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Abstract
A multi-component starch-gelatin hybrid hydrogel was synthesized using eco-friendly approach. The starch-based hydrogel 
(without gelatin) was also synthesized to highlight the importance of gelatin in the hybrid hydrogel. The RSM-CCD (response 
surface methodology integrated central composite design) was used to optimize the synthesis of both the hydrogels to their 
maximum swelling capacity. The synthesis of hydrogel was confirmed using various characterization techniques including 
FTIR, SEM, XRD, thermal methods, compressive strength etc. The gelatin was found to enhance the compressive strength 
of the hybrid hydrogel. Further, silver nanoparticle-embedded starch and starch-gelatin hydrogels were synthesized. The 
hydrogel network itself reduced the silver ions to silver nanoparticles without the use of any external reductant and surfactant. 
The TEM images revealed the spherical AgNPs in the size range of 4–19 nm and quasi-spherical of 4–58 nm embedded in 
hybrid and starch hydrogels, respectively. Furthermore, the nanocomposite hydrid hydrogel was found to be better as stabi-
lizing agent for stabilization of silver nanoparticles in comparison to nanocomposite starch hydrogel.The silver-embedded 
hybrid hydrogel exhibited good anti-bacterial activity for gram-negative (E. coli) along with gram-positive bacteria (S. 
aureus). Embraced with high mechanical strength, the various characteristics of silver-embedded starch-gelatin hydrogel 
such as good hydrophilicity, biocompatibility, biodegradability, non-cytotoxicity, and hemocompatibility reflect its utility 
as wound dressing material.

Keywords  Starch-gelatin hybrid hydrogel · Silver nanoparticles · Anti-bacterial activity · Wound dressing

1  Introduction

The metal nanoparticles have been extensively investi-
gated due to their distinctive physical and chemical prop-
erties along with comprehensive prospective applications. 
The important factors that decide the intrinsic properties 
of nanoparticles include their size, shape, crystallinity 
and structure [1]. Presently, silver nanoparticles (AgNPs) 
have gained importance in medical, health care, food, tex-
tile industry, catalysis, biosensing etc. [1–3]. The chemical 
reduction approach is quite common for synthesis of metal 
nanoparticles apart from the other approches like microor-
ganism reduction, microwave-assisted method, photochemi-
cal reduction, laser ablation, γ irradiation etc. [4]. The dif-
ferent chemical reducing agents like sodium borohydride, 
hydrazine, hydroquinone, N, Nˈ-dimethylformamide, citrate, 
ascorbic acid etc. are required for the reduction of metal 
salts to synthesize nanoparticles [1, 2]. However, most of 
the reducing agents used are toxic in nature. Furthermore, 
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synthesized metal nanoparticles are not stable in solution 
due to their small size and have tendency to lose their chemi-
cally active surface area through aggregation [5]. The non-
toxic and biodegradable biological macromolecules such as 
polysaccharides and proteins can be useful for the synthe-
sis as well as stabilization of metal nanoparticles [4]. The 
starch, carboxymethyl cellulose, sodium alginate, chitosan, 
gums, polypeptides, etc. could function as reducing and 
capping agents for the preparation of metal nanoparticles 
[6–17]. These cost-effective biomacromolecules are com-
patible for different biomedical applications [15]. Polysac-
charides are frequently utilized for the synthesis of hydro-
gels due to their easy availability, biodegradability, high 
water swellability, and non-toxicity [18–34]. The chemical 
conversion of these polysaccharides to hydrogels results in 
three-dimensional cross-linked porous network structures. 
The controlled pore size distribution in hydrogels can easily 
manuplatethe overall size and shape of metal nanoparticles 
[2]. The metal nanoparticles get stabilized in the pores of 
hydrogel by interacting with the different functionalities pre-
sent on the polymer backbone and results in the formation of 
nanoparticle-embedded hydrogel composites with improved 
physical characteristics.

The synthesis and growth of nanoparticles within the 
porous networks of hydrogel depend upon the chemical 
structure and magnitude of cross-linking in the polymeric 
backbone. Nowadays, the use of polysaccharide-based 
hydrogels for metal nanoparticles synthesis within a narrow 
size distribution and stabilization is a recognized approach 
[2, 35–37]. Further, porous network structure of hydrophilic 
hydrogels can regulate easy diffusion and sustained release 
of metal ions [5].

Moreover, to strengthen the thermal characteristics and 
compressive properties of hydrogels, they can be converted 
to multi-component networks including semi or interpen-
etrating polymer networks (semi-IPNs/IPNs) [38–42]. Such 
semi-IPNs and IPNs have a variety of applications in diversi-
fied fields [43, 44].

Starch contains two polysaccharide units: amylose and 
amylopectin having hydroxyl functional groups and is semi-
crystalline in nature. Gelatin, on the other hand, is a linear 
polymer possessing ˗NH2 and -COOH functional groups. 
It is hydrophilic, non-toxic, biodegradable and biocompat-
ible in nature. Gelatin improves the hydrogel network and 
enhances the hydrophilicity, functionality and mechanical 
strength of hydrogels [40, 45, 46]. The several food pro-
cessing applications have been utilizing starch and gela-
tin in combination [45, 47]. However, the research work 
related to the cross-linking of starch and gelatin to produce 
a hybrid hydrogel network and further synthesis and growth 
of silver nanoparticles inside hydrogel’s matrix to produce 
nanocomposite hydrogel is limited. The resultant composite 
of nanaoparticles and hydrogel can be utilized for various 

applications. AgNPs are biocompatible, non-toxic and have 
antimicrobial activity. The AgNPs-embedded hybrid hydro-
gels with improved properties could be a good material of 
biomedical relevance and useful as wound dressing material, 
because of this reason AgNPs were used in present work.

Considering the importance of polysaccharides- and 
proteins-based hydrogels as green materials, the present 
work synthesized the novel semi-IPN hybrid starch-gela-
tin hydrogel in aqueous medium. For comparative studies; 
the starch-based hydrogel (without gelatin) was also syn-
thesized. Further, the synthesized porous hydrogel acted 
as organic nano-reactor for generation and stabilization of 
AgNPs. The AgNPs-embedded hybrid hydrogel was studied 
for their antimicrobial activity, hydrophilicity, biocompat-
ibility, biodegradability, non-cytotoxicity and hemocompat-
ibility. The nanoparticle-embedded hybrid hydrogels with 
improved properties could be a good material of biomedical 
relevance and useful as wound dressing material.

2 � Materials and methods

2.1 � Materials

Soluble starch (S) was procured from Fisher Scientific, 
Mumbai, India. Gelatin (G) (gel strength-225 g Bloom, type 
B from bovine skin) was purchased from Sigma-Aldrich. 
N,N'–methylenebisacrylamide (MBA), acrylic acid (AA), 
silver nitrate, ammonium persulphate (APS) and were pro-
cured from Loba Chemie, Mumbai, India. E. coli and S. 
aureus strains are purchased from Institute of Microbial 
Technology, Chandigarh, India. The reagents used for the 
study was of analytical grade and the double distilled water 
was used for prepartion of different solutions.

2.2 � The hybrid (starch and gelatin) hydrogel’s 
synthesis (RSM optimized synthesis 
as mentioned below)

Starch and gelatin (1:1) were kept in definite amount of dis-
tilled water (solvent) for 24 h to have a homogeneous mix-
ture. The optimized amounts of APS (free radical initiator) 
and MBA (cross-linker) were mixed with stirring in the flask 
followed by the addition of AA (grafting monomer). The 
reaction mixture was kept at 70ºCfor 3 h. After 3 h, the syn-
thesized hydrogel was taken out and kept in double-distilled 
water at ambient temperature so as to extract the synthe-
sized graft copolymer. Then it was dried at 50ºC, ground and 
labeled as SG-g-poly(AA). A similar procedure was follwed 
for the synthesis of starch-based hydrogel without gelatin 
and labelled as S-g-poly(AA).
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2.2.1 � Sequential experimental design and statistical 
analysis

SG‑g‑poly(AA)  The effect of five independent variables 
including grafting agent, cross-linker, initiator, solvent 
amount and pH on swelling ratio were optimized using 
response surface methodology (RSM). Grafting agent 
(24–32 mmol), cross-linker (1–1.8 mmol), initiator (0.44–
0.88 mmol), solvent (16–24 mL), and pH (8–12) were taken 
as independent variables during 23 randomized experiments.

S‑g‑Poly(AA)  Grafting agent (5–15 mmol), cross-linker (0.2–
0.4 mmol), initiator (0.1–0.2 mmol), solvent (10–30 mL), 
and pH (8–12) were optimized using RSM to the maximum 
swelling of hydrogel.

In RSM, the synthesis is optimized by designing a sequence 
of experiments with variation of different operational param-
eters. The various reaction parameters are optimized simul-
taneously along with interaction between them. The experi-
ments were performed by using central composite design 
(CCD) and optimized to maximum swelling of hydrogels. 
Design Expert 11 software was used for the experimental 
design and statistical analysis. The factorial model was 
confirmed by ANOVA and the non-significant terms were 
removed to obtain the reduced model. The coefficient of 
determination (R2) was used to evaluate the goodness of fit 
of the regression model.

2.3 � Swelling studies

Swelling behavior of the hydrogel was studied by gravimet-
ric method at 37 °C [34]. The dried hydrogels of known 
weight were kept in double distilled water at 37ºC. The sam-
ples were weighed after regular intervals till the attainment 
of constant weight. After that, the sample was taken out from 
water, wiped and weighed till the weight of sample became 
constant. The swelling ratio (SR) of the hybrid hydrogel was 
calculated using the following equation [34]:

where Wt and Wo is weight of the swelled and dry hydrogel, 
respectively.

2.4 � Synthesis of AgNPs‑embedded hybrid hydrogel

The dried hybrid hydrogel (0.5 g) was immersed in 5.0 mL 
of water. ThepH of the solution was maintained at 10 using 
0.1 M NaOH. After that, the silver nitrate (0.2–0.8 mmol) 
solution was added drop wise and heated for 5 min over the 
flame. The color transformed to brownish yellow, confirms 

(1)Swelling Ratio(SR) =
(Wt −Wo)

Wo
g∕g

the formation of AgNPs. The AgNPs imbibed hybrid hydro-
gel was taken out from the solution. Further, it was washed 
and dried untill the attainment of constant weight [1, 3, 
14, 26]. The in vitro release profiles of silver from silver 
nanoparticles loaded hydrogels were studied and hydrogels 
were, further, investigated for their antibacterial activity and 
other characteristics. A similar procedure was follwed for the 
synthesis of AgNPs imbibed starch-based hydrogel with-
out gelatin. The silver nanoparticle-loaded hydrogels were 
named as SGH-AgNPs and SH-AgNPs for hybrid hydrogel 
and starch hydrogel, respectively.

2.5 � Characterization

The Bruker Alpha FTIR spectrometer was used to record 
FTIR spectra (KBr pellet method). The SEM instru-
ment (JEOL S150A) was used to study morphology of 
the synthesized hybrid hydrogels.The compression test-
ing machine (100 Series Electromechanical Universal 
Test Machine, Testresources) was utilized for studying 
mechanical strength of the hydrogels (at a strain rate 
of 0.2 mm/min up to 50% strain). The thermal stabil-
ity of hydrogels was studied using TGA/DTA 6300, 
SII EXSTAR 6000, INKARP instruments. The Rigaku 
Ultimia IV diffractometer was used for X-ray diffraction 
(XRD) measurements, operated at 40 kV and a current of 
30 mA at a scan rate of 0.388 min−1 using parallel beam 
geometry, Cu-Kα radiation.The UV–visible absorption 
spectra were measured using double beam spectropho-
tometer (Shimadzu-2100, Japan). The JEOL-JEM-2100 
transmission electron microscope (TEM) and energy-
dispersive X-ray analysis (EDX) spectrum were used to 
investigate morphology and size of AgNPs. The dynamic 
light scattering (DLS) and zeta potential were utilized to 
study the average size of AgNPs.

2.6 � Antibacterial activity

The disc diffusion method was used for antimicrobial activ-
ity of silver nanoparticle-embedded hydrogel with two bac-
terial strains, E. coli and S. aureus [48, 49].

2.7 � In vitro silver release

0.5 g of dried hydrogel sample containing silver nanoparti-
cles (SGH-AgNPs and SH-AgNPs) was dipped in 30 mL of 
PBS solution (pH 7.4) at 37 °C. The release behavior of sil-
ver from hydrogel was analyzed by measuring absorbanceof 
solution at 412 nmat different time periods using UV–visible 
spectrophotometer.
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2.8 � Water vapor transmission rate (WVTR)

At the mouth of a transmission bottle containing deionized 
water, the silver nanoparticle-embedded hydrogel samples 
with known dimensions were immobilized and stored at 
37 °C. The WVTR values were calculated after 15 days 
according to the following equation.

Here, Wf and Wi are the final, and the initial weight of 
water remained in the bottle, respectively, t is the length 
of the experiment and A denotes the surface area of the 
hydrogels.

2.9 � PBS absorption

The absorption of wound discharge by the hydrogel samples 
was assessed with the help of PBS absorption experiment. 
First, the silver nanoparticle-embedded hydrogel samples 
with known weights (Wi) were dipped in a bottle contain-
ing 20 mL of PBS (pH = 7.4) and incubated in vitro at 37 °C 
for a particular time. Later, after removing the excess PBS 
solution from the surface, the wet weight of the samples 
(Wf) was determined. The PBS absorption percentage was 
calculated using the following equation.

2.10 � In vitro degradation

In vitro degradation of the silver nanoparticle-embedded 
hydrogel samples was carried out in a PBS solution at pH 
7.4. The hydrogel samples were incubated in a PBS solution 
at 37 °C. Finally, the hydrogel samples after removing from 
PBS solution were washed and dried. The amount of degra-
dation was examined looking into changes in morphology 
(scanning electron microscopy) for 4 weeks.

2.11 � Moisture retention capability

The synthesized silver nanoparticle-embedded hydro-
gel samples were cut into pieces of uniform dimensions, 
weighted (Wi) and placed inside oven for 24 h at 50 °C. 
Afterwards, the samples were weighed again (Wf). The 
moisture retention capacity was determined by the follow-
ing equation.

(2)WVTR =
(Wf −Wi)

t
∕A

(3)PBS absorption =
(Wf −Wi)

Wi
× 100

(4)Moisture Retention Capability = Wi
/

Wf
× 100

2.12 � Gel fraction

The uniform pieces of silver nanoparticle-embedded hydrogel 
samples were dried in the oven to constant weight (Wi). The 
dried samples were put in de-ionized water for five days. After-
wards, the hydrogel samples were again dried in a vacuum 
oven to constant weight (Wf) is reached. The following equa-
tion was used to determine gel fraction.

2.13 � Hydrogel porosity

The silver nanoparticle-embedded hydrogel samples were 
saturated in known volume of ethanol. Wi and Wf indicate 
the weight of samples before ethanol absorption and after 
ethanol absorption, respectively. V1 represents the volume of 
ethanol before absorption, V2 represents the volume of etha-
nol after absorption, and ρ is the density of alcohol at room 
temperature. The hydrogel porosity was determined using the 
following equation.

2.14 � Swelling behavior

The swelling behavior represents the tendency of hydrogel to 
absorb liquid and swell in that medium. The swelling behavior 
of silver nanoparticle-embedded hydrogel samples was exam-
ined in water, 0.9% MgCl2, 0.9% NaCl and blood. The dried 
samples of the uniform dimensions were weighed (Wi) and 
immersed in the above-mentioned solutions for 24 h. The sam-
ples were removed from the different solutions and weighed 
(Wf) again after wiping extra solution from the hydrogel sam-
ples. The following equation was used to determine the swell-
ing percentage.

2.15 � In vitro cytotoxicity

TheWST-1 test was used to understand the cytotoxicity of 
hydrogel samples. The human skin fibroblast cells were cul-
tured in 24 well culture plate at a cell density of 3 × 104 per 
well in Dulbecco’s modified Eagle medium (DMEM). The 
medium contained 10% fetal bovine serum and 1% penicillin. 
Afterwards in an atmosphere of 5% CO2, 5 mg of hydrogel 
sample was incubated for 48 h at 37 °C. The WST-1 colori-
metric assay was used to determine the cell viability. Normal 
DMEM was used for the control sample [41].

(5)Gel fraction(%) = Wi
/

Wf
× 100

(6)(Porosity) Φ = (Wf −Wi)∕(ρV2 − ρV1) × 100

Swelling capacity(g∕g) =
(Wf −Wi)

Wi
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3 � Results and discussion

3.1 � The proposed mechanism of hydrogel 
formation

The plausible mechanism for the synthesis of starch-
gelatin hydrogel involves the free radical polymerization 
reaction in aqueous medium. The free radical mechanism 
involves three key phases: initiation, propagation and ter-
mination. During the initiation step, the free radical initia-
tor (APS) undergoes homolytic cleavage to yield sulphate 
radicals along with other free radical species. These radi-
cal species abstract hydrogen from the -OH bonds in starch 
and -NH- bonds in gelatin and create radical sites over 
starch and gelatin for grafting of vinyl monomer. Along-
side, the free radical produces radical sites over acrylic 
acid and MBA. During the propagation step, homopoly-
merization of vinyl monomers to form polyacrylic acid 
and grafting of polyacrylic acid onto starch and gelatin 
take place simultaneously. Further, the free radical sites 
on cross-linker (MBA) binds with the free radical sites 
over starch and gelatin and the three-dimensional network 
forms. Apart from linking through the cross-linker, the 
different physical interactions including Vander Waals 
and electrostatic interactions among and –OH, –COOH 
and–NH2 groups of starch and gelatin help to form a semi-
IPN network (Scheme 1).

3.2 � RSM optimization of synthesis parameters

3.2.1 � RSM optimization and model fitting of SG‑g‑poly(AA)

In order to attain the maximum swelling ratio (45 g/g), 
the optimized reaction parameters were AA (28 mmol), 
MBA (1.4 mmol), APS (0.66 mmol), solvent (20 mL) and 
pH (10). The regression coefficient in the form of coded 
equation

where A grafting agent, B cross-linker, C initiator, D solvent 
amount, E pH.

The final equation representing the actual factors

Swelling ratio = + 43.98 + 0.6864A − 1.18B − 1.24C + 0.5766D − 0.2196E

− 0.0453AB + 0.3846AC − 1.78AD − 2.01AE + 2.03BC

+ 0.2395BD + 0.4357BE + 0.1694CD + 1.29CE − 1.20DE

− 0.8038AA − 0.3817BB − 0.653CC − O.4119DD + 0.2967EE

Swelling ratio = − 107.97093 + 7.46591A − 19.11609B − 65.46191C

+ 5.44334D + 5.72151E − 0.028340AB + 0.437007AC

− 0.111092AD − 0.250784AE + 23.02850BC + 0.149673BD

+ 0.544590BE + 0.192484CD + 2.93314CE − 0.149556DE

− 0.050239AA − 2.38570BB − 13.49324CC − 0.025741DD

+ 0.074172EE

Scheme 1   Schematic represen-
tation of cross-linked SG-g-
Poly(AA)
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This equation can predict about the swelling ratio of 
the hydrogel; however, the relative impact of each factor 
should not be determined using it. The quadratic model is 
recommended by sequential model sum of square and lack 
of fit and further the Box-Cox plot (Fig. 1a) propose that 
no transformation is required in the data.

3.2.2 � Optimization of significant variables

The concentrations of AA, MBA, APS, and solvent volume are 
substantial parameters to affect the swelling ratio. The interac-
tion of these parameters was analyzed using a central compos-
ite design (CCD). ANOVA, regression coefficients, R2 values, 
and lack of fit are summarized in Table 1. The model F-value 
of 55.93 implies the significance of quadratic model. That the 
model terms are significant is indicated by the P-values less than 

0.0500. The non-significance of model terms is indicated by 
values greater than 0.1000. The Lack of Fit F-value of 4.69 sug-
gests that Lack of Fit is not significant relative to the pure error. 
The non-significant lack of fit indicates the fitting of quadratic 
model. The negative predicted R2 (− 0.2793) indicates that the 
overall mean is a better predictor of the response (Fig. 1b). The 
optimal levels of independent variables on swelling percent-
age were determined by contour plots and 3-D response surface 
contour plots (Fig. 1c, d and Fig. S1a-d).

The equation in terms of unitless regression coefficients

Swelling ratio = + 43.98 + 0.6864A − 1.18B − 1.24C + 0.5766D

− 0.0453AB + 0.3846AC − 1.78AD + 2.03BC

+ 0.2395BD + 0.1694CD − 0.8038AA − 0.3817BB

− 0.653CC − O.4119DD

Fig. 1   a–d RSM optimization of SG-g-poly(AA) (a) Box-Cox Plot; 
(b) correlation of the predicted and the experimental values of swell-
ing; (c) response surface plot showing interaction between cross-

linker and monomer concentration; and (d) response surface plot 
showing interaction between solvent volume and initiator concentra-
tion
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The actual factors in terms of multiple regression equation

3.2.3 � RSM optimization and model fitting of S‑g‑Poly(AA)

In order to attain the maximum swelling ratio (30 g/g), 
the reaction parameters optimized were AA (10 mmol), 
MBA (0.3 mmol), APS (0.15 mmol), solvent (20 mL), 
and pH (10). The regression coefficient in the form of 
coded equation

Swelling ratio = − 107.97093 + 7.46591A − 19.11609B − 65.46191C

+ 5.44334D − 0.028340AB + 0.437007AC − 0.111092AD

+ 23.02850BC + 0.149673BD + 0.192484CD − 0.050239AA

− 2.38570BB − 13.49324CC − 0.025741DD

where A grafting agent, B cross-linker, C initiator, D solvent 
amount, E pH.

Final equation in terms of actual factors

Swelling ratio = + 29.09 − 1.65A + 1.35B + 0.1922C + 0.6864D

− 1.70E − 0.7152AB − 0.4871AC + 0.5687AD

+ 3.13AE − 2.08BC − 2.92BD − 1.26BE − 2.12CD

+ 0.5178CE + 1.47DE − 1.08AA − 0.5863BB

− 2.03CC − 1.37DD − 0.7522EE

Swelling ratio = − 36.29160 − 2.10080A + 246.82038B + 425.18909C

+ 1.27958D − 0.582484E − 1.43041AB − 1.94838AC

+ 0.011374AD + 0.313230AE − 415.93857BC

− 2.92388BD − 6.30148BE − 4.24154CD + 5.17815CE

+ 0.073681DE − 0.043353AA − 58.63339BB − 813.43535CC

− 0.013703DD − 0.188041EE

Table 1   Analysis of variance 
(ANOVA) for selected model

Source Sum of squares df Mean square F-value p-value

Model 63.64 20 3.18 55.93 0.0177 significant
A-AA 3.13 1 3.13 54.93 0.0177
B-MBA 9.24 1 9.24 162.50 0.0061
C-APS 10.13 1 10.13 177.97 0.0056
D-Solvent 2.21 1 2.21 38.76 0.0248
E-pH 0.3200 1 0.3200 5.62 0.1411
AB 0.0063 1 0.0063 0.1104 0.7712
AC 0.4520 1 0.4520 7.94 0.1062
AD 9.66 1 9.66 169.71 0.0058
AE 12.30 1 12.30 216.21 0.0046
BC 12.55 1 12.55 220.60 0.0045
BD 0.1753 1 0.1753 3.08 0.2213
BE 0.5801 1 0.5801 10.20 0.0857
CD 0.0877 1 0.0877 1.54 0.3403
CE 5.09 1 5.09 89.47 0.0110
DE 4.37 1 4.37 76.89 0.0128
A2 11.12 1 11.12 195.52 0.0051
B2 2.51 1 2.51 44.09 0.0219
C2 7.34 1 7.34 129.06 0.0077
D2 2.92 1 2.92 51.33 0.0189
E2 1.52 1 1.52 26.64 0.0356
Residual 0.1138 2 0.0569
Lack of Fit 0.0938 1 0.0938 4.69 0.2754 not significant
Pure Error 0.0200 1 0.0200
Cor Total 63.76 22
Std. Dev 0.2385 R2 0.9982
Mean 42.45 Adjusted R2 0.9804
C.V. % 0.5619 Predicted R2 -0.2793
PRESS 81.57 Adeq Precision 25.4767
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This equation can be used to make predictions 
about the swelling. The quadratic model is recom-
mended by sequential model sum of square and lack 
of f it  and fur ther the Box-Cox plot (Fig. 2a) sug-
gest  that  power transformation is  required in the 
data.

3.2.4 � Optimization of significant variables

Here, AA concentration, MBA concentration, solvent 
volume, and pH are important terms to inf luence the 

swelling ratio. The interaction of the above-men-
tioned parameters was analyzed by a central compos-
ite design (CCD). ANOVA, regression coefficients, 
R2 values, and lack of fit are summarized in Table 2. 
The model F-value of 106.85 implies that quadratic 
model is significant. The significance of model terms 
was indicated by P-values less than 0.0500. The non-
significance of Lack of Fit relative to the pure error 
was implied by the Lack of Fit F-value of 36.12. The 
fitting of quadratic model is indicated by the non-sig-
nificant lack of fit. The predicted R2 of 0.2091 is not 

Fig. 2   a–d RSM optimization of S-g-poly(AA)(a) Box-Cox Plot; 
(b) Predicted and experimental values of swelling; (c) response sur-
face plot presenting interaction between cross-linker and monomer 

concentration; and (d) response surface plot describing interaction 
between solvent volume and pH
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as nearer to the adjusted R2 of 0.9897; the dissimilar-
ity is more than 0.2 (Fig. 2b). The optimal levels of 
independent variables on swelling percentage were 
determined by contour plots and 3-D response surface 
contour plots (Fig. 2c, d and Fig.S2 a-d).

The equation in terms of unitless regression coefficients

The multiple regression equation for actual factors

Swelling ratio = + 29.09 − 1.65A + 1.35B + 0.6864D − 1.70E

− 0.7152AB + 0.5687AD + 3.13AE − 2.92BD

− 1.26BE + 1.47DE − 1.08AA − 0.5863BB

− 1.37DD − 0.7522EE

Swelling ratio = − 36.29160 − 2.10080A + 246.82038B + 1.27958D

− 0.582484E − 1.43041AB + 0.011374AD + 0.313230AE

− 2.92388BD − 6.30148BE + 0.073681DE − 0.043353AA

− 58.63339BB − 0.013703DD − 0.188041EE

3.3 � Swelling studies

The polymeric network of hydrogels expands in the pres-
ence of water and hydrates the various functional groups 
attached to various polymeric chains. Variation in swelling 
at different pH, help them utilization in biomedical sector. 
Higher swelling capacity means higher efficiency of drug 
loading. Higher swelling and retention capacity, make 
them biocompatible [50]. Figure 3(a) showed the effect 
of pH on water absorption tendency of SG-g-Poly(AA). 
In acidic condition, the carboxylic groups are protonated, 
which generate an additional cross-linking through hydro-
gen bonding and the network tends to shrink because of 
the restricted repulsions between the protonated carboxy-
late groups.It results in decreased swelling capacity of 
starch-gelatin semi-IPN at low pH [38]. However, at higher 
pH, the carboxylic groups are ionized to carboxylate ions, 
which results in increased repulsions between carboxylate 

Table 2   Analysis of variance 
(ANOVA) for selected model

Source Sum of Squares df Mean Square F-value p-value

Model 198.33 20 9.92 106.85 0.0093 significant
A-AA 18.00 1 18.00 193.95 0.0051
B-MBA 12.00 1 12.00 129.35 0.0076
C-APS 0.2450 1 0.2450 2.64 0.2457
D-Solvent 3.13 1 3.13 33.67 0.0284
E-pH 19.22 1 19.22 207.10 0.0048
AB 1.56 1 1.56 16.84 0.0546
AC 0.7251 1 0.7251 7.81 0.1077
AD 0.9884 1 0.9884 10.65 0.0824
AE 29.98 1 29.98 323.07 0.0031
BC 13.22 1 13.22 142.42 0.0069
BD 26.13 1 26.13 281.51 0.0035
BE 4.85 1 4.85 52.30 0.0186
CD 13.74 1 13.74 148.10 0.0067
CE 0.8194 1 0.8194 8.83 0.0971
DE 6.64 1 6.64 71.51 0.0137
A2 20.22 1 20.22 217.89 0.0046
B2 5.92 1 5.92 63.77 0.0153
C2 71.19 1 71.19 767.09 0.0013
D2 32.32 1 32.32 348.28 0.0029
E2 9.74 1 9.74 104.94 0.0094
Residual 0.1856 2 0.0928
Lack of Fit 0.1806 1 0.1806 36.12 0.1050 not significant
Pure Error 0.0050 1 0.0050
Cor Total 198.52 22
Std. Dev 0.3046 R2 0.9991
Mean 24.74 Adjusted R2 0.9897
C.V. % 1.23 Predicted R2 0.2091
PRESS 157.00 Adeq Precision 32.7994
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groups and decreased hydrogen bonding. At higher pH, the 
expansion of the polymeric network increases the swelling 
capacity of hydrogel. The swelling studies indicate that 
SG-g-poly(AA) has good water absorption capacity and 
the maximum swelling of 4400% was achieved at pH 10 
and the results are in good agreement with literature [45].

Figure 3b represents the time dependent swelling of 
SG-g-poly(AA) hydrogel. The swelling capacity of hydro-
gel increased with time and the equilibrium swelling 
capacity was obtained in 140 min, approximately. Fur-
ther, S-g-Poly(AA) hydrogel displayed the similar trend 
of growing swelling capacity with increased pH owing to 
the increased ionization of carboxylic groups as already 
mentioned above (Fig. 3c). The slight decrease in swell-
ing capacity at pH 12 could be credited to the increased 
sodium ions concentration in the solution which interact 
and shield the carboxylate ions. It results in decreased 
ionic repulsions and reduction of the network expan-
sion and consecutively, it decreases the swelling capac-
ity of starch-based hydrogel. The equilibrium swelling of 
S-g-Poly(AA) hydrogel was obtained in about 210 min 
(Fig. 3d). The swelling capacity of starch-gelatin hydrogel 

Fig. 3   a–d Swelling kinetics of 
(a) SG-g-poly(AA) at different 
pH; (b) dynamic water uptake 
of SG-g-Poly(AA) at pH 10; 
(c) swelling kinetics of S-g-
poly(AA) at different pH; and 
(d) dynamic water uptake of 
S-g-Poly(AA) at pH 10
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was comparatively on higher side than the starch-based 
hydrogel. The presence of gelatin in the network structure 
adds rich hydrophilic functionalities to the three-dimen-
sional network and results in better hydration.

3.4 � Characterization of starch‑gelatin and starch 
hydrogels

3.4.1 � Fourier transform infrared spectroscopy (FTIR) 
of hydrogels

The FTIR spectra of starch, gelatin, starch-based hydro-
gel, and starch-gelatin hybrid hydrogel are displayed in 
Fig. 4(a–d). The characteristic peaks of starch (Fig. 4a) at 
1020 cm−1, 2932 cm−1, and 3273 cm−1 are attributed to 
the C-O, C-H and O–H stretching vibrations, respectively. 
The peak at 1648 cm−1is resulted from the 1st overtone of 
OH bending and the stretching C–O–C vibrations. The fre-
quency range between 920 and 1100 cm−1 is the typical pro-
file of polysaccaharides as visible in the spectrum. Gelatin 
showed peaks at 3275 cm−1 (N–H stretching), 1629 cm−1 
(amide-I), 1534 cm−1 (amide-II), 1239 cm−1 (amide-III), and 
1448 cm−1 (symmetric stretching of –COO− group (Fig. 4b). 
The amide-I and amide-II bands represent the C = O stretch-
ing and the N–H in plane bending, respectively, in gelatin. 

The amide-III band represents the coupling of C-N stretch-
ing and N–H in plane bending of the bound amide.

The FTIR spectrum of S-g-Poly(AA) (Fig. 4c) showed 
a broad band with diminished intensity in the region of 
3300–3600 cm−1 related to the stretching vibrations in-OH 
groups. The variation of band/peak intensity indicates the 
structural changes and the change in extent of hydrogen 
bonding. The peaks at 1700 cm−1 and 1200 cm−1 were rec-
ognized as the stretching vibrations of C = O and C-O of 
the grafted acrylic acid, respectively. The FTIR spectrum 
of SG-g-Poly(AA) showed amalgamation of characteristics 
bands of starch, gelatin and acrylic acid (Fig. 4d). There was 
shifting of gelatin peak from 1629 cm−1 to 1655 cm−1due 
to the formation of semi-IPN hydrogel owing to the various 
new molecular interactions or change in electronic distribu-
tion along the bond [40, 51]. The stretching band of C = O 
corresponding to acrylic acid was observed tobe overlapped 
with amide-I band of gelatin.

The hydrogels displayed broad absorption bands in the 
region of 3500–2500 cm−1 with change in intensity (Fig. 4c, 
d). The overlapping of O–H stretching band was seen with 
N–H stretching and C–H stretching peaks. The intermolecu-
lar hydrogen bonding of carbonyl groups (1710 cm−1) with 
hydroxyl groups of starch shift its stretching vibrational fre-
quency. The presence of cross-linker in the hydrogel matrix 

Fig. 5   a–f SEM images of 
(a) starch; (b) gelatin; (c-d) 
S-g-poly(AA), and (e–f) SG-g-
Poly(AA)

a b

c d

e f
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was indicated by the presence of a peak at 1397 cm−1 with 
small intensity. Further, a peak at 1125 cm−1 was observed 
for C–O stretching vibration. The 920–1100 cm−1 region 
representing the typical profile of polysaccharides was found 
to be absent from the FTIR spectra of both the hydrogels. 
The intensities of different bands were different in SG-g-
Poly(AA) and S-g-Poly(AA) hydrogels (Fig. 4c, d).

3.4.2 � Scanning electron microscopy (SEM)

The morphological representation of starch, gelatin, starch-
based hydrogel and starch-gelatin hydrogel surfaces is 
shown in Fig. 5(a–f). Figure 5(a) and (b) shows the spheri-
cally shaped starch particles and the gelatin in continuous 
phase, respectively. The morphology of S-g-Poly(AA) 
hydrogel was quite different from the starch (Fig. 5c, d). 
The original granular texture of starch was lost owing to 
formation of covalent crosslinks and the complex semi-IPN 
structure. Further, SG-g-Poly(AA) was found to possess a 
cross-linked and porous three-dimensional network structure 
with continuous morphology (Fig. 5e, f) The loss of unique 
morphologies of starch and gelatin with development of 
completely different morphology in hydrogel indicates the 
successful crosslinking of starch and gelatin [31]. Besides, 
the SEM images revealed the higher extent of crosslinking in 
the SG-g-Poly (AA) hydrogel as compared to S-g-Poly(AA).

3.4.3 � Mechanical properties

Generally, the weak tensile strength of hydrogels made 
up from natural polymers limits their applications. The 
compressive modulus of SG-g-Poly(AA) was found to be 
superior to the hydrogel made from starch backbone with-
out any gelatin (Table 1). The compressive modulus of the 
synthesized hybrid hydrogel synthesized in aq. medium was 
in the range as mentioned in [45], where the gelatin-starch 
hydrogel was synthesized in polar solvent [45]. The cova-
lent cross-linking of starch and gelatin with cross-linker was 
responsible for improvement in mechanical strength of semi-
IPN hydrogel. Apart from the covalent cross-linking, the 
different types of interactions including Vander Waals and 
electrostatic interactions among starch, gelatin and cross-
linker might have further enhanced the mechanical strength 
of SG-g-Poly(AA).The various intermolecular interactions 
including physical binding and chemical bonding among the 
different components owing to the rich functionalities over 
starch-gelatin backbone helped to grow the three-dimen-
sional structure and mechanical strength of SG-g-Poly(AA) 
(Table 3).

3.4.4 � Thermal properties

Table 4 reveals the thermal behavior of starch, gelatin, 
S-g-Poly(AA) and SG-g-Poly(AA). The thermogravimet-
ric analysis (TGA) of starch showed an initial weight loss 
(10%) at 194.1°Cwas mainly due to the exclusion of the 
absorbed moisture and volatile matter. The second stage 
degradation (with the weight loss of 32.9%) was observed 
between 194.1 and 293.0 °C and the third stage in the 
temperature range of 293.0–461.8 °C (with the weight 
loss of 70.8%) was mainly related to degradation of starch 
polymer. The decomposition of gelatin started with the 
removal of surface moisture with mass loss of 6.7% up to 

Table 3   Compressive modulus of hydrogels

S.No Type of hydrogel Compres-
sive modulus 
(kPa)

1 S-g-Poly(AA) 6.83 ± 1.23
2 SG-g-Poly(AA) 20.57 ± 1.19

Table 4   Thermal properties of Starch, Gelatin, S-g-Poly(AA) and SG-g-Poly(AA)

Sample TGA​ DTA DTG

IDT
(°C)

Ist stage 
decomposition,°C 
(%weight loss)

2nd stage decomposi-
tion, °C (%weight loss)

FDT (°C) Exothermic peaks at differ-
ent decomposition tempera-
tures (μV)

Decomposition 
temperature, °C (rate 
of weight loss in mg/
min)

Ist (°C) 2nd (°C) Ist (°C) 2nd (°C)
Starch 194.1 194.1–293

(32.9)
293–461.8
(70.8)

686.7 500.0 (34.0) 600.1
(94.1)

280.6
(0.402)

403.9
(0.452)

Gelatin 240.8 246.8–446.5 (61.6) 446.5–625.8 (99.1) 625.8 425.0
(65.0)

564.2 (56.0) 300
(0.365)

502.8 (0.364)

S-g-Poly(AA) 205.8 205.8–314
(46.4)

314–471.6 (74.8) 669.6 481.1
(17.4)

627.9
(57.6)

278.5
(0.430)

405.8 (0.475)

SG-g-Poly(AA) 247.2 247.2–341.2
(39.6)

341.2–437.3
(59.5)

756.6 652.3
(25.8)

686.0
(25.4)

289.4
(0.441)

385.2
(0.466)
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the temperature of 144.17 °C. Further, the mass loss was 
observed due to removal of bound water (8.74% loss) up 
to the temperature of 240.83 °C. Furthermore, the two 
stages decomposition process resulted in the mass loss of 
61.67% and 99.152% up to the temperature of 446.58 °C 
and 625.81 °C, respectively. The initial and final decom-
position temperatures of gelatin were 240.83  °C and 
625.81 °C, respectively. The initial decomposition tem-
perature (IDT) (247.2 °C) as well as the final decomposi-
tion temperature (FDT) (756.6 °C) in TGA were found 
to be higher for SG-g-Poly(AA) than that of starch and 
S-g-Poly(AA). The physical and chemical interactions of 
starch and gelatin via cross-linking and different functional 
groups enhanced interfacial adhesion and thus the ther-
mal degradation temperature increased. DTA (differential 
thermal analysis) peaks were observed at higher tempera-
ture with less heat evolved (686 °C, 25.4 μV) in SG-g-
Poly(AA) compared toS-g-Poly(AA) (627 °C, 57.6 μV). 
DTG (differential thermogravimetric analysis) studies 
showed that the rate of thermal decomposition was higher 
in S-g-Poly(AA) (0.475 mg/min) than in SG-g-Poly(AA) 
(0.466 mg/min). The grafting and crosslinking among dif-
ferent polymer chains resulted in enhanced thermal stabil-
ity of the hydrogel.SG-g-Poly(AA) hydrogel was thermally 
more stable as compared to S-g-Poly(AA), in coherence 
with its higher mechanical strength (Table 4). The trends 
of increasing thermal stability of hydrogels as a result of 
grafting and cross-linking were in accordance with the 
previous results reporting the synthesis of polysaccharide 

hydrogels under similar conditions [31, 52].formation of 
silver nanoparticles (

3.4.5 � X‑ray diffraction (XRD) analysis

The crystallinity of starch originates from involvement of 
-OH groups in inter and intra molecular hydrogen bonding. 
It was observed from Fig. 6a that starch showed crystal-
line peaks at 2θ = 15.7°, 17.7°, and 22.7° as reported [53]. 
Gelatin showed a large broad amorphous peak at 22°at 
2θ scale as reported [54]. Gelatin is amorphous in nature 
with a non-defined crystal structure, as clearly indicated by 
its XRD (Fig. 6b). In case of S-g-Poly(AA) hydrogel, the 
appearance of two broad peaks at 2θ values of 22° and 36° 
again points out its amorphous or non-crystalline nature 
(Fig. 6c). The peak intensity at 2θ of 22° was higher for 
starch hydrogel. Whereas, in SG-g-Poly(AA), the inten-
sity of peak at 2θ of 22° was found to be comparatively 
lesser than starch hydrogel indicating its lesser crystallin-
ity (Fig. 6d). The difference in peak intensities in starch 
and strach-gelatin hydrogels could be related to variation 
in their morphologies at the microscale level. The hybrid 
hydrogel displayed decreased crystallinity due to strong 
but random interactions among the various functional 
groups of starch and gelatin. Furthermore, the incorpo-
ration of poly(AA) chains in the matrix also results in 
decreased crystallinity [40].

3.5 � Characterization of the AgNPs‑embedded 
hydrogels

3.5.1 � UV–visible spectroscopic studies

In the study, Ag(I) ions were loaded onto the hydrogels 
and were reduced to silver nanoparticles by the hydrogels. 
The synthesized silver nanoparticles were investigated 
through UV–Vis spectroscopy to get insight about the 
efficiencies of SG-g-Poly(AA) and S-g-Poly(AA) hydro-
gels as matrices for reduction and stabilization of silver 
nanoparticles (Fig. 7). The surface plasmon resonance 
(SPR) band of AgNPs was centered at 412 nm, depicting 
the presence of AgNPs [35]. The SPR is a result of col-
lective oscillation of the electrons present in conduction 
band because of the resonant excitation by the incoming 
photonsand was found to be absent in both small silver 
nanoparticles (< 2 nm) and agglomerated one [14]. The 
vibrant yellowish color (Fig. 7e) supported the reduc-
tion and formation of Ag nanoparticles (AgNPs) in the 
hydrogel matrix.

The factors affecting the formation of silver nanoparti-
cles in SG-g-Poly(AA) as well as S-g-Poly(AA) matrices 
were compared. It can be seen from Fig. 7(a & c) that the 

Fig. 6   a–d XRDs of (a) starch; (b) gelatin; (c) S-g-Poly(AA); and (d) 
SG-g-Poly(AA)
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increasing the silver (I) salt, progressively increases the 
intensity of the SPR band due to increased concentration 
of silver nanoparticles. The absorption peak was found 
to be significantly less intense at AgNO3 concentration 
of 0.8 mmol. This might be due to the fact that AgNO3 

concentration more than 0.6 mmol produces clusters or 
aggregates that in turn decreases the concentration of nano-
particles, thus results in decreased intensity of the SPR band 
[9].

300 350 400 450 500 550 600 650 700

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

e
c

n
a

b
r

o
s

b
A

Wavelength (nm)

0.2 mmol AgNO
3

 0.4 mmol AgNO
3

0.6 mmol AgNO
3

0.8 mmol AgNO
3

300 350 400 450 500 550 600 650 700

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

e
c

n
a

b
r

o
s

b
A

Wavelength (nm)

pH 10

pH 11

pH 12

pH 13

300 350 400 450 500 550 600 650 700 750

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

e
c

n
a

b
r

o
s

b
A

Wavelength (nm)

0.2 mmol AgNO
3

0.4 mmol AgNO
3

0.6 mmol AgNO
3

0.8 mmol AgNO
3

300 350 400 450 500 550 600 650 700

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

e
c

n
a

b
r

o
s

b
A

Wavelength (nm)

pH 10

pH 11

pH 12

pH 13

b

d
e

a

c

Fig. 7   a–e UV–Visible absorption spectra of AgNPs synthesized using (a & b) SG-g-poly(AA); (c & d) S-g-Poly(AA); and (e) color change due 
to synthesis of silver nanoparticles

Fig. 8   a, b X-ray diffraction 
pattern of silver nanoparticles 
synthesized using (a) SG-g-
poly(AA) and (b) SGH-AgNPs 
sample (silver nanoparticle-
embedded starch-gelatin 
hydrogel)
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Further, the influence of pH on the synthesis of AgNPs 
using SG-g-Poly(AA) hydrogel as well as starch hydrogel 
was investigated (Fig. 7b & d) in pH range of 10.0–13.0. 
The peak intensity of SPR band of the AgNPs increases with 
increase in the pH from 10.0 to 12.0, but the further increase 
in pH beyond 12 decreases the peak intensity. As the pH of 
solution increases, the functional groups (-COOH and -OH) 
present on the hydrogel matrices dissociate to form ions and 
provide electrons for the reduction of Ag (I)ions, which was 
true up to the pH 12.0. However, beyond pH 12, the silver 
ion gets precipitated as hydroxide, hence reduces the Ag (I) 
concentration in the solution [55].

Thus, the optimal condition for the AgNPs reduction and 
formation using hybrid hydrogel was observed at pH 12.0 
with silver nitrate concentration of 0.6 mmol.

The synthesis of AgNPs was evaluated using both SG-
g-Poly(AA) and S-g-Poly(AA) matrices. It was observed 
from the UV–Vis absorption spectra that silver nanoparti-
cles with SG-g-Poly(AA) had higher absorption intensity in 
comparison to those with S-g-Poly(AA) hydrogel. Thus, the 
SG-g- Poly(AA) matrix could act as better reducing agent 
for the synthesis of AgNPs-embedded hydrogels compared 
to S-g-Poly(AA), because of the highly cross-linked network 
structure and the presence of additional functional groups.

3.5.2 � XRD analysis

X-ray diffraction pattern of crystalline AgNPs synthesized 
using SG-g-Poly(AA) is given in Fig. 8(a). The presence of 
four sharp and well defined diffraction lines at 2θ = 38.28°, 
44.58°, 64.59°, and 77.46° corresponding to (111), (200), 

(220), and (311) reflections of the face cubic centered (fcc) 
structure of silver, respectively. The results confirmed the 
crystalline structure of AgNPs [35]. The lattice parameters 
determined from XRD (a = b = c = 4.082975 A°) was in con-
formity with the literature (a = 4.086 Å) [35]. No other peaks 
of impurities or crystalline phases have been detected in the 
XRD pattern of silver nanoparticles.

The high intensity peak at (111) reflection indicates an 
orienting growth along the (111) direction and high degree 
of crystallinity of AgNPs. The broad diffraction peaks indi-
cated small crystallite size of silver nanoparticles. The value 
of FWHH of AgNPs was determined to be 0.78 at 38.28°. 
The size of the Ag nanoparticles was 10.77 nm as calculated 
using the Debye–Scherrer equation [55].

Figure  8(b)  represents the X-ray diffraction pattern 
of silver nanoparticle-embedded starch-gelatin hydrogel 
(SGH-AgNPs). The appearance of two broad peaks at 2θ 
values of 22° confirms the presence of amorphous starch-
gelatin backbone. Further, the presence of four sharp and 
well-defined peaksat the 2θ values mentioned above indi-
cated the presence of crystalline AgNPs in the hydrogel. 
The peak positions and peak intensities of the embedded 

Fig. 9   a–f TEM images of (a, 
b) SGH-AgNPs; (d, e) SH-
AgNPs; SAED pattern of (c) 
SGH-AgNPs and (f) SH-AgNPs

d

a b c

e f

Table 5   Distribution of AgNPs sizes obtained by DLS and TEM

a Obtained by dynamic light scattering
b Obtained by transmission electron microscopy

Polymer Size range (nm)a Size range (nm)b

SGH-AgNPs 20 ± 18 4–58
SH-AgNPs 8 ± 5 4–19
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silver nanoparticles (8b) were found to be different in com-
parison to the free silver nanoparticles in the solution (8a). 
The growth of the embedded silver nanoparticles might be 
oriented in different directions while inside the hydrogel 
matrix. The combination of sharp and broad peaks in the 
XRD confirmed the successful synthesis of silver nanopar-
ticle-embedded starch-gelatin hydrogel.

3.5.3 � Transmission electron microscopy (TEM) 
and selected‑area electron diffraction (SAED) pattern

The EDX spectra of Ag nanoparticles synthesized in 
S-g-Poly(AA) and SG-g-Poly(AA) matrices, respec-
tively, indicated the formation of silver nanoparticles 
(Supplementary data, Fig. S3a, b). The TEM images 
(Fig. 9) showed spherical and ellipsoidal morphology 
of silver nanoparticles in SGH-AgNPs and SH-AgNPs, 
respectively. The nanoparticles in SG-g-Poly(AA) were 
approximately 10 nm in diameter with predominantly 
spherical shape. The nanoparticles in S-g-Poly(AA) 
were spherical and elliptical with the large variation in 
diameter ranging from 4 to 58 nm. As visible from the 
TEM images, the nanoparticles were homogeneously 
distributed with particle size variation of 4–19 nm in 

SGH-AgNPs as compared to those in SH-AgNPs. The 
nanoparticle sizes determined by TEM and DLS were 
consistent (Table  5). Moreover, the nanoparticles in 
SGH-AgNPs were smaller in size as compared to those 
in SH-AgNPs. Undoubtedly the nucleation, growth and 
stabilization of nanoparticles takes place through dif-
ferent interactions in SG-g-Poly(AA) in comparison to 
S-g-Poly(AA).

The SAED pattern showed diffraction rings and spots, 
which corresponded to the fcc phase of silver nanoparticles 
as inspected by XRD. The SAED spots depicted different 
crystallographic planes of fcc structure of elemental silver 
and are in agreement with the XRD results [56].

Zeta potential is used to study the charge stability of 
the nanoparticles in aqueous suspension. The higher zeta 
potential means stronger repulsion and higher stability of 
the nanoparticles.

The zeta potential values for silver nanoparticles in 
SGH-AgNPs were found to be higher as compared to 
silver nanoparticles in SH-AgNPs. This indicated the 
better stability of nanoparticles in SGH-AgNPs com-
posite (Table 6). The positive zeta potential of silver 
containg hydrogels can better interact with bacterial 
cell wall and contribute to good antibacterial activ-
ity as discussed later [57]. The stability of nanopar-
ticles in nanocomposites was again confirmed from 
the TEM images of silver nanoparticles containing 
hydrogels which were stored in closed bottles at room 
temperature for six months (Fig. 10a–d). The silver 
nanoparticles in SGH-AgNPs remained well dispersed 
without any significant change in particle size dis-
tr ibution in comparison to silver nanoparticles in 

Table 6   Zeta potential of silver 
nanoparticles

Nanoparticles in Zeta 
potential 
(mV)

SGH-AgNPs  + 23.3
SH-AgNPs  + 12.5

Fig. 10   a–e TEM of SGH-
AgNPs (a) at the time of syn-
thesis and (b) after 6 months; 
TEM of SH-AgNPs; (c) at the 
time of synthesis and (d) after 
six months (e) UV–visible 
spectrum of SGH-AgNPs after 
6 months
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SH-AgNPs which formed agglomerates. The UV–vis-
ible spectrum of the stored silver nanoparticles in 
SGH-AgNPs displayed the SPR at 411 nm without 
any major shift in absorption wavelength, indicating 
the insignificant change in particle size even after 
six months (Fig.  10e). Therefore, SG-g-Poly(AA) 
hydrogel with better cross-linking can act as better 
stabilizing matrix for nanoparticles as compared to 
S-g-Poly(AA) [58].

3.6 � Antibacterial activity analysis 
of silver‑embedded hydrogels

The contact of silver nanoparticles with bacteria changes 
their membrane structure and permeability. The interaction 
of AgNPs with the bacterial cell wall leads to the lysis of 
the cell wall. The magnitude of lysis of bacterial mem-
brane increases with decrease in size of nanoparticles [49]. 
In this study, SGH-AgNPs exhibited good antibacterial 
activity against gram-negative (E. coli) as well as gram-
positive bacteria (S. aureus) (Fig. 11). The higher positive 
surface charge on SGH-AgNPs as indicated from its zeta 
potential can better interact with the negatively charged 
bacterial cell wall [37, 58, 59]. There is difference in the 
sensitivity of both the bacteria (gram-positive and gram-
negative) towards AgNPs because of differences in their 
cell wall structures [60]. As visible from the Fig. 11, starch 
as well as SG-g-Poly(AA) hydrogel did not show any kind 
of antibacterial activity. Whereas, SGH-AgNPs caused the 
inhibition of bacterial growth, both in E.coli and S.aureus.

3.7 � In vitro release of silver from nanosilver 
hydrogels

Figure 12(a–d) represents the starch and hybrid hydro-
gels with and without silver nanoparticles. The liberation 
of AgNPs from the hydrogel matrix to the pathogenic 
environment is an important parameter to understand the 
antimicrobial activities of SGH-AgNPs and SH-AgNPs 
samples. The release of AgNPs from the hydrogel matrix 
was studied using UV–Visible spectroscopy.As shown 

Fig. 11   Antibacterial activity of Starch (box1); SGH-AgNPs against 
E. coli (box  2); SG-g-poly(AA) hydrogel (box  3) and SGH-AgNPs 
against S. aureus (box 4)

Fig. 12   a–e (a) SG-g-Poly(AA) hydrogel; (b) SGH-AgNPs hydrogel; (c) S-g-Poly(AA) hydrogel; (d) SGH-AgNPs hydrogel; and (e) in vitro 
release of silver from SGH-AgNPs and SH-AgNPs
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in Fig. 12, the release of silver from SGH-AgNPs sam-
ple was fast in the begining as compared to SH-AgNPs. 
The total release of silver was also found to be higher in 
case of SGH-AgNPs. The hybrid hydrogel matrix is more 
hydrophilic owing topresence of more functional groups 
in comparison to starch hydrogel and favours the relase 
of silver from the SGH-AgNPs sample. Here, 0.5 g of 
SGH-AgNPs released 20.9 µg and 45.1 µg of silver dur-
ing the first and second day, respectively and afterwards 
it became almost constant. The amount of silver released 
was found to be in clinically acceptable range and it indi-
cates that SGH-AgNPs has potential to be used in wound 
healing applications [61].

3.8 � Hydrophilicity of nanosilver hydrogel samples

The WVTR is an important characteristic of the wound 
dressing, indicating the rate of exchange of water vapor 
molecules through the wound dressing layer. The higher 
WVTR helps in quick drying of the wound and the lower 
WVTR decreases the process of healing and enhances 
the chance of bacterial infection. The ideal value 
of WVTR lies in the range of 8.33–10.42  mg/cm2hr 

for wound dressing [62]. For SGH-AgNPs and SH-
AgNPs samples, the WVTR values were determined as 
8.76 ± 0.78 mg/cm2hr and 8.99 ± 0.99 mg/cm2hr, respec-
tively, indicates the ideal range for both the polymeric 
samples. The WVTR was slightly lower for SGH-AgNPs 
sample owing to the presence of more hydrophilic func-
tional groups over the hydrogel backbone in comparison 
to SH-AgNPs.

The PBS absorption was observed to be 132% and 124% 
for SGH-AgNPs and SH-AgNPs samples, respectively. The 
hybrid silver nanoparticle-embedded hydrogel displayed 
better performance in PBS solution due to its better hydro-
philic characteristics in comparison to silver nanoparticle-
embedded starch hydrogel [62].

The moisture retention capability measures the ten-
dency of a material to hold moisture and is inversely pro-
portional to WVTR i.e. with higher tendency for loss of 
vapors, the moisture retention capability of the material 
decreases. The moisture retention capabilities of SGH-
AgNPs and SH-AgNPs samples were found to be 94% and 
89%, respectively. The large tendency of the material to 
retain moisture helps in better wound healing and tissue 
regeneration [63].

Fig. 13   a–d (a) SGH-AgNPs 
hydrogel during the first week 
of degradation; (b) SGH-AgNPs 
hydrogel during the fourth week 
of degradation; (c) SH-AgNPs 
hydrogel during the first week 
of degradation; (d) SH-AgNPs 
hydrogel during the fourth week 
of degradation

a b

c d
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3.9 � In vitro degradation of nanosilver hydrogels

The silver nanoparticle-embedded hydrogel samples pri-
marily consist of natural polymers which have inherent 
tendency to degrade. The morphological analysis of SGH-
AgNPs and SH-AgNPs hydrogels were done using SEM to 
confirm in vitro degradation of the samples in PBS solution 
at 37 °C for a month (Fig. 13a–d). Initially, the hydrogel 
surfaces were smoother and continuous. The hydrolysis and 
degradation of the material led to cleavage of cross-link-
ages and covalent bonds among various polymer chains and 
resulted in discontinuities and cracks whichare visible from 
Fig. 13(b, d). The degradation rate depends upon the chemi-
cal structure and hydrophilic nature of the material [64]. 
The better hydrophilicity of the material results in better 
hydrolysis and increased rate of degradation. The degrada-
tion of cross-linked polymer networks in a month’s period 
completely changed the surface morphologies of the hydro-
gel samples.

3.10 � Gel fraction of nanosilver hydrogels

The gel fraction determination helps in evaluating the 
cross-linker’s effectiveness in hydrogel synthesis [63]. The 
enhancement of cross-linking density increases the gel fac-
tion. Further, the strength and flexibility of the material is 
also related to gel fraction. The higher gel fraction helps the 
wound dressing material to sustain in cold/moist environ-
ment without disintegration [63]. The gel fraction of SGH-
AgNPs and SH-AgNPs samples were found to be 93% and 
87%, respectively. The higher value of gel fraction of SGH-
AgNPs is attributed to good amount of cross-linking in the 
three dimensional network of hydrogel.

3.11 � Porosity of nanosilver hydrogels

The porosity of hydrogel samples was measured using alco-
hol displacement method [63]. The wound dressing material 
should be porous to help in permeation of oxygen, water 
vapors, nutrients and further for migration of cells and pro-
tein molecules. The porous material accelerates the healing 
process and 30–40% porosity is ideal for wound dressing 
materials. The porosity of SGH-AgNPs and SH-AgNPs sam-
ples were found to be 43% and 37%, respectively.

3.12 � Swelling behavior of nanosilver hydrogels

The capability of absorbing moisture and wound exudates 
by the wound healing materials is an important parameter to 
achieve the healing. The hydrophilic nature of the functional 
groups on the hydrogel’s polymeric chains attracts water 
molecules into its pores and results in swelling of the net-
work. The swelling behavior of a material is affected by pH, 
temperature, chemical environment, degree of cross-linking 
etc. [63]. The swelling behavior of the prepared nanocom-
posite hydrogels were tested in water, MgCl2 solution, blood 
and NaCl solution as shown in Fig. 14.
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Fig. 15   a, b Hemolysis test 
on (a) distilled water (positive 
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All these mediums are available in the chemical environ-
ment inside the human body. The swelling of silver-embed-
ded hydrogels was not affected much in different media. 
The swelling capacity was found to be quite comparable 
in all mediums including water, blood, MgCl2, and NaCl, 
making them suitable for wound dressing applications. The 
slight increase in swelling of hydrogels in blood could be 
attributed to its higher pH (7.45) in comparison to the other 
mediums where the pH was ≤ 7.

3.13 � Hemocompatibility of nanosilver hydrogels

The compatibility of a biomaterial for blood is an impor-
tant factor to be evaluated for its usability as wound dress-
ing material. The hydrogel should be compatible with 
human blood and does not cause any adverse effects on 
red blood cells (RBCs). The hydrogel material in con-
tact of blood might cause lysis of RBCs present in blood 
and releases hemoglobin into solution phase. Typically, 
the hemolytic ratio below 5% is requisite in order to con-
sider biocompatibility of the material [41]. The hydrogel 
samples displayed low hemolysis ratio of 0.98 ± 0.23 and 
0.86 ± 0.32 for SGH-AgNPs and SH-AgNPs samples. Both 
the nanocomposite hydrogel samples are haemocompatible 
for wound dressing applications. Figure 15a–c displayed 
the effect of positive control, negative control and hydro-
gel sample on RBCs. The human blood sample incubated 
with distilled water did cause the destruction of RBCs, 
whereas hydrogel and saline were safe and did not cause 
any destruction of RBCs.

3.14 � In vitro cytotoxicity of nanosilver hydrogels

The cytotoxicity of hydrogel against human skin fibroblast 
cells was determined using WST-1 test [41]. The cyto-
toxicity analysis helps to access the potential of wound 
dressing hydrogels for providing healthy environment for 
cell growth. The fibroblast cells were cultured with gelatin, 
starch, and the nanosilver hydrogels. The percentage cell 
viability of starch, gelatin, SGH-AgNPs and SH-AgNPs 
was found to be 91%, 86%, 89%, and 87%, respectively. 
The hydrogels were non-cytotoxic due to biocompatibil-
ity of starch and gelatin and could be safely used for the 
wound dressing.

4 � Conclusions

The semi-IPN of hybrid backbone containing starch and 
gelatin was synthesized and it was found to have good 
mechanical strength and thermal stability. For com-
parison, starch-based hydrogel without gelatin was also 

synthesized. Further, the silver nanoparticle–embedded 
semi-\PN hybrid- and starch-based hydrogels were also 
synthesized. The silver-embedded hydrogels contained 
well dispersed spherical shaped silver nanoparticles. The 
silver nanoparticles in hybrid hydrogel were smaller in 
size and more uniform (4–19 nm) as compared to those 
in starch hydrogel (4–58 nm). Moreover, the hydrid semi-
IPN was found to act as better stabilizing agent for sil-
ver nanoparticles.The novel hybrid semi-IPN owing to 
its cross-linked network structure with large number of 
functional groups was hydrophilic, haemocompatible and 
biodegrdable. It exhibited good antibacterial activity and 
was suitable for wound healing applications. The synthe-
sized nanocomposite hybrid hydrogel could be useful for 
biomedical applications owing to its improved thermal and 
mechanical characteristics and further, due to its biocom-
patible nature.
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