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1 | INTRODUCTION
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Abstract

Self-healing composite hydrogels are prepared from sustainable biopolymers by
a green chemistry approach and analyzed by physicochemical and mechanical
characterization techniques for future injectable anticancer biomaterials. Water-
soluble chitosan (WSC) was prepared by grafting polyethylene glycol (PEG), glu-
tamic acid and gallic acid onto the chitosan chain by carbodiimide chemistry.
This WSC showed fast gelation (¢ ~ < 60 seconds) with benzaldehyde-terminated
4-arm-PEG as a crosslinker through an amine/aldehyde Schiff base reaction.
The compression modulus of these gels can be controlled between 6 and 67
kPa, which was dependent on both the crosslinker content as well as the total
solid content (T%). It showed injectability and complete self-healing ability at the
lower solid content (T = 2%). The hydrogel nanocomposites (HNCs) were syn-
thesized together with gold (Au) and silver (Ag) nanoparticles (NPs) and tested
for cytotoxicity using fibroblast cells (WI-38) for 48 hours, which showed good
biocompatibility. The in-vitro assay against cancer cells (US87MG) for 48 hours
indicated that only the HNCs with incorporated AuNPs were effective agents for
cancer cell apoptosis in contrast to pristine gel, pure NPs (Ag and AuNPs) and
HCNs with AgNPs. Therefore, these HNCs could be effective chemotherapeutic

materials for designing anticancer nanomedicines in the future.
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antimicrobial, anticancer and responsiveness to electric or
magnetic field stimuli. These MNPs might be gold (Au), sil-

Composite hydrogels with self-healing ability made up of
natural and synthetic polymers with tunable mechanical
and tissue mimicking capability are presenting an emerg-
ing class of biomaterial with superior characteristics than
the parent materials.[!! Nanocomposites (NCs) made up of
composite hydrogels with incorporated metallic nanopar-
ticles (MNPs) have several intriguing properties, such as

ver (Ag), nickel (Ni) or metal oxides of iron (Fe,03), titania
(TiO,) and zirconia (ZrO,).1!

The incorporation of NPs into natural-based bioma-
terials works as an activated therapeutic by enhanc-
ing the cellular interactions in wound repair and scaf-
folding performance.l*l Previously, the wound heal-
ing ability and antibacterial characteristics had been
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combined in a single composite material of AgNPs/
chitosan.!*]

Chitosan is a polysaccharide with excellent biological
properties, such as antibacterial, wound-healing ability,
biodegradability and immunological activity, and hence
many of its derivatives are potent candidates for gene
delivery, cell culture and tissue engineering areas.l>! How-
ever, pure chitosan with about 85% degree of deacetyla-
tion (DD) is insoluble at physiological pH, so it can be
modified into several versions of water-soluble chitosan
(WSC) such as grafting of polyethylene glycol (PEG (FDA
approved)),l®] carboxymethyl modified,!”®! arginine,!°!
dopamine/catechol group,!'°) and gallic acid (GA) grafted-
chitosan.!"'! Among synthetic hydrophilic and biocompat-
ible polymer crosslinkers, the multi-arm-PEG functional-
ized with aldehyde groups is very attractive owing to its
high flexibility, biodegradable ester linkages and antifoul-
ing ability.!1>13]

GA (3,4,5-trihydroxybenzoic acid) is a putative com-
pound in tannin and is the main polyphenolic compound
in grapes, berries, mango, areca nut, walnut, green tea.
It has remarkable biological activities, such as higher
antitumor sensitivity than normal cells, anti-carcinogenic
and anti-viral, antibacterial, antifungal, anti-inflammatory
and anti-malarial properties. This compound has also
been described for its excellent free radical or antiox-
idant activities.['**] The antioxidant-biopolymer conju-
gates, in this case GA-chitosan, exhibit amplified bioac-
tivities, such antioxidant, antibacterial, anticancer and
inhibitory effects on digestive enzymes when compared to
the free GA or biopolymer. This conjugation can be per-
formed by either enzyme or chemical modification.! ¢!

Green chemistry has revolutionized the field of material
science and nanotechnology to design low-cost, biocom-
patible, and biodegradable materials with desired mechan-
ical properties and minimum side product formation.!’]
The use of GA as green capping and reducing agents for
the synthesis of Ag and Au NPs is an attractive strategy,! %]
thus avoiding the use of toxic reductants such as hydrazine
and sodium borohydride. "]

The soft-gel nanocomposites can be obtained by host-
guest interactions in which gel matrix (chitosan) acts as a
“host” and MNPs (AuNPs, AgNPs) with appropriate cap-
ping agent (GA) is working as “guest” through van der
Waals interactions and hydrogel bonding.!?°] Moreover,
the presence of amine groups in the WSC biopolymer and
aldehyde groups in the benzaldehyde-functionalized star-
PEG (PEG-BA) crosslinker would result in self-healing 3D
hydrogels by reversible Schiff-base linkages, thus mimick-
ing a bioinspired natural self-recovery mechanism. 22!

AuNPs bioconjugates can rapidly convert strongly
absorbed light into localized heat and thus can also work
as selective photothermal cancer agents without affect-

ing healthy cells.l*! The presence of mobile negatively

charged citrate/GA functionality on these NP surfaces pro-
vides an exchange opportunity for positively charged moi-
eties, thus enhancing cell uptake for designing anticancer
pharmaceuticals.[?*! In addition to physicochemical prop-
erties, this surface charge has a substantial effect on the
enhanced permeability and retention (EPR) effect, which
contributes to nanocarriers (diameter <100 nm) drug pen-
etration and accumulation into cancer cells through pas-
sive targeting and endocytosis.|*’! The current modalities
of cancer, such as chemo- or radiation therapy, have unde-
sirable consequences of nonspecific dissemination, high
dose requirements and poor bioavailability. Hence, the
chitosan-based nanocomplexes have evade these issues,
ameliorating the dispatch of therapeutic agents to tumor
cells via a targeted approach.[2-27]

Here in this work, a self-healing composite hydro-
gel was prepared from chitosan biopolymer, WSC,
using benzaldehyde-terminated star-branched PEG as a
crosslinker. The gel components and their composition
were analyzed by various physicochemical characteriza-
tion techniques. The gel was comprehensively investigated
by mechanical characterization in order to get an opti-
mized composition for injectable application. The gel
nanocomposites with MNPs of Ag and Au were applied
for in-vitro applications against fibroblast cells (WI-38)
and cancer cells (U97 MG) for 48 hours.

2 | EXPERIMENTAL SECTION

2.1 | Materials

All the chemicals were purchased from Sigma Aldrich,
that is, AgNOs (99%), HAuCl, (99%), trisodium citrate
dihydrate (Na;Ct.2H,0) (99%), GA (99%), Chitosan (M, =
50-190 kDa, DD = ~80 %), L-glutamic acid (>99%), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride (EDC) (>99%), and 4-formyl benzoic acid (97%).
The 4-arm polyethylene glycol (4-arm PEG) (95% M, =
10 kDa) and PEG-5k 95% was purchased from JenKem
Technology USA.

2.2 | Methods
2.21 | Preparation of silver and gold
nanoparticles

For this study we used GA-capped MNPs of Ag and Au
obtained under optimum conditions, as reported in our
recent work,[8! that is, AgNPs (size = 50 nm, zeta poten-
tial =-34 mV and AuNPs (size = 32 nm, zeta potential = -36



KHAN ET AL.

'Z"'

[

LY
\y
3 )
s g’ :
+ 4
'A% <60s /.7
PEG-chit-glu/GA PEG-BA ~N=CH~'
‘ & ) Schiff-base
; linkages

hydrogel nanocomposite

AuNPs AgNPs

SCHEME 1 Preparation of 3D composite hydrogel from WSC
(chit-glu-PEG/GA), PEG-BA crosslinker and metallic NPs (AgNPs &
AuNPs)

mV). The concentration/number density of these NPs was
determined using UV/visible absorbance data according to
the previously established quantification protocol for both
kinds of NPs.[?8]

2.2.2 | Preparation of WSC and star-PEG
crosslinker

Both the components of the gel, WSC (chit-glu-PEG/GA)
and star-PEG crosslinker, were prepared by the same car-
bodiimide chemistry approach,[*’! except with the addi-
tion of two other reagents, PEG (5 k) and GA and hence-
forth will be represented by the symbol WSC (chit-glu-
PEG/GA), throughout the text.

2.2.3 | Preparation of 3D composite hydrogel
The composite hydrogel was prepared using different
amounts of WSC and benzaldehyde-terminated 4-arm
PEG (PEG-BA) crosslinker (Scheme 1).[2] Both the WSC
biopolymer and PEG-BA crosslinker were separately dis-
solved in deionized (DI) water in a glass vial to obtain
a homogeneous solution. For each desired composition,
the specific amount of PEG-BA crosslinker solution was
added into the WSC matrix using micropipette and then
vortexed for 15 seconds, which resulted in quick gelation
of the hydrogel within 60 seconds.

Note, for biocompatibility and anticancer activity assays,
the composite hydrogels were incorporated with ex situ
prepared different number density (NPs per mL) of AgNPs
and AuNPs (5 uL, 10 uL, 20 uL) stock solutions (~ 1x10°
NPs, 2x10° NPs, 3x10° NPs).

Qﬂs WILEY- 2

2.3 | Characterization techniques

For proton nuclear magnetic resonance spectroscopy (‘H
NMR) analysis, chit-glu was dissolved in D,0 (10 mg mL™)
and pure chitosan (10 mg mL") in 1.5% D,O solution of
CD;COOD. PEG and PEG-BA were dissolved in CDCl; (15
mg mL™). The NMR spectra were recorded on a Varian
Mercury 300 MHz spectrometer using tetramethylsilane
(TMS) as the internal standard.

Fourier transform infrared spectroscopy (FTIR) mea-
surements were made with a Bruker optics tensor 27 using
attenuated total reflectance (ATR) mode, between 650 and
3500 cm™!, using 16 scans and a resolution of 4 cm™.

Differential scanning calorimetry (DSC) analyses were
carried out on a NETZSCH DSC 204F1 Phoenix instrument
with an automatic sampler changer. The sample was taken
and pre-weighed in a 100 pL Al pan with pierced lid and
heated twice under an inert gas (N,) atmosphere from 25
to 220°C with a heating rate 0of 10°C min™ and cooled down
at a rate of 40°C min™ between heating. In the final cycle,
the sample was heated from 25 to 350°C.

For mechanical characterization of hydrogels, hydrogel
discs of different composition samples (volume 500 pL,
cross-section diameter (D) = 8.0 + 1 mm and height (H)
= 7.0 £ 1 mm) were prepared in a plastic syringe and cov-
ered with paraffin film. The D and H of the samples were
measured with a digital Vernier caliper. Compression test-
ing was done with a Bose BioDynamic ElectroForce Instru-
ment 5100 using WinTest 4.1 software (TA Instruments,
USA). The number of parallel compression samples (n)
was more than three (n > 3) and the results were averaged
+ SD. The testing was carried out under uniaxial, uncon-
fined compression in air at ambient pressure and temper-
ature. The compression was carried out with a speed of
10 mm min! and up to 65% of the original sample height.
From the results, the stress (kPa) value was calculated as
a force per unit area and the strain (mm mm™) as a dis-
placement per unit height. The slope of the linear region
of the stress versus strain curve (i.e., 15-35% strain), yields
the compression modulus.

2.4 | Invitro cell viability assay

The human lung fibroblast cell line WI-38 (from ECACC,
Public Health England, UK) was cultured with Dulbecco’s
Modified Eagle Medium/Ham’s Nutrient Mixture F-12
(DMEM/F-12 1:1; Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (South American origin,
Biosera, Finland) and 0.5% Penicillin/Streptomycin 100 U
mL? (P/S; Thermo Fisher Scientific). During biocompati-
bility testing the cells were trypsinized, counted and plated
on top of the hydrogel at density 20,000-30,000 cells cm™
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for three days. For viability analysis, the cultures were
stained using a LIVE/DEAD cell viability/cytotoxicity
assay kit (Molecular probes, Thermo Fisher Scientific). In
the staining assay Calcein-AM (0.2 uM, 1*°1tation — 488 nm)
stains live, intact cells green and Ethydium homodimer-1
(0.8 uM, Aecitation — 568 nm) stains dead cells red. After 30
minutes incubation, the cells were imaged with an Olym-
pus IX51 inverted fluorescent microscope and an Olympus
DP30BW digital camera (Olympus, Finland).

2.5 | Invitro anticancer activity against
US7MG cells

The U87MG cells were donated by research a group
from Solna, Sweden (Karolinska Institute). The cells were
grown on Dulbecco’s modified Eagle’s medium (DMEM)
(Hyclone, Logan, UT) supplemented with 10% fetal bovine
serum (FBS) and cultured at 37°C in humidified atmo-
sphere of 5% CO, environment.[**] The cells were plated
at a density of 20,000-30,000 cells cm? on top of the
hydrogel, while replacing the media after each 3 days.
The cultures were stained using a LIVE/DEAD cell via-
bility/cytotoxicity assay kit (Molecular probes, Thermo
Fisher Scientific). In the staining assay Calcein-AM (0.2
uM, Aexcitation — 488 nm) stains live, intact cells green
and Ethydium homodimer-1 (0.8 uM, AS*¢itation — 568 nm)
stains dead cells red. After 30 minutes incubation, the
cells were imaged with an Olympus IX51 inverted fluores-
cence microscope and an Olympus DP30BW digital cam-
era (Olympus, Finland).

3 | RESULTS AND DISCUSSION

The composite hydrogel was prepared from WSC, (chit-
glu-PEG/GA) and benzaldehyde-terminated 4-arm PEG
(PEG-BA) (Scheme 1) according to our previous protocol
with slight modification.l*!! The hydrogel nanocompos-
ites (HNCs) with MNPs were prepared by the addition of
AuNPs and AgNPs together with gel components, which
resulted in quick gelation in <60 seconds.

The PEG raw polymer and its derivatives were charac-
terized by FTIR spectroscopy (Figure 1). The character-
istic peak for the carboxyl group —~COOH is observed at
1734 cm™ in the case of PEG-COOH (Figure 1A), while
for the aldehyde group (-CHO) a band appeared at 1708
cm™, confirming the successful formation of PEG-BA. Chi-
tosan modified with PEG showed the characteristic PEG
C-H stretch at 2875 cm™ (Figure 1B (ii)). The characteristic
band of PEG oxygen C-O-C bending vibration at 1095 cm™
also appeared in the modified chitosan (chit-glu-PEG) and
shifted towards 1102 cm™, which indicated the success-

A)
(a) 1707
-CHO
S (b) 1734
e -COOH
c
£ \/‘255 cH (¢ 5
'E stretch : .
n : .
s a) o
= b)— I 1471
c) o *1095

Transmittance (%)

3000 2500 2000 1500 1000
Wave number (cm™)
FIGURE 1 FTIR spectra of (A) (a) 4-arm-PEG (10 k), (b)

PEG-COOH, (c) 4-arm-PEG-BA, (B) (i) pure chitosan, (ii)
chit-glu-PEG, (iii) chit-glu-PEG/GA, (iv) chit-glu-PEG (gel-A) and
(v) chit-glu-PEG/GA (gel-B)

ful conjugation and H-bonding with the chitosan cationic
amine groups.!*?! The amide (II) of glutamic acid merged
and weakly appeared at 1528 cm™ in case of all the deriva-
tives and the gel samples (Figure 1B (ii-v)). Similarly the
-C = O symmetric stretching appeared at 1406 cm™.[%!
The asymmetric —~CH,- stretching for PEG merged with
glutamic acid and appeared at 1466 cm™.[3%]

The 'H-NMR characterization of the raw PEG-OH, 4-
arm PEG and their derivatives (Figure 2), shows the char-
acteristic NMR signals of the different functional groups.
The -CH2-COOH characteristic NMR peak of PEG-COOH
(Figure 2A) at 2.6 ppm is indicated.[**) While in case of
modified chitosan, WSC the characteristic 'H-NMR reso-
nance for glutamic acid appeared at 2.8 ppm (2H) indicat-
ing successful grafting.['°]

The grafting of GA onto the chitosan chain was further
confirmed from the characteristic UV-visible SPR peak
(Figure 3). Pure GA showed an SPR peak (red line) at 263
nm, while the chitosan derivative (chit-glu-PEG) (black
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FIGURE 2 H-NMR spectra of the (A) a) star-PEG (10 k), b)

EG-BA, c) pure PEG (5k), d) PEG-COOH (5k), and (B) a) chitosan,
b) chit-glu-PEG and c) chit-glu-PEG/GA
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FIGURE 3 UV-visible spectra of A) PEGylated chitosan

(chit-glu-PEG), B) chit-glu-PEG/GA), C) pure gallic acid (GA)

Heat flow (mW/

A)——PEG-OH B) PEG-COOH
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FIGURE 4 DSC spectrum of the pure PEG and chitosan
biopolymer at various stages of modification. A) pure PEG-OH, B)
PEG-COOH, C) pure chitosan, D) chit-glu-PEG/GA, E) gel

line) did not show any peak. The same derivative conju-
gated with GA (chit-glu-PEG/GA) showed the characteris-
tic SPR peak for GA in the range 259-269, with a slight red
shift indicating a low energy n-7" and 7z-7" transition, con-
firming the successful conjugation of GA onto the chitosan
chain.[3-%7]

The DSC spectrum of PEG-OH, PEG-COOH (Figure 4)
shows only a single melting temperature at 72°C for raw
PEG-OH and drops after modification for PEG-COOH
to 62°C. Similarly, the chitosan derivatives during differ-
ent stages of modification showed that the melting and
decomposition temperatures of pure chitosan were 140 and
326°C, respectively. After successive modification the T,
and T4 dropped to 58 and 375/365°C, respectively.

The mechanical properties of the hydrogels were inves-
tigated by compression testing assay as a function of chit-
glu-PEG/GA/PEG-BA (WSC/PEG-BA) ratios at constant
total solid content (T = 6%) (Figure 5A) and as a func-
tion of T (%), while keeping constant polym/cross ratio
(1:1) (Figure 5B). Note that the amount mentioned here
of both the biopolymer (WSC) and the crosslinker (PEG-
BA) is taken as weight (W/W) ratio and same is case with
the T (%) in the final solution. The mechanical strength
(compression modulus) was highest at (WSC/PEG-BA)
ratio of 1:1 and increased when T (%) was increased. The
(WSC/PEG-BA) ratio of 1:1 was taken as optimum and
investigated further to find the injectable concentration
(T%), which was ~ T = 2% (Figure 5A), with a compression
modulus value of 6 + 2 kPa. Note that as the crosslinker
ratio was reduced ((WSC/PEG-BA) = 2:1) (A) or reducing
the T% (3% and 2%) (B), in both cases, the fracture strength
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FIGURE 5 Compression testing of the prepared hydrogel
samples A) at fixed T% (6%) and various (WSC/PEG-BA) ratios, B)

at fixed (WSC/PEG-BA) ratios (1:1) and different total solid content
(5%, 4%, 3%, 2%)

TABLE 1 Mechanical properties of the hydrogel as a function
of crosslinker and total solid content
(WSC/PEG-BA) Total solid Modulus

S. No. [W/W] content [T %] [kPa]

1 1:2 6 45+ 4

2 1:1 6 68 +5

3 2:1 6 6l1+5

4 11 5 63+5

5 111 4 25+3

6 1:1 3 21+3

7 11 2 6+2

(ultimate strength that the material can endure without
breaking) decreases and commences at 45% strain.

The mechanical properties of the hydrogels are summa-
rized in Table 1 as a function of varying crosslinker con-
tent and total solid content, while keeping other parame-
ters constant.

The mechanical properties of the hydrogels as a function
of total solid content and (WSC/PEG-BA) ratios (Figure 6)

WSC/PEG-BA
04 06 08 10 12 14 16 18 20 22
80 T T T T T T T T T
—e— Modulus variation (WSC/PEG-BA) =g - 75
70 | { —
% {/ {70
60 | —
465
_— 50 B . _—
g Jeo &
= 40 - 4 =
] 155 S
_§ 30 | i — s _§
= 20} E/ i =
das
10 | .
& 440
ok s —B— Modulus variation (T %) .
1 1 1 1 1 35
1 2 3 4 5 6 7
Total solid content (T %)
FIGURE 6 Compressive modulus of the hydrogels as a

function of total solid content (T%) (left-bottom axis) and as a
function of (WSC/PEG-BA) ratios (top-right axis)

indicated that deviating the (WSC/PEG-BA) ratios from
1:1 (modulus = 68 + 5 kPa) (T = 6%) on both extremes
shows a decrease in modulus values such as using ratios
of 1:2 (modulus = 45 + 4 kPa) and 2:1 (modulus = 61 +
5 kPa). This indicates that there is no linear correlation
between the polym/cross ratios and modulus values, but
for an equal number of complementary groups (aldehyde
and amine) available in the vicinity or (1:1) ratios, then
there is more chance for molecular network formation
rather than just merely rising crosslinker ratio.

This optimum ratio (1:1) was further investigated to
check the mechanical factor at various T%, which showed
a regular fall in the modulus values (Figure 6 bottom-left
axis) as the T% was reduced. This shows that the spacing
between the polymer network increases with high water
contents, which makes the network a more mobile/flexible
network with an obviously lower mechanical strength
when moving from T = 6% to 2%.

3.1 | Injectability/self-healing
experiment

The composite gel with (T = 2%, (WSC/PEG-BA) = 1:1)
was investigated for injectability and self-healing ability
in phosphate buffer saline (PBS, pH = 7.4) under ambi-
ent conditions (Scheme 2). The as prepared gel discs (orig-
inal transparent) and colored red (A) were taken into 5 mL
syringes (B) and then was injected through 22-gauge nee-
dle successively (C). The injected gels were kept in PBS (pH
= 7.4) for 2 hours under ambient conditions (D). The self-
healed gel was taken out of the syringes and were lifted
with tweezers (F), showing it was free-standing under
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SCHEME 2 Injectability and self-healing experiment FIGURE 7 Gelation time (seconds) as a function of total solid

(WSC/PEG-BA =1:1, T = 2%) gel: A) as prepared hydrogel discs, B)
gels were taken into the syringes, C) gels were injected successively
(red one followed by original transparent gel) through 18 gauge
needle, D) injected gel as kept for 1 hours in PBS, E) self-healed gel,
F) self-healed gel was lifted with tweezers, which proved its
mechanical stability

stress and thus showing its fully recovered network struc-
ture (F = A).

3.2 | Gelation time

The rate of gelation, which is a mechanism of transform-
ing the clear polymer solution into a well-shaped, self-
standing elastic hydrogel, was investigated under ambient
conditions by varying the total solid content (T%) in the gel.
The gelation time (seconds) was inversely related to T%, as
the T% was lowered from 6% to 2%, the gelation time was
increased from 18 + 4 seconds to 180 + 6 seconds (Figure 7).
This was because the overall gradually higher concentra-
tion (W) of the two components (WSC and PEG-BA) per
total solvent amount (high T%), would lead to effective
crosslink point formation due to the presence of reactive
groups (amine and aldehyde) in the vicinity.

3.3 | Invitro biocompatibility assay

The biocompatibility of newly designed biomaterials by in
vitro assays using target primary cells or cell lines is a pre-
requisite for materials used for clinical applications. "]
However, the in vivo complexity could not be captured
here, but it is providing an indispensable part of evalua-
tion of biomaterials for medical implants and drug delivery
uses.[*] The in vitro cytocompatibility of these hydrogels
(T = 4%, modulus = 25 + 3 kPa) was tested using fibroblast

contents (T%) in the composite gel

FIGURE 8

WI-38 cells cultured for 48 hours; A) blank, B)
chit-glu-GA/PEG gel only, C) AgNPs, D) AuNPs, E)
chit-glu-GA/PEG-AgNPs, F) chit-glu-GA/PEG-AuNPs. Scale bar is 1
mm

cells (WI-38) for 48 hours (Figure 8). The results indicate
that all the blank hydrogels, pure NPs and HNCs were bio-
compatible toward these healthy cells. For the nanocom-
posites, different amounts (numbers) of NPs were added to
the gel components. Note that due to almost similar effects
on the physicochemical, mechanical and in vitro assays,
only representative pictures of NPs (~1x10~° NPs per well)
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FIGURE 9

In vitro anti-cancer activity against U87 MG cells:
A) blank, B) chit-glu-GA/PEG gel only, C) AgNPs, D) AuNPs, E)
chit-glu-GA/PEG-AgNPs, F) chit-glu-GA/PEG-AuNPs. Scale bar is 1
mm

and their HNCs are shown here. This cytocompatibility
of our pure NPs (Ag and AuNPs) with the optimum size
used here (30 to 50 nm) was in in good agreement with a
previous report, where the size dependent cytotoxicity was
investigated by in vitro and in vivo models. AuNPs in the
range of 20 to 50 nm was non-cytotoxic as no indication of
DNA damage was observed, while smaller NPs of size 4-5
nm caused significant DNA damage. [“] The percentage
cell viability (%) on the surface of different gel composi-
tions was calculated according to a previous protocol.l*!]
The anticancer efficacy of the designed HNCs (Figure 9)
was investigated by an in vitro assay against cancer cells
(primary glioblastoma cell lines) (U87MG) for 48 hours
using blank cell culture media as a control. The HNCs
of AgNPs were less effective against these cells (E) than
AuNPs-incorporated HNCs (D). Comparing the cell viabil-
ity (%) data (Figure 10) of the two kinds of cells (WI-38 and
U87MG) further explains that HNCs of AgNPs (gel-AgNPs)
have comparatively lower cell viability (75 + 2%) against
normal cells (WI-38) and have higher cell viability (30 +
3%) against cancer cells (U87MG). On the other hand the
HNCs of AuNPs (gel-AuNPs) have good normal cell (WI-
38) viability (85 + 2%) as well as lowest cell viability (2 +
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FIGURE 10 Cell viability (%) of normal (WI-38) and cancer

(U87MG) cell lines cultured in solution (NPs) and on the surface of
different samples for 48 hours

1%) against cancer (U87MG) cells. This indicates that the
HNCs of AuNPs (gel-AuNPs) could be an effective material
against cancer cell apoptosis as most of the cells were dead
after 48 hours. Note that the overall charge on these AuNPs
is negative (Z = -36 mV) and this lowered anticancer effect
on U87MG cells of pure AgNPs is due to electrostatic repul-
sion with the negatively charged cell membrane (lower cel-
lular uptake). Therefore, in the case of HNCs, it is possi-
ble that the cationic hydrogel chain would screen repulsive
forces by covering NPs surface and hence provides EPR
effect.[*?]

It is also reported that the cellular uptake depends
on particle surface functionalization, and the positively
charged NPs have higher cellular uptake than neutral and
negatively charged, which after injection into cytoplasm
via endocytosis enters into the nucleus or permeabilize
the mitochondrial membrane to release apoptogenic fac-
tors like cytochrome c, which activate caspasis and cel-
lular death.[*>#4] Therefore, these hybrid hydrogels with
incorporated gold nanoparticles (HNCs-AuNPs) are serv-
ing by active targeting mechanism to completely kill cells
and stop cancer cell growth.

4 | CONCLUSIONS

The biobased self-healing composite hydrogel was
obtained from renewable biopolymer, chitosan- and
aldehyde-terminated star-branched PEG crosslinker
by dynamic Schiff-base crosslinking reaction. The gel
components were investigated by physicochemical
characterization techniques confirming the successful
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functionalization. The mechanical characterization of
the hydrogels was investigated as a function of poly-
mer/crosslinker ratios and total solid content (T%), which
indicated that their moduli were dependent on both these
parameters. The gel was self-healable/injectable at an
appropriate polymer/crosslinker ratio of 1:1 and total
solid content (T = 2%). The hydrogel nanocomposites
(HNCs) with AgNPs and AuNPs were investigated for
biocompatibility against WI-38 cells for 48 hours, which
showed good biocompatibility. The HNCs were tested
for anticancer activity against U87 MG for 48 hours,
which indicated that as against pure gels and pure MNPs,
the HNCs decorated with AuNPs were effective against
cancer cell apoptosis. Therefore, the chitosan-PEG/AuNPs
hydrogel nanocomposites could be an effective material
for the future anticancer nanomedicine.
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