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Abstract

Dressing materials involve conventional gauzes and modern materials such as hydrogels
and foam-based biomaterials. Although the choice of dressing material depends on the
type of wound, a dressing material is expected to be non-cytotoxic. Additionally, moist
dressing is considered appropriate to accelerate epithelialisation, while dry dressing
may cause tissue damage during removal. An ideal dressing material is expected to
provide a moist environment and degrade and release the drug for faster wound healing.
Thus, we have designed a hydrogel-based biodegradable dressing material to provide the
moist environment with no cytotoxic effect in vitro. The design of the hydrogel involved
alginate–collagen reinforced with whisker cellulose derived from cotton. The hydrogel
was prepared via amide linkage in the presence of 1-ethyl-(dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysulfosuccinimide (NHS), followed by divalent
cationic cross-linking of alginate and hydrogen bonding with cellulose. The high water
retention capability of the hydrogel enables a moist environment to be maintained in the
wounded area. The constituents of the hydrogel provided a microenvironment that was
suitable for cell proliferation in the vicinity of the hydrogel but inhibited cell attachment
on it. The MTT assay results indicated a higher fibroblast proliferation and viability in
the presence of the hydrogel.

Introduction

Wound healing is a complex physiological process, involving
sequential overlapping events including haemostasis followed
by an inflammatory response, cell proliferation including angio-
genesis and tissue remodelling (1). The process of tissue repair
involves direct cell-to-cell and cell–matrix interaction and can
be accelerated by suitable internal and external cues that depend
on the properties of extracellular matrix (2). The efficacy of a
therapeutic approach depends on wound and tissue properties.
For instance, for skin tissue, wounds can be incisional, exci-
sional, acute and chronic (3).

The skin is the largest organ of the body and protects the
body from external environmental threats, such as injury and
bacterial infection. The prevention of microbial infection and
trans-epidermal water loss is required to accelerate wound
healing (4,5). This helps in the restoration of the skin barrier,
which plays a very crucial role in the treatment of injuries
(6). Moreover, wound healing is a dynamic process, and the

performance of a dressing material is influenced by the pro-
gression of the healing phase. In this context, a warm and moist
environment promotes faster wound healing (4,7,8). Moist
dressing not only increases the rate of epithelialisation but also

Key Messages
• collagen–alginate–cellulose composite hydrogel with

high water retention capability (approximately 89%) was
synthesised for wound dressing

• cellulose contributed to the structural stability of the
hydrogel

• the hybrid hydrogel did not encourage cell adhesion,
which ensures easy removal of dressing material without
damaging the wound

• the inherent cytocompatible properties of alginate and
collagen enable faster recovery of the damaged tissue in
the wound area
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prevents the disruptive damage to the wound. In this context,
dry dressing may cause tissue damage during its removal (9).
Thus, an ideal wound dressing material is characterised by
high porosity and high surface-to-volume ratio required for
oxygen permeability and absorption of exudates (10–12).
In this regard, hydrogel-based dressing materials are con-
sidered potentially suitable and constitute the focus of the
study described here. Hydrogels are made of hydrophilic
polymers that may absorb a large quantity of water, up to
thousands of times their dry weight (13). Hydrogels are con-
sidered ‘physical’ or ‘reversible’ gels because of molecular
entanglements of polymeric networks and the presence of
secondary forces, such as hydrophobic forces and ionic and
hydrogen bonding (14,15). Depending on the application,
hydrogel properties can be tailored. For instance, hydrogels
can be made chemically stable or degradable with a controlled
degradation rate.

A number of natural and synthetic materials have been
studied as hydrogel-based wound dressings. With regards to
this, natural biopolymers, collagen, alginate, chitosan, cellulose
acetate and hyaluronic acid (16–21) were explored in terms of
biocompatible properties and their potential role as a wound
dressing material. In this context, alginate-based dressing mate-
rial has a pharmacological function, which is because of cal-
cium ions used as a cross-linking agent. Studies have shown
that the presence of calcium alginate can promote the prolif-
eration of mouse fibroblast (22). Also, alginate is biodegrad-
able and can be washed away with saline solution during the
replacement of dressings (23). Similarly, collagen is a nat-
ural protein and primarily used as a biomaterial because of
its unique properties, such as non-antigenicity, biodegradabil-
ity and biocompatibility (21). Collagen-based dressings are
beneficial in the treatment of severe burns and wounds, such
as pressure sores and diabetic foot ulcers (24–26). However,
untreated natural collagen cannot be directly used because of its
high thrombogenicity and inferior mechanical properties, and
it also promotes the deposition of calcium (27). While colla-
gen provides a protein matrix for the tissue growth, chitosan
provides a non-protein matrix that activates macrophages for
tumouricidal activity. Chitosan stimulates cell proliferation and
helps in natural blood clotting (28). Thus, different materials in
dressings play a different role and collectively help in wound
healing.

Recent studies focused on developing wound dressing
materials that are biocompatible and can accelerate wound
repair by providing an ideal environment for epithelialisa-
tion (29–31). In this regard, the present study is focused
on exploring alginate-, collagen- and cellulose-based hydro-
gel dressing material that provides a moist environment to
the wounded area without any cytotoxic effect. A two-step
cross-linking process was used to synthesise the hydrogel.
Collagen was conjugated with alginate by cross-linking with
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC)
and N-hydroxysuccinimide (NHS). This approach minimises
the direct interaction of cells with the collagen, which is one
of the main causes for calcification and thrombogenicity.
Furthermore, cellulose was used to enhance the mechanical
strength of the hydrogel.

Experimental

Materials

Collagen and bovine achilles tendon powder (Cat. No.
9007345) was procured from Alfa Aesar (USA). Algi-
nate (alginic acid sodium salt from Brown Algae, Cat. No.
A0682) and N-hydroxy-succinimide (NHS, Cat. No. 130672)
were obtained from Sigma-Aldrich (USA); 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC, Cat. No. 22980)
was purchased from Thermo Scientific (USA). Whisker cellu-
lose was synthesised using acid hydrolysis of cellulose from
cotton.

Synthesis of whisker cellulose from cotton

Whisker cellulose was prepared by acid hydrolysis of cellulose
from cotton. First, cotton was washed by 2 wt% NaOH solution
for 1 hour using a magnetic stirrer at room temperature. Next,
the cotton was soaked in deionised water at 80 ∘C for 1 hour
and dried overnight in air. After drying, the cellulose powder
was hydrolysed, while vigorous magnetic stirring at 40 ∘C
was carried out for 1 hour using concentrated hydrochloric
acid at 20 ml/g cellulose-to-hydrochloric acid ratio. Subse-
quently, the mixed solution was centrifuged at 10 000 rpm for
5 minutes and washed with deionised water until a pH of 7
was obtained. Finally, the hydrolysed cellulose was stored at
−80 ∘C for overnight followed by lyophilisation for 24 hours
using a freeze dryer. The lyophilised powder was ground
into fine whisker powder using agate mortar and pestle. This
fine powder was characterised by X-ray diffraction (Bruker’s
D8 Discover; Bruker, Germany) and FT-IR (FT/IR-4600LE;
Jasco, Japan). Furthermore, scanning electron microscopy
(SEM; S-4800; Hitachi, Japan) was used to characterise the
morphology of cellulose.

Synthesis of hybrid pre-hydrogel reinforced

with cellulose

First, pre-hydrogel was synthesised using NHS and EDC as
cross-linkers, followed by final cross-linking with CaCl2. To
synthesise pre-hydrogel, first, an aqueous solution of colla-
gen was prepared by mixing 50 mg pepsin and 500 mg col-
lagen powder in 15 ml high-purity deionised water (DI), and
the solution was kept on a magnetic stirrer (500 rpm) at 37 ∘C.
The pH was adjusted to approximately 1⋅0 using concentrated
HCl to activate pepsin. After 2 hours, when collagen was com-
pletely digested, pH was further adjusted to 7⋅4 using ammo-
nium hydroxide (NH4OH) to deactivate the pepsin. The concen-
tration of prepared collagen solution was considered 3⋅33 wt%.
Next, 3⋅33 wt% alginate (500 mg) was mixed in powder form
to 3⋅33 wt% aqueous solution of collagen at 37 ∘C using a mag-
netic stirrer. Subsequently, 6⋅66 wt% cellulose (1000 mg) was
mixed in the powder form to the solution of alginate and col-
lagen at 37 ∘C using a magnetic stirrer. This led to a 10-ml
solution with a final ratio of alginate, collagen and cellulose
of 1:1:2. To prepare the pre-hydrogel, 15 mg NHS and 25 mg
EDC was added to the 10-ml solution of alginate, collagen and
cellulose (1:1:2) and stirred at 37 ∘C for 2 hours. The prepared
pre-hydrogel reinforced with cellulose was filled in a sterilised
syringe and stored at 6 ∘C in the refrigerator until use.
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The pre-hydrogel was cast in a 24-well plate, followed by
cross-linking with 0⋅05 M and 1 M CaCl2 for 10 minutes to
prepare a hydrogel with the strength appropriate for handling.
After cross-linking, the hydrogel samples were immersed in 1×
PBS solution for 15 minutes to remove excess CaCl2. These
samples were freeze dried for further characterisation to study
the phase assemblage and pore architecture.

Phase assemblage and pore architecture

To study the phase assemblage and microstructure of the
hydrogel, samples were analysed using XRD, FT-IR and
SEM in secondary electron (SE) mode. For XRD and FT-IR,
the freeze-dried hydrogel samples were ground to powder
using agate mortar and pestle. XRD of hydrogel powder as
well as starting powders was carried out using CuKα as a
monochromatic X-ray source of wavelength 1⋅54056 Å at
40 kV voltage and 40 mA current. The samples were scanned
in locked-coupled mode from (2𝜃) 10∘ to 90∘ at a scanning
rate of 2∘/minutes and increment (step size) of 0⋅03∘. To
conduct FT-IR studies, thin pellets of samples were prepared
by mixing KBr and the sample in the ratio of 200:1, followed
by pressing the mixture into a 3-mm diameter mould. To
acquire data, thin sample pellets were scanned from 4000 to
400 cm−1. For SEM studies, the freeze-dried samples were first
gold-coated to minimise charging during imaging. Samples
were imaged in the SE mode at an accelerating voltage of
20 kV for microstructural characterisation of the hydrogel.
Energy dispersive spectroscopy (EDS) analysis was carried out
for the elemental analysis of hydrogel.

Effect of cross-linking time on the dissolution

behaviour of hydrogel

To study the stability of hydrogel in aqueous media, the samples
prepared by cross-linking for 10 and 15 minutes using 0⋅05 M
CaCl2 were cut to dimensions of 8× 8× 2 mm and immersed
in 2 ml 1× PBS in a 24-well plate. Before immersion, samples
were sterilised for 30 minutes using UV light. The well plate
was sealed with parafilm and kept at 37 ∘C for 2, 4 and 6 days
to study dissolution. To obtain statistically relevant data, the
experiments were carried out in triplicates and repeated at least
thrice. After incubation for 2, 4 and 6 days, 200-μl solution from
each well was transferred to a 96-well plate, and absorption was
measured at 630 nm using ELISA plate reader; 1× PBS was
used as a control.

A standard curve was plotted between the amount of cellu-
lose dissolved in 1× PBS (5, 10, 25, 20, 25 and 30 mg/ml) and
corresponding optical density (OD) at 630 nm. A trend line on
the plotted curve was used to obtain an equation to estimate
the amount of dissolved cellulose from the hydrogel during
dissolution.

Study of sorption kinetics of hydrogel in PBS

To study the sorption kinetics, pre-hydrogels were cast in an
eight-well plate and cross-linked with 0⋅05 M and 1 M CaCl2
for 10 minutes. After this, hydrogel samples were washed
with 1× PBS for 15 minutes to remove excess CaCl2. Next,

samples were cut into a rectangular shape with dimensions of
8× 8× 4 mm thickness, followed by freeze drying. Next, the
freeze-dried samples were weighed and immersed in 1× PBS.
The samples immersed in 1× PBS were kept at 37 ∘C and con-
stant humidity. The weight of swollen samples was measured
every 30 minutes. Before weight measurement, excess water on
the sample surface was removed using filter paper. This pro-
cess was repeated, and final weight was taken at equilibrium
swelling. The weight change during the sorption process was
used to calculate the swelling ratio, equilibrium swelling ratio,
swelling rate and percentage equilibrium water content and data
were plotted as a function of time using Equations (1–4). To
obtain statistically relevant data, all measurements were carried
out in triplicate, and the study was repeated at least thrice.

Swelling ratio =
mt − md

md
(1)

Equilibrium swelling ratio =
mequ − md

md
(2)

Swelling rate =
mt+Δt − mt

Δt
(3)

Percentage equilibrium water content =
mequ − md

mequ
× 100

(4)
where mt, md, mequ and Δt are the weight of the swollen
hydrogel at time ‘t’, weight of the dried hydrogel and weight
of the swollen hydrogel at equilibrium state and time interval
between two measurements, respectively.

PBS desorption kinetics for swollen hydrogel

In continuation of Section 2⋅6, after attaining equilibrium
swelling, samples were removed from 1× PBS. After removing
the excess water from the sample surface using a filter paper, the
swollen weight (w∞) of samples was measured. After this, sam-
ples were dried at 37 ∘C with constant humidity for 30 minutes,
and the weight was measured. This process of weight mea-
surement after every 30 minutes was repeated until constant
weight (weight of completely dried sample) was obtained. The
obtained PBS desorption data was plotted with respect to time,
and Equation (5) was used to estimate the PBS desorption ratio.

PBS desorption ratio =
mt

m∞
=

mt − m0

m∞ − m0
(5)

where mt, m0 and m∞ are the weight of hydrogel at time ‘t’,
initial time ‘0’, and time when the sample was completely dried,
respectively.

Cytocompatibility assessment

Hydrogel was cast in an eight-well plate using the method
described in Section 2⋅5. The cast hydrogel sheet was cut into
small pieces of dimensions 8× 8× 2 mm for cell culture studies.
These samples were UV sterilised for 30 minutes and washed
with 1× PBS. The NIH3T3 fibroblast cells (ATCC, USA) with
a cell density of approximately 20,000 cells/ml were added to
each well in an MEM (Minimum Essential Media) medium and
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Figure 1 Illustration of preparation
method of cellulose-/collagen-/alginate-
based hydrogel sample preparation.

Sheet of hydrogel after 15 min

Schematic of hydrogel sheet
microstructure

treatment with 1xPBS 

Alginate/collagen/
cellulose based
pre-hydrogel,
cross-linked with
EDC and NHS

Casting of pre-hydrogel in 8
well plate, followed by cross-
linking with 1 M/0.05 M CaCl2
for 10 min

Cellulose fibers

incubated at 37 ∘C in a humidified atmosphere (95% RH) and
5% CO2. During incubation, old culture media were replaced
with fresh culture media every second day.

Cell–cell and cell–material interaction

To study cell–cell and cell–material interaction, after 4 days of
incubation, the samples were stained for expression of actin,
vinculin and nucleus. After staining, samples were removed
from the well plate, and cells adhered to the well plate surface
were observed from the bottom of the well plate using a fluo-
rescence microscope. Well plate surface was used as a control.
The details of immunofluorescence microscopy protocol used
in this study have been reported elsewhere (32). Briefly, before
fluorescence microscopy, cells were fixed with 4% formalde-
hyde for 20 minutes at room temperature, followed by washing
with 1× PBS. Next, cells were treated with 0⋅1% triton×100
for 6 minutes to permeabilise the cell membrane. Furthermore,
after washing with 1× PBS, samples were treated with 5% FBS
for 30 minutes to minimise the non-specific binding of antibod-
ies. After this, cells were treated for 60 minutes with a staining
agent for study of expression of actin. After washing with 1×
PBS, samples were stained for 60 minutes for expression of
actin stress fibres. Finally, after washing with 1× PBS, sam-
ples were incubated with DAPI to stain the cell nucleus. After
staining, samples were washed at least thrice with 1× PBS. The
stained samples were stored in the dark at 6 ∘C in 1× PBS until
imaging by a fluorescence microscope.

MTT assay/cell proliferation assay

MTT assay protocol used in this study has been previously
reported (33). Briefly, after 1, 2 and 4 days of incubation,
the culture media were replaced with 10% MTT solution,
followed by incubation for 4 hours in a CO2 incubator. The
MTT solution was prepared by dissolving MTT salt (3(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide))
reagent in 1× PBS (33). This leads to the reduction of MTT salt
into insoluble formazan crystals by the mitochondrial succinate
dehydrogenase enzyme of viable cells. After 4 hours of incuba-
tion, cells were removed from the sample surface using slow

up–down pipetting, and the cell containing the MTT reagent
was transferred to a centrifuge tube, followed by centrifugation
for 5 minutes at 10 000 rpm. After centrifugation, the super-
natant was discarded, and a violet-colour pellet of formazan
crystals was dissolved in 400 μl dimethyl sulfoxide solution
(DMSO; D8418; Sigma-Aldrich, France). About 150 μl of this
violet-colour solution was transferred to a 96-well plate, and
optical density (OD) was measured at 570 nm wavelength using
an ELISA plate reader (ELx800; BioTek, USA). The MTT
assay result of hydrogel was compared with the control (well
plate surface) samples. The MTT data were represented as
mean± standard error of mean and plotted as a function of incu-
bation of time using the Origin software (version 8⋅5; Origin
Lab Corporation, USA).

Statistical analysis

The MTT data were analysed using commercial software
(SPSS 19⋅0; IBM, USA). For statistical analysis, a multivariate
post-hoc test was applied, and significant difference between
the sample mean and control at P< 0⋅05 was measured using
Dunnett t (represented by symbol *) tests. Also, a Dunnett C
(represented by symbol **) test was used to compare the sam-
ples’ means on different incubation time.

Results

Hydrogel synthesis

To synthesise the hydrogel, first, whisker cellulose was pre-
pared by acid hydrolysis of cellulose from cotton. Synthesis
of hydrogel involved a two-step process, pre-hydrogel pre-
pared by cross-linking using NHS and EDC followed by final
cross-linking with CaCl2 for 10 minutes prior to application
(i.e., cell culture), as shown in Figure 1. Two different concen-
trations of CaCl2 (0⋅05 and 1 M) were used to obtain hydrogels
of different pore architecture.

Microstructure and phase assemblage

The secondary electron microscopy (SEM) of freeze-dried
cellulose powder, hydrogel cross-linked with 0⋅05 M CaCl2

© 2017 Medicalhelplines.com Inc and John Wiley & Sons Ltd 1079
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A BCellulose powder

C

Cellulose powder

D

E
2

FHydrogel Hydrogel

Hydrogel

(0.05 M CaCl2)

Hydrogel

(0.05 M CaCl2)

(1 M CaCl2) (1 M CaCl2)

Figure 2 Representative scanning electron
micrographs of (A, B) whisker cellulose pow-
der, (C, D) freeze-dried hydrogel cross-linked
for 10 minutes with 0⋅05 M CaCl2 and (E, F)
freeze-dried hydrogel cross-linked for 10 minutes
with 1 M CaCl2.

and hydrogel cross-linked with 1 M CaCl2 was carried out
to study the morphology of cellulose powder and the pore
architecture and phase distribution (through atomic number
contrast) in cross-linked hydrogel (Figure 2). SEM revealed
a whisker morphology of cellulose powder with no evidence
of agglomeration (Figures 2 A and B). The low and high
magnification micrographs of hydrogel cross-linked by 0⋅05
and 1 M CaCl2 confirmed a highly porous microstructure with
bimodal distribution of pores (Figures 2 C–F). Moreover, pores
were larger in size in the case of 1 M CaCl2 than 0⋅05 M
CaCl2.

XRD analysis of hydrogel-1 (cross-linked with 1 M CaCl2)
confirmed the existence of diffraction peaks corresponding to
alginate, collagen and cellulose, and a few peaks were associ-
ated with sodium chloride (Figure 3). In contrast, no diffrac-
tion peaks corresponding to sodium chloride was observed in
the case of hydrogel-0⋅05 (cross-linked with 0⋅05 M CaCl2)
(Figure 3). In case of hydrogel-0⋅05, only diffraction peaks of
alginate, collagen and cellulose were observed. A comparison
of hydrogel-1 and hydrogel-0⋅05 revealed the greater presence
of collagen and alginate in hydrogel-0⋅05 based on the inten-
sity of XRD diffraction peaks. The EDS analysis confirmed the

*

*

* Sodium chloride

(~17 wt.% Calcium)

(~58 wt.% Calcium)

  

Figure 3 XRD of alginate, collagen, cellulose powder and freeze-dried
hydrogel cross-linked for 10 minutes with 0⋅05 M CaCl2 (hydrogel-0⋅05)
and 1 M CaCl2 (hydrogel-1). Hydrogel-1 confirmed the presence of
sodium chloride and an excessive amount of calcium (based on EDS
results).

1080 © 2017 Medicalhelplines.com Inc and John Wiley & Sons Ltd
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Figure 4 FT-IR of freeze-dried hydrogel (cross-linked for 10 minutes with 0⋅05 M CaCl2), cellulose, collagen, and alginate, gelatin and freeze-dried
hydrogel. KBr was used as a reference.

presence of approximately 58% and 17% calcium in hydrogel-1
and hydrogel-0⋅05, respectively.

FT-IR studies were carried out only with hydrogel-0⋅05 sam-
ple to confirm the presence of alginate and collagen in hydrogel
(Figure 4). The presence of alginate in the hydrogel was con-
firmed from the existence of the absorption peaks at 3450, 1618,
1440 and 1050 cm−1 corresponding to —OH group, —COO—,
—COO— and C—O, respectively. The presence of absorption
peaks at 1658 and 1551 cm−1 were associated with amide-I and
amide-II, respectively. This confirmed the presence of collagen
in the hydrogel. No conformational change in the structure of
alginate and collagen was observed.

Sorption and desorption kinetics of hydrogel

Swelling ratio (Figure 5), swelling rate (Figure 6) and des-
orption ratio (Figure 7) of cross-linked hydrogel was studied
to understand sorption and desorption kinetics in 1× PBS. A
strong effect of CaCl2 (final cross-linker) concentration on the
swelling ratio was noted, with a higher swelling ratio in the case
of hydrogel cross-linked with 1 M CaCl2 than 0⋅05 m CaCl2.

In both the cases, an increasing trend in swelling ratio was
observed with time.

Furthermore, as compared to 1 M CaCl2, a higher swelling
rate was observed in the case of 0⋅05 M CaCl2 during initial
stage of swelling, with a decreasing trend in both cases. How-
ever, after 25 minutes of immersion of hydrogel in 1× PBS,
a lower swelling rate was noted in the case of 0⋅05 M CaCl2
than 1 M CaCl2, and equilibrium swelling was reached sig-
nificantly earlier in hydrogel cross-linked with 0⋅05 M CaCl2
than hydrogel cross-linked with 1 M CaCl2. In the case of
0⋅05 M CaCl2, the values of equilibrium swelling ratio and per-
centage equilibrium water (1× PBS) content were 8⋅46± 0⋅08
and 89⋅43± 0⋅01, respectively, while for 1 M CaCl2, the val-
ues of equilibrium swelling ratio and percentage equilibrium
water (1× PBS) content were 6⋅52± 0⋅06 and 86⋅70± 0⋅01,
respectively.

After the sorption study, samples were dried at 37 ∘C at con-
stant humidity, and progressive change in weight was recorded
to study the desorption kinetics. In both the cases (0⋅05 M and
1 M CaCl2), a similar trend in the desorption ratio of 1× PBS
was observed with a lower value of liquid desorption ratio at a

© 2017 Medicalhelplines.com Inc and John Wiley & Sons Ltd 1081
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Figure 5 Effect of cross-linker amount (0⋅05 M and 1 M CaCl2) on
swelling ratio of hydrogel, immersed in 1× PBS at 37 ∘C at constant
humidity maintained in a hot air oven.

Figure 6 Effect of cross-linker amount (0⋅05 M and 1 M CaCl2) on hydro-
gel swelling rate with time in 1× PBS at 37 ∘C at constant humidity
maintained in a hot air oven.

given time (Figure 7). However, during the later stage of drying,
a stable desorption ratio was observed.

Dissolution study of hydrogel in 1× PBS

To study the dissolution behaviour of hydrogel, first, a standard
curve was obtained (Figure 8) by dissolving different amount
of cellulose (5, 10, 15, 20, 25 and 30 mg) in 1 ml 1× PBS. The
corresponding optical density was measured at 630 nm using
an ELISA plate reader. For optical density measurements, 200
μL solution was transferred to a 96-well plate. Optical density
was plotted as a function of dissolved amount of cellulose
in 1× PBS and a trend line obtained. This equation (absorp-
tion= 0⋅05377× dissolved amount of cellulose) was used to

Figure 7 Effect of cross-linker amount (0⋅05 M and 1 M CaCl2) on des-
orption rate of 1× PBS from hydrogel with time at 37 ∘C at constant
humidity maintained in a hot air oven.

Figure 8 Standard plot between dissolved cellulose in 1× PBS and
absorption at 630 nm depicting relation between absorption and dis-
solved amount of cellulose.

calculate the dissolved amount of cellulose in 1× PBS at 37 ∘C
at a given time at a given optical density.

Next, pre-hydrogel samples cross-linked with 0⋅05 M CaCl2
for two different time periods (10 and 15 minutes) were kept in
a 24-well plate, with one sample in each well. Samples were
incubated in 1 ml 1× PBS at 37 ∘C for 2, 4 and 6 days. After
incubation, 200 μL solution from each well was transferred to
a 96-well plate without disturbing the integrity of the hydrogel,
followed by measuring the absorption of the solution at 630 nm
(Figure 9). The equation obtained from the standard curve was
used to calculate the dissolved amount of cellulose in 1× PBS at
a given time. Considering that the cellulose was homogenously
distributed in the hydrogel, the dissolved amount of cellulose
was used to understand the dissolution behaviour of hydrogel in

1082 © 2017 Medicalhelplines.com Inc and John Wiley & Sons Ltd
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Figure 9 Effect of immersion time and cross-linking time on the disso-
lution behaviour of hydrogel, cross-linked with 0⋅05 M CaCl2.

1× PBS. There was no evidence of burst release (corresponding
to the dissolution of hydrogel components in the solution)
during the entire duration of the dissolution study. There was no
effect of cross-linking time on the dissolution profile. However,
in both cases (10 and 15 minutes), there was an increasing
tendency in the dissolution of hydrogel with time, followed by
a decrease in the dissolution rate after 4 days of incubation.

Cell adhesion and proliferation

We studied cell adhesion and proliferation of fibroblasts in
the presence of hydrogel cross-linked with 0⋅05 M CaCl2 for
10 minutes. The objective was to explore the ability of hydrogel
in not supporting cell adhesion without having any cytotoxic
effect. Cells were found on the hydrogel surface after 4 days
of incubation, as confirmed from the staining of nucleus and
actin filaments (Figure 10). However, a high density of cells was
noted in the well plate area around the hydrogel. As shown in
Figure 10, the black area in Figures 10 B, C, E and F is hydrogel
and shows no evidence of staining of nucleus and actin.

Furthermore, an MTT assay was used to study the viabil-
ity/proliferation of fibroblasts in the presence of hydrogel
(cross-linked with 0⋅05 M CaCl2 for 10 minutes) and
hydrogel-0⋅2 gelatin (cross-linked with 0⋅05 M CaCl2 for
10 minutes and then coated with 0⋅2 wt % gelatin), and results
were compared with control (well plate surface). This study
was carried out for 1, 2 and 4 days (Figure 11). In all the cases,
an increase in cell proliferation with time was noted. After the
first day, a relatively higher cell density was noted on control
than hydrogel-1 and hydrogel-2. However, after the second
and fourth day of incubation, cell density became higher on
the hydrogel surface as compared to control. Interestingly, no
significant difference in the cell viability on the hydrogel-1 and
hydrogel-2 was observed after 1, 2 and 4 days of incubation.
In contrast, a Dunnett t-test revealed a significant difference
in cell proliferation when hydrogel-1 and hydrogel-2 were
compared with the control after 2 and 4 days of incubation.

Moreover, a comparison of cell proliferation on a given sample
on different days (1, 2 and 4 days) using a Dunnett C-test
indicated significant difference in proliferation on different
days (1,1,2,2,4,4), marked with ** in Figure 11.

Discussion

Collagen is an attractive natural polymer found as a struc-
tural protein in mammalian tissues (34). As it is a main
component of ECM (35), there is a great potential to use colla-
gen as a scaffolding biomaterial. Additionally, collagen can be
blended with other biomaterials, such as acrylonitrile butadiene
styrene (ABS) fibres to increase its mechanical properties with-
out affecting its biological properties (36–39). Therefore, in the
present study, cellulose extracted from the cotton was used as
supporting material for the collagen. Also, alginate was used
as a carrier material for collagen and cellulose to make it flow-
able during extrusion. In the past, alginate-based biomaterials
were studied mainly as a drug delivery system and as a sup-
port material because of its outstanding biocompatibility (40).
In the context of skin tissue application, alginate is widely used
as a dressing material to treat acute and chronic wounds (7).
Alginate is a linear copolymer of β-(1-4)-linked d-mannuronic
acid and β-(1-4)-linked l-guluronic acid units. Alginate is an
anionic polysaccharide, present in the cell wall of brown algae.
It is hydrophilic in nature and exhibits chelating ability in the
presence of divalent cations such as Ca2+. Therefore, alginate
can effectively be used to synthesise hydrogel because of its
gelation properties. The hydrogel made of collagen and gelatin
was observed to be weaker in strength and fractured easily
during folding or wrapping after freeze drying. Thus, to make
this hydrogel more elastically compliant and stronger, cellu-
lose whisker was added in the blend of collagen and alginate
during hydrogel preparation. Cellulose is abundantly available,
has low density, is biodegradable and exhibits good mechanical
properties (41,42). Therefore, we prepared a hydrogel of algi-
nate and collagen, reinforced with cellulose, by using a two-step
cross-linking method. EDC and NHS were used in the first-step
cross-linking, followed by cross-linking with CaCl2 in the sec-
ond step. During the cross-linking process, EDC was bonded to
the carboxyl group of alginate, followed by NHS bonding with
alginate by replacing EDC. The NHS-bonded alginate prod-
uct bonded together through the collagen to make the hydro-
gel, referred as pre-hydrogel (Figure 12). Furthermore, in the
second step, this pre-hydrogel was cross-linked with CaCl2 to
obtain the final hydrogel (Figure S1, Supporting information).
The two-stage cross-linking process provides the flexibility of
fabricating samples of different size and shape as well as incor-
poration of cells and growth factors.

This study encompasses many advantageous properties of
the synthesised hydrogel in the context of non-adherent wound
dressing with high absorbent properties. These important prop-
erties have been discussed in the following paragraphs on the
basis of results obtained from the various characterisation tools.

Microstructure, chemical and physical properties

It has been reported that the long-term stability of alginic
acid (alginate) cross-linked with divalent metal ions is poor
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Figure 10 Fluorescence micrographs
showing proliferation of cells on the well
plate surface in the presence of the hydro-
gel cross-linked with 0⋅05 M CaCl2. (A,
D) An artistic representation of presence
of hydrogel sample and cells in the well
plate after 4 days of incubation. Cells were
seeded on both sample and well plate
surface, but no cell adhesion was noted
on the sample surface. (B) and (C) are the
cells on well plate surface, stained for the
nucleus and actin, respectively. (D), (E)
and (F) are high magnification micrographs
of (A), (B) and (C), respectively.

because of the unintended tendency of leaching of ions (used in
cross-linking) from the hydrogel to the solution (43). In addi-
tion to this, an excessive amount of these metallic ion-based
cross-linkers, such as CaCl2, are toxic to cells (44). There-
fore, a 0⋅05 M CaCl2 solution was used in the present study.
However, a higher concentration of CaCl2 (1 M) was used
from the viewpoint of comparison. To accomplish gelation in
the first step, EDC and NHS were used. The addition of EDC
and NHS is expected to improve the hydrogel’s life because
of the stabilisation of amide linkage, thereby preventing the
hydrolysis. In addition to this, these chemicals (EDC and NHS)
are beneficial over toxic and expensive cross-linking agents,
such as glutaraldehyde and genipin (45,46).

As shown in Figure 2, an SEM study revealed a highly porous
microstructure in the hydrogel cross-linked with 0⋅05 M CaCl2
for 10 minutes (labelled as sample A), with the average pore
size varying from 50 μm to 250 μm. However, a higher poros-
ity with pore size in the range of 150–400 μm was observed in
samples cross-linked with 1 M CaCl2 for 10 minutes (referred
as sample B). It is obvious that a larger pore size (void space)
yields inferior mechanical properties in the tensile mode (47).
Thus, in the context of dressing material where wrapping and
bending is frequent, the sample A is expected to perform bet-
ter than the sample B. Results of extensive XRD and FT-IR
confirmed the presence of cellulose, alginate and collagen, with
no evidence of conformational changes in the structure. How-
ever, distinct diffraction peaks of sodium chloride were noticed

Figure 11 MTT assay results showing cell proliferation after 1, 2 and
4 days of incubation on well plate surface in the presence of hydrogel
cross-linked with 0⋅05 M CaCl2. The optical density corresponding to cell
number is reported as mean± standard error of mean at n=3. The *
represents significant difference in the viable cell density on samples
compared with the control (well plate surface without hydrogel) on the
same day using a Dunnett t-test at P <0⋅05. The ** shows significant
difference in viable cell density at P <0⋅05 when comparison is made
between same sample on different days using a Dunnett C-test.
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Figure 12 Mechanism of cross-linking of
alginate and collagen through EDC and
EHS, followed by CaCl2.

 

+ CaCl
2

by CaCl2.

Pre-crosslinking

Final crosslinking

in the case of sample B. The presence of sodium chloride is
associated with the reaction product of calcium chloride and
sodium alginate. A 1900-times higher concentration of cal-
cium chloride in sample B than sample A is an obvious reason
for the presence of sodium chloride in sample B. It is impor-
tant to note that the presence of a higher content of sodium
chloride in the sample is expected to further impair the dis-
solution and pore size in the aqueous media. Thus, to avoid
change in the properties of hydrogel during the study because
of dissolution of phases like sodium chloride, sample A was
selected over sample B for the dissolution and cell culture
studies.

Sorption and desorption kinetics

The study of sorption kinetics revealed that, with a high
swelling rate to start with, a decrease in swelling rate was
observed for both samples A and B. In the case of sample A,
equilibrium was attained at least 3 hours earlier than sample B.
However, desorption kinetics showed a similar profile. It took
at least 8 hours to attain equilibrium in sample A, while sample
B took 2 hours more to attain equilibrium. Although there is no
information on the effect of sorption and desorption kinetics
of dressing material on wound healing, we believe that a
higher swelling rate may allow the removal of exudate, and the
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negative pressure because of sorption may further act as
a barrier to inhibit bacterial intervention from the outside
environment. The large-size pores in the hydrogel may provide
a pathway for pathogens in air to establish a contact with
the wound. In addition to this, slower desorption of absorbed
exudate provides a moist environment, which is required for
healing of wound.

Dissolution behaviour and in vitro cytocompatibility

of the hydrogel

Dissolution behaviour of sample A cross-linked for 10 and
15 minutes was investigated in 1× PBS. There was no sig-
nificant difference in the dissolution behaviour of samples
cross-linked for 10 and 15 minutes in the study carried out
for 6 days, and data were collected every second day. During
dissolution, a constant dissolution rate was observed in sample
cross-linked for 15 minutes. However, in case of a sample
cross-linked for 10 minutes, a slower rate of dissolution was
observed after 4 days. An intact structure was noted after the
dissolution in 1× PBS. It is important to mention that the
dissolution was carried out by the complete immersion of com-
pletely wet hydrogel in 1× PBS for 6 days. This condition is
harsher than the normal wound. Therefore, we can expect that
the developed hydrogel can provide a moist environment for a
longer period of time without becoming structurally deformed
and disintegrated in the fluid environment. As the developed
hydrogel is very stable in the moist condition, we can expect
enhanced cell proliferation in the presence of hydrogel without
inflammation.

The overall objective of this study was to develop a cyto-
compatible hydrogel with a large water retention property,
which does not encourage cell adhesion and proliferation on it.
However, it should promote the cell adhesion and proliferation
in its vicinity without causing cytotoxicity. In this context,
in our study, no evidence of cells was found on the hydrogel
surface even after 4 days of incubation (Figure 10). However,
a high density of cells was noted in the well plate area around
the hydrogel. In Figure 10, the black area in upper left corner
denotes the sample position during the cell culture study
(Figure S2).

In addition to this, cell proliferation and cell viability assess-
ment based on MTT assay results showed a similar cell den-
sity (directly proportional to the optical density) of fibroblasts
in the presence of hydrogel (cross-linked with 0⋅05 M CaCl2
for 10 minutes) and hydrogel-0⋅2 gelatin (cross-linked with
0⋅05 M CaCl2 for 10 minutes and then coated with 0⋅2 wt%
gelatin) (Figure 11). However, the cell density on hydrogel and
hydrogel-0⋅2 gelatin was higher than the control sample. Here,
the well plate surface was used as control. The gelatin-coated
hydrogel was used to study the effect of bare hydrogel on
cytotoxicity. In all the cases, an increase in cell density with
time was found. The MTT assay and cell adhesion results con-
firmed that the hydrogel itself did not allow the cell adhesion
on its surface but promoted cell proliferation in its vicinity.
This is an important outcome and is relevant to wound dress-
ing application, where the dressing material should not allow
cell adhesion on its surface but should accelerate wound heal-
ing by promoting cell proliferation in the wound area (48). As

compared to the well plate surface, a higher proliferation of
cells in the presence of hydrogel can be correlated to bovine
achilles tendon collagen, present as a major component in the
hydrogel. The collagen from tendon is known for its iso-ionic
pH (5⋅1) and is beneficial when haemostat is required, such as
wound area (49).

Conclusions

The proposed collagen–alginate–cellulose hydrogel was char-
acterised by a high water retention ability, with an equilibrium
water content of approximately 89%. Collagen and alginate
promoted cell proliferation, while EDC/NHS in the presence of
CaCl2 allowed effective cross-linking with no detectable toxic-
ity. The presence of cellulose whisker positively contributed to
the structural stability of the hydrogel and prevented splintering
because of folding or wrapping after freeze drying.

The developed hydrogel did not encourage cell adhesion.
This characteristic ensures the easy removal of dressing mate-
rial without damaging the wound. Additionally, inherent cyto-
compatible properties of alginate and collagen enable faster
recovery of the damaged tissue because of high cell prolifer-
ation in the wound area. The developed hybrid hydrogel can
be a cost-effective solution for dressing of wound, where the
removal of exudate and thereafter a moist environment are
required for the wound healing, although a rigorous in vivo
study and clinical trial are required.
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