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Abstract
Tissue engineering is growing in developing new technologies focused on providing effective solutions to degenerative
pathologies that affect different types of connective tissues. The search for biocompatible, bioactive, biodegradable, and
multifunctional materials has grown significantly in recent years. Chitosan, calcium phosphates collagen, and their combination as
composite materials fulfill the required properties and could result in biostimulation for tissue regeneration. In the present work,
the chitosan/collagen/hydroxyapatite membranes were prepared with different concentrations of collagen and hydroxyapatite. Cell
adhesion was evaluated by MTS assay for two in vitro models. Additionally, cytotoxicity of the different membranes employing
hemolysis of erythrocytes isolated from human blood was carried out. The structure of the membranes was analyzed by X-rays
diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), and thermal stability
properties by thermogravimetric methods (TGA). The highest cell adhesion after 48 h was obtained for chitosan membranes with
the highest hydroxyapatite and collagen content. All composite membranes showed good cell adhesion and low cytotoxicity,
suggesting that these materials have a significant potential to be used as biomaterials for tissue engineering.
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1 Introduction

Tissue engineering is an area of great interest in the bio-
medical field that can regenerate different tissues: cartilage,
epithelial tissue, and bone. In this context, tissue engineer-
ing searches to resolve the need to replace and regenerate
damaged tissue. Therefore, several works seek materials to
stimulate, guide, and improve diverse connective tissue
regeneration, including skin, cartilage, and bone, with the
least possible undesirable effect [1–5]. In this way, many
ceramic and polymeric materials present a strong potential
for tissue regeneration due to their biological, chemical,
physical, and mechanical properties and their capacity to
form composite materials with enhanced properties.
Hydroxyapatite is very well known for its high bio-
compatibility [6] and its capacity to form complex bio-
composites structures with enhancing bone regeneration
properties [7, 8]. Additionally, it has been studied with
different compounds for skin regeneration [9–11]. On the
other hand, collagen (Col) is the most abundant protein in
the extracellular matrix and the major structural element of
all connective tissue. It is responsible for tissue stability and
presents excellent biocompatibility [12–19]. The essential
role of collagen in biomineralization has been reported [20].
Besides, chitosan looks promising to accomplish the
necessary conditions for connective tissue healing and
regeneration due to its excellent biological properties such
as biocompatibility, biodegradability, and cytocompatibility
[21–27]. Moreover, due to its excellent film-forming prop-
erties, many medical and pharmaceutics applications have
been considered [28–32]. It can form complexes with other
macromolecules and with diverse drugs and proteins
[31–33], and it is compatible with other materials such as
metals, polymers, and proteins to form bio-functional
composite materials [6, 18, 19, 25, 34, 35]. It has been
reported that chitosan-based materials can be used in car-
tilage tissue applications due to similarities found with
glycosaminoglycans prompting the restoration of articular
cartilage [36]. Chitosan/collagen scaffolds have been used
for bone [37] and skin tissue engineering crosslink with
glutaraldehyde to improve biostability [38, 39].

The properties of these materials open a wide range of
possibilities in composite biomaterials considering tissue
engineering and biomedical applications.

Thereby, different combinations of these materials have
been carried out with promising results. In this way,
hydroxyapatite-collagen scaffolds have been used very
successfully in periodontal surgery, improving osteoinduc-
tivity and osteoconduction [40, 41]. On the other hand,
chitosan/hydroxyapatite has been proved as a scaffold for
bone tissue regeneration with promising results
[24, 33, 40, 42–44]. The NH3 groups of chitosan interact
with Ca and P ions of HA, providing the nucleation points

in the structure [45]. Besides, the fluid retention and the
degradation rate of the chitosan matrix in the scaffold vary
by changing chitosan concentration or the proportion of
Ca/P [45, 46]. In vivo studies in tibial bones of rats showed
good osteoconductive properties with an almost entirely
bone regeneration after 24 h [47]. More recently, Zhang
performed In vivo tests in rabbits, resulting in complete
bone regeneration after 16 weeks [48]. Also, hydrogels of
chitosan/hydroxyapatite with good mechanical properties,
cytocompatibility, and antimicrobial activity were devel-
oped for cartilage regeneration [49]. Chitosan/hydro-
xyapatite membranes have also been reported with good
biomineralization results [50–55]. Membranes are of sig-
nificant importance in biomedical applications; they can be
used for bone regeneration (GBR) [56–58], drug delivery
[59], coatings for implants [60], wound healing [61], and
other vital applications on guided tissue regeneration.

Composites with combinations of chitosan/hydro-
xyapatite/collagen scaffolds with 3D interconnected poros-
ity have been very well studied for tissue regeneration,
reporting good biocompatibility, bone defects restoration,
and low cytotoxicity [46, 62–66]. However, there are scarce
reports on membranes formed with these three compounds.
Teng et al. [67] prepared a sandwich structure membrane
system with top and bottom layers made of collagen 20 wt%
hydroxyapatite (HA) and chitosan in the middle layer. They
reported good mechanical properties and good bioactivity.

Although chitosan/hydroxyapatite/collagen scaffolds
have been studied with good results, works on chitosan/
hydroxyapatite/collagen membranes lack more profound
studies, and the effect of different compound concentrations
on the properties of these materials has not been reported up
to now, as far as the author’s knowledge.

Hence, taking advantage of the properties of each com-
pound (chitosan, collagen, and hydroxyapatite) and the
characteristics of good film-forming, good biocompatibility,
and biodegradability, in the present work a detailed study of
preparation and characterization of chitosan-based compo-
site membranes, incorporating collagen and/or hydro-
xyapatite in different proportions (10 and 50% related to
chitosan concentration) were prepared, for potential uses in
tissue engineering. Biocompatibility and viability assays
were carried out to determine if these materials could be
used in bone or skin tissue engineering on future projects.

2 Materials and methods

2.1 Materials

Chitosan (Cs) (from Shrimp Shells, degree of deacetylation
≥75%) and collagen (Col) Type I, Insoluble (from Bovine
Achilles Tendon) were purchased from Sigma-Aldrich.
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Hydroxyapatite (HA) was synthesized in our laboratory
following the reaction:

10Ca OHð Þ2 þ 6 NH4ð Þ2HPO4 ! Ca10 PO4ð Þ6 OHð Þ2
þ 12NH4OHþ 6H2O

Briefly, to a Ca(OH)2 suspension in deionized water, and
ammonium phosphate solution was added dropwise. The
solution was mixed under vigorously stirring at a constant
temperature of 25 °C. The pH of this solution was adjusted
to 10 and then left standing for 16 h at room temperature.
The product was separated from the mother solution and
successively washed until neutral pH. The powder obtained
was dried at 60 °C for 20 h. The final material was char-
acterized by X-rays Diffraction (XRD) and Fourier Trans-
form Infrared Spectroscopy (FTIR).

2.2 Chitosan composite membranes formation

2.2.1 Chitosan membranes

Chitosan membranes (Cs) were prepared by solvent casting
method. Chitosan solution was obtained by dispersing 1.5%
(w/v) in an aqueous solution of acetic acid at 2% (v/v). The
solution was mechanically stirred until solubilization. After
that, 25 g of solution was poured into Petri dishes (diameter
= 8.2 cm) and dried at room temperature (~a week).

2.2.2 Chitosan/collagen composite membranes

Chitosan/Collagen composite membranes (Cs/Col) were
obtained varying collagen content into the chitosan solution.
Briefly, collagen (0.15 and 0.75% w/v) was dispersed into a
chitosan solution prepared as described above by mechan-
ical stirred until a good collagen dispersion was obtained.
Then, 25 g of solution was poured into Petri dishes and
dried at room temperature.

2.2.3 Chitosan/hydroxyapatite composite membranes

Chitosan/hydroxyapatite composite membranes (Cs/HA)
were obtained varying HA content into the chitosan solu-
tion. Briefly, HA (0.15 and 0.75% w/v) was dispersed into a
chitosan solution prepared as described above by mechan-
ical stirring until a good dispersion of HA was obtained.
Then, 25 g of solution was poured into Petri dishes (dia-
meter= 8.2 cm) and dried at room temperature (~a week).

2.2.4 Chitosan/collagen/hydroxyapatite membranes

Chitosan/Collagen/Hydroxyapatite membranes (Cs/Col/
HA) were obtained, varying HA and collagen content into

the solution. Briefly, HA (0.15 and 0.75% w/v) and col-
lagen (0.15 and 0.75% w/v) were dispersed into a chitosan
solution prepared as described above by mechanical stir-
ring until a good dispersion of HA and collagen was
obtained. Then, 25 g of solution was poured into Petri
dishes (diameter= 8.2 cm) and dried at room temperature
(~a week).

The nomenclature used for the differently prepared
samples is given in Table 1.

2.3 Characterization of membranes

2.3.1 X-rays diffraction (XRD)

The microstructural characterization of all the prepared
membranes was carried out by XRD, in a Siemens 5005
X-rays diffractometer using Cu Kα radiation (Ni filter)
operating at 40 KeV and 20 mA in a range of 2θ= 5–90°.

2.3.2 FTIR analysis

To evaluate the possible interactions between the chitosan,
hydroxyapatite, and collagen molecules, FTIR analysis was
performed with a Perkin Elmer Spectrum100 equipment,
using the Horizontal Attenuated Total Reflectance mode in
the wavenumber range from 650 to 4000 cm−1.

2.3.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out by using a
METTLER TOLEDO, TGA/DSC 1 STARe SYSTEM with
a scan range from 25 to 600 °C, a heating rate of 10 °C per
min−1, using air as reactive gas and nitrogen as protective
gas, with a flux of 60 mL/min.

Table 1 Nomenclature of the materials prepared with different
compositions

Bi-composite
membranes

Chitosan
(%wt/v in
solution)

Collagen
(%wt/v in
solution)

Hydroxyapatite
(%wt/v in solution)

BCC1 1.5 0.15 0

BCC2 1.5 0.75 0

BCHA3 1.5 0 0.15

BCHA4 1.5 0 0.75

Tri-composite
membranes

TC1 1.5 0.15 0.15

TC2 1.5 0.15 0.75

TC3 1.5 0.75 0.15

TC4 1.5 0.75 0.75
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2.3.4 Isolation and expansion of human mesenchymal
stromal cells from buccal fat pad (hBFP-MSCs)

Buccal fat pads (BFP) were obtained following a modified
method of Farre-Guasch et al. [68]. Briefly, a BFP was
obtained from healthy individuals undergoing elective
orthognathic surgery procedures in Central University of
Venezuela (UCV), Oral Surgery Department (Caracas,
Venezuela) under informed consent of the donor and Ethics
Committee of UCV approval.

Raw oral fat tissue was washed several times with sterile
phosphate-buffered saline (PBS), minced into small pieces,
and treated with 0.075% collagenase I (Sigma, St. Louis,
MO) in α-MEM, for 60 min at 37 °C. After incubation,
adipose tissue was centrifuged at 400 g for 10 min to
separate the adipocytes and lipid droplets from the stromal
vascular fraction (SVF).

SVF cells were resuspended in α-MEM medium con-
taining 15% fetal bovine serum and 100 units/mL anti-
biotics/antimycotics solution. Suspended cells were passed
through a 100 mm cell strainer (BD Biosciences, Palo Alto,
CA), cells were counted, and their viability was assessed
with Trypan Blue exclusion. Cells were seeded at 5 × 103

cells/cm2 in 100 mm tissue culture dishes and maintained in
a humidified incubator at 37 °C and 5% CO2.

2.3.5 Indirect cytotoxicity test

We approached a hemolysis test as a first step to deter-
mining these membranes’ biocompatibility because it is an
easy and quick test to assess if these materials can be
cytotoxic for other cell types [69].

Cytotoxicity of the different membranes was determined by
the assay employing hemolysis of erythrocytes isolated from
human blood, carried out with a PBS solution pre-incubated
with the membranes for 48 h. We followed a modified pro-
tocol of Evans et al. [70]. Briefly, human blood was collected
from three healthy volunteers, 6 mL of each patient’s blood
was placed in a heparinized tube and centrifuged for 5min,
and then the plasma was removed. A NaCl solution of
150mM was used to fill the tube and further centrifuged for
another 5 min. The supernatant was removed and discarded. A
second wash step with PBS was followed and then a solution
of 1:50 erythrocytes: PBS was prepared.

To obtain a “PBS conditioned solution”, membranes were
placed in a PBS solution and incubated for 48 h at 37 °C.

For hemolysis assay, 10 µL of “conditioned PBS solu-
tion” was mixed with 190 µL of erythrocytes solution and
incubated for 1 h at 37 °C. The hemolysis was detected
through spectrophotometric measurement of the super-
natants of red blood cells treated with experimental agents
at 492 nm. Additionally, as a positive control, we use 10 µL

of Triton X-100 20% and a solution of 10 µL of non-
conditioned PBS in 190 µL of erythrocytes solution as the
negative control.

2.3.6 Cell viability assay

Cell viability was quantified using the commercial kit CellTiter
96 Aqueous One Solution Cell Proliferation Assay® (Pro-
mega). Following the trader’s instructions. For this assay a
tetrazolium salt, named MTS [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethonyphenol)-2-(4-sulfophenyl)-2Htetrazolium]
is used. The MTS is reduced by cells to formazan, a colored
product soluble in an aqueous solution, in a culture medium.
This conversion is carried out by mitochondrial dehy-
drogenase enzymes present in viable cells in the culture. Here,
the amount of product formed (formazan), determined from
the absorbance at 490 nm is directly proportional to the
number of viable cells in the culture.

To determine the cell viability of MSC attached on the
membranes, we perform the assays using hBFP-MSCs.
4000 cells were seeded in each of the 96 well-plate, were
previously placed the different composite membranes and
cultured with α-MEM+ 10% SFB for 44 h before. After
that, 20 µL of culture medium was replaced with 20 µL of
CellTiter 96 Aqueous One Solution Cell Proliferation
Assay® reagent in each well and left 4 h under incubation.
The medium was removed, and the absorbance in each well
was measured in a microplate reader set to 490 nm. The
amount of product formed is directly proportional to the
number of viable cells in the culture. The reduction of MTS
achieved by control (cells grown directly on the plate) was
set at 100%, and cultivate cells over the membranes were
expressed as a percentage.

2.3.7 SEM analyses

The morphological characterization of the different syn-
thesized samples and the seeded membranes was carried out
in a Scanning Electron Microscopy (SEM) FEI Inspect F50
System attached with an Energy-Dispersive Spectrometer
(EDX) EDAX Apollo.

The preparation of the seeded membranes for SEM
analyses was performed following Romero et al. [71]
modified method. Briefly, samples were fixed using 2.5%
v/v glutaraldehyde in PBS for 1 h at 4 °C, then postfixed
with 1% v/v OsO4 in PBS for 1 h at 4 °C and rinsed three
times with distilled water. After, seeded membranes were
dehydrated with a graded series of ethanol (50, 70, 80, 90,
and 100% v/v), followed by a 5 min incubation with hex-
amethyldisilazane (HMDS. Sigma-Aldrich®) and left at
room temperature for 2 min to dry. The samples were car-
bon/Pt coated in Balzers BA 510 evaporator.
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2.3.8 Statistical analysis

Each experiment was performed in triplicate. One-way
analysis of variance and multifactorial test (ANOVA) with
P < 0.05 was used to determine the significant differences
from different treatments.

3 Results

3.1 Structural characterization

The structural analysis was carried out by XRD and FTIR
analysis. The XRD patterns of the pure samples, chitosan,
collagen, hydroxyapatite, and the different composites
membranes are presented in Figs. 1 and 2, respectively. The
XRD pattern of chitosan membrane (Fig. 1a) shows two

principal peaks at 2θ= 10.87 and 20.93°, corresponding to
(020) and (200) planes, respectively, characteristic of chit-
osan hydrate allomorph. Figure 1b shows the XRD pattern
of collagen with the characteristic peaks centered at 2θ=
7.56° and 19.64° [67]. Figure 1c presents broad peaks
corresponding to synthetized nanometric HA (JCPDS 9-
432). The composites membranes Cs/Col0.15 (BC1) and
Cs/Col0.75(BC2) are presented in Fig. 1d, e, respectively.
Both materials showed a main peak around 2θ= 20.5°,
corresponding to an overlap of the main reflections of
chitosan and collagen. The low angle reflection character-
istic of hydrated chitosan at 2θ= 10.87° has disappeared
attributed to the collagen interaction with chitosan chains
influencing its reorganization.

For the composites, Cs/HA, the formation of hydro-
xyapatite and a small amount of calcium phosphate ((Ca3
(PO4)2 (JCPDS 006-0200)) compounds were observed.

The XRD of the chitosan/collagen/hydroxyapatite com-
posite membranes (Cs/Col/HA) is shown in Fig. 2. For low
and high HA content, the presence of hydroxyapatite, and
also the formation of calcium phosphate (Ca3(PO4)2
(JCPDS 006-0200) was observed due to partial decom-
position of HA. The acidic media partially solubilizes
hydroxyapatite, and the metal ions in solution interact with
chitosan resulting in the formation of calcium compounds
[72, 73]. Chitosan can form complexes in solution (by the
protonation of the amine groups) with different metal ions.

The FTIR spectra of chitosan, collagen, hydroxyapatite
are shown in Fig. 3. The characteristic absorption bands of
chitosan are observed: the vibration band at 3266 cm−1

corresponding to the N–H stretching and –OH attributed to
inter and intra-molecular hydrogen bonding, an absorption
band around 2921 cm−1 associated to asymmetrical C–H
stretch of –CH2 group, a vibration band at 1645 cm−1

assigned to C=O stretching of amide I, the N–H deformation
of amide II at 1545 cm−1, the band corresponding to defor-
mation C–CH3 at 1377 cm−1 and the C–O–C stretching

Fig. 1 X-rays diffractograms: a Chitosan (Cs). b Collagen (Col). c Hydroxyapatite (HA). d BCC1. e BCC2

Fig. 2 X-rays diffractograms of the different tri-composite Cs/ Col/ HA
membranes: a TC1. b TC2 c TC3 d TC4
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mode characteristic of the saccharide structure at 1150, 1060,
and 1020 cm−1. In Fig. 3b the characteristic absorption bands

of collagen are observed around 3284 cm−1 for N–H
stretching for amide I, C–H stretching at 3073 cm−1, a C–H
vibration at 2920 cm−1, C=O stretching for amide I around
1743 and 1630 cm−1, N–H deformation at 1529 and 1233
cm−1, vibration bands at 1159, 970 cm−1 associated to
C–O–C and 872 cm−1 associated to C–O, respectively. The
FTIR spectra of HA (Fig. 4c) present the typical absorption
bands, the characteristic O–H stretching modes ns at
3570 cm−1, the vibration band at 1036 cm−1 attributed to ν3
PO4

3− groups and the ν1 P–O bonds of the phosphate group
at 963 cm−1, and the hydrogen phosphate group at 875 cm−1.
The carbonate groups at 1418 and 1471 cm−1 are also
present.

The enlarged region from 600 to 1800 cm−1 of the
spectra of the different composite membranes Cs/Col, Cs/
HA, and Cs/Col/HA is presented in Fig. 4. For Cs/Col the
typical absorption bands of chitosan around 1645 cm−1

assigned to the C=O stretching of amide I remains at this
frequency for low collagen content but is shifted to
1635 cm−1 for high collagen content, and the band at
1545 cm−1 corresponding to N–H deformation of amide II
is shifted to 1554 cm−1 for low collagen content (Fig. 4a).

Fig. 3 FTIR spectra: a Chitosan (Cs). b Collagen (Col).
c Hydroxyapatite (HA)

Fig. 4 FTIR-HATR spectra of the different membranes, region 600–1800 cm−1 A composite membranes a BCC1. b BCC2. c BCHA3. d BCHA4.
B tri-composite membranes a TC1. b TC2. c TC3. d TC4
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When the collagen content increases, this band is located at
1543 cm−1 (Fig. 4Ab), suggesting an interaction between
collagen and chitosan through the amide II groups that may
occur by hydrogen bonds formation. The absorption bands
of the composite membranes Cs/HA in the region
1150–1020 cm−1 present overlapping between the C–O–C
vibration bands of chitosan with the PO4

3− vibration bands
of HA. Two new absorption bands were observed at 1607
and 1446 cm−1 attributed to antisymmetric and symmetric
stretching bands of COO– groups. Also, the band at
1545 cm−1 of chitosan is shifted to 1532 cm−1 in the Cs-Ha
composite (Fig. 4b) [74]. These changes would suggest the
interaction between the positively charged amino group
(–NH2) of chitosan and PO4

3− of HA [52, 75]. The com-
posite membranes Cs/Col/HA show all the absorption bands
corresponding to chitosan, collagen, and hydroxyapatite
(Fig. 6).

3.1.1 Morphological characterization

The morphological characterization of the different com-
posite membranes Cs/Col, Cs/HA, and Cs/Col/HA was
analysed by SEM (Figs. 5 and 6). The chitosan membrane
shows an arrangement of aligned fibres (Fig. 5a). A close
look at higher magnification (Fig. 5b). shows the porosity of
the membrane, with pores sizes in the range of 80 nm to
2 µm.

The addition of collagen to this composite membrane
changes the morphology of the original Cs membrane. For
low collagen content, many pleats were observed, and areas
surrounded by fibres (Fig. 5c), suggesting that collagen
regions were blended into the chitosan matrix. For high
collagen content, a uniform morphology was observed (Fig.
5d) characteristic of polymer blends, with regions of col-
lagen embedded in chitosan.

The Cs/HA membranes are shown in Fig. 5e, f, for
low content of HA, a good dispersion of HA was
observed, with similar morphology and porosity to the
pure chitosan membrane (Fig. 5e). For high HA content
(HA= 0.75%), many crystallites were formed in the
matrix. The elemental analyses of these crystallites
showed Ca-rich particles with prismatic morphology
(inset Fig. 5f) consistent with the XRD results. On the
other hand, the analysis of the chitosan matrix showed
high phosphorus content, suggesting phosphorylation of
chitosan. The dissolution of chitosan in acetic acid is at
low pH (~4.5), and therefore, partial decomposition of
HA can occur, resulting in the presence of Ca2+ and PO4

3

− ions in solution [72]. Due to the cationic nature of
chitosan, interactions between PO4

3− ions and the pro-
tonated amide group can occur. The high affinity of
chitosan with PO4

3− ions at low pH has been reported
[50, 76].

The chitosan/collagen/hydroxyapatite composite membranes
change their morphology for different collagen/HA ratios. The
formation of HA clusters embedded in the matrix was observed
for low collagen and HA content (Cs/Col0.15/HA0.15) TC1
membranes (Fig. 6a). This suggests a good assembly of these
compounds by intermolecular interactions between them. The
affinity of the HA groups with collagen on one side, and the
chitosan-collagen interaction on the other, results in a homo-
genous composite membrane. The Energy-dispersive X-ray
Spectroscopy (EDS) showed a Ca/P average ratio of 1.65,
corresponding to a non-stoichiometric HA (Table 2).

In the composite chitosan/collagen/hydroxyapatite
membrane, with low collagen and high HA content (Cs/
Col0.15/HA0.75) TC2 membrane, selective areas with
racemes of crystals (Ca/P ratio 1.67) and regions where the
matrix is predominantly free of crystals are observed. The
high magnification image of these regions (inset in Fig. 6c)
shows a porous morphology for the matrix and the presence
of mainly prismatic crystals.

For high collagen and low HA content, TC3 membrane,
(Cs/Col0.75/HA0.15), HA particles are observed embedded
in matrix with a good distribution (Fig. 6b). The XRD and

Fig. 5 SEM Images of pure chitosan and the bi-composite Ch/Col and
Ch/HA membranes a, b Chitosan (Cs). c BC1. d BC2. e BC3. f BC4;
insets are magnified regions of the matrix
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EDS analysis were consistent with the presence of HA
crystals with a Ca/P ratio 1.67. The highest content of both
compounds (Cs/Col0.75/HA0.55) TC4 membrane results in
a very homogeneous dispersion of HA in the porous chit-
osan matrix (Fig. 6d, e). The differences in morphology
observed for the different membranes, with high and low
collagen content, are connected to the high interaction of
collagen and hydroxyapatite [77]. The membranes with
high collagen (low and high HA content) present a uniform
distribution of hydroxyapatite crystals in the matrix.

3.1.2 Thermogravimetric analysis (TGA)

The thermal decomposition of the chitosan (Cs), Collagen
(Col), Hydroxyapatite (HA), and the different composite
membranes was assessed by TGA analysis. Two principal
weight losses were observed for the chitosan and collagen
control samples (Fig. 7A). The first round 105 °C attributed

to the water evaporation present in the matrix; for the chit-
osan, the weight loss was near 15%, while pure collagen was
near 8%. A second and drastic weight loss of around 30%
was observed with the onset at 217 °C for the chitosan,
attributed to the chitosan moieties due to thermal degradation.
For collagen, a weight-loss onset was observed at 180 °C
associated with evaporation of structural water responsible
for the triple helix stability and the denaturation of dry
collagen fibers, as has been reported by Bozec et al. [78].

Fig. 6 SEM Images of the
different tri-composite (Cs/Col/
HA) membranes: a TC1. b TC3.
c TC2. d, e TC4. insets in c are
magnified regions of the matrix

Table 2 EDS analysis for different tri-composite membranes

Material Ca(K) [% masse] P(K) [% masse] Ca/P

TC1 5.38 3.25 1.65

TC2 5.72 3.42 1.67

TC3 4.58 2.78 1.65

TC4 5.84 3.49 1.67
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A third transition was observed around 350 °C attributed to
thermal degradation. HA presented good thermal stability in
all the range of temperature-scanned showing a slight weight
loss around 10% up to 600 °C. The Cs/Col composite
membrane (Fig. 7B–a and b) showed the onset of thermal
decomposition at 211 °C, slightly lower than for pure chit-
osan but higher than collagen. The weight loss was lower in
this composite (23%) than for the pure elements, suggesting
that the interaction of both compounds improved the thermal
stability. The latter could be explained by the formation of an
interconnected network between collagen and chitosan, giv-
ing better stability to the composite membrane. For the Cs/
HA composite with low content of HA, important differences
were not observed (Fig. 7B–c). However, increasing the HA
content (0.75%), a new weight loss was present around
200 °C that might be attributed to the interaction of HA with
chitosan (Fig. 7B–d). The second onset was observed at
217 °C, and a weight loss of 13% was obtained. At 300 °C a
third weight loss was observed attributed to thermal
decomposition of chitosan and finally a fourth weight loss
with onset at 450 °C up to 519 °C due to burning out of

chitosan matter. Figure 7C shows the TGA analysis of
composite membranes Cs/Col/HA. In the Chitosan/HA and
chitosan/collagen membranes, it was observed that collagen
and HA, separately enhance the thermal stability of the
chitosan matrix. The blending of both collagen and HA in
chitosan further enhances the thermal properties of the
chitosan composite).

The higher thermal stability was obtained with high HA
content; in these membranes, decomposition at 200 °C was
observed attributed to the interaction of HA with the
organic matrix. The third onset of weight loss was found at
217 °C, and for these composites (Cs/Col/HA) with high
HA, a weight loss of 17% was observed. For the compo-
sites with low HA content, the thermal stability was
slightly lower, and the third onset was observed at 205 °C
with a weight loss of 40% for high collagen and 34% for
low collagen. A shifting of the final decomposition tem-
perature was observed with collagen content, from 519 °C
for the composite BC4 (Cs/HA0.75) to 535 °C for the TC1
(Cs/Col0.15/HA0.75), and 562 °C for high collagen con-
tent membranes TC4(Cs/Col0.75/HA0.75). While for

Fig. 7 TGA analysis of the different membranes: A a Chitosan (Cs). b Collagen (Col). c Hydroxyapatite(HA). B Bi-composite d BC1. e BC2.
f BC3. g BC4. C Tri-composite h TC1. i TC2. j TC3. k TC4

Journal of Materials Science: Materials in Medicine (2022) 33:18 Page 9 of 16 18



composites Cs/Col/HA membranes with low HA content,
the final decomposition temperature was 450 °C, and with
high HA content was 550 °C. From these results, it might
be concluded the incorporating collagen and/or hydro-
xyapatite to chitosan membranes (Fig. 7B, C), improves
the thermal decomposition stability, and the stability
increases with increasing HA content. In good agreement
with studies on the evaluation of 3D scaffolds [46], these
authors reported that the addition of collagen to chitosan/
HA scaffolds provides thermal stability due to the covalent
interactions between chitosan, HA, and collagen.

3.1.3 Cytotoxicity assay

To determine if these materials can be used for further
viability assays, we first assess cytotoxicity using the
hemolysis test because it was effective and provided enough
information to decide if we begin the cell viability tests
[69, 79, 80].

A hemolysis test was carried out with PBS in contact
with the membranes for 48 h (N= 3). A hemolysis rate
lower than 5% was obtained for all cases tested. Although
there was no significant difference, the membrane with the

lowest hydroxyapatite content showed a slightly higher
hemolysis rate (Table 3). Therefore, it can be concluded
that none of the membranes delivers toxic compounds;
this is in agreement with the results of several reports [29].
Meaning, these membranes have a very low hemolytic
index and can be applied for much deeper biocompat-
ibility tests to establish if they could be used in tissue
engineering.

3.1.4 Cell viability

The determination of cell viability and cell adhesion are
assays of great significance since it measures in vitro the
first interaction between the cell and the material’s sur-
face, as the first step to evaluate the potential of bio-
compatibility of the specific material. The concept
should not be confused with toxicity, which refers to the
potential harm that a biomaterial may cause l, while
biocompatibility refers to the performance of the mate-
rials in the physiological medium [37–39]. In the present
work, we evaluated cell viability by MTS after 48 h of
culture; Fig. 8 shows the results for hBFP-MSCs. Cell
viability is an indirect measure of cell adhesion.

Table 3 Hemolysis test results
Cs BC1 BC2 BC3 BC4 TC1 TC2 TC3 TC4

%Hemolysis

± Standard
deviation

0.00 ±
0.00

1.36 ±
0.34

0.25 ±
0.44

0.38 ±
0.19

0.00 ±
0.00

0.11 ±
0.00

0.27 ±
0.23

0.00 ±
0.00

0.00 ±
0.00

Fig. 8 Cell viability percentage of human buccal fat pad mesenchymal stromal cells (hBFP-MSCs). Significant value is represented as *p < 0.05,
**p < 0.01, ***p < 0.005 comparing with the Cs membrane (control). N= 6
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As can be observed, the membranes with the highest
content of collagen and/or hydroxyapatite show the
highest values of cell adhesion for in vitro cultured hBFP-
MSC. The membranes with low collagen and/or low
hydroxyapatite content showed similar cell viability to the
pure chitosan membrane.

The largest cell viability was obtained when both
compounds were present in the chitosan membrane (TC4)
with the highest content of collagen and hydroxyapatite
(Cs/0.75collagen/0.75 hydroxyapatite), showing 75%
higher viability than the pure chitosan membrane. The
latter can be associated with the high biocompatibility of
collagen and hydroxyapatite and their good and uniform
dispersion in the matrix (Fig. 6d, e). Moreover, the high
collagen content membrane inhibits the decomposition of
HA, due to the strong interaction between collagen and
hydroxyapatite. These results suggest that these materials
have a significant potential to be used as biomaterials for
bone tissue engineering.

Figure 9 shows the presence of filopodia indicating MSC
attached to the membrane surface. In the membranes with
high collagen concentration, with and without HA, the MSC
were attached and proliferated in the cavities left by solu-
bilized collagen by biological processes or culture medium.
Overall, the SEM images confirm the cell adhesion indir-
ectly quantified by the MTS assay. In the membranes with
the highest viability, it was not possible to observe the
formation of filopodia (Fig. 9b), due to the high confluency
of hBFP-MSCs attached to the membrane.

4 Discussion

The study’s main objective was the preparation and char-
acterization of chitosan-based composite membranes,
incorporating collagen and/or hydroxyapatite in different

proportions for potential uses in different tissue engineering
applications. Biocomposite and tri-composite membranes
Cs/Col, Cs/Ha, and Cs/Col/Ha were studied.

The interaction between chitosan and collagen chains has
been demonstrated by the different characterization techni-
ques employed. The XRD showed that the characteristic
low angle reflection of hydrated chitosan at 2θ= 10.87° is
no present in the Col/Cs membranes, suggesting a reorga-
nization of the molecules in these composites. This is
consistent with the shifting observed by FTIR in the amide
II groups, which increases with increasing collagen content,
suggesting intermolecular interactions by hydrogen bonds
formed between collagen and chitosan through these
groups, as reported by different authors [81–85]. Sion-
kowska et al. [85] suggests the formation of a new com-
pound with an entanglement of the two macromolecules
forming complexes between the cationic groups of chitosan
and the anionic –COOH groups of collagen, instead of
forming a simple biphasic mixture. Our results are in
agreement with this proposal. Also, denaturation of collagen
was not observed since if that were the case, a shift in the
peak at 1560 cm−1 would be expected [86].

The changes in morphology observed by SEM with the
addition of collagen to chitosan are consistent with these
results. For low collagen content, many pleats were
observed, and areas surrounded by fibers (Fig. 5c), sug-
gesting that collagen regions were blended into the chitosan
matrix. For high collagen content, a uniform morphology
was observed (Fig. 5d) with regions of collagen embedded
in chitosan. Additionally, the weight loss observed by TGA
suggests the interaction between both compounds that
improve its thermal stability through the formation of an
interconnected network stabilized by electrostatic
interactions.

For Cs/HA composites, the FTIR analysis showed two
new absorption bands at 1607 and 1446 cm−1, attributed to

Fig. 9 SEM Images of chitosan/collagen/hydroxyapatite (Cs/Col/HA) membranes seeded with hBFP-MSCs. a Chitosan (Cs). b TC4 (Cs/Col 0.75/
HA 0.15) (N= 2)

Journal of Materials Science: Materials in Medicine (2022) 33:18 Page 11 of 16 18



antisymmetric and symmetric stretching bands of COO–
groups, and the band at 1545 cm−1 of chitosan shifted to
1532 cm−1 (Fig. 4b) [74], this suggests the interaction
between the positively charged amino group (–NH2) of
chitosan and PO43– of HA [52, 75]. This behavior is
consistent with SEM’s morphological characterization,
which showed well distributed crystals in the matrix.
Moreover, the EDS analysis showed high phosphorus
content in the chitosan matrix of these composite mem-
branes, suggesting phosphorylation of chitosan due to the
partial decomposition of HA in acid medium resulting in the
presence of Ca2+ and PO4

3− ions in solution [72, 73].
Interaction between PO4

3− ions and the protonated amide
groups of chitosan takes place [45]. The interactions
between HA and chitosan were also evidenced in TGA by a
weight loss around 200 °C, attributed to the interaction of
calcium and phosphate ions of HA with chitosan (Fig.
7B–d). Additionally, the interaction between collagen and
hydroxyapatite has been attributed to the strong electrostatic
interactions between the carbonyl C=O group of collagen
and the Ca ion on the hydroxyapatite surface [83–87].

The FTIR for the TC membranes Cs/Col/HA (Fig. 6)
showed a shift of the amide II vibration band at
1554–1546 cm−1 with the addition of hydroxyapatite. The
latter is attributed to the intermolecular interaction between
the amino groups of chitosan/collagen system and the OH,
Ca+, and phosphate groups of hydroxyapatite [88]. A
scheme of the interactions collagen/chitosan/hydroxyapatite
is proposed below (Fig. 10).

The XRD for the TC membranes showed hydro-
xyapatite’s presence and the formation of a calcium phos-
phate due to partial decomposition of HA in acidic media

[72]. The morphology of the TC membranes changes for the
different combinations of low and high collagen and HA
content. For low collagen content (TC1 and TC2), HA
clusters and large crystals embedded in the matrix were
formed. However, when the collagen content was high
(TC3 and TC4) a homogenous distribution of HA crystals
in a porous matrix was observed (Fig. 6b, d, e), suggesting a
good assembly of these compounds by intermolecular
interactions between them. The affinity of the HA groups
with collagen on one side and the chitosan-collagen inter-
action on the other results in a homogenous composite
membrane with very good dispersion of hydroxyapatite
nanocrystals with Ca/P ratio 1.67.

Incorporating collagen and/or hydroxyapatite to chitosan
enhances the thermal stability of chitosan (Fig. 7B, C),
increasing with increased HA content, in good agreement
with reports on the evaluation of 3D scaffolds [46]. The
latter is attributed to the interaction between NH2 groups of
chitosan and OH groups of HA and the interaction of the
collagen molecules with HA particles.

For biocompatibility and viability assays, we select
carefully two assays, first a hemolysis test, to quickly assess
if these membranes can be used in further biocompatibility
assays, followed by a MTS assay to determine if hBFP-
MSC survive and attach to these membranes. The main
reason to selected these assays was to determine these
parameters without destroying the membrane or altering the
interaction between cells and membranes.

We can conclude from the hemolysis assay that these
materials do not produce soluble cytotoxic substances since
the hemolysis rate was less than 5% [89] and therefore can
be analyzed further to assess cell viability. To confirm the

Fig. 10 Scheme of interactions
collagen/chitosan/
hydroxyapatite
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cell adhesion to the membranes, we used SEM. Regarding
the results of the MTS assay, we used two cell types with
adherent nature, which means that if there were no early
adhesion between the first culture hours, an apoptotic signal
path would be activated, decreasing the viability [90].
Therefore, the percentage of cells detected in the MTS assay
attached to the material can be considered viable cells.
Allowing to affirm that, in general, the membrane’s surface
promotes high cell adhesion, particularly membranes with
the highest content of collagen and hydroxyapatite (Cs/HA
0.75/Col 0.75). This can be associated with the high bio-
compatibility of collagen and hydroxyapatite and the very
homogeneous HA dispersion in the porous matrix
(Fig. 6d, e). The SEM confirmed that cells were well
attached to the membranes. These results were similar to
other publications that used chitosan combined with col-
lagen for myocardial infarction. In these hydrogels, cells
were attached and maintained high viability [91]. Other
authors proposed using chitosan combined with hydro-
xyapatite and showed very high biocompatibility [92]. We
propose that chitosan combined with hydroxyapatite and
collagen promotes cell viability of culture cells attached to
these membranes.

Considering these preliminary results from biocompat-
ibility, cell viability, and cell adhesion, we could start to
make more specific assays to determine if these membranes
can be used in specific applications such as bone or skin
tissue engineering.

Although the combination of hydroxyapatite with collagen
and chitosan has been mainly focussed on developing implants
that promote the repair or regeneration of bone tissue, however,
studies with fibroblasts demonstrated that hydroxyapatite could
stimulate the production of tissue’s collagen [10] and combi-
nations of hydroxyapatite with other compounds have been
successfully used for wound dressing [11].

In the present work, we demonstrated that the membranes
obtained by combining chitosan with collagen and hydro-
xyapatite enhance cell adhesion ability, compared to the
chitosan membranes alone, and the content of collagen and
HA plays an important role. Membranes with high collagen
or/and hydroxyapatite content result in better physico-
chemical properties and larger cell adhesion due to the
more homogeneous distribution of HA and the porous mor-
phology of the matrix. Additionally, it was demonstrated that
any of the composition present cytotoxicity. All the com-
positions stimulate cell adhesion and proliferation, presenting
a high potential for application in tissue engineering.

5 Conclusions

Composite membranes of chitosan/collagen, chitosan/
hydroxyapatite, and chitosan/collagen/hydroxyapatite were

successfully prepared by solvent casting method. Mem-
branes with micro and nanopores were obtained with good
dispersion of hydroxyapatite in the organic matrix. The
addition of collagen and hydroxyapatite to chitosan
improves thermal stability and reduces thermal decom-
position of the composites. The membranes with the highest
hydroxyapatite and collagen content showed the highest cell
adhesion, and no cytotoxicity was presented by any of the
membranes prepared, suggesting that these materials have a
significant potential to be used for tissue engineering
application.
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