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A B S T R A C T   

Starch is one of the most frequently preferred natural polymers in hydrogel synthesis. Herein, we combined two 
strategies of associating brittle and ductile networks in a structure and incorporating inorganic particles into the 
polymeric gel to design mechanically enhanced nanocomposite double network (DN) starch gels. For the first 
time in the literature, nanocomposite starch gels (s-NC) were designed by cross-linking starch chains with 8- 
armed glycidyl-polyhedral oligomeric silsesquioxane (g-POSS) units. Fourier Transform Infrared Spectroscopy 
and Energy Dispersive X-Ray Spectroscopy analyses have proven that g-POSS is included in the gel structure and 
is homogeneously distributed throughout the network. More stable d-NC-DMA and d-NC-VP gels were obtained 
by incorporating N,N-dimethylacrylamide (DMA), or 1-vinyl-2-pyrrolidinone (VP) units, respectively, into g- 
POSS-linked starch gels, and the reaction kinetics were followed in situ. In SEM images, it was observed that d- 
NC-DMA had smaller pores and thicker pore walls compared to s-NC and d-NC-VP starch gels, and its mechanical 
strength was shown to be much superior by rheological tests, compression, and tensile analyses. In addition to 
increasing the mechanical strength of the gels, the potential of starch in protein release applications using 
amylase sensitivity has been demonstrated in vitro experiments using the model protein BSA.   

1. Introduction 

Hydrogels are chemically and/or physically cross-linked 3-dimen
sional polymeric networks that swell in water. The fact that hydrogels, 
mostly composed of water (>90 %), maybe both be bio-compatible and 
can be used in many ways, have increased their applications [1–3]. It is 
possible to obtain hydrogels with different cross-linking methods using 
natural and synthetic polymers and monomers. Polysaccharides such as 
starch, dextran, hyaluronic acid and chitosan are the most preferred 
natural polymers in hydrogel synthesis with their bio-compatible and 
degradable characteristics [4,5]. Starch is a non-toxic polysaccharide 
mainly composed of amylose (Amy) and amylopectin (Amp) units as 
well as a small quantity of phospholipids and free fatty acids in the 
structure. Amy with a molecular weight of about × 106 is a linear ho
mopolymer, while the molecular weight of branched Amp is around ×
108 [6]. High molecular weight and branched structure reduce the 
mobility of Amp chains and leads to less hydrogen bond formation in 
addition, it is well known that Amy has a better incorporation to asso
ciate [7]. Amy/Amp ratios in the structure vary depending on the 
source, and this directly affects the properties of starch such as solubi
lity, gelation temperature and viscosity [4]. 

Depending on the application areas, it is possible to modify hydroxyl 
groups of starch to improve the properties [6,8]. Starch-based hydrogels 
can be obtained mainly in two different ways, by graft copolymerization 
of vinyl monomers in the presence of a crosslinker and by direct cross
linking [9]. Various crosslinking agents are used for covalent bonding of 
starch using hydroxyl groups on the chains such as glutaraldehyde (GA), 
epichlorohydrin (ECH), sodium trimetaphosphate (STMP), sodium tri
polyphosphate (STPP), and phosphoryl chloride (POCl3) [10,11]. 
Among other crosslinkers, ECH is the most widely used one in poly
saccharide chemistry [12]. The alkaline environment (pH > 9) is 
important in activating the hydroxyl groups of starch during the 
nucleophilic attack of the crosslinker and contributes to the chain 
esterification reaction, which is responsible for the crosslinking of the 
material [13,14]. In addition, high temperature is required for starch to 
gelatinize in water, while pre-gelatinization is carried out at low tem
perature in an alkaline environment [15–19]. 

In many application areas of soft materials, it is essential that they 
have good mechanical properties. However, gels that swell in water are 
usually very brittle. To obtain a hydrogel with adjustable mechanical 
properties, it is necessary to incorporate molecular-level energy dissi
pation mechanisms throughout the gel sample, thereby increasing the 
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viscoelastic distribution. Some of the methods commonly used in this 
direction are double network (DN) or triple network (TN) gels, topo
logical gels, nanocomposite (NC) gels and cryogels [20–23]. Containing 
an organic polymer and an inorganic particle, NC gels have outstanding 
properties such as superior elongation, rapid swelling response to tem
perature changes, and high equilibrium swelling values. DN structures 
consist of two brittle and ductile (soft) networks interconnected in a 
single gel material. The sacrificial bonds of the brittle network break 
under low pressure to dissipate the energy and form many microcracks, 
while the ductile network holds the macroscopic sample together. 

One of the structures used as a “nanostructure” unit to prepare new 
NC materials is poly(hedral oligomeric silsesquioxane) (POSS). Poly
hedral and eight-armed POSS molecules with the general formula 
(RSiO1.5)n are non-toxic, have good biocompatibility and stability 
[24,25]. n ranges from 6 to 18, and the silica and oxygen atoms combine 
in a nucleus with inorganic silica-like geometry. The inorganic core of 
POSS is surrounded by organic ligands such as hydrogen, halogen, alkyl 
groups covalently bonded to Si atoms located at the corners of the 
polyhedral lattice [26]. An example of modified POSS structures is 
glycidyl-POSS (g-POSS) functionalized with epoxy groups [24]. In one 
study, it was suggested that functionalized cubic POSS with epoxy- 
terminated peak groups would facilitate the design of new materials 
with significant potential [27]. NC materials containing a small amount 
of POSS have been shown to have excellent material properties such as 
high thermal stability, good oxidation resistance, increased surface 
hardness and improved mechanical properties due to the high me
chanical stability of nano-sized particles [28–30]. 

The frequency of use of pharmaceutical proteins, a class of thera
peutic agents, has gradually increased after the introduction of insulin 
[31]. However, it is an important problem that such drug agents have 
short half-lives and are easily degraded by enzymes [32,33]. For this 
reason, biodegradable and biocompatible hydrogel-based carriers allow 
the loading of hydrophilic bioactive proteins at high concentrations with 
adjustable release profiles and ensure the preservation of the protein’s 
structure [34]. In addition, physical and/or chemical degradation of the 
carrier is an important step to remove the carrier. Most of the physically 
degradable systems have been reported to occur via the enzymatic 
degradation mechanism of polymers. The most important point to note 
as a potential disadvantage of biodegradable polymers is the ultimate 
toxicity of the degradable products. For this reason, natural polymers 
that can be used as drug carriers and give non-toxic and biodegradable 
products are preferred for controlled release technology [35–39]. 

In this paper, two strategies of associating brittle and ductile net
works in a structure and incorporating inorganic particles into the 
polymer network were combined to design mechanically enhanced 
nanocomposite double network starch gels. It has been shown by our 
research group that a significant improvement in the properties of starch 
gels is achieved by increasing the Amy/Amp ratio from 23 to 70 % [40]. 
For this reason, Hylon VII corn starch containing high amylose was used 
for experimental studies in order to obtain mechanically stronger gels. In 
the first step, nanocomposite starch gels were obtained by using g-POSS 
units as a crosslinker for the first time in the literature. In the second 
step, more stable DN starch gels were obtained by incorporating N,N- 
dimethylacrylamide (DMA) or 1-vinyl-2-pyrrolidinone (VP) units, 
which are hydrophilic monomers with good water uptake and low 
cytotoxicity, as a second networks into these NC gels [41]. The potential 
of the prepared gels in protein release applications was investigated by 
utilizing the enzyme sensitivity feature of starch. 

2. Materials and methods 

2.1. Materials 

High amylose content corn starch (HYLON VII, ~70 % amylose 
content; 13 % moisture; 2.06 × 106 g/mol Molecular weight) was kindly 
provided by Ingredion Germany GmbH. Glycidyl-polyhedral oligomeric 

silsesquioxane (g-POSS) was purchased from Hybrid Plastics. Potassium 
hydroxide (KOH, Merck), N, N-dimethylacrylamide (DMA, Sigma- 
Aldrich), 1-vinyl-2-pyrrolidinone (VP, Sigma-Aldrich), N,N′-methylene 
(bis)acrylamide (BAAm, Sigma Aldrich), Tetrahydrofuran (THF, Merck) 
used as received. 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methyl
propiophenone (Irgacure 2959, Sigma Aldrich) was used as the photo
initiator. Bovine serum albumin (BSA) and a-amylase enzyme from 
Aspergillus oryzae were purchased from Sigma-Aldrich for use in protein 
release studies. 

2.2. Hydrogel preparation 

In a typical synthesis of single network nanocomposite starch gels (s- 
NC), starch granules (1 g) in a total volume of 8 mL were dissolved in 
KOH solution (0.0125 g/mL) at 70 ◦C and mixed for 15 min. In another 
vial, g-POSS (0.4 g) used as a crosslinker was dissolved in THF (2 mL) 
and then transferred into the starch-containing reaction vial. It was 
vortexed for a while to obtain a homogeneous solution. As a next step, 
the reaction solution was taken into glass molds containing a 1 mm thick 
Teflon spacer or cylindrical syringes. Reactions were performed in an 
oven at 50 ◦C for 24 h. 

In order to enhance the mechanical properties of starch gels, d-NC 
gels with double network structure were prepared by using synthesized 
s-NC networks. The s-NC starch gel was immersed in a reaction solution 
containing DMA or VP monomers, BAAm crosslinker, and Irgacure 
photoinitiator. In the molds used in the first stage for gels, polymeri
zation and cross-linking reactions after a certain period, were performed 
under UV light in a merry-go-round type photoreactor (Kerman Lab) 
equipped with 18 Philips 8 W lamps emitting light nominally at λ = 365 
nm for 24 h. After reaction, double network gels containing DMA and VP 
were obtained, designated d-NC-DMA and d-NC-VP, respectively. 

2.3. Characterization of hydrogels 

2.3.1. Gel fraction 
To determine gel fractions, s-NC starch gels were weighed after 

preparation. They were then placed in beakers containing distilled 
water, and their weight was monitored daily until to reached swelling 
equilibrium at 24 ◦C. The resulting insoluble gels were lyophilized to 
obtain constant dry weight. The gel fractions were obtained from the 
weight ratio between the insoluble dry gel weight and the initial weight 
of the gel. The same procedure was followed after the double-network 
gels were formed with the dry s-NC gels. 

Gel Fraction (%) =
(
mdry

/
mo

)
× 100 (1)  

where mdry and mo are the weight of the insoluble dry gel and the weight 
of the gel after preparation [42]. 

2.3.2. FTIR 
The FT-IR spectra of the lyophilized NC starch gels were measured in 

transmission mode with a Bruker Alpha FTIR infrared spectrometer in 
the range of 4000–400 cm− 1. 

2.3.3. Scanning electron microscopy 
Lyophilized dried gels were coated with Au/Pd before examining 

their morphology under high-resolution field emission scanning electron 
microscopy (JEOL SEM-7100-EDX) at 1 kV acceleration voltage. 
Elemental analyzes were performed with SEM-energy dispersed X-Ray 
spectroscopy Analysis (EDX). Images were acquired at 10, 50, 200, 250 
and 500× magnifications and pore sizes were determined with the 
ImageJ program. 

2.3.4. Swelling measurements 
Starch gels were removed from the syringe and cylindrical gel sam

ples were transferred into distilled water at room temperature. The 
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water was changed daily to remove unreacted components. Swelling 
kinetics were monitored by weighing the gel samples until they reached 
equilibrium values. 

mrel = mt/m0 (2)  

where mt is the weight of the swollen gel sample at time t and m0 is the 
initial weight after preparation [43]. 

2.3.5. Rheological measumerents 
To perform oscillatory measurements, a controlled shear rate 

rheometer (Physica MCR 102 Anton Paar, Germany) was used with 
parallel plates. Before initiating the reactions, the gap size (plate 
diameter 15 mm) was set to 1 mm, and a solvent trap was used during 
rheological measurements to minimize the evaporation. Gels removed 
from DMA and VP solution were placed on the glass plate of the 
rheometer and UV light was transmitted through the photo unit 
(equipped with Omnicure lamp, 365 nm), thus d-NC gels were synthe
sized in the rheometer by monitoring the gelation kinetics in situ. The 
fundamental rheological characterization of the networks was con
ducted using time, frequency, and strain measurements at room tem
perature. Strain sweeps were performed at a fixed frequency of 1 Hz in 
the 0.1–100 % strain range to determine the linear viscoelastic region of 
the samples. Frequency sweeps were conducted at a strain of 0.1 % 
within the linear viscoelastic region of 0.1–100 Hz. Three replications 
were made for each measurement to ensure the repeatability of the 
system. 

2.3.6. Compression and elongation measurements 
Uniaxial compression and extension tests of s-NC and d-NC-VP gels 

were performed using a TA.XTplus Texture Analyzer (Stable Micro 
Systems, Surrey, UK) was equipped with a 5 N load cell, while the d-NC- 
DMA gel was tested with a 50 N load cell. Compression tests were 
conducted using cylindrical probes with a height of 5 mm at a rate of 1 
mm/min. To ensure the reproducibility of the measurements, at least 7 
samples from each gel were tested, and the average values were calcu
lated. Variables and parameters were determined using macros written 
in the same software. The Young’s modulus obtained from the 
compression tests was calculated from the slope of the stress-strain 
curves within the deformation range of 5 % to 15 %, corresponding to 
the linear region. 

2.3.7. Loading and in vitro release of protein 
After the starch gels reached swelling equilibrium, they were 

lyophilized, and the dried gels were transferred to 0.05 g/10 mL BSA 
solutions. For repeatability, 3 samples were used from each gel. The gels 
were mixed in an oven at 37 ◦C, 150 rpm for 2 days for protein loading. 
After loading, the gels were transferred to fresh PBS solutions and placed 
in a release medium at 37 ◦C and 150 rpm. At specific time intervals, 
500 μL aliquots were collected and replaced with an equal volume of 
fresh PBS. The collected samples were measured at 562 nm using a 
microplate reader (BioTek Synergy H1, USA). The unknown BSA con
centrations were determined using a calibration curve prepared with 
known BSA concentrations. The calibration equation with y = 0.0329×
(R2 = 0.9991) was used to determine the BSA concentration. In the next 
step, to examine the protein release kinetics of the gels in the presence of 
enzyme, the same procedure was applied using a release medium con
taining 0.01 g/10 mL α-amylase. 

3. Results and discussion 

Chemical crosslinkers such as Glutaraldehyde and Epichlorohydrin 
are frequently used in the preparation of starch-based hydrogels. How
ever, being toxic causes limitations in application areas [44]. Therefore, 
in this study, single network gels encoded as s-NC were synthesized by 
cross-linking starch chains with biocompatible and non-toxic, epoxy- 

functionalized eight-armed g-POSS molecules in order to improve the 
performance of starch-based hydrogels [45]. In the second step, as 
illustrated in Fig. 1, to enhance the mechanical properties of the single 
network, VP and DMA units were polymerized and then crosslinked with 
BAAm resulting in double network d-NC-VP and d-NC-DMA gels, 
respectively. 

3.1. Gel fraction 

The gel fractions, which is calculated to analyze the degree of 
crosslinking in the network structure of starch gels, is presented in 
Table 1. The higher amount gel fraction of d-NC-DMA networks 
compared to s-NC and d-NC-VP gels, as reported in the studies, shows 
that d-NC-DMA gels have strong hydrophobic interactions, almost all 
reaction components are incorporated into the structure and the insol
ubility of the gel network in water during its expansion [46]. Besides, 
this limited inclusion of VP into the structure may be explained by the 
steric hindrance caused by bulky groups [47]. 

3.2. Ft-IR 

The chemical structure of starch gels was characterized using FT-IR 
spectroscopy. As shown in Fig. 2, the peaks around 3291 cm− 1 and 
2924 cm− 1 correspond to the stretching vibrations of OH and C–H 
groups in the starch structure, respectively [48]. The fact that the -OH 
peak (3291 cm− 1) in the spectrum of Hylon VII is smaller compared to 
the gel network structures is an indication that the OH units on the 
starch chains react with g-POSS. The peak observed at 1081 cm− 1 

originates from the asymmetric stretching vibrations of the Si-O-Si 
bridge in the POSS structure [49]. The band around 1648 cm− 1 repre
sents the absorption peak of the carbonyl group present in DMA, and the 
peak at 1443 cm− 1 indicates the bending vibrations of the -C-H group in 
VP [50,51]. In addition, the fact that the peak belonging to epoxy groups 
at 910 cm− 1 in the spectrum of g-POSS is not observed in the spectra of s- 
NC and d-NC networks indicates that the epoxy units in the g-POSS 
structure are involved in a reaction [52]. Consequently, the presence of 
g-POSS in starch chains and the inclusion of VP and DMA in s-NC net
works have been demonstrated by means of FT-IR analysis. 

3.3. Energy dispersive X-ray spectroscopy (EDX) 

To demonstrate the presence and homogeneous distribution of g- 
POSS units along the network, SEM and EDX analysis corresponding to 
the elements C, O, and Si were examined. As shown in Fig. 3, the pres
ence of a Si peak in the spectrum, along with a Si map similar to that in 
the micrograph, indicates the inclusion of g-POSS units into the starch 
network. Furthermore, the homogeneous distribution of Si on the map 
reveals an almost equal distribution of the crosslinker throughout the d- 
NC-DMA network structure. 

3.4. Swelling measurements 

The swelling kinetics of gels depends on various parameters such as 
crosslink density and the presence of hydrophilic/hydrophobic groups. 
It was aimed to polymerize s-NC networks to form a double network 
after reaching swelling equilibrium in reaction solutions containing VP 
or DMA units. In this regard, when the time-dependent swelling/ 
shrinkage kinetics of s-NC gels in VP/DMA reaction solutions were 
investigated, it was observed that, as expected, the s-NC network kept in 
the reaction solutions shrank and reached weight balance after 6 days of 
immersion (Fig. 4A). Swelling kinetics of the obtained single- and 
double-network gels were also monitored in distilled water. When the 
relative swelling rate (mrel) plot given in Fig. 4B was examined, it was 
observed that all gels reached swelling equilibrium at the end of the 
second day, regardless of whether the gels were single or double 
network. The relative swelling ratio increased from 1.2 % to 1.3 % with 
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the addition of VP to the s-NC network and further increased to 2.1 % 
with the addition of DMA. Incorporation of a second network to the s-NC 
gel facilitated the adsorption of water molecules by forming additional 
hydrogen bonds and resulted in a higher adsorption capacity. However, 
the inability of VP to fully incorporate into the structure led to a 
significantly lower water retention capacity compared to the d-NC-DMA 
gel. 

3.5. Rheological measurements 

For in situ monitoring the gelation reactions, the reaction solution of 
s-NC gel was transferred between the plates of the rheometer. However, 
due to the slow rate of reactions that caused the samples to dry on the 
rheometer, in situ monitoring could not be applied to the s-NC networks. 
Therefore, the s-NC gel was obtained in an oven at 50 ◦C instead of a 
rheometer. To monitor the formation of the second network in situ, s-NC 
gels soaked in VP/DMA solutions containing crosslinker and photo
initiator for 3 days were placed between the plates of the rheometer. The 
storage modulus (G’) and loss modulus (G") of the system were followed 
for 5 min using oscillating deformation measurements under f = 1 Hz 
constant frequency and γ = 0.1 stress amplitude, followed by exposure 
to 365 nm UV light throughout the reaction. As shown in Fig. 5, there 
was a sudden increase in the modulus of DMA and VP gels, and after 15 
min of irradiation, the G’ and G" values were recorded as 54.5 kPa and 
5.4 kPa for d-NC-DMA, and 9.6 kPa and 1.1 kPa for d-NC-VP gels, 
respectively. Additionally, it was observed that the DMA system 
exhibited faster reaction kinetics. The d-NC-DMA gel has been shown to 
have a superior modulus value compared to the reported mechanically 
enhanced starch gels [53–55]. G’ and G" values of the s-NC gel 

synthesized in the oven and containing no photoinitiator were deter
mined to be approximately 1.5 kPa and 0.1 kPa, respectively. As ex
pected, did not change in modulus values was observed when exposure 
to UV light as applied to the d-NC gels. 

Fig. 6 shows the deformation plot of the G’ and G" values at 0.1 % to 
100 % strain at a fixed frequency of 1 Hz. While the modulus of the d- 
NC-VP gel increased compared to the s-NC, sol-gel transitions were 
observed when shear deformation of about 7 % was applied. On the 
other hand, in s-NC, the sol-gel transition occurred at approximately 25 
% shear deformation. This means that the d-NC-VP gel breaks down at 
much lower deformation values compared to the s-NC structure. It has 
been observed that with the incorporation of DMA into the s-NC net
works, the LVR range is significantly expanded, and it is stable up to 100 
% strain. This can be interpreted as evidence of higher stability and 
better mechanical properties compared to s-NC and d-NC-VP gel. 

3.6. Scanning electron microscopy 

SEM images of s-NC, d-NC-DMA, and d-NC-VP gels were taken after 
swelling and lyophilization processes as shown in Fig. 7. According to 
the images, the first point to notice is that all starch gels exhibit a porous 
structure. It was observed that the pore sizes decreased in the d-NC-VP 
and d-NC-DMA gels obtained by incorporating DMA and VP into the s- 
NC network [56,57]. While the pore size in s-NC is 175 ± 45 μm, it 
decreases to 135 ± 65 μm and 120 ± 37 μm in d-VP and d-DMA, 
respectively. The difference in pore size of the double network gels can 
be attributed to the inability of VP to fully penetrate the structure due to 
steric hindrance, as also observed in the gel fraction. Another important 
point is that the presence of the second network in the d-NC-DMA 
structure has a stronger effect on the pore wall thickness. As expected, 
this effect results in increased mechanical strength in d-NC-DMA 
nanocomposite hydrogels. 

3.7. Compression and elongation measurements 

One of the important issues in drug delivery systems is that the drug 
has improved mechanical strength in such a way that it can be easily 

Fig. 1. Schematic illustration of starch gels preparation A. Single- nanocomposite (s-NC) prepared with Hylon VII and g-POSS B. Double- nanocomposite (d-NC) 
starch gels prepared with VP/DMA, BAAm and Irgacure in the presence of s-NC. 

Table 1 
Gel fractions of s-NC and d-NC hydrogels.  

Sample code % Gel fraction 

s-NC 72.44 ± 1.77 
d-NC-VP 46.59 ± 2.36 
d-NC-DMA 96.33 ± 1.29  
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transported in the carrier while preserving its structure [58,59]. Chavda 
et al. investigated the mechanical strength of the superporous hydrogels 
in drug delivery systems in order to withstand the expected pressure in 
the stomach during repeated gastric contractions [60]. In order to use 
the starch gels obtained in this direction as a durable carrier system, 
their mechanical strength was determined using uniaxial elongation and 
compression tests using a Texture Analyzer. s-NC starch gel could not 
even be placed in the device to perform elongation measurement due to 
its brittle structure. d-NC-VP starch gels broke as soon as the test started 
after being placed between the jaws of the device (Fig. 8A). In contrast, 
elongation measurements of the d-NC-DMA starch gel were quantita
tively determined, and the increase in deformation resulted in increased 
elongation strength and toughness (Fig. 8B). As a result of the mea
surement, it was determined that it had an elongation at a break of 116 
± 8 % and a strength of 60 ± 14 kPa. 

When uniaxial compression tests are examined, Fig. 9A shows the 
stress-strain curves of cylindrical gel samples at 24 ◦C. Similar to the 
rheological analysis results, the initial slope of the curves, Young’s 
Modulus E, was 7 ± 1 kPa in s-NC and 31 ± 8 kPa in d-NC-VP gel, while 
d-NC-DMA gel had the highest modulus with 760 ± 125 kPa (Fig. 9B). 
However, the maximum force value, σf to disrupt the structural integrity 
of the gels decreased from 5 kPa to 1.6 kPa in x d-NC-VP gel compared to 
the s-NC network. With the inclusion of DMA, the mechanical strength of 
the gel increased and the maximum deformation value that the gel could 
withstand, λf, increased, as well as σf increased from kPa to MPa and was 
recorded as 5.4 + 0.2 MPa. While determining the σf and λ values in 
Fig. 9B, the transition from nominal values to true values is made, and 
the equation σtrue = λ σnom is used as a function of the strain rate (λ) [61]. 
The photographs of the gels before and after compression tests quali
tatively clearly show that the d-NC-DMA gels have a much stronger 
mechanical structure. In the video of the d-NC-DMA gel, when pinched 
between two fingers, the gel sample preserves its macro structure 
without breaking down (Supp. video). When the studies with many 

starch gels obtained by using different crosslinkers reported in the 
literature are examined, it can be said that the d-NC-DMA gel has a 
superior Young’s Modulus value [40,62–65]. 

3.8. In vitro release of protein 

Based on the idea of using the designed starch gels for protein release 
as a potential application area, experiments were carried out with the 
model protein BSA. Many studies using BSA as a model protein in pro
tein release studies of hydrogels have been reported [66–68]. BSA is a 
valuable alternative to human serum albumin (HSA) due to its medical 
importance, low cost, high availability and approximately 76 % simi
larity to HSA in its molecular structure [69]. The release process consists 
of 3 steps: absorbing the protein into the lyophilized gel, monitoring the 
release kinetics in environments with and without enzyme. Firstly, in 
vitro release medium was created for BSA-loaded gels and samples were 
taken from the release medium at regular intervals and monitored for 
more than two weeks. As seen in the Fig. 10A, a negligible level of BSA 
was released for 16 days, regardless of the network type, and almost all 
of the protein was retained in the structure. In detail, 1.80 %, 1.40 % and 
1.05 % protein were released from s-NC, d-NC-VP and d-NC-DMA gels, 
respectively. By introducing second networks into the s-NC gel, the pore 
sizes were reduced, resulting in a decrease in protein release. The results 
suggest that pore size plays an important role in protein release. 

Actual release was performed in a medium containing α-amylase 
enzyme, which catalyzes the hydrolysis of starch, to complete the 
release process of BSA from the starch networks (Fig. 10B) [35]. Since 
amylase breaks down starch units, s-NC structures are expected to have 
the fastest protein release kinetics among the 3 different gel systems. In 
Fig. 10B, it was determined that the release of BSA from the s-NC gels 
occurred in 4 h, while the release from the d-NC-VP gels was completed 
in 1.5 h. Additionally, it is also shown by the photographs in Fig. S1 that 
the initially transparent medium begins to turbid with degradation and 

Fig. 2. FT-IR spectrum of g-POSS, Hylon VII, s-NC and d-NC starch gels after lyophilization.  
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the turbidity increases with time correlated with the release kinetics. 
This suggests that insoluble protein particles are formed in the envi
ronment along with the structural changes in the gel, and these particles 
disperse in the environment during the release process. 

Before starting the release process, the pH values of the solutions 
were measured and determined to be 6.7. After 1 h of release, the pH 
values were examined, and the pH of s-NC was measured as 7.2, while 

the pH of d-NC-VP was measured as 6.9. The pH value of 6.9 for the d- 
NC-VP gel within the optimum pH range (6.7–7.0) where α-amylase 
functions properly as an enzyme [70]. This explains why the d-NC-VP 
starch gel degrades and releases proteins faster compared to the s-NC 
gel. Although the pH of the d-NC-DMA gel measured after 1 h is close to 
the optimum range (pH = 7.08), it shows greater resistance to α-amylase 
due to the higher mechanical strength of the network structure than 

Fig. 3. A. Scanning electron microscopy (SEM) micrograph and B. their corresponding energy dispersive X-ray spectroscopy (EDX) analytical spectra and C. map of 
C, O and Si for the d-NC-DMA gel. 

Fig. 4. Relative swelling versus time plots A. s-NC gels in reaction solutions containing VP or DMA units B. s-NC and d-NC gels in distilled water.  
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Fig. 5. Storage modulus (G’, filled symbol) and loss modulus (G“, open symbol) of the s-NC gels prepared outside the rheometer. G’ and G" versus time plot of s-NC 
and s-NC immersed into the VP and DMA reaction solution under 365 nm UV irradiation ( ; s-NC, ; d-NC-VP, ; d-NC-DMA). 

Fig. 6. Shear deformation tests of starch gels. A. ; s-NC, B. ; d-NC-VP, C. ; d-NC-DMA. G’ and G" are represented by filled and open symbols, respectively.  

Fig. 7. SEM images of A. s-NC, B. d-NC-VP and C. d-NC-DMA starch gels. 100× (upper level, with 200 μm scale bar) and 1000× magnifications (lower level, with 40 
μm scale bar). 
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other starch gels. While this gel achieves 29 % release in 6 h, the release 
percentage remains constant thereafter, indicating that the entire pro
tein within the gel network has not been released. 

4. Conclusions 

Starting from starch, which is one of the most used natural polymers 
in hydrogel synthesis, which has advantages such as easy availability 
and low cost, single network (s-NC) and double network (d-NC) nano
composite starch gels were synthesized in the presence of 8-armed cubic 
g-POSS as a crosslinker. The structures s-NC, d-NC-VP and d-NC-DMA 
obtained by combining the strategies to obtain double network and 
nanocomposite gels to enhance mechanical strength were compared. 

First, it was proved by FT-IR and EDX analyzes that g-POSS is 
included in the gel structure and is homogeneously distributed 
throughout the network structure. The characterization studies of the 

gels showed that d-NC-DMA possesses superior properties compared to 
s-NC and d-NC-VP starch gels. The formation of the secondary network 
was followed in situ on the rheometer using oscillatory deformation 
measurements at a constant frequency f = 1 Hz and amplitude γ = 0.1. 
The storage modulus of s-NC gels, G’, which was 1.5 kPa, increased with 
UV irradiation in DMA and VP reaction solutions and was recorded as 
54.46 and 9.6 kPa, respectively, for d-NC-DMA and d-NC-VP gels. The d- 
NC-DMA gel has been shown to have a superior modulus value 
compared to the reported mechanically enhanced starch gels on the 
literature. Additionally, it was observed that the DMA system exhibited 
faster reaction kinetics. SEM analyzes demonstrated that the pore sizes 
of s-NC gels were reduced by incorporating DMA and VP units as a 
second network. When the pore walls of the double network gels were 
compared, it was determined that the d-NC-DMA structure had thicker 
walls resulting in much better mechanical strength of the respective gels 
compared to the d-NC-VP networks. In addition, the larger linear 

Fig. 8. A. Rupture of the d-NC-VP starch gel during tensile test. B. Stress-strain curves of d-NC-DMA starch gels.  

Fig. 9. Compression tests of starch gels A. typical stress-strain curve of the measurement, B. Averages of Young’s modulus E, breaking stress σf, breaking deformation 
λf, C. Photographs of gels before and after compression tests. 
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viscoelastic region (LVER) observed in the deformation sweep and the 
Young’s modulus value of approximately 100-fold and 25-fold higher, 
respectively, compared to the s-NC and d-NC-VP networks obtained 
from the uniaxial compression test also indicated the durability of the d- 
NC-DMA gels. 

In the last part, in vitro experiments were carried out to use the 
designed gels for protein release as an application. While the gels loaded 
with the model protein BSA trap their load in the network, they break 
down in the presence of α-amylase, which catalyzes starch, and protein 
is released within hours. In conclusion, this study is promising for future 
studies of protein or drug release in α-amylase-rich environments. In 
addition, the high mechanical strength of the gels to be used in these 
systems is very important in terms of delivering the drug/protein to the 
target area in the body without disturbing its structure. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2023.128705. 
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Turkey (TÜBİTAK) for the scholarship support. 

References 

[1] C.-J. Wu, et al., Mechanically tough pluronic F127/laponite nanocomposite 
hydrogels from covalently and physically cross-linked networks, Macromolecules 
44 (20) (2011) 8215–8224. 

[2] P. Prakash, M. Porwal, A. Saxena, Role of natural polymers in sustained release 
drug delivery system: application and recent approaches, Int. Res. J. Pharm. 2 (9) 
(2011) 6–11. 

[3] A.S. Hoffman, Hydrogels for biomedical applications, Adv. Drug Deliv. Rev. 64 
(2012) 18–23. 

[4] C. Chang, L. Zhang, Cellulose-based hydrogels: present status and application 
prospects, Carbohydr. Polym. 84 (1) (2011) 40–53. 

[5] H. Mittal, S.S. Ray, M. Okamoto, Recent progress on the design and applications of 
polysaccharide-based graft copolymer hydrogels as adsorbents for wastewater 
purification, Macromol. Mater. Eng. 301 (5) (2016) 496–522. 

[6] T. Funami, et al., Food hydrocolloids control the gelatinization and retrogradation 
behavior of starch. 2a. Functions of guar gums with different molecular weights on 
the gelatinization behavior of corn starch, Food Hydrocoll. 19 (1) (2005) 15–24. 

[7] H. Zobel, Molecules to granules: a comprehensive starch review, Starch-Stärke 40 
(2) (1988) 44–50. 

[8] J.J. Van Soest, et al., Crystallinity in starch bioplastics, Ind. Crop. Prod. 5 (1) 
(1996) 11–22. 

[9] M.M. Zohourian, K. Kabiri, Superabsorbent Polymer Materials: A Review, 2008. 
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