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Abstract
In recent years, progress in the field of hybrid materials has been accelerated through use of 
the sol–gel process for creating materials and devices, which benefit from the incorporation of 
both inorganic and organic components. In this work, organic–inorganic hybrid membranes were 
prepared from tetraethoxysilane and a blend system composed of chitosan and soy protein. By 
introducing a small amount of siloxane bond into the chitosan/soy protein system, the chitosan/
soy protein hybrid membranes were improved in terms of structure, topography and mechanical 
properties. It appears that the chitosan/soy protein hybrid membranes were formed by discrete 
inorganic moieties entrapped in the chitosan/soy protein blend, which improved the stability and 
mechanical performance assessed by the dynamic mechanical analysis as compared to chitosan/
soy protein membrane. Also, in vitro cell culture studies evidenced that the chitosan/soy protein 
hybrid membranes are non-cytotoxic over a mouse fibroblast-like cell line. The hybrid membranes 
of silane-treated chitosan/soy protein developed in this work have potential in biomedical 
applications, including tissue engineering.
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Introduction

There is a growing interest in the use of sol–gel method for the creation of nanocomposites, bio-
sensors and optical devices.1–3 The sol–gel process has been used in the production of hybrid 
organic–inorganic materials, and represents a promising class of engineered materials, which 
includes functional and structural components constructed by the integration of biopolymers with 
inorganic components in a variety of forms.4–7 Silane coupling agents such as 3-isocyanatopro-
pyltriethoxysilane (ICPTES), 3-glycidyloxypropyltrimethoxysilane (GPTMS), 3-aminopropyltri-
ethoxysilane (APTES) and tetraethoxysilane (TEOS)3,4,8,9 have been used to form the inorganic 
component of the hybrid materials, while natural polymers and their blends have been considered 
good candidates to form the organic phase due to their intrinsic properties and characteristics.10 
Among the different polymers included in sol–gel matrices4,6 chitin/chitosan and their blend 
appears to be good base materials due to their relatively facile modification and suitability for 
technological applications.10–13 These offer several ways to construct materials with a broad range 
of properties, potentially suiting them for use in pharmaceutical, biomedical and cosmetic 
applications.

This work focused on the creation of a set of chitosan/soy protein hybrid (CSH) membranes 
prepared by means of a sol–gel process using the TEOS and chitosan/soy protein (CS)-blend 
system as the inorganic and organic components, respectively. In previous works,14,15 the CS 
system was found to be adequate to create scaffolds and membranes for finding application in 
cartilage regeneration and as wound dressing. Therefore, the CS system may be a promising 
candidate for applications in the field of regenerative medicine. However, problems may arise 
due to the immiscibility of the two phases.16 We hypothesized that the silanization treatment and 
formation of siloxane domains, promoted by an in situ sol–gel process, would increase the inter-
facial interactions between the two phases. To test this hypothesis, the effect of TEOS/HCl ratio 
on the developed hybrid membranes was evaluated, along with the stability, morphology, 
mechanical and structural properties. To investigate the possible cytotoxic effect of the new 
materials, both CS and CSH extracts were placed in contact with fibroblast-like cells (L929), and 
a cellular viability assay (3-(4, 5-dimethylthiazol-2-y1)2, 5-diphenyl tetrazolium bromide 
(MTT)) was performed.

Materials and methods

Chitosan (medium molecular weight, CAS 9012-76-4; Sigma–Aldrich, Germany) was purified 
by a re-precipitation method.17 The deacetylation degree of chitosan was about 84%, determined 
by Proton Nuclear Magnetic Resonance (1H-NMR) spectroscopy.18 Soy protein isolate was pro-
vided by Loders Croklaan, the Netherlands. Soy protein isolate has a protein content of 90–91% 
(dry basis) and an isoelectric point of 4.2–4.5; and TEOS (99.999%), the inorganic constituent, was 
purchased from Sigma–Aldrich, and was used without purification. All other reagents were of 
analytical grade and used as received.

Preparation of CS-based hybrid membranes

CS protein–blend solutions were prepared as described previously.15 Briefly, chitosan flakes were 
dissolved in an aqueous acetic acid (0.2 M) at a concentration of 4 wt% (w/v) to obtain a homo-
geneous solution. A 1 wt% (w/v) soy suspension was prepared by slow stirring the soy protein 
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powder in distilled water glycerol solution (water/glycerol ratio 1:10). After adjusting the pH to 
8.0 ± 0.3 with 1 M NaOH solution, the dispersion was heated in a water bath at 50°C for 30 min. 
The two solutions were then mixed at  CS75 ratio, corresponding to 75/25 w/w (chitosan/soy).  
After that, TEOS:0.5 M hydrochloric acid (HCl) ratio of 1:1 wt% and 1:0.1 wt% was added to CS, 
and the systems were kept at room temperature (25°C) under stirring for 24 h. The blended solu-
tions were cast into petri dishes and dried at room temperature for 4 days. The neutralization of 
the hybrid membranes was then performed by soaking them in a 0.1 M NaOH solution for 10 min, 
followed by washing with distilled water until pH 7. The resulting membranes were dried at room 
temperature, and named as CSH1 and CSH2, where 1 and 2 indicate the 1:1 wt% and 1:10.1 wt% 
TEOS:HCl ratios added to the CS blend, respectively.

Characterization

Fourier transform infrared with attenuated total reflection (FTIR-ATR)

Surface changes on membranes were assessed by FTIR-ATR spectroscopy19 (Unican Mattson 
7000 FTIR spectrometer). All spectra were acquired at room temperature by averaging 64 scans at 
a resolution of 4 cm−1.

X-ray photoelectron spectroscopy (XPS)

The XPS analysis was performed using an ESCALAB 200A, VG Scientific, with PISCES software 
for data acquisition and analysis. For analysis, an achromatic Al (Kα) X-ray source operating at 15 
kV (300 W) was used. The spectrometer calibrated with reference to Ag 3d5/2 (368.27 eV) was 
operated in Constant Analyzer Energy (CAE) mode with 20-eV pass energy. XPS take-off angle 
was 90° (normal to the surface). Data acquisition was performed with a pressure lower than 10−6 
Pa. The value of 285 eV of the hydrocarbon C1s core level was used as a calibration for the abso-
lute energy scale. Overlapping peaks were resolved into their individual components by use of 
XPSPEAK 4.1 software.

Scanning electron microscopy (SEM)

The SEM  images were obtained at 10 kV on a Leica Cambridge S-360 microscope equipped with 
a LINK eXLII X-ray energy dispersion spectrometer for silicon microanalysis.

Atomic force microscopy 

The samples were measured on at least three spots using TappingMode™ with a MultiMode con-
nected to a NanoScope, both supplied from Veeco, New York, USA, with non-contacting silicon 
nanoprobes (ca 300 kHz, setpoint 2–3 V) purchased from Nanosensors, Switzerland. All images 
(10 µm wide) were fitted to a plane using the third-degree flatten procedure included in the 
NanoScope software version 4.43r8. The surface roughness was calculated as Sq (root mean square 
from average flat surface) and Sa (average absolute distance from average flat surface). The values 
are presented as mean (standard deviation).
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Contact angle measurements

The surface properties of the membranes were also investigated by means of static contact angle 
(θ) measurements using the sessile drop method20 with ultra-pure distilled water (polar) and diio-
domethane (non-polar) (OCA equipment, Germany and SCA-20 software). Six measurements 
were carried out for each sample. The presented data (Table 2) are average of six measurements. 
The surface energy was calculated using the Owens, Wendt, Rabel and Kaelble (OWRK) 
equation.21

Dynamic mechanical analysis

The viscoelastic measurements of the CS and CSH membranes were performed using a 
TRITEC2000B dynamic mechanical analysis (DMA) from Triton Technology, equipped with the 
tensile mode. The measurements were carried out in dry state and at room temperature. The dis-
tance between the clamps was 10 mm, and the membrane samples were cut into ~4 mm widths. 
DMA spectra were obtained during a frequency scan between 0.1 and 10 Hz. The experiments 
were performed under constant strain amplitude (30 µm). The average value of four tests was 
reported for each sample.

Degradation and swelling assays

Degradation and water uptake of the CS and CSH membranes were evaluated through their immer-
sion in phosphate buffer saline (PBS) (Sigma–Aldrich, Germany) at 37°C for a period up to 30 
days. The weight of the swollen samples was measured after removing the excess of surface water 
by gently tapping the surface with filter paper. The percentage of water uptake was calculated using 
equation (1), where Ws is the swollen sample weight and Wd is the dry sample weight. Each experi-
ment was repeated three times, and the average value was considered to be the water uptake value.

 

Water uptake %( ) = −( )







×

W W

W
s d

d

100

 

(1)

The percentage of weight loss was calculated using equation (2), where Wi and Wd correspond 
to the initial weight and dried sample weight, respectively.

 

Weight loss %( ) = −( )
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Cytotoxicity screening

Prior to cell culture studies, all membranes were sterilized under an ethylene oxide atmosphere. In 
order to assess the eventual cytotoxicity of the developed CS membranes, extracts of all mem-
branes were prepared and placed in contact with the mouse fibroblast-like cell line L929 (L929 
cells; European Collection of Cell Cultures (ECACC), UK) and tested using an MTT-based colori-
metric assay22 in accordance with the protocol described in ISO/EN 10993.23 For these tests, cells 
were cultured in basic medium containing Dulbecco’s modified Eagle’s medium (DMEM; Sigma–
Aldrich, USA) with phenol red supplemented with 10% fetal bovine serum (FBS; Gibco, UK) and 
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1% antibiotic/antimycotic (A/B; Gibco) solution. The extracts of the membranes were prepared as 
described previously.24 Briefly, the membranes were immersed in culture medium for 24 h at 37°C 
and 60 r min−1. The filtered extracts were placed in contact with a monolayer of L929 cells for 72 
h. The relative cell viability (%) of the L929 cells was determined for each CS extract, and com-
pared to latex extracts used as a positive control of cell death.

Statistical analysis

All quantitative experiments are run in triplicate, and results are expressed as mean ± standard 
deviation for n = 3. Statistical analysis of the data was conducted using two-way analysis of vari-
ance (ANOVA) with Bonferroni’s post-test by using GraphPad Prism version 5.0 for Windows 
(GraphPad Software, San Diego, CA, USA; http://www.graphpad.com). The following factors 
were used for the various types of characterization in the study: degradation time/weight loss/water 
uptake for degradation tests; + Sq/Sa for roughness and the %Si, %N and %C of the CSH mem-
branes compared to CS used as a control for composition analysis. Differences between the groups 
with p < 0.05 were considered to be statistically significant.

Results

Inorganic–organic hybrid (CSH) membranes were successfully prepared by an in situ sol–gel pro-
cess through hydrolysis and condensation of TEOS into CS-blend system. The CSH membranes 
obtained had a yellowish colour and were 78–120 µm thick (Figure 1). No phase separation of the 
organic and inorganic phases was detected at a macroscopic level.

FTIR spectra of both modified and unmodified membranes are presented in Figure 2. The 
band characteristics of chitosan were observed around 1650 cm−1 (amide I), 1565 cm−1 (amide 
II) and 1150–1040 cm−1 (C–O–C– in glycosidic linkage),25 while soy protein was detected at 
1632 cm−1 (amide I) and at 1536 cm−1 (amide II).26 The presence of Si–O–Si stretching bands 
for the CSH hybrids in the region of 1000–1100 cm−1 was also detected.27 Nevertheless, the 
Si–O–Si linkage appears overlapped by the glycosidic linkage of chitosan, which occurred in 
the range of 1150–1040 cm−1.25 The appearance of a shoulder peak at 945 cm−1 (Si–O stretch-
ing)28 was observed in the spectra of hybrid membranes, indicating the presence of silanol 
(Si–OH) groups.

Figure 1. Representative photograph of the CSH membranes.
CSH: chitosan/soy protein hybrid.
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XPS analysis was performed to determine the changes in surface elemental composition of the 
unmodified and modified membranes. As it can be seen from Table 1, silicon (Si) element was 
present in all hybrid membranes at different percentages. In CS membrane, the small Si percentage 
(0.5%) could be a result of the processing of the exoskeleton components from the source mate-
rial.29 The CSH membranes had a decrease in %N and an increase in both %C and %Si contents 
compared to unmodified CS membranes (Table 1). A  p≤ 0.05 was observed for %Si and %N when 
compared to CS.

Surface topography

SEM images of the hybrid membranes did not show significant alterations of the surface mor-
phology compared to the unmodified membranes (data not shown). The changes on the surface 
topography at nanometre levels of the hybrid membranes were studied by atomic force micros-
copy (AFM) (Figure 3). The inorganic phase in the CSH surfaces was homogeneously dis-
persed (CSH1, Figure 3(b); CSH2, Figure 3(c)) in the organic phase. From AFM data, an 

Figure 2. FTIR spectra of CS, CSH1 and CSH2 membranes.
CS: chitosan/soy protein; CSH: chitosan/soy protein hybrid.

Table 1. Relative surface composition and atomic ratios determined by XPS analysis for unmodified and 
hybrid membranes.

Membrane Surface composition Atomic ratio (%)

%C %O %N %Si C/O ratio O/Si ratio

CS 61.7 26.7 10 0.5 2.3 13.4
CSH1 64.6 26.1 4.8* 3.4* 2.5  7.7
CSH2 62.7 26.7 6.4* 3.6* 2.3  7.4

*p ≤ 0.05.
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increasing surface roughness at nanoscale level was observed as compared to CS in the hybrid 
membranes, from 5.8 ± 1.1 (CS), 7.0 ± 1.9 (CSH1) to 14.6 ± 5.3 nm (CSH2). The presence of 
silica domains randomly dispersed in the CSH membranes may have contributed to these 
findings.

Swelling and degradation behaviour

Water absorption ability and weight loss of the membranes were evaluated by monitoring the 
changes in PBS (pH 7.4) for up to 30 days. All the membranes were found to be stable in the PBS 
solution but had different water uptake and degradation profiles (Figure 4). Compared to the CS 
membrane, the CSH membranes showed less swelling (Figure 4(a)). This may be related to 
enhanced interaction between the protein and the polymer arising from the introduction of inor-
ganic phase, with the inorganic network hindering the swelling through the contraction effects of 
the silica bridging bonds. Ren et al.9 observed similar results in gelatin–siloxane hybrids. Statistical 
analysis of the water uptake data evidenced significant differences (p < 0.05) at 21 and 30 days 
between CS and both CSH membranes. The degradation profile of both CS and CSH membranes 
involved the leaching of plasticizer (glycerol) and the loss of some protein fraction, followed by 
weight loss of the material (Figure 4(b)). A positive influence of the silica network in the CS sys-
tem on degradation behaviour was evident in the CSH1 membranes, with their rate of weight loss 
being reduced. Statistical analysis of the weight loss data showed significant differences (p < 0.05) 
between the CS and both CSH samples (CSH1 and CSH2) at prolonged degradation times (2 and 
4 weeks).

Figure 3. AFM images of the prepared membranes: (a) CS, (b) CSH1 and (c) CSH2 membranes.
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Hydrophilic/hydrophobic balance and mechanical properties

The induced changes in the surface chemistry influence the hydrophilicity of the obtained mem-
branes, which in turn may alter their bioactivity. The measured contact angles and the calculated 
surface energy of the studied materials are summarized in Table 2. The average water contact 
angles of the membranes decreased after sol–gel processing when compared to the unmodified CS 
membranes.

The surface energy was calculated using the method proposed by Owens et al.21 As can be seen 
in Table 2, both hybrid membranes had lower contact angle values and significantly higher super-
ficial energy (γ). It is known that the contact angle depends on both the chemical composition of 
the surface and the surface roughness of the matrix.30 Since both hybrid membranes showed 
increased surface roughness compared to CS, it may be assumed that the observed changes in con-
tact angle were due to the altered chemical composition.

With respect to the mechanical properties, the storage modulus (E′) and loss factor (tan δ) of the 
unmodified CS and CSH membranes were plotted against frequency as shown in Figure 5. A small 
increase in E′ with increasing frequency is verified for all samples (Figure 5(a)). The E′ values of 

Figure 4. (a) Water uptake and (b) weight loss of the unmodified CS and CSH membranes with time in 
PBS at 37°C. Data represent the mean ± standard deviation (p < 0.05, two-way ANOVA).

Table 2. Contact angles (θ), dispersive (γd) and polar (γp) components and superficial energy (γ) of the 
prepared membranes calculated by the Owens–Wendt equation.

Membrane θwater (°) γd (mN m−1) γp (mN m−1) γ (mN m−1)

CS 117.9 ± 4.6 17.6 ± 0.5 0.3 ± 0.02 17.9 ± 0.5
CSH1  97.3 ± 2.0 30.8 ± 0.4* 0.8 ± 0.03 31.6 ± 0.2*
CSH2  80.8 ± 1.4 27.4 ± 0.2* 5.0 ± 0.3* 32.4 ± 0.5*

*p ≤ 0.05 when compared to CS.
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the CSH membranes are higher than those found for the CS membranes. The loss factor (tan δ) 
measures the damping properties of the samples and provides an indication of its viscoelastic char-
acteristics.31 The frequency dependence on the tan δ values of the prepared membranes can be seen 
in Figure 5(b). Values between 0.04 and 0.03 were found, indicating that the damping properties of 
the CSH membranes do not exhibit significant variation compared with those of the CS mem-
branes. These results also indicated that a relaxation process takes place in the membranes within 
the frequency range analyses.

Cytotoxicity assays

The cytotoxicity of matrices was quantified using an MTT assay, which provides data on the meta-
bolic activity of the cells when exposed to the leached out materials from the matrices.29 After 3 
days of incubation of L929, the effects of extracts of the membranes on cell growth were analysed. 
Cell viability values were 96.5 ± 4.8%, 84.1 ± 4.1%, 92.9 ± 4.6% and 98 ± 0.5% for CS, CSH1, 
CSH2 and control, respectively. Thus, the cell viability values for CSH membranes were nearly 
equivalent to those for CS membranes. All these results indicated that L929 cells have good cell 
viability, when compared to L929 in control wells.

Discussion

The sol–gel process led to the formation of silanol groups (≡Si–OH) with siloxane bonding (Si–
O–Si). These groups can interact with other functional groups present in the CS blend through 
dehydration or dealcoholysis reaction with other silanol or ethoxy groups during the solvent evap-
oration of the membrane formation process.32 In this case, the acidic media in the CS-blended 
system can favour the hydrolysis of TEOS over condensation.33,34 Shchipunov8 found that the 
silanol groups produced after the hydrolysis of the precursor can form hydrogen bonds with the 
corresponding groups of biopolymers. Thus, the chitosan and soy protein blend could then form 
hydrogen-bonded bridges between adjacent silica particles between the polar groups on chitosan32 

Figure 5. (a) Storage modulus (E′) and (b) loss factor (tan δ) of CS and CSH membranes obtained during 
frequency scans between 0.1 and 10 Hz in dry conditions at room temperature.
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and amino acids on soy protein.35 Moreover, during formation of the hybrid membranes prepared 
by varying the ratio of TEOS:HCl, a competitive reaction can take place between the inorganic 
phase and organic components in the blended system, which may promote a variation in the inor-
ganic incorporation, as observed by FTIR and XPS analyses. The small differences in the Si 
content in the CSH membranes can be associated to the initial heterogeneity of CS-blended sys-
tem and to the TEOS:HCl ratios used. The differences observed in the %N and %C indicated that 
the C–N bonds in the material were substituted by Si–C bonds and, to a certain extent, by Si–O 
bonds. These findings imply that the CSH membranes were formed by organic phase entrapment 
of discrete inorganic moieties to form a blended system. An illustrative representation of the CSH 
membranes is shown in Figure 6.

Furthermore, the presence of residual silanol (Si–OH) groups (common in many sol–gel–
derived materials) was detected in the membranes, indicating incomplete polycondensation.27 It 
is also known that the presence of Si–OH groups in different types of materials can induce the 
formation of a bone-like apatite layer.36 Therefore, these hybrid membranes could exhibit a bioac-
tive behaviour that would be dependent on the amount and arrangement of silanol groups in the 
material structure.37 Even with the variation in the inorganic incorporation, it is apparent by AFM 
analysis that this phase is well dispersed within the membranes. The intermolecular specific inter-
actions (e.g. hydrogen bonding) in a hybrid system, which are considered to be the driving force 
for miscibility in non-covalently bonding hybrids, are responsible for the decreased phase 
separation.38

A positive effect of the incorporation of silica network was observed on the degradation 
and wettability of the membranes. A decrease in contact angle was attributed to the high con-
centration of Si–OH and Si–O–Si groups on the hybrid surfaces. Both hybrid membranes 
(CSH1 and CSH2) had significantly higher superficial energy (γ) values indicating the gen-
eration of more reactive surface, which could in turn influence the cell–membrane interac-
tions. Li et al.39 reported that changes in contact angle of poly(dimethylsiloxane) (PDMS)-based 
hybrid materials could be related to localization of SiO2 groups at the surface and/or outer-
most layer of the material. In addition, the existence of the mentioned groups could also be 
effective in the reduction of both swelling and weight loss with time, as shown in Figure 5. 
In fact, the introduction of an inorganic phase may restrain the blend component (CS protein) 
network from swelling due to the contraction effects arising from the silica bridging bonds.

Figure 6. Illustrative representation of chitosan/soy protein hybrid (CSH) membranes.
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Ren et al.9 reported that the swelling of gelatin–siloxane hybrids could be controlled by an inor-
ganic phase. One of the main objectives of this work was to overcome the recognized drawback of 
immiscibility associated with the CS protein system. The controlled swelling and degradation 
observed for the CSH hybrid membranes would indicate that an increase in the interactions between 
the blended components (CS protein) was achieved.

The result of incorporating an inorganic network into the CS system is also evident in the struc-
tural reinforcement to the matrices, which is reflected by the increase in E′ (Figure 5(a)). Kim 
et al.40 reported that hybrids with a small amount of silica may exhibit an improvement in mechani-
cal properties for two reasons:38 (1) the silica dispersion throughout the polymeric matrix and (2) 
the strong interaction between the polymer chain and silica or silanol groups through hydrogen 
bonding. A small amount of siloxane domains in the membrane formulation favorably changed  the 
surface topography, hydrophilic/hydrophobic balance of the matrix and mechanical properties, 
which positively affect the cellular behaviour of the CSH membranes.

To evaluate the suitability of the CSH membranes for possible biomedical applications, cyto-
toxicity assessments of both CS and CSH extracts were carried out as a preliminary approach to 
assessing their potential toxicity. Based on the results obtained, it may be assumed that CSH 
membranes have extremely low cytotoxicity on cells, which supports the concept that these 
materials could be used in contact with the body. The differences in activity of these materials 
on diverse matrices may be due to variation in their composition. In addition, the CSH1 mem-
branes had good degradability and mechanical properties favoring their use in guided tissue 
regeneration. In addition, CSH2 membranes could be used for long-term wound healing, during 
which the membranes will be resorbed by the body during the healing process.

Conclusion

The presence of silica domains, randomly dispersed in the CSH membranes, contributed to the 
formation of CSH membranes with higher surface roughness in comparison with the unmodified 
CS membranes. The hybrid membranes were formed by an organic phase (CS blend) with entrapped 
discrete inorganic moieties. These hybrid structured membranes had slower degradability and bet-
ter mechanical properties. It appears that even at a small amount of siloxane bonds, the CS system 
could display significant and specific interactions between the blended components. As result, 
these hybrid structured membranes had slower degradability and better mechanical properties. The 
low cytotoxicity levels of the membrane extracts are encouraging for future biocompatibility stud-
ies. The CS protein–based membranes could potentially be used for a variety of biomedical appli-
cations, such as guided bone regeneration strategies and wound dressing.
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