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Abstract. The aim of this study was to develop a new variant of membranes based on collagen (COL), chitosan
(CHI) and alkaline phosphatase (ALP) immobilized and cross-linking with glutaraldehyde (GA) at different con-
centrations. The biodegradation in the presence of collagenase was investigated. Biocompatibility was evaluated by
MTT assay using a mouse fibroblast cell culture type NCTC (clone 929). Non-cross-linked samples were biocompat-
ible and membranes cross-linked with low concentrations of GA (0.04, 0.08%) were also biocompatible. However,
high concentrations of GA lead to a decreased biocompatibility. The adsorption behaviour of Ca2+ ions to all mem-
branes were evaluated using the Freundlich isotherms. Haemolytic studies were performed in order to consider their
applications in biomineralization process. By the addition of collagen and ALP to chitosan, the haemolytic index
decreases, the COL–CHI–ALP membrane being in the non-haemolytic domain, while the COL–CHI–ALP–GA
membrane has a haemolytic index greater than 2, and is slightly haemolytic.
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1. Introduction

Immobilization of biomolecules on biopolymeric supports is
relevant in many areas of biomaterial research. In recent
times, a 2-step immobilization procedure was developed for the
facile conjugation of biomolecules onto various surfaces using
self-polymerization of dopamine into polydopamine [1].

Over the past decade, there has been tremendous progress
in developing advanced biomaterials for tissue repair and
regeneration. For example, chitosan-based materials have a
wide range of applications, including in wound dressings,
cartilage and bone grafts, and nerve guidance conduits.

Collagen is a significant constituent of the natural extra-
cellular matrix. Collagen-based scaffolds have been used in a
variety of applications due to a number of useful properties,
such as haemostatic effect, low antigenicity and very good
mechanical characteristics for use in soft tissue engineering
applications. For this reason, it is known as the most promis-
ing material in tissue engineering applications owing to its
excellent biocompatibility and biodegradability [2]. How-
ever, its fast biodegradation and low mechanical strength are
the foremost issues that limit the further uses of this material.

Another extensively studied material is chitosan, a linear
polysaccharide derived by partial N-deacetylation of chitin
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[3], which is the primary structural polymer in arthropod
exoskeletons, shells of crustaceans or the cuticles of insects
[4]. It possesses a unique biocompatibility, biodegradability,
biological inertness, stability in the natural environment as
well as antifungal and anti-bacterial properties [5–7].

In recent years, much attention has been paid to chitosan-
based devices owing to their minimal foreign body reactions,
intrinsic antibacterial nature biocompatibility, biodegrad-
ability and ability to be moulded into various geome-
tries and forms, such as porous structures or membranes
[8–10]. Moreover, chitosan and collagen have been reported
as attractive candidates for scaffolding materials because
they degrade as the new tissues are formed, without inflam-
matory reactions or toxic degradation [11].

ALP is the common phosphatase in many organisms. For
example, in humans, ALP is present in all tissues through-
out the entire body. In clinical assay, ALP is considered as
a biomarker for the diagnosis of many diseases, including
bone diseases, liver dysfunction, prostatic cancer and bile
duct blockage [12].

Glutaraldehyde (GA) is a bifunctional cross-linking
reagent that can bridge amino groups between two adjacent
polypeptide chains and has become the predominant choice
in skin tissue engineering because of its water solubility, high
cross-linking efficiency and low cost.

The recent data from scientific literature show the fact
that, the biomaterials are given a special attention, namely
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to the enzyme immobilization on a variety of nanostructured
materials: nanoparticles, nanofibres and hybrid nanocompos-
ites [13].

The present study describes the fabrication of membranes
consisting of biopolymer COL/CHI/ALP and their cross-
linking with GA, with various concentrations. The degra-
dation rate of collagen used in biomedical applications
can be significantly altered by enzymatic pretreatment or
cross-linking. In order to recommend biopolymeric mem-
branes based on collagen-chitosan for tissue engineering,
calcium adsorption was evaluated according to the Fre-
undlich isotherm. As a novelty of the bioperformance char-
acterization of the membranes, their haemocompatibility was
evaluated thus leading to a more complete bioperformance
investigation of membranes (including cell viability tests via
MTT assay).

2. Materials and methods

2.1 Materials

The alkaline phosphatase (10–30 DEA unit mg−1 solid) is
purchased from SIGMA, chitosan (M = 150,000; D.D. =
84.5%) from FLUKA, collagen type I bovine tendon, glu-
taraldehyde MERCK, 25%. All the chemicals used in this
work were of analytical grade and water was distilled.

2.2 Preparation of chitosan gel (CHI)

A 1% chitosan gel was prepared as follows: chitosan was
dissolved in acetate solution, and the mixture was stirred
with the magnetic agitator at 60◦C till a homogeneous gel
(pH=5.4) was obtained.

2.3 Preparation of collagen

The gel (COL) was isolated from the bovine tendon by
our original technology, National Institute of Research and
Development for Biological Sciences, Bucharest, Depart-
ment of Cellular and Molecular Biology [14].

The method to immobilize alkaline phosphatase on gel
collagen–chitosan was by inclusion in the biopolymeric gel
collagen–chitosan, and crosslinking with bifunctional agent
GA at concentrations of 0.1, 0.04 and 0.08%.

The two components of chitosan gel and collagen gel
were mixed in 1 : 1 ratio (v/v), and alkaline phosphatase
(5 mg ml−1) was added with stirring in small amounts.
Seven membranes COL/CHI/ALP/GA were prepared. The
GA solution was prepared by diluting the initial solution
of 25%.

The mixture is poured into Petri enclosures. The obtained
samples were dried in an oven at 37◦C for 48 h and finally
semi-transparent, elastic membranes were obtained.

The membranes obtained in Department of Biomaterials
and Bioproducts were further tested in terms of biodegrada-
tion and biocompatibility based on methods established in

the Department of Cellular and Molecular Biology from the
Institute.

2.4 Mineralization of membranes

The Ca2+ adsorption on collagen membranes has been stud-
ied by other researchers by evaluating the biomineralization
process [15,16].

The membranes were cut into pieces of 1 cm2, dried at
30◦C for 6 h and then were stored in desiccators at room
temperature. The adsorption process was performed in flasks
containing 250 ml of simulated body fluids (SBFs) with
ion concentrations (Na+ 213.0, K+ 7.5, Ca2+ 3.8, Mg2+2.3,
Cl− 221.7, HCO−

3 6.3, HPO3−
4 1.5, SO2−

4 0.8 mM), nearly
equal to those in human blood plasma, at 37◦C. The pH was
maintained at 7.4 using tris (hydroxymethyl)-aminomethane
(CH2OH)3CNH2 and 1 M HCl. Ca2+ concentration in the
solution was determined using ICP-MS. Each experiment
was conducted in triplicates and the mean values were
reported.

2.5 Haemolytic study

Haemocompatibility tests were performed according to ISO
10993-4 indications [17] studying the interaction of blood
with the considered membranes.

The amount of haemoglobin released into the environment
was determined relative to the total amount of haemoglobin
in the blood sample [18].

Tests were performed using the Drabkin method, that is
a method recommended by the International Standardiza-
tion in Hematology for determining the concentration of
haemoglobin in whole blood integral [19], knowing that
Drabkin reagent oxidizes all kinds of haemoglobin to form
stable cyanmethaemoglobin [20]. Samples of 2 × 1 cm2

of the material of the study were incubated at 37◦C for
72 h in CMF–PBS (calcium and magnesium free-phosphate-
buffered saline).

Blood was collected from healthy volunteers by venipunc-
ture Beckton–Dickinson in vacutainere containing sodium
citrate (3.8%) in the proportion of 9 : 1. After incubation in
CMF–PBS, samples were placed in polypropylene, then 1 ml
of whole blood was added. The negative control and positive
control were prepared by mixing 1 ml of whole blood with
7 ml of PBS and 7 ml of distilled water, respectively. All the
tubes were incubated for 3 h at 37◦C, shaking them by inver-
sion every 30 min to ensure good contact between blood and
as membranes. After incubation the tubes were centrifuged
at 2000 rpm for 15 min.

The supernatant thus obtained is separated and then 20
μl was removed from each tube to be mixed with Drabkin
reagent, the absorbance was read at 540 nm using an auto-
matic spectrophotometer Chemwell.

The formula used to calculate haemolytic index (HI)

HI (%) = (ODsamples − ODnegative control)(
ODpositive control − ODnegative control

) × 100.
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3. Results and discussion

3.1 In vitro biodegradation test

The in vitro biodegradability of the membranes was evalu-
ated using bacterial collagenase (Clostridium histolyticum,
E.C. 3.4.24.3. SIGMA) [21,22].

The results indicate that the biodegradation of COL
membranes in the presence of collagenase is significantly
increased to values of 6.59% compared to the cross-linked
samples (figure 1). From all the investigated samples, the
COL–CHI–ALP–GA membrane with 0.08% GA has the
smallest biodegradability.

3.2 In vitro biocompatibility test

The biocompatibility of the membranes is an important con-
cern before proceeding to the in vitro study. There are
numerous assays available to measure the cytotoxicity of the
membranes, for example as water soluble tetrazolium salts

(WSTs), lactate dehydrogenase (LDH) and MTT assay. In
the present study, biocompatibility was evaluated by MTT
assay [23,24], this assay is based on the ability of cellular
mitochondrial dehydrogenase to reduce the yellow-coloured
tetrazolium salt to blue-coloured formazan crystals. Mouse
fibroblast cells NCTC (L 929) were used in the experiment to
measure the toxicity level of the prepared membranes. Cell
viability of the membranes at different times (24 and 48 h)
is shown in figure 2 based on the optical density determined
using spectrophotometric method.

Biocompatibility of a biomaterial refers to the extent to
which the material does not have toxic or injurious effects on
biological systems. Cell viability evaluation after 24 and 48
h in direct contact of the cells with the samples, registered a
high biocompatibility for the studied samples, with viability
ranging between 78.42 and 100%.

Non-cross-linked membranes are biocompatible, and
membranes cross-linked with low concentration GA, respec-
tively, 0.04 and 0.08% are also biocompatible. However, high
concentrations of GA lead to a decrease in the biocompatibility.

Figure 1. Biodegradability in vitro of the studied membranes.

Figure 2. Cellular viability of membranes after 24 and 48 h.
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The biological test for evaluating material cytotoxicity
(cell viability) indicated that the studied membranes are non-
toxic to testing cells. The viability of mouse fibroblast cells
cultivated in the presence of COL–CHI–ALP–GA compos-
ites was higher than that of cells cultivated into the COL and
CHI membranes (control). All studied membranes showed
good biocompatibility.

The experimental data for all membranes demonstrate
their potential for future application in tissue engineering.

3.3 Cell morphology

Experimental observations of the cell morphology after 48 h
of culture have been emphasized by haematoxylin–eosin
staining [25]. The characteristic morphological appearance
consists of fibroblast fusiform round shape cells with circu-
lar core, 2–3 nucleoli, and fine grained intracytoplasmic. At
48 h of culture sowing cells are almost under confluence.

The cells used as a positive control M were treated with
H2O2 0.003% in the culture medium and the expressed
severe cytotoxic effects, resulted in the destruction of the
substrate cell. The detached largely cells have been elimi-
nated with the solutions used in the work-up method. The few
remaining attached cells are small, the content is degraded
and also intracytoplasmic cell morphology is different as can
be seen in figure 3.

The cells in contact with negative controls (represented
by the membranes of type COL, CHI, COL–CHI and COL–
CHI–ALP) after 48 h of culture are presented in figure 4a–d,
respectively, and the cell cultures have maintained the char-
acteristic morphology of the fibroblast cell culture of type
NCTC. Although the phase development of the culture is
subconfluent, one can notice the non-cytotoxic character of
both biomaterials and enzyme present in these membranes’
composition. Furthermore, the favourable effect elicited by
the COL–CHI–ALP membranes onto the NCTC culture is
also observed, as the cellular proliferation is more evident
when compared to the other membranes used as negative
controls.

Cells in contact with the membrane type COL–CHI–ALP–
GA 0.1% (figure 5a) after 48 h of incubation have a similar
aspect as to the control of the culture (shown in figure 3a), as
the cells have the fibroblast specific NCTC form, but the cell
density is lower than that of the control.

Figure 3. (a) Control cell culture NCTC—48 h and (b) positive
control: NCTC cell culture treated with H2O2 conc. 0.003%—48 h.

Figure 4. NCTC in direct contact with: (a) COL membranes, (b)
CHI membranes, (c) COL–CHI membranes and (d) COL–CHI–
ALP membranes for 48 h.

Cells in contact with the membranes COL–CHI–ALP–
GA 0.08% and COL–CHI–ALP–GA 0.04% (figure 5b
and c), after 48 h of incubation, have the typical aspect
specific to NCTC fibroblasts and the cell culture is in a
slightly subconfluent phase similar to that of the control cul-
ture. Additionally, a higher proliferation is observed for cells
on membranes containing 0.04% GA (COL–CHI–ALP–GA
0.04%) than on those with 0.08% GA (COL–CHI–ALP–
GA 0.08%).

3.4 Kinetic of membranes mineralization

To examine the adsorption capacities of membranes, the
dried membranes were added into SBF solution, then the
flasks were stirred at 300 rpm for 90 min. The amount of
Ca ions adsorbed per unit mass of membrane (qe, mg g−1

membranes) was obtained using

qe = (c0 − c) V

m · 1000
, (1)

where c0 (mg l−1) and C (mg l−1) are the concentrations of
the Ca ions in the SBF before and after equilibrium, respec-
tively, V (ml) the volume of sorption medium and m (g) the
weight of dry membrane.

The adsorption of Ca2+ onto all membranes is illustrated
in figure 6. Rapid adsorption kinetics can be observed within
the first 20 min, while equilibrium was attained after 40 min.
The rapid metal adsorption kinetics in the membranes can be
attributed to the strongly acidic and hydrophilic nature of the
membranes caused by the presence of amine and hydroxyl
groups which are responsible for interactions with the Ca2+
ions by electrostatic attraction.
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Figure 5. NCTC cell cultures in direct contact with the (a) membrane COL–CHI–ALP–GA
0.1%—48; (b) membrane type COL–CHI–ALP–GA 0.08%—48 h; and (c) membrane type
COL–CHI–ALP–GA 0.04%—48 h.

Figure 6. Evolution of Ca/g membranes in time.

Moreover, it has been demonstrated that carboxyl groups
are the major nucleation sites for collagen fibrils and that
calcium ions can bind on the negatively charged carboxy-
late groups of collagen [26]. Li et al [27] indicated that the
amino groups of chitosan could chelate calcium ion to form
chitosan/calcium ion complexes.

The absorption capacity of Ca2+ ions was investigated in
correlation with the variation in the initial Ca2+ ions in sat-
urated SBF in the range 3.8–38 mM. After ICP-MS mea-
surements, the results for Ca ions adsorbed per unit mass of
membranes at equilibrium as a function of the concentration
of Ca in saturated SBF are presented in figure 7.

Figure 7. Ca2+ adsorbed/g membranes at equilibrium vs. Ca
concentration in SBF.

To describe the adsorption process, the Freundlich adsorp-
tion isotherm was used, which is defined as

qe = kc
1/n

i , (2)

where ci (mg l−1) is the equilibrium concentration, qe

(mg g−1) the amount adsorbed per unit weight of adsorbent,
k the parameter related to the temperature, and n the charac-
teristic constant for the adsorption system n > 1 shows good
adsorption.

The plots of log qe against log ci and the regression
equations of adsorption process are shown in figure 8.
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Figure 8. Freundlich plots of membranes for Ca2+ removal.

Table 1. Freundlich parameters for the adsorbtion of Ca2+ onto
membranes.

Sample K n

CHI 235.504 0.731
COL 0.127 2.375
COL–CHI 0.063 1.876
COL–CHI–ALP 0.0385 1.479
COL–CHI–ALP–GA 0.04% 0.0506 1.686
COL–CHI–ALP–GA 0.08% 0.1169 1.872
COL–CHI–ALP–GA 0.1% 0.370 3.773

The Freundlich isotherm constants are listed in table 1. As
can be observed, experimental data were nicely fitted to the
Freundlich equation. Values of ‘n’ between 2 and 10 show a
good adsorption [28].

3.5 Haemolysis tests

Haemolysis tests were conducted in triplicate and the average
haemolytic index values are listed in table 2.

Table 2. Haemolytic index.

Membranes Absorbance HI (%)

CHI 0.025 3.894
COL 0.003 0.467
COL–CHI 0.24 3.72
COL–CHI–ALP 0.011 1.713
CHI–COL–ALP–GA 0.04% 0.017 2.647
CHI–COL–ALP–GA 0.08% 0.020 2.884
CHI–COL–ALP–GA 0.1% 0.023 3.115

The COL membranes have a haemolytic index below 0.5,
which categorizes it as non-haemolytic, but chitosan mem-
branes are slightly haemolytic. Nevertheless, by adding col-
lagen and ALP to chitosan, the haemolytic index decreases
and the COL–CHI–ALP membrane is in the non-haemolytic
domain (1.713 as compared to 3.894 for the CHI membrane).
The COL–CHI–ALP–GA membranes have a haemolytic
index greater than 2, so they are slightly haemolytic but less
than the CHI membranes (containing only chitosan), so the
additions of COL, ALP and GA lead to an improvement in
the haemolytic properties of the membranes.
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4. Conclusions

On the basis of the experimental data obtained in the present
work, the following conclusions can be drawn: the inclu-
sion method is convenient for the immobilization of alkaline
phosphatase on collagen–chitosan gel in order to elaborate
different types of biocompatible membranes for the use in
tissue engineering. The cell viability evaluation after 24 and
48 h of the cells in direct contact with the samples, registered
viability ranging between 78.42 and 100%.

The adsorption of Ca2+ onto all membranes could
be described with the Freundlich isotherm. Regarding
haemolytic index, by adding collagen and ALP to chi-
tosan, the index decreases and the COL–CHI–ALP mem-
brane is in the non-haemolytic domain. The cross-linked
membranes (COL–CHI–ALP–GA) are slightly haemolytic
with a haemolytic index greater than 2; however, these mem-
branes present improved haemolytic properties compared to
the chitosan membranes.
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