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A simple one-pot fabrication of silver loaded semi-
interpenetrating polymer network (IPN) hydrogels
with self-healing and bactericidal abilitiest

Mimpin Ginting, ¢2*2 Indra Masmur,? Subur P. Pasaribu {2® and Hestina“

In the last decade, there has been a significant increase in the development of self-healing hydrogels.
However, in most cases, the synthesized self-healing hydrogels possess no antibacterial properties.
Further, the preparation of self-healing hydrogels usually requires sophisticated processes and also
involves multiple steps. Herein, we proposed a simple one-pot synthesis of silver loaded semi-IPN
hydrogels with self-healing and antibacterial properties. The hydrogels were prepared by physical cross-
linking between polyacrylic acid (PAA) and ferric ions (Fe®*) and further modified by the interpenetration
of gelatin-silver in the networks. In addition, the effect by varying the gelatin concentration was also
studied. The mechanical properties of the as-prepared hydrogels reached 0.79 MPa in stress and 920%
in strain with the self-healing efficiency of 87.5% (healed at 70 °C for 2 h). As displayed by the SEM
images, the incorporated silver chloride nanoparticles (AgCl NPs) in gelatin-free hydrogels were
agglomerated. Meanwhile, well-distributed AgCl NPs in the hydrogels were obtained in the presence of
gelatin which acts as a stabilizer. Moreover, due to Fe>* and AgCl NPs, the hydrogels were able to inhibit
the growth of bacteria indicated by an inhibition zone (9-9.6 mm) which was examined toward

rsc.li/rsc-advances

Introduction

Hydrogels are constructed of 3D networks of either physically
and/or chemically cross-linked polymer chains that can hold
a large amount of water in the networks.»” Lately, hydrogels
have been further modified to broaden their applications, such
as providing self-healing ability to the hydrogels. The name self-
healing hydrogel indicates that the hydrogel is able to heal or
repair itself with or without stimuli after being damaged. The
attractive properties of hydrogels (e.g., hydrophilicity, biode-
gradability, absorptivity, and permeability) including self-
healing ability have led to them being applied in applications
of tissue engineering,® drug delivery, wound healing,® and
many other applications. However, the issue of poor mechanical
properties leads to a short lifespan of the hydrogels which often
hinders and limits their applications.

In the past decade, self-healing hydrogels were mostly
fabricated by utilizing non-covalent interactions. For instance,
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Escherichia coli via the disk-diffusion method.

Wei, et al. (2013) fabricated autonomous self-healing of poly-
acrylic acid (PAA) hydrogels induced by the migration of ferric
ions (Fe*").* In 2017, the dual physically cross-linked double
network (DN) hydrogels were synthesized Li, et al. through the
hydrogen bonds of cross-linked agar networks and the coordi-
nation interactions between Fe** and PAA.” Shao, et al. (2017)
reported a self-healing hydrogel based on hydrogen bonds
between cellulose nanofibrils (CNFs) and PAA, and the dual
ionic coordination bonds between Fe*" and carboxylic groups
from PAA and carboxylated CNFs.® Aside from its carboxylic
functional groups, PAA was basically chosen as the polymer
chains to fabricate self-healing hydrogels because of its excel-
lent mechanical properties. Despite its self-healing ability and
mechanical properties, hydrogels are vulnerable to bacteria and
as mentioned in the studies above, the antibacterial properties
of the prepared hydrogels have not been reported yet. Therefore,
designing a hydrogel with good mechanical properties, self-
healing and bactericidal abilities will be an interesting idea
which probably would broaden the scope of applications of
such hydrogels.

Silver (Ag) has been recognized due to its antimicrobial
activity and widely used for antimicrobial materials. The known
antimicrobial mechanism is because of the release of silver ions
(Ag") in which Ag" binds to the bacterial cell wall and penetrates
inside to disrupt the metabolic pathways as well as the bacteria
DNA replication.®* Silver chloride (AgCl) is one of the silver
compounds that release the Ag" slowly due to its low solubility.
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The slow release of Ag" is one of the most important factors for
bacteria inhibition, particularly in wound healing application.™
Moreover, AgCl is readily precipitated when there is the pres-
ence of chloride ions (Cl7) and Ag". Regardless of the ease of
AgCl preparation, the agglomeration of AgCl particles often
occurs upon precipitating. To prevent the agglomeration of
AgCl particles, the stabilizing agents such as chitosan, gelatin,**
polyvinylpyrrolidone (PVP),"”* and etc. are employed. Further-
more, by incorporating such gelatin-stabilized silver into the
self-healing hydrogels can answer the issues or challenges
mentioned earlier.

Inspiring by the challenges aforementioned, we fabricated
the silver loaded semi-interpenetrating polymer networks (IPN)
hydrogels with self-healing and antimicrobial properties at the
same time via free-radical polymerization as illustrated in Fig. 1.
So-called semi-IPN hydrogels, because the first network is
created through the ionic interaction of carboxylic groups
(-COOH) from PAA and Fe**, meanwhile, gelatin as the second
polymer are only interpenetrated into the first network.** To
date, there has not been reported to prepare the silver loaded
semi-IPN self-healing hydrogels within a single step. In addi-
tion, we also investigated the effect by varying the concentration
of gelatin. Finally, the antibacterial activity of the prepared
hydrogels was examined toward Escherichia coli.

Materials and methods

Chemicals

Acrylic acid (CH,CHCOOH, 99.1%, Echo Chemical), iron(im)
chloride anhydrous (FeCl;, 98%, Sigma-Aldrich), gelatin (9000-
70-8, Showa Chemical), silver nitrate (AgNO;, 99.8%, Aencore
Chemical), and ammonium persulfate ((NH4),S,05, 98%,
Sigma-Aldrich) were analytical grade and used as received
without further treatment.

Preparation of silver loaded semi-IPN hydrogels

The silver loaded hydrogels were prepared according to the
formula given in Table 1.

The FeCl; with a known amount was added into a beaker
glass containing AA solution and stirred until FeCl; dissolved.
This mixture solution was then heated to 50 °C followed by
adding a various concentration of gelatin with continuous
stirring. Afterwards, AgNO; was added into the mixture solution
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Fig.1 Schematic illustration of silver loaded semi-IPN hydrogels with
self-healing and antibacterial properties.
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Table 1 Formulation and nomenclature of silver loaded semi-IPN
hydrogels composed of AA (30 w/v%), FeCls (0.5 mol% of AA), AgNOs
(0.1 mol% of AA), and ammonium persulfate (0.15 mol% of AA) with
variation of concentrations of gelatin

Samples Gelatin (wt% of AA)
Ag-GO 0
Ag-G2 2
Ag-G4 4
Ag-G6 6
Ag-G10 10
Ag-G20 20

and the obtained mixture solution was stirred for 12 h at room
temperature. Furthermore, nitrogen (N,) gas was introduced
(degassing) to the as-prepared solution for 30 minutes and
immediately added APS into the solution in which the poly-
merization was conducted for 24 h at 37 °C. Prior to the char-
acterization and analyses, the obtained gel samples were
washed by using DI water.

Chemical functionalities by ATR-FTIR analysis

AA and gelatin were first made into a thin film by mixing and
grinding with KBr powder (as a reference). Then, the chemical
functionalities of the thin film were analyzed by Fourier trans-
form infrared method using a Bio-Rad model FTS-3500GX
spectrometer. On the other hand, the surface functional
groups of hydrogels were analyzed using such spectrometer
equipped with a diamond ATR accessory. All spectra were
recorded in the wavenumber of 4000-400 cm ™, a scan number
of 128 and a resolution of 8 cm ™.

Degree of swelling (DS) and gel fraction (GF)

The swelling degree of hydrogels was determined by the gravi-
metric method in which gel samples were immersed in DI water
until reach equilibrium constant weight at 37 °C. Prior to the
immersion, gel samples were first weighed as Wy using analyt-
ical balance. Afterwards, the water on surface of swollen
hydrogels was wiped using blotting tissue. Then, weighed the
hydrogels and recorded the weight as W;. The degree of swelling
was calculated by eqn (1):

W, — Wy
f

DS = % 100% (1)

Moreover, the determination of gel fraction of hydrogels was
conducted by drying such saturated swollen hydrogels until
reach equilibrium constant weight at 70 °C. Subsequently, the
dried hydrogels were weighed as W} and the gel fraction was
calculated using eqn (2):

W

GF= —
Wa

x 100% 2)
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Each determination was run in triplicate and the results were
expressed as mean + standard deviation (SD).

Mechanical properties and self-healing efficiency

Firstly, the hydrogels were cut to the size of 6 cm x 1 cm X
0.5 cm (L X W x H). The mechanical properties of the as-
prepared hydrogels were investigated using Testometric M500-
25AT equipped with a 100 N load cell and a crosshead speed
of 50 mm min . The results of tensile test on pristine hydrogel
were recorded as ¢. Subsequently, the fractured hydrogels were
allowed to heal without external stimulation at 70 °C for 2 h.
Afterwards, the healed hydrogels were subjected to tensile test
and the results were noted as ¢’. Eqn (3) was used to calculate
the self-healing efficiency (1) of the hydrogels.

n :% x 100% 3)

The tests were run in triplicate for each specimen and
expressed the results as mean + standard deviation (SD).

Surface morphology and elemental composition of hydrogels

Scanning electron microscope (SEM) was performed to observe
the surface morphology of hydrogels. Previous to the scanning,
hydrogels were freeze-dried for 2 days at a temperature of
—50 °C and pressure of 10 mTorr. The freeze-dried hydrogels
were then adhered on the specimen holder followed by plat-
inum coating through the sputtering process and observed with
a JEOL (JSM-6500F, Tokyo, Japan) FE-SEM at an accelerating
voltage of 10 kV (magnification of x500 and x3000). Mean-
while, the energy dispersive X-ray (EDX) spectroscopy was con-
ducted to determine the elemental composition of hydrogel.

XRD analysis

The crystallinity of the hydrogels was examined using a Bruker
D2 Phaser X-ray diffractometer at a scanning rate of 6° min
using Cu Ko radiation (A = 0.151418 nm) with a working voltage
of 30 kv and current of 10 mA. The scanning was collected in
the range 26 = 10-70°.

Release profile of silver and iron

To perform the release of silver() and iron(m) ions from the
hydrogels, each hydrogel samples (Ag-G0-Ag-G20) was placed in
a dialysis tubing (Spectra/Por, MWCO = 1000 Da) and
immersed in 20 mL of phosphate-buffered saline (PBS) solution
(pH = 7.4) at 37 °C. After certain time intervals between 0 and
48 h, aliquots (1 mL) of the sample solution were taken from the
release medium and an equivalent amount of fresh buffer was
added to maintain a constant volume. The amount of released
silver and iron ions in the PBS solution was measured as
cumulative release and determined by ICP-AES TY2000.

Antibacterial experiments

The antibacterial ability of hydrogels was examined toward
Escherichia coli (Gram-negative bacteria) using disk diffusion
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method. Firstly, a single culture of bacteria is added into a glass
tube containing 5 mL Luria-Bertani (LB) broth and inoculated
for 12-24 h at 37 °C with 200 rpm continuous stirring. Then, the
solution containing bacteria was diluted to an ODgy, of 0.05
using JASCO V-630 UV/VIS spectrophotometer. In this experi-
ments, positive control of 10 pL H,O, 2500 ppm on filter paper
was used and the samples including the filter paper were cut to
size of 4 mm in diameter. Moreover, the samples were adhered
on the LB agar plate which has been suspended by E. coli and
incubated with face-down position for 24 h at 37 °C. The average
zone of inhibition was observed and measured at 6, 12, 18 and
24 h of incubation. Similarly, the 5 mL bacteria-containing LB
broth with an ODg, of 0.05 was added into tube with samples.
After 24 h of incubation at 37 °C, the ODgo value of the
suspension was measured by UV-Vis spectrophotometer and the
experiments were conducted in triplicate.

Results and discussion
Preparation of silver loaded semi-IPN hydrogels

In this study, we synthesized the silver loaded semi-IPN
hydrogels in one-step preparation and studied the effect by
varying gelatin concentration. Firstly, AgCl is readily precipi-
tated when AgNO; added into the mixture solution containing
FeCl; followed by the stabilization by gelatin. Subsequently, APS
initiator was used to initiate the free-radical polymerization
(FRP) of AA to PAA and further formed the 3D polymer networks
by physical cross-linking between COO™~ from PAA with Fe®*. At
the same time, the gelatin-stabilized silver penetrated in the
network forming semi-IPN during the formation of hydrogel
networks. Such hydrogels demonstrated self-healing ability due
to the ionic interaction (COO -Fe**) as shown in Fig. 2a-c
which is also resistant to stretching and twisting force (Fig. 2d
and e). In addition, the images observed by the optical micro-
scope proved that the self-healing is occurred indicated by the
attached-interfaces of two separated halves. Meanwhile, the
particles in the images might be originated from the silver
particles.

Chemical functionalities

The characteristic groups of atoms (functional groups) of silver
loaded semi-IPN hydrogels were identified by ATR-FTIR analysis
and the result was represented in Fig. 3. The FTIR spectrum of

Fig.2 Photographs of (a) pristine Ag-GO; (b) cut-off Ag-GO; (c) healed
Ag-GO; (d) stretched Ag-GO; (e) twisted Ag-GO and their images of
optical microscope (red dashed-line).
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Fig. 3 FTIR spectra of (a) acrylic acid; (b) gelatin; (c) Ag-GO; (d) Ag-G2;
(e) Ag-G4:; () Ag-G6; (g) Ag-G10; and (h) Ag-G20 hydrogels.

AA (Fig. 3a) displayed peaks at ~3100 cm ™', 1728 cm ™', and
1633 cm™ ' which corresponded to » O-H, v C=0, and v C=C,
respectively. As to gelatin (Fig. 3b), the bands corresponded to
stretching vibration of amide I (v C=0), 6 N-H of amide II and
amide III were found at 1653 cm™*, 1540 cm ™}, and 1239 cm ™ *,
respectively, in agreement with previous report.'>'® Moreover,
the absorption peak at ~3300 cm™ " was assigned to v N-H.
Compared to AA, all spectrum of the hydrogels (Fig. 3c-h)
indicated a decrease in intensity at 985 cm ™~ which is 6 C=C-H
and also proved the polymerization of AA. Subsequently, the
ionic interaction between carboxylic groups (-COOH) from PAA
and Fe*" was evidenced by the absorption peak at 1714 cm ™.
Furthermore, what does distinguish between the gelatin-free
(Fig. 3c) and semi-IPN hydrogels (Fig. 3d-h) are the functional
groups of amide II at 1539 cm™ " and N-H stretching band at
3374 cm™ ' which is overlapped with O-H stretching. Such peaks
confirmed the presence of gelatin in the hydrogel (semi-IPN)
which was not found in the FTIR spectrum of gelatin-free
hydrogel. Meanwhile, there is no alteration for the chemical
functionalities by varying the concentration of gelatin.

Degree of swelling and gel fraction

The results of swelling degree and gel fraction were plotted as
a graph and shown in Fig. 4. Firstly, the swelling ratio of Ag-G0
hydrogel was found to be 172.1% and keep decreasing to 31.9%
with increasing the concentration of gelatin to 20 wt%. The Ag-
GO hydrogel could swell a considerable amount of water is
because the networks of the hydrogel are mainly composed of
polyacrylic acid which is hydrophilic owing to its carboxylic
groups (-COOH). Furthermore, this functional groups of
-COOH will be deprotonated to anion carboxylic groups
(-CO07) if the pH = pK, (4.2), thus led to electrostatic repulsion
and loosen the networks in the hydrogel to be filled with more
water."”*® However, when gelatin was interpenetrated in the
hydrogel networks, the result indicated that gelatin could
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Fig. 4 Degree of swelling and gel fraction of hydrogels with different
composition of gelatin.

weaken the water retention capacity of hydrogel. This is prob-
ably due to such networks tend to be filled by gelatin rather than
water. On the other hand, the gel fraction demonstrated an
increasing value (72-97%) as the gelatin concentration
increases from 0 to 20 wt%. In view of this result, it was prob-
ably due to the hydrogel networks and gelatin are interlaced
forming the insoluble fraction, therefore increases the gel
fraction of hydrogel. The results of both swelling degree and gel
fraction of the semi-IPN hydrogels showed a good agreement
with the results reported by Hago and Li (2013).*

Mechanical properties and self-healing efficiency

The self-healing efficiency of self-healing hydrogels was quan-
tified by means of uniaxial tensile tests. As shown in Fig. 5a, Ag-
GO hydrogel exhibited satisfyingly mechanical properties with
the tensile stress of 0.79 MPa. As to semi-IPN hydrogels, when
gelatin was introduced and to further increase from 2 to 10 wt%,
a declining values of tensile stress (o) were obtained, which are
0.62, 0.51, 0.47, 0.32 and 0.25 MPa for Ag-G2, Ag-G4, Ag-G6, Ag-
G10, and Ag-G20, respectively. However, when much more
gelatin (20 wt%) was used, both tensile stress and strain showed
no significant alteration which might indicate that the inter-
penetration of gelatin into the hydrogel reaches a saturation
point. Moreover, as known, gelatin possesses poor mechanical
properties,® therefore with increasing gelatin concentration,
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Fig. 5 (a) Tensile stress—strain curves; and (b) the self-healing effi-
ciency of hydrogels with various concentration of gelatin.
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decreases the tensile stress of the obtained hydrogels. Regard-
less of their tensile stress, the interpenetrated gelatin in
hydrogels indicated an improvement in tensile strain. Initially,
the tensile strain of Ag-G0 was 570% and gradually improved to
598, 666, 725, 875, and 920% at gelatin concentration of 2, 4, 6,
10, and 20 wt%, respectively. The fractured hydrogels were
allowed to heal thereafter at 70 °C for 2 h without any external
stimuli. Afterwards, the healed hydrogels were subjected to
tensile tests again. On average, the healed hydrogels exhibited
tensile stress (¢’) around 2 of its tensile stress of original
hydrogels (o). Finally, the calculated self-healing efficiency of
hydrogels () was 87.4, 81.5, 77.2, 74.7, 69.6, and 65.3% for AG-
GO, Ag-G2, Ag-G4, Ag-G6, Ag-G10, and Ag-G20, respectively as
shown in Fig. 5b. Apart from weakening the mechanical prop-
erties, the increase in gelatin concentration also led to less
effective self-healing of the hydrogels. Besides, the cut-off
hydrogel should be self-healed along the interfaces due to the
ionic interaction between COO~ and Fe*', however, we sus-
pected that such healing is more hindered at higher concen-
tration of gelatin.

SEM and EDX analyses

Fig. 6a-f depicted the surface morphology of silver loaded
hydrogels at the magnification of x500 and x3000 including
the photographs of the resultant hydrogels (bottom-left-corner).
The photographs indicated that the gelatin-free hydrogel, Ag-
GO, possessed orange colour with low transparency while the
hydrogels containing gelatin, Ag-G2-Ag-G20, completely
showed no transparency. The agglomeration of silver nano-
particles was obtained in Ag-GO hydrogel as can be seen in
Fig. 6a. However, by utilizing gelatin, the silver nanoparticles
are distributed uniformly in the hydrogels and seemed to be
more uniform with increasing gelatin concentration as can be
observed in Fig. 6b-f. In view of this result, gelatin successfully
proved its ability as capping agent to stabilize the silver nano-
particles by preventing the agglomeration of silver nano-
particles through its amine functional groups.” Likewise,
Russell (1967) reported that the silver is bound to gelatin at low
pH (~1) and in our experiments the measured pH of solution is
~1.3.>*

Fig. 6 Surface morphology of (a) Ag-GO; (b) Ag-G2; (c) Ag-G4; (d) Ag-
G6; (e) Ag-G10; and (f) Ag-G20 hydrogels at magnification of 500 x
(with inserted images at 3000x and photographs of hydrogels). Scale
bars are 50 um.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

Meanwhile, the result of EDX analysis was represented in
Fig. 7 and the quantitative elemental composition was
summarized in Table 2. The EDX spectra showed that the
elemental composition of the hydrogels composed of Ag and Cl
elements which also revealed that the silver nanoparticles
incorporated in the hydrogels are silver chloride nanoparticles
(AgCl NPs).

XRD analysis

To further confirmed the type of silver incorporated in the
hydrogel, XRD analysis was carried out. All of the hydrogels
possessed a broad peak at 260 = 21° which is attributed to the
polymer networks in the hydrogels (Fig. 8). The six diffraction
sharp peaks were obtained at angles 20 = 27.8°, 32.2°, 46.2°,
54.9°, 57.6° and 67.5° which are ascribed to (111), (200), (220),
(311), (222), and (400) planes of the face-centered cubic (fcc)
packing of AgCl particles according to JCPDS data (card no. 31-
1238). Correspondingly, the result of XRD analysis also echoed
the result of EDX analysis in which the silver nanoparticles
incorporated in the hydrogel are AgCl. However, the crystallinity
of hydrogels by varying the concentration of gelatin showed
similar results.

Release profile of silver and iron

The release behaviour of silver(r) and iron(ur) ion was shown in
Fig. 9a and b, respectively. The release profile of silver(i) of semi-
IPN hydrogel (Ag-G2-Ag-G20) exhibited a similar result in which
the burst release occurred at the beginning of immersion and
subsequently followed by the sustained release. However, after
immersion for 24 h, the result indicated a saturation in
releasing the silver(r) ion. Meanwhile, Ag-GO demonstrated
a slightly different release behaviour of silver ion. This is
probably due to the agglomerated AgCl NPs. The cumulative
release of silver(i) ion was ranging from 75.7-82.5%. On the
other hand, the release of iron(m) ion after immersion for 48 h

9o 1 2 3 4 s 6 7 8 9
keV] 25 cts Cursor: 4332 (Octs) ¥

[ 1 2 3 |
25cts Cursor: 4.2 (0cts)

Fig.7 Elemental composition by EDX analysis of (a) Ag-GO; (b) Ag-G2;
(c) Ag-G4; (d) Ag-G6; (e) Ag-G10; and (f) Ag-G20 hydrogels.
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Table 2 The elemental composition of the hydrogels by EDX analysis

Elements (atomic%)

Hydrogels Ag cl Total (%)
Ag-GO 67.12 32.88 100
Ag-G2 50.79 49.21

Ag-G4 51.33 48.67

Ag-G6 58.62 48.67

Ag-G10 54.08 45.92

Ag-G20 50.77 49.23

g

Intensity (a.u.)

71  r 1 ' 1 1T 1ttt T "~ T~ 7T°
10 15 20 25 30 35 40 45 50 55 60 65 70
20 (degree)

Fig. 8 XRD patterns of (a) AgCl (JCPDS #31-1238); (b) Ag-GO; (c) Ag-
G2; (d) Ag-G4; (e) Ag-G6; (f) Ag-G10; and (g) Ag-G20 hydrogels.
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Fig. 9 The cumulative release profile of (a) silver(i) and (b) iron(in) ions
from the hydrogel in PBS solution at pH 7.4 as a function of immersion
time.

was 97.5, 90.9, 86.8, 81.1, 78.5, and 64.3% for Ag-GO, Ag-G2, Ag-
G4, Ag-G6, Ag-G10 and Ag-G20, respectively. These results
revealed that the cumulative release of iron(ur) ion become more
sustainable and slower with increasing concentration of gelatin.
Consequently, the lowest release profile was demonstrated by
the free-gelatin hydrogel. Moreover, the release of iron(ui) ion
result showed good agreement with the result of gel fraction
indicating that the hydrogels with higher gel fraction (less
soluble part) release iron(ur) ion slower.
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Antibacterial activity

The antibacterial properties of silver-loaded hydrogels with
different concentration of gelatin were determined by
measuring the average zone of inhibition as a function of
incubation time (¢ = 6, 12, 18, and 24 h) toward E. coli which has
been suspended on LB agar plate. The results of antibacterial
tests were depicted in Fig. 10a-e and their average zone of
inhibition were given in Table 3. The growth of bacteria on LB
agar plate and the inhibition zone of samples could be observed
after incubated for 6 h and become denser and clearer as pro-
longing the incubation time to 12, 18 and 24 h. During the
incubation from 6 h to 12, 18, and 24 h, the zone of inhibition of
hydrogels kept decreasing. This is due to the antibacterial
activity of the hydrogels is bacteriostatic that prevent the growth
of bacteria and is reversible.”” Likewise, the result from
measurement of ODg( indicated that the hydrogels inhibited
the growth of E. coli (Fig. 10f) and the absorbance of bacteria-
containing medium for all tested hydrogels showed no signifi-
cant difference which is varied between 0.085 and 0.129.
Furthermore, the antibacterial activity between the free-gelatin
and variation concentrations of gelatin hydrogels showed
insignificant difference. The antibacterial activity of the

1.0+

0.8+

0.6

ODGOO

0.4

0.2

0.0 -

LBbroth Ag-GO Ag-G2 Ag-G4 Ag-G6 Ag-G10 Ag-G20

Fig. 10 Antibacterial tests toward Escherichia coli (a) before incuba-
tion; incubated for (b) 6 h; (c) 12 h; (d) 18 h; and (e) 24 h at 37 °C with
the samples of (i) H,O,; (i) Ag-GO; (iii) Ag-G2; (iv) Ag-G4; (v) Ag-G6; (vi)
Ag-G10; and (vii) Ag-G20 hydrogels. (f) Absorbance, as measured at
600 nm as a function of hydrogel samples in bacteria-containing
medium after 24 h of incubation.
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Table 3 The average zone of inhibition of hydrogels toward Escher-
ichia coli

Zone of inhibition (mm)

Samples 6h 12 h 18 h 24 h
H,0, 8.95 6.33 6.27 6.13
Ag-GO 9.78 9.09 8.64 8.10
Ag-G2 9.90 9.49 8.98 8.09
Ag-G4 9.99 9.67 9.34 8.59
Ag-G6 9.88 9.62 9.12 8.85
Ag-G10 9.80 9.74 9.27 8.47
Ag-G20 9.87 9.61 9.14 8.09

hydrogels was originated from the released of silver ions (Ag") in
the bacterial cultural medium. The Ag" ions would then pene-
trate into the bacterial through negatively charged -cell
membrane, caused disruption and led to the death of
bacteria.>** On the other hand, as can be seen in Fig. 1S, the
result of antibacterial experiment with variation FeCl; concen-
tration revealed that the physical cross-linker of hydrogel, ferric
ions (Fe®), also could inhibit the bacterial growth through
Fenton oxidation®® and the zone of inhibition of the hydrogel
increased with increasing concentration of FeCl;. Moreover, the
bacteria would adsorb Fe*" and reduce it to ferrous ions (Fe*")
followed by the reaction with H,0O, to produce reactive species,
hydroxyl radical (-OH). This - OH species caused the breakage of
protein and nucleic acids of the bacteria cell.***” Correspond-
ingly, such phenomenon caused a degradation of the networks
of hydrogel and resulted in liquid-like gel Ag-GO as can be
observed in Fig. 10e(ii). Nevertheless, the presence of gelatin
could enhance the stability of hydrogel after exposing to the
bacteria medium at longer time as can be seen in Fig. 10c-e.

Conclusion

We have successfully synthesized a silver loaded semi-IPN
hydrogel in one-step preparation which is self-healable and
exhibit antimicrobial properties. The semi-IPN of gelatin in the
PAA-Fe hydrogel network is confirmed by FTIR result in which
the functional groups of amide II and N-H stretching band
from gelatin present at 1539 cm™ " and 3374 cm ™, respectively.
Meanwhile, the self-healing ability is facilitated by the ionic
interaction between carboxylic groups (-COOH) from PAA and
Fe’" which is proved by the shifting of wavelength from
1728 cm ™" in AA spectrum to 1714 cm™ " in hydrogels spectra. As
displayed by SEM images, gelatin proves its ability as a stabi-
lizing agent indicated by the well-distributed silver chloride
nanoparticles (AgCl NPs) in the hydrogels. Due to the incorpo-
rated AgCl NPs, the hydrogels inhibit the growth of E. coli which
is synergistically enhanced by the physical cross-linker, Fe**, via
Fenton oxidation. Overall, the only advantage by adding gelatin
in the hydrogel is to stabilize the agglomeration of AgCl NPs.
However, when increasing the amount of gelatin, the mechan-
ical properties of hydrogel decreases and showed no significant
difference in antibacterial activity. Hence, the optimum
formulation for the semi-IPN hydrogel is Ag-G2 in which such

This journal is © The Royal Society of Chemistry 2019
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amount of gelatin is enough to stabilize the agglomeration AgCl
NPs in the hydrogel and possesses satisfyingly mechanical
properties and self-healing efficiency as well compared to the
semi-IPN hydrogel with higher amount of gelatin. Lastly, such
hydrogels with self-healing and antimicrobial properties indi-
cate potential applications in biomedical related fields.
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