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Abstract

Biomaterial-based hydrogels incorporating antibacterial agents may provide sustainable
solutions to biomedical device failures and the prevention of infections. Herein we report
guar gum hydrogels, cross-linked with borax and loaded with silver nanoparticles, that are
injectable, exhibit rapid self-healing, and show antibacterial properties towards both gram-
positive and gram-negative bacteria. The hydrogels are fully characterized by infrared
spectroscopy, thermogravimetric analysis, scanning electron microscopy, and rheological
measurements. An important focus was to minimize borax content, thus reducing the toxicity
of the gels greatly, whilst retaining their favorable viscoelastic properties. When the low
borax-content hydrogels are composited with curcumin-stabilized silver nanoparticles, the
hydrogels show activity against Escherichia coli (E. coli), Pseudomonas aeruginosa (P.

aeruginosa), and Staphylococcus aureus (S. aureus).
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1. Introduction

Hydrogels are three-dimensional polymeric networks that absorb a large amount of water
[1,2]. They are soft and wet materials in which both chemical and physical gelling can
coexist [1]. Their ability to retain water, along with their other biomimetic properties, make
them of interest in medical [1,3] sensor [4], cosmetic [5], materials science [6], tissue
engineering [7,8] and pharmaceutical [9,10] applications. Hydrogels with dynamically cross-
linked polymer networks also have promising potential as self-healing materials [11]. These
materials are dynamic at the molecular level due to reversible covalent bonding based on the
constitutional dynamic chemistry concept. Self-healing hydrogels can automatically repair
their function after damage and can be based on either reversible covalent or non-covalent
crosslinked gel networks [12]. Nevertheless, self-healing hydrogels can have limitations,
including slow speeds of self-healing, costly synthesis of macromolecular components, and
complications during chemical modification [13,14]. In addition, the present focus on
environmental sustainability demands that these materials be produced from natural
(renewable) resources.

Guar Gum (GG) is an excellent starting biomaterial for modified polymers. The guar gum
extracted from the seeds of Cyamopsis tetragonoloba consists of a (1,4)-linked p-D-
mannopyranose main chain with a branched a-D-galactopyranose unit at the 6-position [15].
It is popular in biological applications and the food industry because it is non-toxic, cheap,
biodegradable, and easily forms gels in water at room temperature [16,17]. In this work,
borax was used as a cross-linker of GG because the dynamic nature of the boronate ester
linkages imparts the gel with self-healing properties without any external stimuli [16].

The incorporation of metallic nanoparticles into materials can endow them with unique
optical, electronic and biomedical properties [18-22]. Incorporation of silver nanoparticles
(AgNPs) into hydrogels has been shown to modify gelation and lead to antimicrobial activity
[23-25]. Hydrogel-AgNPs composites thus have potential as injectable materials for use in
antimicrobial pharmaceutical formulations [26]. Herein we fabricate AgNPs using curcumin
(1,7-bis(4-hydroxy-3-methoxy phenyl)-1,6 heptadiene-3,5-diene), the principal curcuminoid
of turmeric, as both reductant and stabilizing ligand. Curcumin is known for its own various
biological activities [27], but is poorly soluble in water, restricting its usefulness in
biomedical applications. Here however, the curcumin-stabilized silver nanoparticles are
easily dispersed in water and combined efficiently within our hydrogels.

In the final part of this work, we test the structural properties of the curcumin AgNP-

incorporated GG-borax hydrogels and assess their anti-microbial properties against a range of
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bacteria. The composite AgNPs hydrogel is shown to have better swelling properties than
neat GG-borax hydrogels, to be self-healing, injectable by syringe, and highly resistant to
various bacteria, suggesting future potential in the realm of biomedicine (e.g. wound healing,
drug delivery). This work is part of a continuing drive in our laboratories to exploit natural
products and to expand their technological usefulness by chemical and nanoscale

modifications.

2. Experimental

2.1 Materials
Guar gum was purchased from Chemipan Corporation Co., Ltd, Thailand. Sodium
Hydroxide (99%) was purchased from RCL Labscan. Borax (di-sodium

tetraboratedecahydrate) was purchased from QREC, New Zealand. Silver nitrate was
purchased from POCH™ and Curcumin synthetic grade (pure > 97%) was purchased from
TCI, Europe. Deionized water (DI) with specific resistivity of 18.2 MQ.cm was obtained
from a RiOs™ Type | Simplicity 185 (Millipore water purification system).
Dimethylsulfoxide (DMSQO) was purchased from Riedel-deHaén®, Germany. K,COs; was
purchased from Merck, Germany. Ethanol was obtained from Merck, Germany. Bacterial
strains were obtained from the Biochemistry Laboratory, Biochemistry Department, Faculty
of Science, Khon Kaen University, Thailand. Antimicrobial activity assays used Escherichia
coli (E. coli O157H7), Pseudomonas aeruginosa (P. aeruginosa ATCC27853), and
Staphylococcus aureus (S. aureus ATCC25923).

2.2. Guar gum purification procedure

Guar gum was purified according to a literature method [28]. Briefly, crude guar gum (10
g) was stirred in 800 mL of DI water at room temperature for 12 hr. The guar gum solution
was then centrifuged at 5000 rpm for 20 min (12 mL x 66 tubes), retaining the supernatant
liquid. The supernatant was then precipitated with 400 mL ethanol and centrifuged at 5000
rpm for 5 min. The white solid material thus obtained was washed again with ethanol
followed by DI water. The material was then freeze-dried to obtain the purified guar gum

powder.
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2.3. Preparation of borax cross-linked guar gum hydrogels and guar gum films

The borax cross-linked guar gum hydrogels were prepared via a modification of a
previous report [16]. Briefly, the solution of guar gum was prepared using purified guar gum
powder (0.1 g) in 20 mL of DI water, stirred for 1 hr at room temperature. The solution pH
was then adjusted to 8 by 0.1 M NaOH (200 uL). The borax solutions were prepared in
different proportions in 10 mL of DI water (i.e. 2, 4, 6, and 8 wt% of borax). 500 uL of the
prepared borax solution was then added to the guar gum solution to give final gelation
solutions containing 0.5 wt% GG and 0.05 wt%, 0.1 wt%, 0.14 wt% and 0.2 wt% borax
(10:1, 5:1, 3.6:1, and 2.5:1 GG:borax weight ratio respectively). The series of four hydrogels
thus obtained were designated here GG-1, GG-2, GG-3 and GG-4, respectively (Table S1).
For the film preparation, the obtained hydrogel was poured into a petri dish then dried in an
oven at 40 °C for 24 hr. DI water was then poured over the whole film area, and the dish let
sit until the film was swollen. Finally, the film was removed from the petri dish and put on a

plastic plate to dry at room temperature.
2.4. Synthesis of curcumin-stabilized silver nanoparticles (Cur-AgNPs)

A solution of 20 mM curcumin in DMSO (250 pl) was added to 22.5 mL of DI water in a
100 mL round bottom flask. The solution pH was then adjusted to 10 by 0.07 M K>COs and
the solution heated up to 100 °C. Next, 2.5 mL of 10 mM AgNO3z was quickly added to the
solution mixture. The mixture was stirred vigorously at 100 °C for 1 hr and filtered by micro
filter to obtain the Cur-AgNPs [29]. The concentration of Cur-AgNPs was estimated to be
3.14 nM based on an extinction coefficient of 41.8 x 108 Mt.cm™ at 407 nm for 17.7 nm

diameter citrate-silver nanoparticles [30].
2.5 Preparation of GG-2/Cur-AgNPs hydrogel

Purified guar gum (0.1 g) was stirred in 20 mL of the Cur-AgNPs solution Cur-AgNPs at
concentrations of 0.20, 0.39, 0.78, 1.57, and 3.14 nM, with 0.1 M NaOH (200 pL) and 4 wt%
borax (500 pL) then added to each solution (Table S2). The mixture was then stirred until
gelation occurred, affording slightly yellow hydrogels designated GG-2/Cur-AgNPs 0.20 nM,
GG-2/Cur-AgNPs 0.39 nM, GG-2/Cur-AgNPs 0.78 nM, GG-2/Cur-AgNPs 1.57 nM, and
GG-2/Cur-AgNPs 3.14 nM, respectively.
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2.6 Characterization
2.6.1 Characterization of hydrogels

2.6.1.1 ATR-FTIR spectroscopy

The ATR-FTIR spectra of guar gum and borax cross-linked hydrogels were recorded in
the solid state by an Attenuated Total Reflection Fourier Transform Infrared
spectrophotometer using a standard Pike ATR cell (Model: Bruker TENSOR 27, Netherland)
in the range 4000-600 cm,

2.6.1.2 Surface morphology studies

Surface morphology of guar gum powder, GG-2 hydrogel films and freeze-dried GG-2
hydrogels were analyzed by scanning electron microscopy (Model: 1450VP, LEO, USA).
Freeze-dried GG-1, GG-2, GG-3, and GG-4 hydrogels were characterized by digital
microscopy (Model: Leica DVMB, Singapore).

2.6.1.3 Thermal studies

The thermogravimetric analysis (TGA, Rigaku TG-8120) of guar gum and cross-linked
hydrogels was carried out under a nitrogen atmosphere from 25 °C to 800 °C with a heating
rate of 10 °C/min.

2.6.1.4 Viscosity studies
The viscoelastic properties of the cross-linked hydrogels were analyzed using a
Brookfield viscometer Model RVDV-I1+, USA.

2.6.1.5 Rheological studies

The rheological properties of the cross-linked hydrogels were examined using a parallel-
plate (smooth stainless steel, 25 mm diameter) rheometer (Physica MCR500, Germany). The
G’ (storage modulus) and G” (loss modulus) of the hydrogels were further monitored by
strain amplitude (yo) under strain from 0.1% to 100% at a constant temperature (25 °C) and
frequency (1 rad s™). For angular frequency sweep experiments, G’ and G” were measured
under an angular frequency range from 1 to 100 rad s and with strain fixed at 1%.
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2.6.2 Characterization of Cur-AgNPs

2.6.2.1 Optical properties

The optical properties of the as-prepared Cur-AgNPs in DI water were characterized by
UV-Vis spectroscopy (Model: Agilent 8453, USA) using 1.0 cm quartz cells in the range of
200-700 nm.

2.6.2.2 Morphology and particle size studies by TEM

Morphology of Cur-AgNPs was determined by transmission electron microscopy (Model:
Tecnai G2-20 FEI, Netherland) under an accelerating voltage of 200 kV. A sample volume of
10 uL of Cur-AgNPs was dropped on a copper grid (300 mesh), then dried at room
temperature before measurements. The size distribution was calculated using the Imagel

program.

2.6.2.3 Dynamic light scattering (DLS)
Dynamic light scattering, used to determine the size distribution of the Cur-AgNPs in

solution, was undertaken using a Malvern Zetasizer Nano series (Nano ZS, UK).

2.6.2.4 Particle size and size distribution studies by SAXS technique

The particle size and size distribution of Cur-AgNPs were also characterized by the Small
Angle X-ray Scattering (SAXS) technique. The experiments were measured using a multipole
wiggler source on Beamline 1.3W (BL1.3W:SAXS) of the Synchrotron Light Research
Institute (SLRI), Thailand. A MarCCD Rayonix SX165 detector with a sample-to-detector
distance of 4439 mm was used and the samples were exposed to X-ray emission (A = 1.38 A)
at room temperature for 10 min. A sample volume of 60 uL was used. Background
subtraction was carried out using pure water. The 2D SAXS images were reduced and
radially averaged by in-house software at SLRI (SAXSIT), to obtain 1D scattering curves.
The unified exponential-power law model of Beaucage was used to fit the 1D scattering
curves, where the scattering intensity is given by (1) [31]:

@ =oo (-5 e fr ()] 1) W

The prefactors G and B, the radius of gyration (Rg), and the exponent P, are fit
parameters. The fitting was carried out with a least-squares minimization procedure using the
software package SASfit [32].
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To investigate the particle size and size distribution, the lognormal distribution of the
particle size is assumed where the lognormal distribution function, f(R) is given by (2) [33-
34]:

2
Ro(2m)z 20

E 2
f(R) = :llek’p{[h}g(im)]}
(2)

Where R is the particle size and f(R) is the number distribution. The mean particle radius, (R)
and the standard deviation of the particle size, SD, which can be obtained from the lognormal

distribution, are related to m and o by (3):

(R) =mexp (%2) and sp =m/w(w — 1) 3)

where @ = exp(o?). The two parameters, m and o, of the lognormal distribution can be
obtained in terms of the ratio B/G and Rq of the SAXS scattering profile [33]. This allows us
to extract the particle size and distribution information from the fit of the unified model of

Beaucage. The parameters m and o can be obtained directly by (4):

1/2

ln[BRg,/{l.szG}]} (4)

m = {5R2/[3 e-.xp(l-’-taz)]}l’22 and ¢ :{ 5

2.7 Water absorption measurements

The degree of swelling of the hydrogels was studied in DI water at room temperature.
0.1 g of each GG hydrogel film was soaked in 50 mL water for a prescribed time, then
removed with excess water dabbed away using filter paper. The gels were then weighed until

a constant weight was obtained. The swelling degree was calculated using:
Swelling degree = ((Ws— Wo) / Wo) x 100 (5)

Where W5 is the swollen weight of the soaked hydrogel and W, is original weight of the dry
hydrogel. All experiments were done in triplicate.

2.8 Antimicrobial activity

The antimicrobial activities of the GG-2/Cur-AgNP hydrogels were evaluated against
pathogenic bacteria E.coli (Gram-negative bacteria), P. aeruginosa (Gram-negative bacteria)
and S. aureus (Gram-positive bacteria). The antimicrobial activity was carried out over 24 hr
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by the agar well diffusion method in Mueller—Hinton Agar (MHA) plates [35-37]. Bacterial
inoculum was swabbed on the surface of MHA plates. Wells of 6 mm were made on the
MHA plates. 0.2 g of GG-2/Cur-AgNPs hydrogel was poured into the wells. Additionally, 0.2
g of GG gel without any Cur-AgNPs was used as a negative control. Gentamicin 33.5 uM
was used as a positive control. The agar plates were incubated at 37 °C for 24 hr. The
diameters of the observed zones of inhibition were used as a measure of the antimicrobial
efficacy of the GG-2/Cur-AgNPs hydrogels. The experiments were repeated three times for
each bacterial strain and average values were recorded. We note that curcumin itself has been
proposed as an anti-bacterial [38], however its low water solubility and bioavailability, and
poor chemical stability, have limited its utilization in testing, including in this case. Herein
curcumin could only be incorporated into GG gels as a surface ligand on the silver
nanoparticles and could not be investigated separately.

2.9 Antimicrobial susceptibility

The antimicrobial susceptibility of the GG-2/Cur-AgNPs hydrogel was determined by
agar well diffusion as described previously [37,39]. Briefly, bacterial inoculum was swabbed
on the surface of Mueller—Hinton Agar (MHA) plates. Then, a hole with a diameter of 6 mm
was punched with a sterile tip. After that, 0.1 g of GG-2/Cur-AgNPs hydrogel at
concentrations of 0.2, 0.39, 0.78, 1.57, and 3.14 nM of Cur-AgNPs was poured into the well
and dried in laminar flow conditions. The agar plates were incubated at 37 °C for 24 hr. After
incubation, the no-growth zone or clear zone was measured in millimeters. The results are
well-correlated to MIC (minimum inhibitory concentration) since the size of the no-growth
zone is determined by the rate of diffusion of the active ingredient through the agar; as the

rate reaches its slowest, the MIC is achieved.

3. Results and Discussion
3.1 Preparation of GG-hydrogels

The guar gum-borax hydrogels (GG-hydrogels) were prepared in water at pH 8. First,
guar gum was dissolved in DI water and the solution pH was adjusted to 8 by NaOH solution,
then borax was used as a cross-linking agent. The borax-initiated gelation mechanism is as
follows: (1) The borax was dissolved in water and transformed into borate ions and boric

acid, forming boric/borate solution (equation (1) and (2)). (2) The cross-linking proceeds
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firstly via monodiol complexation as shown in equation (3), and is then followed by a cross-
linking reaction to form the diol-borax complex (equation (4)) to achieve the desired guar-
gum borax hydrogels [16,40].

Na;B,0; + 7H,0  ——= 2B(OH); + 2B(OH), + 2Na' 1

= +
B(OH); + 2H,0 === B(OH), + H30 @)

OH - O._ OH
+ B(OH); =——= ~g” (3)

OH o~ "OH

O_ OH HO L o. 0
M — (% @

0° OH HO 0" o

As mentioned earlier a series of four guar gum-borax hydrogels were fabricated with
GG:borax weight ratios of 10:1, 5:1, 3.6:1, and 2.5:1, designated here GG-1, GG-2, GG-3 and
GG-4, respectively. The different structures of these four hydrogels were investigated by
ATR-FTIR spectroscopy (Fig. 1a). In guar gum (GG), the broad peak at 3450 cm™ indicates
the presence of O-H stretching vibrations, the peak at 2906 cm™ is characteristic of C-H
stretches, and the peaks at 1457 cm™ and 1163 cm™ correspond to C-H bending and C-O-C
stretching vibrations, respectively. In the FTIR spectrum of GG-1 to GG-4, the broad peak at
3400 cm™ is drastically reduced. This is attributed to the consumption of hydroxyl groups of
the galactomannan backbone to form covalent boronate ester bonds with the borax (Scheme
1). The higher percentage composition of borax, the less prominent the OH stretching peak

becomes [16].

~— -

Scheme 1. Schematic illustrations of borax cross-linked guar gum hydrogels
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The effect of the density of borax cross-linking on the thermal stability of the GG
hydrogels was investigated using thermogravimetric analysis (TGA, Fig. 1b). Weight loss in
the first region of the TGA curve spectra (25-250 °C) is assigned to initial moisture loss,
while weight loss in the second zone (250 to 350 °C) is attributed to degradation of the main
backbone of guar gum. The neat guar gum undergoes 80% weight loss in this zone, but the
borax cross-linked gels are much more stable. In the third temperature zone (350-525 °C)
degradation of borax-hydrogel hydroxyl bonds can occur. In this zone, the greater wt% borax,
and presumably higher cross-linkage density, correlates strongly with stability [16].

a b
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Figure 1. a. ATR-FTIR spectra of hydrogels with different guar gum:borax weight ratios
(GG-1 (10:1), GG-2 (5:1), GG-3 (3.6:1) and GG-4 (2.5:1), b. TGA curves of GG, from low
cross-linkage density (GG-1) to high cross-linkage density (GG-4).

Despite the guar gum:borax weight ratio being as high as 10:1, and thus reducing the
degree of cross-linking and thermal stability, GG-borax hydrogel formation still occurs in all
cases (see Fig. 2a). The photographs in Fig. 2b show the injectable nature of the GG-2
hydrogel, it can be easily loaded and dispensed through a 1.2 mm internal diameter
needle/syringe (see also discussion further on). As expected, the GG-borax hydrogels are
responsive to pH and temperature conditions. Under basic conditions at pH 8.0, the -B-OH
groups deprotonate to give -B-O° groups that quickly react with guar gum via diol
complexation, leading to efficient gelation. On the other hand, if -B-O™ groups are protonated
to -B-OH by addition of acid at pH 4.0, borax diol complexation is not efficient and de-
gelation occurs. However, re-gelation occurs quickly by adding basic solution (Fig. 2c). In

addition, the gels break down to form liquids at high temperature but quickly re-gelate when
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cooled down (Fig. 2d-f, vials are sealed to avoid evaporation and drying out of the hydrogel

at higher temperatures) [41].

Figure 2. a. The effect of different GG:borax weight ratio on gel formation, from low cross-
linker density (GG-1) to high (GG-4), b. Injectability of GG-2 hydrogel (5:1 GG:borax)
through a needle with 1.2 mm internal diameter, c-f. reversible GG-2 hydrogel formation in
acid (pH 4.0), base (pH 8.0), and in different temperature conditions.

3.2 Morphology analysis

A Leica DVMG6 digital microscope was used to study the pore size of the hydrogels as a
function of GG:borax weight ratio. Upon increasing the borax content, a decreasing hydrogel
pore size was observed (Fig. 3a-d). SEM images of guar gum powder, a guar gum film, and a
GG-borax hydrogel, are shown in Fig. 3e-g respectively, allowing further magnification. The
guar gum powder shows surface morphology in the form of nodules and flakes. In the case of
the guar gum film, a homogenous and compact surface was observed. For the GG-borax
hydrogels however there is an outstanding change in morphology, with massive spaces

between scaly and fractured material.
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Figure 3. Morphological studies with a Leica DVM®6 digital microscopy of hydrogels as a

function of GG:borax weight ratio, a. GG-1 hydrogel (10:1 GG:borax), b. GG-2 hydrogel
(5:1 GG:borax), c¢. GG-3 hydrogel (3.6:1 GG:borax), and d. GG-4 hydrogel (2.5:1
GG:borax). Morphological studies with SEM images, e. guar gum powder, f. GG-2 film, and
g. GG-2 hydrogel.

3.3 Water absorption

Water uptake by the hydrogels was characterized via their swelling ratio (Fig. 4a). It took
about 2 hr soaking for the hydrogels to reach equilibrium size, with GG-4 (maximum borax
content) illustrating maximum swelling and GG-1 (minimum borax content) showing the
least. Swelling clearly correlates with increased borax composition from 0.05 to 0.2% wt and
thus increased cross-linking within the hydrogel as hydrogen bonding was increased as well

[16]. Moreover, in the process of gel preparation, the pH solution of guar gum was adjusted
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to 8 by adding NaOH then borax with different proportional was added. Eventually, the guar
gum film was obtained after drying. Thus, during swelling study, hydroxide ion in the film
can repulse the negatively charged of borate ions which increased the network spaces

permitting more water to go in.
3.4 Viscosity measurements

Viscosity measurements show an analogous trend (Fig. 4b), with higher wit% borax
leading to higher hydrogel viscosity. However while GG-4 (2.5:1 GG:borax) showed the
highest viscosity (395 P), the viscosity of GG-1 (10:1 GG:borax) was not much less (382 P).

3.5 Rheological measurements

The rheological properties of the hydrogels were measured by monitoring the storage
modulus (G') and loss modulus (G”) as a function of strain amplitude sweep (yo) and
frequency sweep at room temperature. G’ and G” for the hydrogels as a function of weight%
borax are shown in Fig 4c. The storage modulus is always larger than the loss modulus,
indicating that all the hydrogels exhibit elastic features with a covalent cross-linked network
[42,43]. In addition, an increase of the crosslinker density from GG-1 to GG-4 results in a
larger storage modulus (G') and a stiffer gel. No further increase of the modulus is observed
above a 3.6:1 GG:borax weight ratio (GG-3). Most interestingly, the hydrogels become stiffer
upon the increase of strain in the material, however this smooth increase of both moduli goes
through a single turning point at 30% strain amplitude attributed to a breakdown of the cross-
linked structure and/or chain scission.

Frequency sweeps were recorded at 1% strain for each of the hydrogels in a range of
frequencies from 1 to 100 rad s™. The results are reported in Fig. 4e. The storage modulus is
significantly greater than the loss modulus which suggests that the hydrogels are elastomeric.
Furthermore, the moduli are nearly constant up to 70 rad s, indicating that the cross-linkage
networks of the gels remain unchanged to that point. Above a sweep frequency of 70 rad s,
the most cross-linked hydrogels, GG-3 and GG-4, degrade indicating change from a cross-
linked to an uncross-linked structure ((G” > G’). However, the degradation of the hydrogels

GG-1 and GG-2 with lower cross-linkage density is not observed in the experiment.

3.6 Self-healing properties
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The self-healing properties of the hydrogels were evaluated visually by cutting samples
into two pieces and dying one of the pieces with Rhodamine 6G to assist visualization. The
two blocks were then brought back into contact at room temperature and left for several
minutes without temperature changes or light/pressure/chemical stimuli. Each of the various
weight% borax guar gum hydrogels showed excellent self-healing, complete within 6 min (an
example is shown in Fig. 5 for GG-3). The hydrogel GG-3, with maximum stiffness for
minimum borax content (3.6:1 GG:borax weight ratio), was selected for further self-healing
experiments with concomitant rheological analyses to monitor qualitatively the self-healing
process (Fig. 4d). An original piece of hydrogel GG-3 was cut into two pieces, then the
separated blocks brought back immediately into contact. After 6 min, the rheological
properties of the self-healed gel were completely recovered, with a similar strain-stiffening
and the same strain-at-breakage as uncut GG-3 hydrogel. These results indicate the excellent

gelling and self-healing properties of these borax cross-linked hydrogels [44].
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Figure 5. Self-healing properties of the GG-3 hydrogel (3.6:1 GG:borax weight ratio), a. the
two pieces resulting from cutting the original hydrogel (the pink piece has been dyed with
Rhodamine 6G), b-c. self-healing of the hydrogel upon bringing the two pieces back into

contact and d. after 6 minutes, the healed hydrogel could be stretched.

Next, the incorporation of silver nanoparticles into the hydrogels to endow anti-bacterial
properties, and an investigation of the injectability of the gels, was undertaken towards
developing them as potential biomedical materials. In these studies, outlined below, the 5:1
weight ratio GG:borax hydrogel (GG-2) was focused on as it has a relatively low borax
content (hence low toxicity [45]) but was shown to maintain a stable gel structure under high
frequency deformations (Fig. 4e) which is an important property for injectable materials.
Depending on their stiffness, some injectable gels must be loaded into a syringe as liquid
components, only to gel after injection [46]. Here, our hydrogel GG-2 is soft enough to be
loaded into a syringe directly and easily expelled through a needle of 1.2 mm internal

diameter.

3.7 Nanocomposite of GG-borax hydrogels and silver nanoparticles

Curcumin-stabilized silver nanoparticle (Cur-AgNPs) dispersions were characterized by
UV-spectroscopy (Fig. S1) showing a maximum extinction at 407 nm due to localized
surface plasmon resonances (SPR) [47, 48]. The size and morphology of the synthesized Cur-
AgNPs were studied by transmission electron microscopy (TEM) (Fig. 6a). The results

showed the particles to be reasonably monodisperse with a diameter distribution in the range
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17.69 = 3.52 nm (n = 50, Fig. 6b, ImageJ program used for the analysis). The Cur-AgNPs
size and size distribution were further characterized using small angle x-ray scattering
(SAXS, Fig. 6¢,d) to complement the data from TEM. The measured SAXS scattering profile
of Cur-AgNPs is shown in Fig. 6d. The intensity profiles are plotted as a function of the
scattering vector g, given by g = 4z sin(6 /A) where 0 denotes half the scattering angle and A
is the X-ray wavelength. The scattering profile was well fitted to the unified exponential-
power law fit (Fig. 6¢) [49]. The fitted parameters were further analyzed by a lognormal size
distribution as shown in Fig. 6d (for more detail please see the Experimental Section). The
relevant fitted parameters and calculated mean particle radius and standard deviation of the
size distribution are shown in Table 1. The result gives a mean radius of 8.84 + 0.82 nm,
which agrees very well with the TEM studies. Finally the Cur-AgNPs particle size was also
measured by dynamic light scattering (DLS, Fig. S2) estimating an average particle diameter
of 36.1 + 0.9 nm with a polydispersity index (PDI) of 0.510. This larger estimate may
indicate some particle aggregation, or be due to the structure of the stabilizing curcumin

layer/hydration sphere in aqueous solution [50].

Table 1 Fitted parameters for the SAXS scattering profile of curcumin-stabilized silver
nanoparticles and their calculated mean particle radius and standard deviation compared with
the result from TEM.

SAXS TEM

Sample
Rg /nm M o (R)/nm SD R/nm
Cur-AgNPs 1.80 8.80 0.09 8.84 0.82 8.84

Silver nanoparticles have the potential to anchor to bacterial cell walls and then
infiltrate them, thereby causing structural changes in the cell membrane, membrane
permeability, and cell death [51,52]. In order to incorporate an anti-microbial property to our
guar gum hydrogels, aqueous solutions of Cur-AgNPs of different concentrations (0.20, 0.39,
0.78, 1.57, and 3.14 nM, Table S2) were mixed with GG-2 and 4 wt% borax to generate GG-
2/Cur-AgNPs hydrogels (designated GG-2/Cur-AgNPs 0.20 nM, GG-2/Cur-AgNPs 0.39 nM,
GG-2/Cur-AgNPs 0.78 nM, GG-2/Cur-AgNPs 1.57 nM, and GG-2/Cur-AgNPs 3.14 nM,
respectively.). The incorporation of Cur-AgNPs into the hydrogels changes the latter’s optical
properties, turning them yellow, however the hydrogels still show good structural and self-

healing properties (see Fig. S2). The degree of swelling of GG-2/Cur-AgNPs hydrogels
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increased with increasing concentration of the Cur-AgNPs solution (Fig. 6e). By comparison,
the neat GG-2 hydrogel showed lower swelling degree than any of the GG-2/Cur-AgNPs
hydrogels. These results indicate that the introduction of curcumin-capped AgNPs, and thus
excess OH-functional groups, may lead to more H-bonding with water and improved
absorption of water. In addition, these nanocomposite hydrogels still maintain excellent self-
healing properties (Fig. S2), and importantly they are also shown to be injectable by syringe
(2.2 mm internal diameter needle), a very useful feature in the context of bio-medical
applications (Fig. 6f).
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Figure 6. a. TEM image of Cur-AgNPs dispersed on a TEM copper grid (a, scale bar 50 nm),
b. A histogram showing diameter distribution of Cur-AgNPs from TEM. c. The SAXS profile
(hollow dots) and the unified exponential power-law fit (red solid line) of Cur-AgNPs. d. The
lognormal size distribution of Cur-AgNPs obtained from the unified exponential power-law
fit (black solid line). The position of the mean radius (8.84 nm) is shown by dotted line. e.

Swelling degree of GG-2/Cur-AgNPs hydrogels with various NP concentrations compared to
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neat GG-2. f. Picture of the GG-2/Cur-AgNPs hydrogel, syringe-injected to write ‘KKU” (1.2

mm internal diameter needle).

3.8 Antibacterial activity

The GG-2/Cur-AgNPs hydrogels exhibit strong antimicrobial activity against both Gram-
negative bacteria, E. coli, P. aeruginosa and Gram-positive S. Aureus, forming zones of
inhibition of diameters 13.5, 13 and 15 mm, respectively (Fig. 7a-c and Table 2). They
showed stronger inhibition against Gram-positive bacteria compared to Gram-negative
bacteria. The results obtained for antimicrobial activity are impressive and consistent with
many earlier reports of plant extract-assisted synthesis of AgNPs [53,54]. The antimicrobial
susceptibility of GG-2/Cur-AgNPs hydrogels was determined by agar well diffusion with
minimum inhibitory concentration (MIC). The lowest concentration of Cur-AgNPs which
inhibits visible growth of a bacterium with a clear zone was determined as the MIC value.
After incubation for 24 hr, a zone of inhibition was observed around the agar well (Fig. 7d-f).
Bacterial cell growth was inhibited by GG-2/Cur-AgNPs hydrogels at MIC 1.57 nM for E.
coli and P. aeruginosa and at MIC 0.78 nM for S. aureus. The hydrogels showed stronger

inhibition against Gram-positive bacteria than they did to Gram-negative bacteria.
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Figure 7. GG-2/Cur-AgNPs and its antimicrobial activity. Position (i) Antimicrobial activity

of control gel (without any treatment), position (ii) GG-2/Cur-AgNPs 0.39 nM, and position
(iii) gentamicin 33.5 uM against, a. E.coli, b. P.aeruginosa and c. S.aureus. Antimicrobial
activity of GG-2/Cur-AgNPs hydrogels at various AgNPs concentrations, 0.2 nM (position
1), 0.39 nM (position 2), 0.78 nM (position 3), 1.57 nM (position 4), and 3.14 nM (position
5), against, d. P.aeruginosa, e. E.coli and f. S.aureus.

Table 2 Zone of inhibition in millimeters (uncertainty + 0.6 mm) of GG-2/Cur-AgNPs 0.39
nM hydrogels and a standard anti-bacterial, gentamicin, against Gram-negative and Gram-

positive bacteria.

Test organism Zone of inhibition (mm) of Zone of inhibitior_l (mm)
GG-2/Cur-AgNPs 0.39 nM of gentamicin
E.coli 13.5 12.5
P.aeruginosa 13.0 16.0
S.aureus 15.0 14.7

Conclusions

GG hydrogels with high GG:borax weight ratio (10:1 up to 2.5:1) were prepared and
characterized by spectroscopy, rheology and microscopy. GG-3 (3.6:1 GG:borax weight

ratio) hydrogel exhibits a good compromise between borax content and gel stiffness, whereas
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GG-2 (5:1 GG:borax) was more stable to deformation and thus more suitable as an injectable
material. Incorporation of curcumin-coated silver nanoparticles into GG-2 not only improved
the degree of swelling but also led to the hydrogels exhibiting excellent antimicrobial
activity, particularly showing stronger inhibition against Gram-positive bacteria compared to
Gram-negative bacteria. Finally, the nanoparticle/hydrogel composite can also be syringe-
injected, suggesting these biodegradable materials may have potential in anti-microbial and

injectable formulations for biomedical and other industrial applications.
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