a consequence, the toughness of the hydrogel
was higher as compared to the normal PDMS hydrogel
(control). The mechanical properties of the self-healed hydrogel
were also monitored to have an idea about the retention of the
mechanical properties after minor structural failure. It was
observed that the modulus of the self-healed hydrogel reduced
to 0.16 MPa and also the % elongation before break reduced to
some extent (270%) (Fig. S14, ESIt). Though the ionic bonds
were reformed after the treatment with salt water, the disruption
of covalent bonds which were formed due to the Schiff-base
reaction can’t be patched up at the mentioned time.
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In much of the literature, it is reported that the healing due
to a Schiff-base reaction takes more than 30 min in basic
conditions (pH > 8). Whereas, in water induced healing, a
Schiff-base based hydrogel takes more than 60 min to heal.***°
In our system, the healing is rapid (within 15 min) in the
presence of PBS solution having pH 7.4. Due to the lack of
reformation of the covalent bonds via the Schiff-base reaction, a
reduction in the modulus and the EB% value was observed. In
every case, the modulus values of the hydrogels are to some
extent closer to the market available contact lenses like Acuvue™
2 (0.29 MPa) and Acuvue®™ TruEye™ (0.66 MPa). The tensile
value of all the synthesized hydrogels has been shown in
Fig. S14 (ESIY).

Fig. 5c¢ shows the isothermal (temp 25 °C) viscoelastic
properties of the synthesized hydrogels where the strain %
was varied from 0.001% to 10% at a constant frequency of 1 Hz.
The rheology analysis was carried out in compression mode
where G’ and G” depict the elastic and viscous response given
by the hydrogel during the application of the shearing force.
From Fig. 5c, it was observed that the curcumin loaded hydrogel
showed a higher elastic modulus compared to the rest. Apart from
this, the presence of the polyzwitterionic polymersomes imparts a
significant elasticity to the hydrogel system. Interestingly, it was
observed from the rheo curve that a drop in the elastic modulus
(G") value occurred in the case of the PDMS based hydrogel devoid
of zwitterionic polymersomes at 6% strain. This is not the
scenario for the PDMS based hydrogel having dual crosslinking
(Schiff-base mediated covalent crosslinking and zwitterionic
crosslinking). A synergistic effect of covalent crosslinking due to
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Fig. 7 (a) Schematic of the formation of the polymersome and the drug
encapsulation; images of the prepared (b) pristine PDMS based hydrogel
and (c) curcumin loaded hydrogel and (d) curcumin release study from the
drug loaded polymersome and drug loaded entrapped polymersome
hydrogel.
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the Schiff-base reaction, zwitterionic interactions between the
ionic polymersomes and hydrophobic-hydrophobic interactions
between the curcumin drug molecules was the reason behind the
elastic stability of the PDMS based hydrogel under variation of the
strain %.

The self-healing property of the soft contact lens was further
cross-checked via rheological analysis. From Fig. S15 (ESIf), it
was observed that there was a deviation in the elastic (G') and
the viscous modulus (G”) values in the self-healed sample
compared to the same in the pristine hydrogel sample.
As explained earlier in the tensile analysis, the decrease in
the modulus value after the self-healing can be attributed to the
elimination of the covalent bonds during scratch formation
and only the formation of the ionic clusters between the
quaternary ammonium cations (-N(CH3)*") and the sulfonate
anions (-SO3 ) played a major role in retaining the modulus.

3.4. Protein adhesion assay

The extensive use of a soft contact lens by the patient enhances
the chance of protein deposition. The reduction of the protein
deposition over the contact lens surface is a challenging task.
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Due to the hydrophobicity of a pure silicon based hydrogel,
it is very much prone to the deposition of proteins.*®*! In this
work, the antifouling activity of the prepared polyzwitterionic
entrapped polymersome PDMS based hydrogel was evaluated
by the adsorption of the BSA protein over the hydrogel surface.
The respective calibration curve has been given in Fig. S16
(ESIY). The surface morphology of the protein treated hydrogel
was observed through FESEM analysis (Fig. 6). The PDMS based
hydrogel without the polyzwitterionic polymersome was taken
as a positive control, whereas the polymersome containing
hydrogel was taken as a negative control. Fig. 6a presents the
morphology of the BSA protein. From the study, it was observed
that the BSA protein was very much prone to adhere to
the PDMS based hydrogel surface (Fig. 6b) but the scenario
changed when the PDMS hydrogel has the polyzwitterionic
polymersomes. The presence of the polyzwitterionic segments
enhances the water adsorption capacity of the hydrogel, which
results in a surface having antifouling activity. The presence of
the thin layer of water over the hydrogel surface due to the
presence of the polymersomes restricted the formation of
biofilms (deposition of the BSA protein layer) (Fig. 6c). It is
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Fig. 8 Antimicrobial activity of the (i) pristine polyzwitterionic hydrogel and (ii) curcumin loaded polyzwitterionic hydrogel against (a) Gram negative
E. coli and (b) Gram positive S. aureus bacteria; (c) summary of the obtained zone of inhibition values in graphical format. The morphological analysis of
the (d) live and (e) dead S. aureus bacteria and (f) live and (g) dead E. coli bacteria through FESEM analysis.
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reported that the polyzwitterionic segment conforms to an
open chain structure in the presence of the salt solution due
to its “anti-polyelectrolyte” behavior, which accelerates the
antifouling activity.>>* Here, we have carried out the protein
adhesion experiment in the presence of 0.154 M NaCl solution,
which is the physiological salt solution concentration. As per
the recent trends in contact lenses, most of the commercially
available contact lenses can be used for a minimum of one day
to a maximum of seven days depending on the quality of the
soft contact lens. We have carried out the antifouling test over
the hydrogel after dipping the hydrogel into a salt solution of
BSA solution for 7 days and the FESEM image was captured
(Fig. 6d). We have found a comparable antifouling property to
the newly synthesized hydrogel film. Interestingly, it was
observed that the presence of the polyzwitterionic polymer-
some drastically reduced the deposition of the protein, which
was elucidated by UV-vis analysis (Fig. 6e). As described earlier,
for the antifouling test, a hydrogel sample having dimensions
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of 1 x 1 ecm” was dipped into a BSA solution of concentration
2 mg ml~" for 24 h at 37 °C. After that, a predetermined amount
of the BSA solution (1 mL) was withdrawn and the absorbance
was measured at Ap., = 280 nm (characteristic absorbance
value for the BSA protein). From the obtained absorbance value,
it was observed that in the case of the polyzwitterionic PDMS
hydrogel, the absorbance value was decreased drastically as
compared to the PDMS hydrogel without (w/o) polymersomes.
This supports the antifouling action of the polyzwitterionic
hydrogel. The extent of the protein adsorption (Fig. 6f) over the
surface was measured quantitatively through comparison of the
obtained absorbance value with the calibration curve of BSA
(Fig. S16, ESIt). The probable mechanism of the role of the
hydrogel has been schematically represented in Fig. 6g.

3.5. Drug encapsulation, release and antimicrobial study

As discussed in the Experimental section, the zwitterionic BCP
polymersome was loaded with curcumin drug during formation
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Fig. 9 (a) Confocal fluorescence microscopy image of the fibroblast cell line treated with the pristine hydrogel and the curcumin loaded hydrogel. The
red panel denotes cytoskeletal staining by rhodamin—phalloidin and the blue panel denotes nuclear staining by DAPI. A merged panel is also given. (b)

Respective % cell viability.
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of the polymersomes to get an encapsulated curcumin zwitter-
ionic polymersome.

A 4.2% drug loading capacity (DLC) and 63.4% drug loading
efficiency (DLE) were observed for the zwitterionic polymer-
some. Due to the presence of the hydrophobic segment (PDMS),
curcumin drug was entrapped in the core during the formation
of the polymersome. After that the drug loaded polymersome
was encapsulated in the PDMS based hydrogel. A schematic
representation of the whole process is presented in Fig. 7a. The
chemical structure of the curcumin drug has been shown in the
inset of Fig. 7a. The images of the pristine PDMS hydrogel and
the drug loaded PDMS hydrogel based contact lens have been
showecased in Fig. 7(b) and (c) respectively. The curcumin drug
release study was carried out at pH 7.4, the physiological pH
of the human body. It was carried out for both the curcumin
loaded zwitterionic polymersome and the drug loaded entrapped
polymersome PDMS hydrogel (Fig. 7d). It was observed that in the
case of the drug loaded polymersome, a burst release of the drug
occurred, whereas the drug loaded polymersome containing
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hydrogel showed sustained delivery of the drug molecules. The
reason behind the sustained release of the drug can be explained
by considering the effect of the network structure of the hydrogel
formed by the Schiff-base reaction between the amine modified
PDMS and the aldehyde modified PEG. The network structure
present in the bulk of the hydrogel creates a barrier to the
curcumin drug and controls its release. This type of sustained
release of the drug is very much crucial for long term use and can
effectively reduce the multi-time intake of the drug, which is a
problem in the case of applying eye drop solution.

The bactericidal activity of the synthesized hydrogel was
measured through antimicrobial assay. The zone of inhibition
formed as a result of the bactericidal activity of the hydrogel
was monitored to quantify the antimicrobial effect of the
formed hydrogels. The antimicrobial activity of the curcumin
loaded hydrogel was tested against Gram negative bacteria
E. coli (Fig. 8a) and Gram positive bacteria S. aureus (Fig. 8b).
Here, the entrapped polymersome hydrogel having no curcumin
content was taken as a positive control, whereas the curcumin
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Fig. 10 (a) Confocal fluorescence microscopy image of the HaCat cell line treated with the pristine hydrogel and the curcumin loaded hydrogel. The red
panel denotes cytoskeletal staining by rhodamin—phalloidin and the blue panel denotes nuclear staining by DAPI. A merged panel is also given. (b)

Respective % cell viability.
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loaded PDMS hydrogel was taken as a negative control. From the
figure it is observed that more profound bactericidal activity was
observed in the case of the Gram positive bacteria as compared to
the Gram negative bacteria. A significant zone of inhibition was
shown by the curcumin loaded hydrogel sample in the case of
both S. aureus (17 £+ 1.5) mm and E. coli (14 £ 0.5) mm. Fig. 8c
shows a graphical representation of the zone of inhibition that
was created by the hydrogel. The morphological behavior of both
S. aureus (Fig. 8d and e) and E. coli (Fig. 8f and g) bacteria after the
treatment with curcumin was observed and it was found that the
integrity of the smooth bacterial cell wall ruptured in the presence
of curcumin molecules. In general E. coli has a rod like structure,
whereas S. aureus has an elliptical cell morphology. Due to the
leakage of the intercellular fluid, the cell wall of both the bacteria
S. aureus and E. coli becomes wrinkled.>»* The antibacterial
action of the curcumin is mainly observed due to the inhibition
ability of the FtsZ protein formation in the bacterial body by
curcumin. FtsZ is a protein encoded by the ftsZ gene which is
important for bacterial cell division and viability. It is also a
prokaryotic homologue of eukaryotic cytoskeletal protein tubulin.
Curcumin mainly interrupts the FtsZ function, which indeed
inhibits bacterial proliferation, resulting in the antibacterial
property of the curcumin molecules.>>>”

3.6. MTT colorimetric assay

To get an impression about the cytocompatibility of the
curcumin loaded hydrogel and the pristine hydrogel, MTT
colorimetric assay has been carried out against both the human
dermal fibroblast cell line (Fig. 9) and the HaCat cell line
(Fig. 10). It has been found that even up to a concentration of
50 pg ml ', both the curcumin loaded hydrogel and the pristine
hydrogel are non-toxic to human dermal fibroblast cells as well
as HaCat cells. One interesting phenomenon was observed that
in the presence of curcumin the cell viability was higher as
compared to the pristine hydrogel. This might be due to the
high cell proliferation ability of curcumin.>®

4. Conclusion

In conclusion, we have prepared a smart self-healable hydrogel
based on a derivative of PDMS which can inhibit protein
adhesion (antifouling activity) and also can be catastrophic
against Gram-positive and Gram-negative bacteria. The as pre-
pared hydrogel consists of amine modified PDMS based poly-
mersomes which were crosslinked with an aldehyde modified
PEG moiety via a Schiff-base reaction, a biocompatible reaction.
To impart antifouling and antimicrobial activities into the
hydrogel, a curcumin loaded PDMS based polyzwitterionic
polymersome moiety was incorporated into the hydrogel for-
mulation. It was observed that the formulated PDMS based
hydrogel was able to sustained delivery of the drug curcumin
for more than 72 h. Interestingly, the hydrogel can show self-
healing behavior in the presence of saline solution via for-
mation of ionic interlocking between the poly(zwitterionic)
segments. This type of PDMS based smart hydrogel formulation

This journal is © The Royal Society of Chemistry 2020
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can pave a new direction in therapeutic contact lens applications
to cure several eye diseases.
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