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Abstract Nano-HAp and ZnO-containing particles in the main chitosan matrix that can be used as
a scaffold composite or surface coating in dental and medical implants to improve infection and
biocompatibility processes have been developed. After adding chitosan/HAp-ZnO biopolymer, a
cross-linked triple absorbent composite system was produced using glutaraldehyde simply and prac-
tically. Morphological analyzes were examined by FE-SEM analysis, and the changes that occurred
with the cross-linking reaction were observed. Elemental analysis of composite materials was ana-
lyzed with EDS, and chemical analyzes were analyzed using ART-IR, XPS XRD and Raman anal-
yses. In addition, the thermal properties of the composites were examined by DTA and TGA
analysis. As a result of the cross-linking reaction, it was observed that the composite exhibited a
more compact structure. The study’s primary purpose was to observe the ability of the biodegrad-
able chitosan polymer to form composites with ZnO and HAp structure and examine the changes
that occur with the cross-linking reaction. As a result, it was seen that the three components were
well distributed among each other, intramolecular and intermolecular bonds were formed between
these components, and the composite was restructured with the occurrence of strong interaction.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Biomedical studies are now on the fabrication of nano-based compos-
ites and their various applications. Nano-composites are used in many
applications, such as materials to improve the tissue healing process to
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applications used in bone tissue engineering (Mallakpour and
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Okhovat, 2021) and coatings on metallic materials for dental and
biomedical applications (Yigit et al., 2022, 2020). Among these devel-

Production and hosting by Elsevier opments, composite structures’ most sought-after properties are

https://doi.org/10.1016/j.arabjc.2023.104838
1878-5352 © 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2023.104838&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.arabjc.2023.104838
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2023.104838
http://creativecommons.org/licenses/by-nc-nd/4.0/

2

0. Yigit

improved biological, mechanical, and chemical properties. One of the
biggest problems encountered in implants and tissue engineering is the
insufficient biocompatibility of materials and bacterial infections. Var-
ious nano-composites are being developed to overcome these prob-
lems. Pereira et al. (2019), designed chitosan (Cs), polyethylene
glycol, and hydroxyapatite (HAp) composite using different percent-
ages of ZnO and CuO nanoparticles and investigated their bioactivity
and antibacterial properties. In composites containing wt. 1% CuO
and ZnO, HAp added composites showed the best antibacterial and
bioactivity properties (Pereira et al., 2019). Murali et al. (2019),
designed Ag/ZnO nanoparticles, Cs, and gelatin polymer composites
by solution casting method. As a result, the mechanical properties
and antibacterial activities of the Ag/ZnO additive were slightly
improved (Murali et al., 2019).

Cs is a natural cationic polysaccharide with unique biological prop-
erties that exhibit superior biological properties, such as biodegradabil-
ity, antigenicity, non-toxicity, and good biocompatibility (Chen et al.,
2009; Cicek Ozkan, 2022; Cicek Ozkan et al., 2018). However, pure Cs
has little or no antibacterial activity (Thomas et al., 2019). To improve
the antibacterial activity of this polymer structure and increase its
mechanical properties, some metals or metal oxides with antibacterial
activity should be included in the composite (Sani et al., 2019). These
additives are generally used as nanoparticles such as Ag, Cu, and ZnO,
and besides exhibiting very high antibacterial properties compared to
other reinforcement elements, their costs are relatively low (Rong
et al., 2019). It is also possible to prevent antibiotic resistance in skin
infections with composites prepared with these metallic nanoparticle
supplements.

Recent studies have investigated the effects of ZnO doping on the
antibacterial activity of natural polysaccharides in ZnO-doped com-
posites. Tantiwatcharothai et al. (2019), used Basil seed mucilage with
glycerol and ZnO and prepared a plasticized hydrogel mucilage-ZnO
composite. The prepared composites exhibited excellent antibacterial
activity against Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli) (Tantiwatcharothai and Prachayawarakorn, 2019). Hezma
et al. (2019), designed composites are containing Cs and PVA with dif-
ferent ratios of ZnO as nano-reinforcement elements. According to the
results they obtained, it was reported that the amorphous phase, ther-
mal stability, and antibacterial activity of the composite structure
increased with the increase in the amount of ZnO additives(Hezma
et al., 2019).

Bone tissue in the human body is a natural composite structure
consisting of 65-70% hydroxyapatite (HAp) phase as the matrix and
the other part organic phase (collagen, glycoproteins, proteoglycans,
sialoproteins, etc.) (Cordonnier et al., 2011). HAp in bone is a hard tis-
sue with ions (e.g., Na™, Mg“, S, MgH, Zn?*t, K*, CO%),
which are very important for the body in terms of physicochemical
and biological properties (Ratha et al., 2021). For this reason, syn-
thetic HAp has been produced to replace the natural HAp structure
in tissue engineering and has been able to successfully bio-imitate nat-
ural bone tissue (Fernandez-Yague et al., 2015).

However, prepared synthetic apatite structures lack ionic sub-
stituents and other organic structures, which are very important in nat-
ural bone structure. The need for doping and characterizing these
substitutions has emerged. Many studies have focused on the synthesis
and characterization of HAp doped with various additives as a bioac-
tive phase that can be used for dental and bone regeneration (Ressler
et al., 2021). Another type of study is HAp coating to produce biocom-
posites by adding synthetic HAp into composite structures or to
improve the biological properties of metallic implants (Yigit et al.,
2022, 2020) Studies on imitating organic phases of bone tissue have
also gained momentum. Thus, natural bone tissue can be imitated. nat-
ural polymers (for example, collagen, gelatin, chitosan, glycosamino-
glycans, and silk fibrin) are frequently used in various tissue
engineering studies and subsequently in various applications (Ressler
et al., 2022b). Since these polymers are natural structural elements of
biological tissues, they exhibit excellent biological properties and show

superior osteointegration without damaging cells (Ressler et al., 2021).
Chitosan (Cs), a natural amino polysaccharide used in many studies,
finds the most use with HAp in polymer-based studies. Composed of
randomly distributed p-(1-4)-linked d-glucosamine (glucosamine)
and N-acetyl-d-glucosamine (N-acetylglucosamine) building units, this
polymer is similar to glycosaminoglycan found in natural bone tissue.
And modulates the bioavailability and activity of various osteoclastic
and osteogenic factors at the cellular level (Islam et al., 2017;
Mansouri et al., 2017; Ressler et al., 2022b; Tan et al., 2009). There-
fore, Chitosan and hydroxyapatite nanocomposites (Cs/nHAp) have
been highly sought as potential scaffolds for bone tissue engineering
(BTE) applications. In addition, Cs/HAp scaffolds can be used for
bone regeneration in bone defects placed in parts of native bone tissue
that are not exposed to mechanical stress and loads (Fernandez-Yague
et al., 2015; Levengood and Zhang, 2014). The most crucial challenge
in bone tissue applications is to produce structures with suitable sur-
face properties and mechanical strength to allow cell proliferation,
growth, proliferation, adhesion, and differentiation (Fernandez-
Yague et al., 2015; Roseti et al., 2017). In addition, Cs/nHAp compos-
ite structures support biological properties and bioactivity (Ressler
et al., 2022a).

This study will prepare composites by doping nano-HAp and ZnO
into chitosan (Cs) polymer. The first of the composites to be prepared
will be prepared without adding glutaraldehyde as a crosslinker, and
the other composite will be cross-linked by adding glutaraldehyde to
chitosan. The formation of polymer structure with ZnO and nano-
HAp additives will be examined, and the ability to form composites
with ZnO and nano-HAp additives doped as a result of cross-linking
reaction will be examined. The composites to be obtained will be essen-
tial for biomedical applications, bone tissue engineering, dental stud-
ies, implant coatings, and medical applications used in wound
healing processes.

2. Materials and methods

2.1. Materials

Low molecular weight Cs (CsgH93N9O39, 1526.5 g/mol molec-
ular weight and 75-80% Deacetylated chitin, Poly(D-
glucosamine) and ZnO (Purity: 99.9%, Size: 3 nm) were pur-
chased from Sigma-Aldrich. nHAp (nano-XIM phase purity
100, size < 50 nm) was purchased from FLUIDINOVA,
and glutaraldehyde (C4HgOy crystalline) and acetic acid (CH;-
CO,H, >99% assay) were purchased from Sigma—Aldrich.

2.2. Preparation of Cs/nHAp-ZnO composites

Composites were prepared using two different methods, First,
a ZnO-nHAp hybrid was prepared. For this, 25 mg of ZnO
and 1 g of aqueous nano-HAp (wt. 30%) were mixed in a mag-
netic stirrer for 2 h in a 100 mL deionized water. It was then
left to dry for 6 h at 60 °C. Two different composites were pro-
duced with the prepared hybrid mixture. Composites will be
described as A and B.

A — Cs/nHAp-ZnO: Chitosan prepared with vol. 5% acetic
acid solution was mixed with vol. 50% hybrid ZnO-HAp and
stirred with a magnetic stirrer for 24 h at room conditions. It
was dried with stirring until the acid was removed.

B- Cs/nHAp-ZnO/GIA: Chitosan prepared with vol. 5%
acetic acid solution was mixed with vol. 50% hybrid ZnO-
HAp in a 40 mL deionized water at room conditions.
0.5 mL of vol. 10% glutaraldehyde was added to the mixture.
It was dried by stirring for 24 h.
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Atomic bonding models of Chitosan, ZnO, nHAp, and glu-
taraldehyde structures used in the preparation of composites
are given in Fig. I.

2.3. Characterizations

The prepared composites are polymer-based in the form of
large sheets. Therefore, it was not required to be prepared in
a special form for each analysis. Therefore, the prepared
polymer-based composites were directly characterized by
shearing in millimeters.

To confirm the composition of Cs/nHAp-ZnO and Cs/
nHAp-ZnO/GIA composites was analyzed using a Grazing
incidence X-ray diffraction (GI-XRD) (PANalytical Empyr-
ean, London, UK) system using monochromatic Cu-Ka radi-

Blending

Ca1(PO4)s(OH), &=
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ation (A = 0.15406 nm). XRD results were defined using
X’Pert Highscore plus software.

Attenuated total reflection infrared (ATR-IR) spectroscopy
was used to examine the functional groups of Cs/nHAp-ZnO-
based composites using the Thermo Scientific Nicolet iS 5 FT-
IR Spectrometer (Nicolet Instrument Corporation, Madison,
WI). The ATR-IR spectra of the coatings were recorded on
an FTIR spectrometer with a single reflection horizontal
ATR accessory. Scans were performed in the range of 500—
4000 cm ™! and with a spectral resolution of 0.5 cm ™.

Surface morphologies, the form of the chitosan matrix, ele-
mental analysis of the composites, and the formation of nHAp
and ZnO structures on the surface were investigated using a
field emission scanning electron microscope (JSM-7001F, Jeol,
Tokyo, JP) equipped with energy dispersive spectroscopy

Caan(PO4)2 . . @@ G

~@® @

Chitosan

Fig. 1

Cs/mHAp-ZnO/GIA composite

>

Glutaraldehyde

Atomic bonding models of Chitosan, ZnO, HAp, and glutaraldehyde structures.
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(EDS, Inca system) used with secondary electrons below
15 kV.

The basic chemical composition of the composites and their
chemical bonds were investigated using X-ray photoelectron
spectra (XPS) on the Specs-Flex XPS system (SPECS Surface
Nano Analysis GmbH, Zurich, DE). Photoemission was
induced using monochromatic Al Ko radiation (1486.6 eV).
Before XPS analysis, composite materials were etched with a
1 min Ar” ion bombardment to remove contamination. The
beam spot size is approximately 200 pm. Peak deconvolution
and background subtraction were performed with the
CasaXPS and Origin programs.

TG/DTA (Shimadzu TA-60 WS, Kyoto, JP) measurements
were made at a heating rate of 10 °C/min from room temper-
ature to 600 °C. TG/DTA measurements were performed for
all composites in order to observe the thermal stability of the
samples.

3. Results and discussions

3.1. XRD analyzes of Cs/nHAp-ZnO composites

In Fig. 2, the XRD graph of nHAp-ZnO and chitosan polymer
matrix composite and glutaraldehyde added composite is
given. The JCPDS cards for Cs is 00-039-1894, for HAp is
00-025-0166, for Parascholzite (CaZn,(POy,),) is 00-035-
0495. The presence of HA-Zn and Chitosan peaks can be
detected in the graphs of the composites. HAp peaks observed
at 20 = 25,803°, 31,624° and 32,778°. Parascholzite is an cal-
cium zinc phosphate compound and in XRD peaks at 20 =
10,388°, 19,351° 21,351° and 31,890° shows that the interac-
tion of this compound. Chitosan shows its characteristic peak
at 20 = 19-20° [9]. With the addition of glutaraldehyde, this
amorphous peak was suppressed, and a more crystalline poly-
mer composite was formed. In addition, the peaks of nHAp
and ZnO, which remained at low intensity in the amorphous
polymer, became more pronounced. As a result, peaks of the
Parascholzite and HAp with higher intensity are observed in
the structure formed by the cross-linking reaction. It also
shows that nHAp-ZnO and chitosan molecular interactions
occur with the addition of glutaraldehyde in the chitosan com-

1- parascholzite
2- HAp
3- Chitosan

Cs/nHAp-ZnO
—— Cs/nHAp-ZnO/GIA

Intensity (a.u.)

L\w*

it w\aw

10 20 30 40 50 60 70 80 90
2 Theta (degree)

Fig. 2 XRD graphs of the Cs/nHAp-ZnO and Cs/nHAp-ZnO/
Glutaraldehyde composites.

posite (Istifarah, 2012; Nikpour et al., 2012; Wicaksono et al.,
2017). The emergence of parascholzite compound due to the
interaction of ZnO and nHAp in the structure was observed
after the cross-linking reaction. This is because the compounds
with high crystalline structure in the amorphous Cs structure
remained at low intensities. Still, the cross-linked Cs polymer
structure with the addition of glutaraldehyde transformed
from an amorphous structure to an amorphous-crystalline
structure, allowing higher intensity peaks to be read than other
compounds.

3.2. ATR-IR analyzes of Cs/nHAp-ZnO-based composites

ATR-IR analyzes are shown in Fig. 3. Functional groups of
Cs/nHAp-ZnO-based composites were investigated by ATR-
IR analysis. When the chitosan matrix composites are exam-
ined, the change in peak intensities with the addition of glu-
taraldehyde draws attention. In other words, after the cross-
linking reaction, the crystallinity of chitosan matrix nHAp-
ZnO added composites changes, and their spectral models dif-
fer from glutaraldehyde-free chitosan composites. However,
major functional groups are present in both composites. In
the range of approximately 3400-3700 cm~', OH™ peaks are
observed depending on the stretching vibration band of the
water. Chitosan is defined with N-H peaks at approximately
1600 cm~'. In addition, C—H vibrational bands in the range
of 2840-3333 cm ™! belong to the chitosan structure. In addi-
tion to chitosan, for nHAp, when the composite structure is
examined, PO;~ turning mode occurs as a bicentric vl mode
peak at 834 cm~! and 1184 cm ™!, respectively. Symmetrical
stretching (v3) is observed at 988 cm™!, and asymmetric
stretching mode (v2) is observed at 1133 and 916 cm™!. In
addition, one pair with a peak of 618 cm-1 and the other of
561 cm™! is attributed to the bending vibration (v4) of PO;
(Gao et al., 2015). PO3" asymmetrical turn bands are seen at
1155, 588, and 561 cm™! (Feng et al., 2016; Nosrati et al.,
2019). The band seen at 790 cm™' is attributed to the release
mode of the hydroxyl group. In addition, with the addition
of glutaraldehyde, the intensity of the OHpeak in the
3400 cm ™! range and the C—H peak in the 2800-3333 cm ™'
range of the composite decreased. Also, the amide peak

Cs/nHAp-ZnO/GIA
Cs/nHAp-ZnO
X
o
=
=
g |
=
£
Z
£
<
L
=
vjpoés-i Y
T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3 ATR-IR spectra of the Cs/nHAp-ZnO and Cs/nHAp-
ZnO/Glutaraldehyde composites.
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around 1600 cm ™' showed similar behavior. In the range of
2100-2226 cm™!, the CO, vibration band is seen passing
through the atmosphere, and in the range of 1272—
1414 cm™", it depends on the vibration of the CO3™ group.
These results were compatible with the obtained XRD data.
They proved that the synthesis of Cs/nHAp-ZnO composite
and glutaraldehyde added composite produced by the cross-
linking reaction of the same composite by blending method
was successful. The decreasing intensity and broadening of
the peaks indicate interactions between the elements that make
up the composite, such as the hydrogen bond between chitosan
and hydroxyapatite (Diez-Pascual and Diez-Vicente, 2015;
Rahman et al., 2020; Warastuti et al., 2018). Thus, it proves
that the ability of chitosan, nHAp, and ZnO compounds to
form composites is successful.

3.3. Raman spectra of Cs/nHAp-ZnO and Cs/nHAp-ZnO/
Glutaraldehyde composites

Fig. 4 shows the Raman spectra of Chitosan, nHAp, and zinc
oxide composites. In the case of visible region excitation,
Raman bands in chitosan/nHAp-ZnO composite without glu-
taraldehyde are exhibited at a lower rate compared to
glutaraldehyde-added composites with the Raman spectrum.
Prominent bands at 326.6, 432.6, and 570 cm™! confirm the
presence of ZnO in the composite. The main band observed
for ZnO at 432.6 cm ™! can be correlated with the non-polar
optical phonon E2 (high) mode in ZnO. Also, two frequencies
belong to non-polar phonon modes with E2 symmetry. These
are the phonon modes associated with E2 (high) oxygen atoms
and the other associated with E2 (low) Zn-sublattice
(Abiraman et al., 2016; Panda et al., 2014). The most impor-
tant reason for the shift in wave numbers and the change in
band shapes in the Raman spectrum is the interaction between
ZnO and nHAp and its strong distribution into the chitosan
matrix. This interaction increased significantly due to the
cross-linking reaction, and the recorded Raman spectra
showed that the interaction of ZnO and nHAp increased with
cross-linking in the chitosan matrix. It shows the presence of a
parascholzite structure with good crystal quality in good

Cs/mHAp-ZnO/GIA|
Cs/mHAp-ZnO

Intensity (a.u)

3500 3000 2500 2000 1500 1000 500
Raman Shift (cm™)

Fig. 4 Raman spectra of Cs/nHAp-ZnO and Cs/nHAp-ZnO/
Glutaraldehyde composites.

agreement with the XRD analysis. Analysis by Raman spec-
troscopy of chitosan matrix composite containing nano-
hydroxyapatite and ZnO also prove the presence of hydroxya-
patite and chitosan in the prepared composite. A high band
characterizes the Raman spectrum of chitosan at 1070 cm ™!
attributed to stretching vibrations (O = S = O). The Raman
spectrum of hydroxyapatite is characterized by a high band of
960 cm ! assigned to the symmetric vsP-OH stretching vibra-
tion, while J)PO-H bending and vasP-OH are asymmetrical as
reported by other bands (1014, 1099, 1072 cm™") known as
stretching vibrations. (Cukrowski et al., 2007). As mentioned
earlier, a chitosan peak at 1068 cm™! characterizes chitosan
in the Raman spectrum, with a density difference in Cs/
nHAp-ZnO composites reflecting the different proportions of
chitosan in the samples. The high peak of hydroxyapatite at
960 cm ™' is seen in both glutaraldehyde-added and undoped
composites, but the peak intensities vary. It is the transforma-
tion of the chitosan matrix from amorphous to a more crys-
talline structure after the cross-linking reaction so that the
peak intensities obtained from nano-structured HAp are read
differently.

Raman spectra of glutaraldehyde added and undoped com-
posites are different in Cs/nHAp-ZnO composite structures.
After cross-linking reaction with glutaraldehyde additive, the
Raman spectrum (Fig. 4) shows characteristic peaks of ZnO,
hydroxyapatite, and chitosan at 432 cm™', 960 cm™', and
1070 cm™!, respectively. The peaks give different densities
for the two different composites. In addition, the intense peak
at 2885 cm ™! corresponds to the W(CH,) stretching vibrations,
and the intense peak at 1654 cm ™! corresponds to the w(CO)
vibration peak. The peaks at 1437 and 1550 cm™" are associ-
ated with amide groups and are attributed to asymmetric
vibration das(CHj;, CH,) and asymmetric vibration 6(NH,)
bands, respectively (Escobar-Sierra et al., 2015). When the
Raman spectrum and ATR-IR analyzes are compared, it is
seen that they give very consistent results. In addition, the
obtained Raman spectrum shows that the composite structures
were created successfully.

3.4. XPS spectrum of the Cs/nHAp-ZnO and Cs/nHAp-ZnO/
GlA composites

General and elemental analyses of Cs/nHAp-ZnO and Cs/
nHAp-ZnO/GIA composites were performed with XPS. Gen-
eral XPS scan results are given in Fig. 5, and atomic ratios
are given in Table 1. In the general scan, all the elements in
the composite structure were detected, and then the analysis
was completed by making high-resolution scans. In Fig. 6,
high-resolution XPS spectra are given.

The high-resolution XPS spectrum clearly shows the pres-
ence of only Zn, C, O, N, Ca, and P in the Cs/nHAp-ZnO
and Cs/nHAp-ZnO/GIA composites. The core level peak
detection spectrum for Zn>" gives the main peaks at 1021.34
and 1044.26 ¢V, corresponding to the Zn 2p3/2 and 2p1/2 core
levels. The eV values of 283.9, 285.23, 287.49, and 289.31 for
the glutaraldehyde-free Cs/nHAp composite correspond to
(C-H-N), (C-H-N), (O = C-0O/C = 0O) and (H-C-O/O-H)
, respectively. In the Cs/nHAp-ZnO/GIA composite, the peaks
at 284.1, 285.01, 286.12, and 288.33 eV are (C—C/C-H), (C—H-
N), (O-C-0) and (O = C-H/C = O) binding respectively.
Examining the O 1 s spectrum, (Zn—-0), (C—OH), and (C-O)
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Fig. 5 The wide survey XPS spectra of Chitosan/nHAp-ZnO and Chitosan/nHAp-ZnO/GIA composites.

Table 1 Atomic ratio of the elements in Chitosan/nHAp-ZnO
and Chitosan/nHAp-ZnO/GIA composites from the wide
survey XPS spectra.

Cs/nHAp-ZnO Name Position Atomic%
O1ls 531.5 25,09
Cls 284.5 67,76
N1ls 398.5 2,46
Ca 2p 346.5 2,54
Zn 2p 3/2 1022.5 1,62
P 2p 132.5 0,53

Cs/nHAp-ZnO/GIA O1ls 531.5 31,28
Cls 284.5 59,35
N1ls 399.5 1,16
Ca 2p 346.5 6,33
Zn 2p 3/2 1022.5 0,52
P 2p 132.5 1,36

have binding energies of 531.8, 532.47, and 534.27 eV. Corre-
sponding to (C-H-N) at 393.43 eV, (N-ZnO) at 399.23 eV,
(N-O-H) at 399.8 eV, and (C-N) at 401.72 eV N 1 s peak val-
ues were also observed. When Ca 2p3/2 peaks are examined,
peaks corresponding to the Ca 2p3/2 core level at 346.99 eV
and peaks corresponding to the Ca 2pl/2 core level at
350.58 eV are seen. The main peak of the P 2p core level
occurred at 135.29 eV. When examining the XPS spectrum,
ZnO and nHAp structures are strongly adorned by chitosan.
XPS spectrum of glutaraldehyde added and undoped compos-

ites in Zn and nHAp doped chitosan composites prove the
presence of zinc ions, Ca, and P ions. The results obtained
are consistent with the XRD and Raman results. In addition,
the addition of Glutaraldehyde changed the binding energies,
albeit in a small amount. This proves that a change in the com-
posite structure occurs with the cross-linking reaction in the
obtained composite structure. The results of this research
study are consistent with literature reports (Abiraman et al.,
2016; Lin et al., 2021; Sarma et al., 2020).

3.5. SEM images of the Chitosan/nHAp-ZnO and Chitosan/|
nHAp-ZnO|GIA composites

The morphologies of two different composites prepared by
incorporating nHAp and ZnO into chitosan and cross-linked
with glutaraldehyde were examined using FESEM at 1000x,
2500x, and 5000x magnifications (Fig. 7). In Fig. 8 25000x
and 50000x FESEM images are given. FESEM images of the
Cs/nHAp-ZnO composite (Fig. 7(a)) show that chitosan exhi-
bits a sheet-like morphology. In addition, the general surface
morphology of the composite structure does not exhibit an
utterly homogeneous distribution, and chitosan fibers can be
seen on the surface. It is observed that the homogenization
of the surfaces increased, and more crystalline structures were
formed in some regions in the cross-linked chitosan composite
with glutaraldehyde doped at lower magnifications (Fig. 7(b)).
It can be understood that ZnO and nHAp layers are visible on
the composite surface in the high-magnification FESEM
images given in Fig. 8(a). In addition, the irregularity of the
chitosan layers on the surface caused the dense formation of
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Fig. 6 High resolution XPS spectrum of C 1's, N 1s, Zn 2p3/2, O 15, Ca 2p and P 2p.



0. Yigit

Fig. 7 SEM images of the composites a) 1000x, 2500x and 5000x magnification of Chitosan/nHAp-ZnO b) 1000x, 2500x and 5000x

magnification of Chitosan/nHAp-ZnO/GIA.

Fig. 8 SEM images of the composites a) 25000x and 50000x magnification of Chitosan/nHAp-ZnO b) 25000x and 50000x magnification

of Chitosan/nHAp-ZnO/GIA.

ZnO and nHAp particles in these regions. Composite surface
morphology exhibits a distinctive structure in the form of large
agglomerations. When the morphology of the glutaraldehyde-
added composite is examined (Fig. 8(b)), it can be said that the
composite surface forms a formation with finer grains and

smaller particles. ZnO and nHAp particles showed better bind-
ing into the chitosan matrix. ZnO and nHAp particles formed
as spherical aggregates in the chitosan matrix. Based on the
above results, it can be said that chitosan composites with
cross-linking reaction with glutaraldehyde add a more uniform
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Fig. 9 EDS spectra of Chitosan/nHAp-ZnO and Chitosan/nHAp-ZnO/GIA composites.

and smooth morphology in ZnO and nHAp-doped chitosan
composites than chitosan composites without cross-linking
reaction (Rahman et al., 2020).

3.6. EDS spectra of the Chitosan/nHAp-ZnO and Chitosan/
nHAp-ZnO|GIA composites

EDS analyses of Cs/nHAp-ZnO and Cs/nHAp-ZnO/GIA
composites are given in Fig. 9, respectively. When the EDS
analyzes were examined, C, O, N, Zn, Ca, and P elements
expected to be seen in the composite structure were observed,
and no impurities were found. Furthermore, the Ca and P
ratios of the chitosan composite with glutaraldehyde added
significantly increased compared to the undoped composite.
On the other hand, there is a slight decrease in the Zn ratio.
This is because the composite structure exhibits a more homo-
geneous structure with the glutaraldehyde additive and chi-
tosan successfully forms composites with all additives.
Accordingly, the peak intensity read from all elements gave a
very high value, and it is thought that the composite structure
exhibits a more crystalline structure. Previous XRD, ATR-IR,
Raman, and SEM analyses also support this idea.

3.7. TGA and DTA analyzes of the Cs/nHAp-ZnO and Cs/
nHAp-ZnO/|GIA composites

Thermal stability in biomaterials can be considered an essen-
tial property due to the need for sterilization for whatever pur-
pose it is used. For this reason, the degradation and thermal
behavior of polymer-based biomaterials against thermal pro-
cesses is a characterization that needs to be examined. There-
fore, the TGA of Cs/nHAp-ZnO and Cs/nHAp-ZnO/GIA

biocomposites were evaluated from room temperature to
600 °C. TGA graphics are presented in Fig. 10, and DTA
graphics are presented in Fig. 11. In the temperature range
studied, chitosan was decomposed entirely and characterized
by a three-degradation profile; The initial weight loss occurs
due to the removal of water from the composite structure at
temperatures up to 120 °C. The second weight loss is defined
as cleavage of branched-chain structures, depolymerization
of chitosan, and dehydration of its molecular chains, which
appear between 210 and 250 °C. The final weight loss is due
to the oxidative decomposition of the carbon-based residue
produced in the second thermal event, which appears between
450 and 580 °C [40].

—— Cs/nHAp-ZnO
100 Cs/nHAp-ZnO/Gl

80

60

TGA (%)

40 4

20 T T
200 400 600

Temprature (C)

Fig. 10 Thermogravimetric analysis (TGA) of the Cs/nHAp-
ZnO and Cs/nHAp-ZnO/GIA composites.
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Fig. 11 DTA analyzes of Cs/nHAp-ZnO and Cs/nHAp-ZnO/

GIA composites.

The nHAp structure contains two types of water: adsorbed
water and caged water. The adsorbed water does not show any
effect on the cage parameters. It is removed from the structure
reversibly from room temperature to 200 °C. However, cage
water is irreversibly lost from the structure in the temperature
range of about 250-450 °C and appears as a shrinkage of cage
dimensions during heating. When the two composite structures
were compared, they formed a similar curve from room tem-
perature to 200 °C. However, the chitosan composite produced
by the cross-linking reaction showed a lower degradation rate
than the glutaraldehyde-free composite. Glutaraldehyde-
added chitosan composite exhibits a more stable structure in
this temperature range where polymer chains are thermally
degraded; that is, it maintains its thermal stability more. After
450 °C, both composites degraded irreversibly, and no signifi-
cant weight loss was observed after 550 °C.

4. Conclusions

This study synthesized chitosan matrix nHAp and ZnO doped biopoly-
mer composites. Chitosan was more evenly distributed between the
composites formed by adding nHAp-ZnO in the matrix and nHAp
and ZnO particles, resulting in better bonding. At the next stage, the
composite structure exhibited a more uniform and homogeneous struc-
ture with the glutaraldehyde added into the Chitosan/nHA-ZnO com-
posite. The ZnO and nHAp structures were better adapted within the
structure after the cross-linking reaction. Particles more prominent on
the glutaraldehyde-free composite surface were dispersed into the
structure and transformed from a layered and fibrous composite struc-
ture to a more dense and smooth structure. In addition, chitosan, a
natural biopolymer with nHAp and ZnO structures, can exhibit high
biocompatibility and bioactivity. XRD, ATR-IR, and XPS analyzes
showed that all standard components appeared in the composite struc-
ture. It has been observed that the components obtained in the com-
posite can preserve their main properties without deterioration and
pass with good adaptation within the structure. Thermal gravimetric
analysis showed that the composite structure’s thermal resistance
increased with the addition of glutaraldehyde. The presented study
proved that both composites prepared with chitosan, nHAp, and
ZnO and then formed by cross-linking reaction with the addition of
glutaraldehyde could form composites successfully. In addition, a
more crystalline and thermally stable composite structure can be pro-
duced with the cross-linking reaction. Cross-linked composite with chi-

tosan matrix and containing nHAp and ZnO has a high potential for
use as a coating and filling element in implant materials or as a
scaffold.
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