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Abstract

Gold nanoparticles (AuNPs) are widely used and important nanomaterials and combine with hydrogels to design novel
nanocomposite hydrogels. An emerging approach to strengthen the polymeric hydrogels and to include multiple func-
tionalities focuses on incorporating nanoparticles within the hydrogel network. This present investigation focused on
the most recent developments in the field of nanocomposite hydrogels with emphasis on biomedical applications. The
pH-responsive nanocomposite hydrogels based on indole-3-acetic acid (IAA), which has extracted from leaf of Stachytar-
pheta jamaicensis, citric acid, diethylene glycol and colloidal gold nanoparticles. The obtained nanocomposite hydrogels
found to have desired surface morphology and enhanced pH-sensitive swelling and thermal stability. The resultant
nanocomposite hydrogels may be recommended for biomedical applications mere in future such as pH-sensitive drug
delivery, wound healing application, anti cancer, antimicrobial material, antioxidant, cytotoxicity with more than 80%
cell viability and nanomedicine.

Keywords Stachytarpheta jamaicensis - Indole-3-acetic acid - Antimicrobial - Antioxidant - Cytotoxicity - Wound healing -
Anti-cancer

1 Introduction The AuNPs are exhibited for various applications like

molecular imaging [3], surfaces improved raman scatter-

Hydrogels are three-dimensional networks of hydrophilic
polymers with a porous structure, which are insoluble in
water but can absorb and retain a large amount of water or
biological fluids inside the porous network [1]. Hydrogels
have a“soft and wet” character just like biological material
with high water content absorbing property. Bulk gold is
the most precious metals and considered as inert at micro-
scopic level [2], which has impressed researchers due to
different improved characteristics e.g., plasmon-related
fields.

ing [4, 5], catalytic activity [6], diagnostics [7], antimicro-
bial activity [8] and antifungal activity [9] and treatment of
rheumatoid arthritis [10, 11]. When discussing with metal
nanoparticles on their interaction with eukaryotic cells
and their appropriate toxicological applications [12]. The
nanoscale range of hydrogels shows non-toxicity when
compared to bulk size materials [13-16]. Smaller size
(<20 nm) of AuNPs is great interest for research of their
cytotoxicity properties in pharmacology, food, medicine,
and water purification. The expanding of the research
field when the interaction of metal nanoparticles with
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microorganisms such as fungus and viruses e.g. HIV [17].
In general, the hydrogel or gold nanocomposites showed
advanced antimicrobial activity, there is an urgent require-
ment for new and improved approaches for bacterial
destruction.

The smaller size and the hefty surface to volume pro-
portion, metal nanoparticles have been receiving much
concentration in recent times towards different applica-
tions, extraordinarily in the area of nano-biotechnology
[18-20]. However, the different natural biopolymers like
elastin, collagen, and gelatin are interesting materials
for hydrogel developments. To improve their bioactiv-
ity in wound care applications, a number of researchers
introduced inorganic metals [21]. Antioxidant property at
high concentrations, reactive oxygen species (ROS) can
encourage harsh tissue damage and even lead to neo-
plastic transformation and declining the healing process
by damages in cellular membranes, DNA, proteins, and
lipids [22, 23]. Antioxidants reduce these adverse effects of
wounds by removing products of inflammation. They con-
tradict the excess proteases and ROS often produced by
neutrophil accumulation at the injured site and safeguard
protease inhibitors from oxidative damage [24]. The most
likely mechanism of antioxidant protection is the direct
interaction of the extracts compounds and the hydrogen
peroxide rather than altering the cell membranes and lim-
iting damage [25]. Compounds with high radical-scaveng-
ing capability have been shown to ease wound-healing.

In general, indole derivatives are biologically significant
compounds with a broad range of therapeutic properties.
Antibacterial [26], Antifungal [27] and Antioxidant proper-
ties [28, 29] have been reported to be connected with the
indole-based nucleus. Indolic compounds are competent
antioxidants, protecting both lipids and proteins from
peroxidation, and it is identified that the indole structure
controls the antioxidant efficacy in biological systems [30].
Generally, the high antioxidant activity of hydrogel leads
to low cytotoxicity. Hence, the pro-oxidant result of the
electron retreating nitrogen group in the matrix [31].

The scope of this work for various industrial and bio-
medical applications, there is a continuous demand for
improved the polymers and their nanocomposites, which
possess pH sensitivity, antibacterial, and antifungal as well
as antioxidant properties at reduced costs. Such require-
ments form a combination of properties difficult to attain
with existing materials. Hence, to meet the end use appli-
cations, synergetically combined materials like biopoly-
meric materials and nanomaterials having a maximum
number of applications are mandatory. So, the present
investigation was centered on accomplishing with indole-
3-acetic acid based citric acid and diethylene glycol along
with gold nanoparticles. Indole-3-acetic acid has been
extracted from leaves of Stachytarpheta jamaicensis.
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The AuNPs introduced in hydrogel network by in situ
reductions of HAuCl, by using trisodium citrate as a reduc-
ing agent. The gold nanoparticle was characterized by
using TEM and UV analysis. The synthesized gold nano-
particle was mixed with hydrogel network formed NCHs
(G,41CD, G,ICD). The hydrogel (ICD) and NCHs were fully
characterized by using UV, FT-IR, TGA, TEM, and SEM-EDX.
Swelling equilibrium was calculated at various buffer solu-
tions (3—10) results shown better swelling equilibrium in
acidic media and applied for wound healing and antican-
cer activity.

2 Experimental
2.1 Materials and methods

Anhydrous citric acid (CA), diethylene glycol (DEG) tetra-
chloroauric acid (HAuCl,) and trisodium citrate were pur-
chased from Merck (India).

2.2 Preparation of indole-3-acetic acid

Stachytarpheta jamaicensis leaves were collected and dried
in the room temperature. Then dried leaves powdered and
extracted using soxhlet apparatus around 70 h at 60 C.
The aqueous solution was subjected to concentrate using
rotary flash evaporator at 40 ‘C under reduced pressure
then the sample was dried in hot air oven at 50-60 °C, the
dried crude indole-3-acetic acid was collected.

2.3 Preparation of gold nanoparticles by citrate
reduction of HAuCl,

The Gold nanoparticle was prepared by the Turkevich et al.
Method [32]. Chloroauric acid (HAuCl,) was boiled with
vigorous stirring at 95 °C and followed by rapid addition
of trisodium citrate, which act as reducing agent. The pale
yellow color turned to wine red followed by stirring for
30 min. The colloidal AuNps solution was stored at room
temperature in a dark brown bottle.

2.4 Preparation of Au nanocomposite hydrogel

Previously, our research group have reported the syn-
thesis of hydrogel (ICD) based on indole-3-acetic acid in
two steps [33]. In brief, esterification was carried out from
citric acid and diethylene glycol in the nitrogen atmos-
phere at 160 °C. Further, indole-3-acetic acid was added
and formed sticky compound. During the formation of the
transparent gel, gold nanoparticle was added. The entire
mixture was vigorously stirred for 30 min and continues
the reaction for 3 h. The formation of brown glassy gels
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Scheme 1 Schematic representation of gold nanocomposite
hydrogels

Table1 Feed composition of polymeric hydrogel and nanocom-
posite hydrogels

S.no Sample Composition (mol) AuNps
CA DEG IAA
1 ICD 0.025 0.025 0.025 -
G,ICD 0.025 0.025 0.025 2ml
G,ICD 0.025 0.025 0.025 5ml

infers the formation of nanocomposite hydrogel (NCH) of
polymerization.

Finally, the resulted NCHs were immersed in distilled
water for 2 days then removed unreacted monomer and
dried the NCHs in an oven. The complete schematic rep-
resentation and description of hydrogels were presented
in Scheme 1 and Table 1 respectively.

2.5 Characterization of gold NCHs

Indole-3-acetic acid has extracted from leaves of Stachytar-
pheta jamaicensis and confirmed by "H NMR, '>*C-NMR and
HPLC analysis. The structure of hydrogel was recorded
using FT-IR (Shimadzu-8400S) spectrophotometer. The
gold nanoparticles into the hydrogel matrix were estab-
lished by the absorption of HITACHI U-2900 UV-visible
spectrophotometer in the range of 300-700 nm. Scan-
ning Electron Microscopy (SEM) images were taken
using Hitachi SU6600. Field Emission Scanning Electron

Microscope (FESEM) and Energy-dispersive X-ray (EDX)
spectroscopy analysis are used to confirm the incorpo-
ration of gold in nanocomposite hydrogels. Transmis-
sion electron microscopy (TEM) used in the model of this
instrument has JEM 2000. Resolution is Point: 0.23 nm, Lat-
tice: 0.14 nm then voltage is 200 kV and the magnification
occurs 2000x-1,500,000x.

2.6 Swelling equilibrium studies

Swelling equilibrium experiment was examined in phos-
phate buffer solutions (PBS) of various pH ranging from
3.0 to 10.0. Swollen gels were removed from the buffer
solution after 48 h and then weighed and placed in the
same bath. The pH values were precisely checked with a
pH meter and the equilibrium swelling was calculated in
Eq. 1.

W, — W,
Seq%zeq—

d
x 100
w, (M
where Wy and W, are the weights of the sample before
swollen after swollen at equilibrium, respectively.

2.7 Antibacterial activity

Different concentrations of Samples were used in this
study. Nutrient Agar (NA) plates were inoculated with test
organisms. The plates were evenly spread out. Then wells
were prepared in the plates with a cork borer. Each well
was loaded with 0.1 ml of a corresponding concentration
of the sample and 10 ug of gentamycin dissolved in 1T ml
of DMSO was used as a positive control for antibacterial
activity. The plates were incubated for 24 h at 37 °C. The
development of the inhibition zone was measured and
recorded.

2.8 Antifungal activity

Different concentrations of Samples (1.25/2.5/5 mg/100 ul/
well) were used in this study. Muller hinton agar (MHA)
plates were inoculated with test organisms. The plates
were evenly spread out. Then wells were prepared in the
plates with a cork borer. Each well was loaded with 0.1 ml
of the corresponding concentration of sample and Flu-
conazole was used as a positive control. The plates were
incubated for 48 h at 37 °C. The development of the inhibi-
tion zone around the well was measured [33, 34].
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2.9 Antioxidant activity
2.9.1 Case 1: free radical scavenging activity on DPPH

The ability of the extracts to annihilate the DPPH radical
(1, 1-diphenyl-2-picrylhydrazyl) was investigated by the
method described by Blois [35]. A stock solution of a com-
pound was prepared to the concentration of 10 mg/ml.
Different concentration of the extract (25, 50, 75, 100, 200
and 250 pg) of the sample was added, at an equal volume
to a methanolic solution of DPPH (0.1 mM). The reaction
mixture is incubated for 30 min at room temperature; the
absorbance was recorded at 517 nm. The experiment was
repeated for three times and ascorbic acid was used as the
standard control.

The annihilation activity of free radicals was calculated
in % inhibition according to the following formula

% of Inhibition = (A of control—A of Test/A of control) x 100

The analysis was performed in triplicate. The sample con-
centration providing 50% inhibition (IC5,) under the assay
condition was calculated from the graph of inhibition per-
centage against sample concentration.

2.9.2 Case 2: nitric oxide radical scavenging activity

The nitric oxide assay was performed as described pre-
viously with slight modification. Sodium nitroprusside
(1.5 mL, 10 mM) in Phosphate buffered saline was mixed
with the samples of concentrations-250, 500 and 1000 pg.
The amount of nitrite, a stable metabolite of NO, was
measured using Griess reagent (1% sulfanilamide and
0.1% naphthyl ethylenediamine dihydrochloride in 2.5%
phosphoric acid). The sample with sodium nitroprusside
was mixed with 1.5 ml of Griess reagent. Subsequently, the
mixture was incubated at room temperature for 10 min
and the absorbance at 540 nm was measured in a UV
spectrophotometer.

The annihilation activity of free radicals was calculated
in % inhibition according to the following relation:

% of Inhibition = (A of control—A of Test/A of control) x 100

The analysis was performed in triplicate. The sample con-
centration providing 50% inhibition (ICs,) under the assay
condition was calculated from the graph of inhibition per-
centage against sample concentration.

2,10 MTT assay-cytotoxicity

The relative cytotoxicity of hydrogel was determined by
an MTT viability assay developed for high throughput
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screening (HTS). The MTT substrate is prepared in a physi-
ologically balanced solution, added to cells in culture, usu-
ally at a final concentration of 0.2-0.5 mg/ml, and incu-
bated for 1-4 h.

The quantity of formazan (presumably directly pro-
portional to the number of viable cells) was measured by
recording changes in absorbance at 570 nm using a plate
reading spectrophotometer. Viable cells with an active
metabolism, which convert MTT into a purple colored
formazan product. When cells die, they lose the ability to
convert MTT into formazan and DMSO was added to dis-
solve formazan crystals. Untreated cells were taken as the
control with 100% viability.

2.11 Scratch wound healing assay

Grow cells in Dulbecco’s modified eagle’s medium (DMEM)
supplemented with 10% FBS Seed cells into 24-well tissue
culture plate at a density that after 24 h of growth, they
should reach ~70-80% confluence as a monolayer. Gently
and slowly scratch the monolayer with a new 1 ml pipette
tip across the center of the well. While scratching the sur-
face of the well, the long-axial of the tip should always be
perpendicular to the bottom of the well. The resulting gap
distance, therefore, equals the outer diameter of the end of
the tip. The gap distance can be adjusted by using different
types of tips. Scratch a straight line in one direction. Scratch
another straight line perpendicular to the first line to create
a cross in each well.

After scratching, gently wash the well twice with medium
to remove the detached cells. Replenish the well with fresh
medium. Note: Medium may contain ingredients of interest
that you want to test, e.g., chemicals that inhibit/promote
cell motility and/or proliferation. Grow cells for an additional
48 h (or the time required if different cells are used). Wash
the cells twice with 1 x PBS, then fix the cells with 3.7% para-
formaldehyde for 30 min. Stain the fixed cells with 1% crystal
violet in 2% ethanol for 30 min. Take photos for the stained
monolayer on a microscope. Set the same configurations of
the microscope when taking pictures for different views of
the stained monolayer. The gap distance can be quantita-
tively evaluated using software such as photoshop orimage.
To reduce variability in results, it's suggested that multiple
views of each well should be documented, and each experi-
mental group should be repeated multiple times.

2.12 Anti-cancer application

Anti-Cancer activity carried out by using, A549, MDA-MB-231
and PC3 cancer cell lines after 24-h drug treatment by using
crystal violet dye binding assay. To prepare cells and biopoly-
mer compounds in 96-well plates containing a final volume
of 100 ul/well. Further, incubate for the particular period of
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exposure and add 10 yl MTT solution per well to achieve a
final concentration of 0.45 mg/ml. Then, incubate the solu-
tion for 1-4 h at 37 °Cand add 100 pl solubilization solution
to each well to dissolve formazan crystal and mix complete
solubilization and the absorbance at 570 nm.

3 Results and discussion

3.1 "H NMR and *C NMR spectral studies
of indole-3-acetic acid

Figure 1a represented '"H NMR of IAA, peaks at
2.509-2.517 ppm relate to side chain —-CH, proton and
peak at 12.216 ppm contain side chain -COOH proton. The
peaks of indole ring protons at 6.990-7.529 ppm and -NH
proton from indole ring present at 10.951 ppm. '3C NMR
spectra of IAA (Fig. 1b) has discussed as follows, the peak
at 31.49 ppm containing -CH, group attached in the third
position of the indole ring. The multiple peaks of IAA was

observed at 108.11-136.57 ppm, the peak at 173.72 ppm
confirms the third position of acid carbon in IAA [36].
Hence, the compound confirmed as indole-3-acetic acid
from Stachytarpheta jamaicensis leaves.

3.2 HPLC analysis of indole-3-acetic acid

Typical chromatograms from the HPLC analysis of IAA in
plant extracts are shown in Fig. 2. The SAX column gave
good separations of IAA. One of the advantages of the
HPLC method is that only milligram amounts of leaves
powder is required. The indoles possess acidic (IAA) char-
acter and that the pH of the mobile phase is an important
factor influencing the retention time and peak shape of
ionizable compounds. The retention times were approxi-
mately 6 min, which has confirmed the presence of indole-
3-acetic acid in leaves extract [37].
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3.3 Fourier transform spectroscopy (FT-IR)

FTIR spectroscopy is a significant tool to confirm the inter-
action between metal and polymer. The FTIR spectra of
pure hydrogel and their NCHs have shown in Fig. 3. 1CD
hydrogel has shown the characteristic -C=0 stretching
vibration of the ester group at 1725 cm™' and a weak
shoulder peaks at 2348 cm™ related to the aliphatic -CH
stretching frequency. The absorption band appeared
at 1620 cm™' attributed to ~COO™ stretching in the ICD
hydrogel [38]. The peaks at 742 cm™' were attributed
—-CH- out of plane bending of an aromatic ring. These
results confirmed the incorporation of aromatic moieties
presents in ICD.

The sharp peak at 3389 cm™ can be attributed to either
the hydrogen bonded -OH in diol and —-NH bond or both
(overlapped) [39]. For G,ICD, the peak at -C=0 stretching
frequency of ester group was 1730 cm™' and in G,ICD peak
contains at 1722 cm™' respectively. The new distinguished
peaks appeared at 548 cm™' and 600 cm™" for G,ICD and
G,ICD respectively, which confirmed the successful incor-
poration of AUNPs in hydrogels [40]. It also evidenced from
band appeared at 1456 cm™' attributed to -COO" stretch-
ing for G,ICD and 1487 cm™' for G,ICD with the addition
of shifting some of the important peaks of -OH, -CH,
and -NH towards the lower region. Several peaks were
shortened and split up corroborated of co-ordination
bond formed among AuNps and the electron-rich nitro-
gen atom of the heterocyclic compound in hydrogels. It
causes intensification in bond length, ultimately lead to
shifting of frequency which has confirmed the formation
of the gold NCHs [41].

3.4 Ultra violet spectroscopy

400 Ultra violet spectroscopy analysis of AuNPs and NCHs were
displayed in Fig. 4a. The absorption peak of AuUNPs was
indicated at 540 nm, which might be related to the sur-
face plasmon resonance effect of AuNPs [42]. G,ICD and
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Fig.5 TEM Images of a G,ICD,
b G,ICD

G,ICD have shown an important peak at 540 and 544 nm
(Fig. 4b, c).

As the concentration of HAuCl, solution increases,
broadening the peak and redshift band with stronger
strength was clearly observed in UV spectra, which might
be due to the larger size of gold nanoparticles and increas-
ing the absorbance. So, the absorption of G,ICD and G,ICD
were 1.6 and 1.8 due to the variation of position, shape
and particle size and further verified by TEM analysis.
The shift towards longer wavelength with the increasing
particle size of AuNPs is related to the differences in the
frequency of surface plasmon oscillations of the free elec-
trons [43, 44], which confirmed the successful incorpora-
tion of AuNPs in the hydrogel network.

3.5 High-resolution transmission electron
microscopic analysis

Gold nanoparticles and NCHs exhibited a broad absorp-
tion band at 540 nm, which is consistent with the forma-
tion of spherical AuNPs [45] with the average size found
to be 17 nm. The size of the gold nanoparticles in NCHs
(G,1CD and G,ICD) was observed about 28 nm (Fig. 5a) and
57 nm (Fig. 5b). The shape and the size of AUNPs (low con-
centration) were spherical and smaller when increasing

4

the concentration of the AUNPs where some of the parti-
cles tends to change the nonspherical shape and increase
in size. The size of the AuNPs decreased with increasing
the biological activity due to the increasing surface activ-
ity of NCHs when compared with the larger size and non-
spherical gold nanoparticles in NCHs [46, 471.

3.6 Field emission scanning electron
microscopy-energy dispersive X-ray analysis
(EDX)

FESEM-EDX analysis of G,ICD and G,ICD were illustrated
in Fig. 6. The results showed the presence 0.14 wt% of Au,
1.52 wt% of oxygen, 56.31 wt% of carbon and 42.59 wt% of
nitrogen for G,ICD (Fig. 6a) and 0.25 wt% of Au, 2.17 wt%
of oxygen, 56.13 wt% of carbon and 41.45 wt% of nitrogen
for G,ICD (Fig. 6b) respectively. An absorption peak has
appeared at 2 keV, which has the characteristic of gold
nanoparticles [48].

Both NCHs were found to have around 99% of surface
composition which has indicated the high purity of the
composite samples. FESEM of ICD hydrogel and NCHs have
been displayed in Fig. 7. The ICD hydrogel shows a less
porous and uneven and moon-like surface morphology,
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Fig.6 EDAX Images of a G,ICD, b G,ICD

whereas G,ICD found to have spherical in shape of gold
nanoparticle marked in red color with complete disper-
sion in the polymer matrix but G,ICD contains spheri-
cal and nonspherical shapes of gold nanoparticle (red
mark) present in the polymer composite. The spherical
shape of the nanoparticles has attributed to the biologi-
cal property than other shapes of nanoparticles [49], so
which has proved G;ICD was best biological property than
G,ICD. SEM results were strongly supported by the swell-
ing behavior of pure hydrogel and respective NCHs. The
decrease of swelling with respect to the increasing content
of AuNPs, which might be the alteration and a huge influ-
ence on the surface morphology of hydrogels.

3.7 Swelling equilibrium

The complete swelling profile was represented in Fig. 8.
The hydrogel and NCHs were exhibited the equilibrium
swelling higher at acidic pH than alkaline pH. Swelling
equilibrium studies of ICD hydrogel was greater than NCHs
due to dispersion of AuNPs resulted in high stiffening of
the polymeric chains in NCHs [50]. Swelling equilibrium of
ICD hydrogel increased in acidic media, this can be attrib-
uted due to the presence of polar groups (OH,-COOH) in
the polymeric chain and the presence of ionic groups in
polymeric chain results, increasing swelling equilibrium.
Hence, the decline in osmotic pressure and electrostatic
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repulsion among protonated amino groups (-NH) which
leads to decreasing swelling in a basic medium [51]. The
overall swelling performance of hydrogels and their com-
posite as follows ICD > G,ICD > G,ICD. The basis of links
between AgNP’s and electron rich N atoms present in the
polymeric chain which retained the water penetration
ability of the NCHs and decreasing the swelling equilib-
rium [52].

Moreover, the swelling ability was changed after the
formation of NCHs. Ma et al. [53] reported the formation of
nanoparticles in hydrogel matrix improved the flexibility
of hydrogel network, resulted in the likelihood of NCHs
getting linked to the strong interactions between nano-
particles and hydrophilic groups present in the polymeric
hydrogel matrix.

3.8 Thermal analysis

Figure 9 represents the thermal stability of gold nano-
composite hydrogel based on DEG, CA and IAA. In G,ICD
hydrogel has three stages of decomposition; the first stage
was 180 and 240 °C with 25% loss of weight due to loss of
water and breakdown side chain materials. Second stage
decomposition was between 250 and 300 °C with 20%
weight loss due to degradation of the side chain aromatic
network. The third stage decomposition was mentioned in
the range of 300-400 °C with 20% weight loss attributed to
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carbonization and breakage of gold in hydrogel network.
The G,ICD hydrogel has shown in three-stages of decom-
position. The first stage decomposition was detected
between 130 and 160 °C with a weight loss of 5% due to
loss of water.

The second stage decomposition was in the tempera-
ture range from 160 to 250 °C with a weight loss of 45%
might be due to the breakdown of the ester bond, aro-
matic network and chain scission. The third stage decom-
position was mentioned in the range of 250-390 °C with
25% weight loss attributed to carbonization and break-
age of gold of the hydrogel network. G,ICD was lower

1600 11463 =ICD
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= G2ICD
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Fig.
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Fig. 9 Thermogravimetric analysis of ICD G,ICD G,ICD

thermal stability than G,ICD, due to the impact of chain
length between gold nanoparticles and hydrogel network
[54]. The thermal stability of NCHs was reduced when com-
pared with pure hydrogel (ICD).

3.9 Biological applications
3.9.1 Antibacterial activity

Antibacterial studies have been noticed in view of G,ICD
and G,ICD against two pathogens like S. aureus and E. coli
using agar diffusion method with positive control gen-
tamicin (10 ug/ml). Figure 4, 10 summarizes the antibacte-
rial activity of G,ICD and G,ICD varied with concentrations
like 500, 1000, 1500, 2000 pg/ml respectively. No microbial
activity at 500 pg/ml of G;1CD and 500 and 1000 pg/ml for
G,ICD against S. aureus. Upon increasing the strength of
G,ICD to 1000, 1500 and 2000 pg/ml, the inhibition zone
(mm) has been varied viz., 8.33, 10.67 and 11.67 mm and
percentage activity has been calculated 46, 59 and 65%
compared with gentamicin. On the other hand, G,ICD
estimated the good inhibition to 1500 and 2000 ug/ml
against S. aureus. Similarly, increasing the concentration
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Fig. 10 Antibacterial activity of
aG,ICD, b G,ICD

of both G,ICD and G,ICD, the inhibition activity increased
to E. coli. Pure hydrogel ICD hydrogel shows no activity
against three bacterial strains due to the presence of gold
nanoparticles lead to enhance the antibacterial activity
[55-57]. From G,ICD and G,ICD, the antibacterial activity of
G,ICD has excellent activity than G,ICD could be a smaller
size (17 nm) of nanoparticles evidenced from TEM images.

3.9.2 Antifungal activity

Figure 11a-c summarized the antifungal activity of
ICD, G,ICD and G,ICD using well diffusion method with
selected fungi such as Aspergillus fumigatus and Can-
dida albicans at different concentration 500, 1000, 1500
and 2000 pg/ml and Ketaconazole have considered as
standard. The zone of inhibition of ICD hydrogel Aspergil-
lus fumigatus and Candida albicans was about 10.26 mm
and 10.21 mm at 2000 pg/well. This result revealed that
G,ICD has no antifungal activity against Candida albicans
at 500 pg/ml and G,ICD has no activity against Candida
albicans at 500, 1000 pg/ml.

By increasing the concentration to 1000, 1500 and
2000 ug/ml, the inhibition zone increased linearly such
as 5.00, 6.27, and 9.67 mm for G,ICD with respect to the
standard. Similarly, G,ICD found to have lesser inhibition
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at 1500 pg/ml and good inhibition for 2000 pg/ml against
Candida albicans. Similarly, the antifungal activity increases
against Aspergillus fumigatus of both G,ICD and G,ICD by
increasing the concentration from 500 to 2000 pg/ml.
Based on the above results, G,ICD was greater antifungal
activity due to the smaller particle size of Au, larger surface
area and respective monomers of hydrogel [58, 59].

3.9.3 Antioxidant activity

The parent hydrogel and NCHs having antioxidant prop-
erty contributed by -NH group attached in these com-
pounds [60], which has represented in (Fig. 12a, b). The
NCHs have shown higher antioxidant activity than ICD
hydrogel due to the presence of AuNPs [61]. The scav-
enging property of DPPH radical of parent hydrogel (ICD)
at various concentration (100, 200, 300, 400 and 500 ug)
showed 10, 15, 19, 24 and 29% and NCHs about 36, 42, 58,
60 and 63% for G,ICD, 38, 44, 60, 62 and 65% for G,ICD
respectively. Similarly, the NO radical scavenging ability
results of ICD (3, 5, 10, 15 and 20%), G,ICD (36, 44, 46, 50
and 59%) and G,ICD (36, 45, 48, 52 and 61%) with the same
concentration of the sample.

Comparatively, NCHs exhibited more antioxidant
activity than parent hydrogel (G,ICD > G,ICD > ICD),
due to the low antibacterial activity of hydrogel leads to



SN Applied Sciences (2019) 1:1641 | https://doi.org/10.1007/s42452-019-1339-x

Research Article

Fig. 11 Antifungal activity of a
ICD, b G,ICD, € G,ICD
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high antioxidant based on small size and the relatively
large surface area of AuNPs resulted in increased anti-
oxidant and declined antibacterial activity [62]. DPPH
was a better antioxidant than NO free radical which has
represented in the table due to the generation of the
nitrite and peroxynitrite anions [63].

s

3.9.4 Cytotoxicity (MTT assay)

According to the percentages of cell viability above
75% (ISO 10993-5:2009 biological evaluation of medical
devices) are considered as a non-toxic compound. The
parent hydrogel (ICD) demonstrated the cell viability was
found at 100, 97,92 and 88% at 10, 25, 50, 100 ug/ml which
has proved non-toxic nature of hydrogel. However, G,ICD
has shown cell viability about 82, 80, 76 and 75% at various
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Fig. 12 Antioxidant activity a DPPH radical, b NO radical

Fig. 13 a Cytotoxicity effect of
ICD and G,ICD. b MTT assay of
ICD and G,ICD

(a) Control 25ug/ml

concentrations (10, 25, 50, 100 ug/ml). Both parent and
NCHs having more than 75% cell viability, therefore both
the hydrogel and NCHs suitable material for wound heal-
ing application [64]. Comparatively, ICD > G,ICD, ICD was
more cell viability percentage than NCHs which has repre-
sented in Fig. 13a and b. ICD hydrogel shown higher non-
toxic when indole-3-acetic acid incorporated in hydrogel
network [65]. But, the Nanocomposite hydrogel is slightly
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Cell viability(%)

decreasing cell viability which might be possible different
mechanisms of discovered AuNPs cellular uptake depend-
ing on their size. Importantly, AUNPs induced cell damage
is not permanent, meaning that the cells have the ability
to recover. On the other hand, the 25 nm AuNPs treatment
could generate oxidative stress in a fibroblast cell line [66].

3.9.5 Wound healing activity of hydrogel and NCHs

A major promotion of wound-healing activity was
observed for ICD and NCHs in the scratch wound healing
model method. The diameter of the wound was monitor-
ing in order to determine the rate of wound closure and
wound healing activity. The mean percentage wound
closure of parent hydrogel was found to be 0, 34, 55 and
64% and NCH was exhibited 31, 37,41 and 48% calculated
for 0, 24, 48 and 72 h. In particular, fibroblast treatment
induced a statistically increases the rate of scratch wound
closure (Fig. 14) due to enhanced cell migration. Wound
healing properties associated with antioxidant properties,
however, to fight free radicals that have the potential to
damage biological tissues by disrupting cell membranes.

These free radicals are destructive to molecules in the
membrane that contains -C=C bond through oxidation,
this happens the ability of the cell to transport substances

500 pg/ml

S0ug/ml

88

80
70

3

0 =ICD

= GIICD

&

30

10
0

10 25 50 100

Concentration(ug/ml)

across the membrane is affected and moving to its associ-
ated poor wound healing process. So, both ICD and NCHs
were an excellent antioxidant and cytotoxicity property
which leads to better wound healing property [67]. The
current application of the treatments efficiently destroyed
microbial populations and this lead to better wound heal-
ing activity. The primary objective of wound care is to
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Fig. 14 Wound healing effect
of ICD and G,ICD

Table 2 Anti-cancer activity

. Concentra- Cell viability
of polymeric hydrogel and tion (ug/ml) (%)
nanocomposite hydrogels

ICD G,ICD
25 80 100
50 79 95
100 77 91
250 72 87
500 69 84
Control 100 100

prevent or minimize infection and promote healing. The
ability of the hydrogels to decrease the bacterial and fun-
gal load and to inhibit the growth of microbe indicated
the wound healing potential [68]. The wound dressing can
be enhanced by modification of the physical, chemical,
mechanical and hydrogen bonding interaction of indole-
3-acetic acid based hydrogels, as well as complexed or
cross-linked with other polymers and cross-linking agents.
By this approach, it is possible to design the ICD and G,ICD
hydrogels dressings with improved healing properties. The
increasing antifungal activity of parent hydrogel (ICD)
increase the wound healing activity than NCHs (G,ICD).

3.9.6 Anticancer activity of hydrogel and NCHs

Table 2 indicates the ICD pure hydrogel-cell viability at
various concentration like 25, 50, 100, 250, 500 pg/ml were
observed 80, 79, 77, 72 and 69%. Hence, ICD has 69% can-
cer cell viability at the higher concentration of 500 pug/mi
towards non-toxic nature, which has applied for anticancer
activity. The cell viability of G,ICD has observed 100, 95, 91,
87 and 84% with the same concentrations. Table 2 repre-
sents anti-cancer cell line viability of ICD and gold nano-
composite hydrogels have observed 69% and 84% at high
concentration (500 pg/ml) against the A549 cell line and
to fight the cancer cells [69]. The non-toxic effect of gold

24 br

ICD

G1ICD

nanoparticles in the hydrogel network which might be due
to the strong interaction between gold nanoparticles and
hydrogel network. Indole-3-acetic acid is among the most
valuable, with research having demonstrated their ability
to induce cell death in a number of cancer cell lines [70].
Gold nanoparticles incorporated into Indole-3-acetic acid
(extracted from plant) based hydrogels, which can then
be targeted to various tissues, and more precisely specific
targeting of cancer cells.

4 Conclusions

The extraction of indole-3-acetic acid from Stachytar-
pheta jamaicensis has confirmed by 'H NMR and '*C NMR
Spectral Studies and HPLC analysis. Indole-3-acetic acid/
DEG hydrogel and their NCHs were prepared by in situ
polymerizations of AuNPs. The ICD and its NCHs were fully
characterized by FT-IR and UV spectral analysis, TEM, SEM,
and EDAX analysis. Thermal stability studied by TGA-DTA
analysis. The hydrogel and nanocomposites hydrogels
pH-sensitive swelling behavior increased at acidic media
and declined at basic media. The order of thermal stabil-
ity and swelling equilibrium of parent and NCHs were
ICD > G,ICD > G,ICD. The antifungal activity of the parent
hydrogel greater than NCHs using Aspergillus fumigates
and Candida albicans pathogens (ICD > G,ICD > G,ICD).

The prepared NCHs have shown excellent antibacte-
rial activity using S. aureus and E. coli (G,ICD > G,ICD), but
there is no antibacterial activity observed for ICD. The anti-
oxidant properties of the parent hydrogel and NCHs were
in the order of G,ICD > G,ICD > ICD using the DPPH and NO
radical. Both parent and NCHs were more than 75% cell
viability using 3T3 fibroblast cell line, so which has proved
non-toxic nature.

Wound healing property could be studied by scratch
wound healing assay for 3 days. On comparison increasing
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antifungal activity of ICD increasing wound healing activ-
ity than NCHs (G,ICD).
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