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Abstract

Chitosan is of great interest because it is biocompatible, biodegradable and abundant in nature. Accurate
characterization of modified chitosan biopolymers is essential to optimize their usage. In our present work, we have
tested the physicochemical characterization of 4 different types of chitosan biomaterials, which are classified into N,O-
carboxymethylchitosan (NO-CMC) and Oligo-Chitosan (O-C). We have employed Fourier Transform Infrared
Spectroscopy (FTIR) to analyze the functional groups and Scanning Electron Microscopy (SEM) to examine the
scaffold membrane properties of each biomaterial. The FTIR analysis confirmed that a large number of alterations were
made towards the NO-CMC group of chitosan. Meanwhile, most of the bands observed in the O-C group can generally
be found in the standard model of chitosan. Shifting of the carbonyl group is only noticed in O-C group, which
distinguishes both chitosan groups at 1644.20-1633.69 cm™ peak. The NO-CMC and O-C groups, which have
compressive porous structures, are able to support tissue and cell adherence via mechanical strength. Chitosan
biopolymers, which vary from different grades and forms, are performing best when their unique properties are
optimized. Hence, the study of these structurally modified chitosans and their characterization is very important to
correlate their usage and properties in various fields.
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1. Introduction

Biomaterials can be defined as any nondrug synthetic material that is used to restore, replace or imitate the original
processes of damaged tissues and cells [1-2]. Naturally invented biomaterials are rapidly expanding and functioning to
fulfill biological and medical necessities. There are various types of biomaterials available in different configurations.
Each biomaterial has its own advantages and limitations. An ideal biomaterial must be biocompatible, biodegradable,
bioabsorbable, biofunctional, easy to handle, nontoxic, support cell adhesion, nonimmunogenic and low-cost [3].
Recently, considerable attention has been paid to chitosan-derived biomaterials because of the abundance of chitosan in
nature, and they are becoming some of the most promising biomaterials for reducing various types of complications
upon medical interventions. Chitosan is a polysaccharide that contains N-acetyl glucosamine and is obtained from the
deacetylation of chitin, which is derived from the exoskeleton of arthropods such as crabs, shrimps, lobsters and insects
[4]. Chitosan biomaterials have been shown to exhibit and possess good biocompatibility, antimicrobial activity,
biodegradability, hemostatic activity, antioxidant properties and drug delivery abilities [5-9]. Lately, these biomaterials
have attracted more interest, and a variety of procedures have been proposed to produce standard modified chitosan
biomaterials by altering the structure and the physical and chemical composition of chitosan polymers to generate
distinct formulations of chitosan derivatives for various applications in the fields of biotechnology, tissue engineering,
cosmetics, biomedicine, food and agriculture [10-13]. The preparation and properties of chitosan biomaterials depend
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on the grade, form, concentration, molecular weight, and degree of deacetylation of the chitosan, as well as the pH,
temperature, incubation period and viscosity. Not all biological activities are displayed by one type of chitosan. One of
the main characteristics that make chitosan a biocompatible material is that it has a strong positive electrical charge,
which strongly attracts and bonds to negatively charged molecules. Fundamentally, chitosan has three different types of
reactive functional groups, and the amino groups consists of both primary and secondary hydroxyl groups at the C(2),
C(3), and C(6) positions. Each special type of bioactive chitosan has been developed by chemical modification and
enzymatic hydrolysis. The amino content is the primary factor resulting in the differences between their structures and
physiochemical properties because it correlates with their chelating properties, thereby altering biological functions
[14]. Accurate characterization of the functional groups of chitosan biomaterials can be performed using Fourier
Transform Infrared Spectroscopy (FTIR), which is an analytical technique used to identify the chemical bonds and
composition of biomaterials. Numerous types of scaffolds can be fabricated using chitosan-derived polymers such as
sponges, powders, gel sheets, films, microcapsules, fibers and porous structures. Normally, the porosity of a
deacetylated chitosan biomaterial, which is measured in diameter (uUM) and analyzed using scanning electron
microscope (SEM), is important to characterize. SEM analysis can be used to demonstrate the construction of a porous
network between polymeric scaffolds. Although extensive research and experimentation has been undertaken to
elucidate the importance of chitosan biomaterials in various fields, to the best of our understanding, the underlying
mechanical pathway that is involved in the characterization of the physical and chemical chitosan biomaterials remains
to be explained. Because this characterization framework is questionable, we have proposed in this paper to study the
functional groups and scaffold porosity. In our present work, we have tested 4 different types of chitosan biomaterials
that can be categorized as N,O-carboxymethylchitosan (NO-CMC) and oligo-chitosan (O-C). These chitosans were
produced by the Standard and Industrial Research Institute of Malaysia (SIRIM Berhad). Previously, it has been
reported that O-C and NO-CMC chitosan derivatives are acceptable because of their mechanical strength and excellent
biocompatibility [15]. Our present results produce several noteworthy and quality contributions to increase our
understanding of the characterization of NO-CMC and O-C biomaterials and the underlying mechanical principles.

2. Materials and methods

2.1. Materials

We have tested NO-CMC and O-C chitosans produced by SIRIM Berhad, which were isolated from shrimp shells and
had a degree of deacetylation of 75-98%. The NO-CMC type of chitosans were in sponge, hydrogel-sheet, and porous
scaffold forms and were denoted 7% NO-CMC with 0.45 mL collagen (7% NO-CMC), 8% NO-CMC and NO-CMC-
Gel-Sheet (NO-CMC-GS). Meanwhile, the O-C types of chitosan were in film, sponge and powdered forms, which are
denoted O-C-Film (O-C-F), Porous Chitosan Scaffold (PCS), Oligo-Chitosan Sponge (O-CS) and O-C-Powder
(O-C53).

2.2. Methods

2.2.1. FTIR analysis

Each chitosan biomaterials measured exactly 5 mm x 5 mm. The characteristic bands of the functional groups were
measured according to the wavelength (cm™). All spectra were analyzed using the Attenuated Total Refraction (ATR)
method (Bruker Optics Tensor 27 FT-IR Spectrometer, Germany), and the spectra were studied using OPUS 7.0
software. The scans were performed with an average of 16 repeated scans at a 4 cm™ scan resolution. The spectra were
collected in continuous scan mode over a wavelength range of 4000-400 cm™. Each functional group of the NO-CMC
and O-C biomaterials studied was analyzed using the spectroscopic analysis website http://www.science-and-
fun.de/tools/ [16-18].

2.2.2. SEM analysis

Each chitosan biomaterials measuring 5 mm x 5 mm was placed in a 12-well tissue culture plate. Each well was then
washed with penicillin-infused PBS for 1 hour, fixed in 100 pL of glutaraldehyde for 1 hour, and then washed with
distilled water. Different concentrations of ethanol (30%, 70% and 100%) were added to dehydrate the chitosan
biomaterials. Finally, all the samples were dried in an incubator (58°C), except for NO-CMC-GS and O-C-F, which
were dried at room temperature overnight. Once the biomaterials were completely dried, they were subsequently
sputter-coated with gold using a gold sputter coater (Leica SCD 005, Germany) [vacuum millibar of 5 x 102 Current
20 milliampere (mA); Timer 150 seconds]. The gold sputtered chitosan biomaterials were examined under SEM (FEI-
QUANTA FEG 450, Netherlands), and their surface and cross-section morphologies were evaluated [7-8, 19-20]. The
Scaffold pore diameter for each biomaterial (n=3) was analyzed and the data presented as the means + standard error of
means (S.E.M).
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3. Results

3.1. FTIR analysis
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Fig. 1: FTIR Spectra of (A) NO-CMC and (B) O-C. Four different types of chitosan biomaterials were analyzed, and the wavelengths ranged from
4000-400 cm*

The functional groups of NO-CMC (Figure 1A) and O-C (Figure 1B), which comprise 4 types of chitosan biomaterials,
were analyzed using FTIR. The functional groups of both chitosans were classified into 17 different specific groups of
atoms and bands within molecules that were particularly responsible for the structure and are involved in the
mechanical action of chitosan derivatives. The results of the IR spectra analysis of NO-CMC and O-C, which are
summarized in Table 1, were consistent with many of the previously reported studies. A broad absorption band and
strong stretch attributed to ~NH and -OH stretching vibrations were noticed at approximately 3360.10 cm™ for the NO-
CMCs. Meanwhile, for the O-C type of chitosan, double stretching of -NH and —OH were noticed at approximately
3347.57 cm™-3271 cm™. Hydrogen molecular bonding was also observed internally and externally in the chitosan
molecules. Based on the FTIR analysis, most functional groups are absent for the NO-CMC type of chitosans in
comparison to the O-C type. A sharp and intense peak occurred for all the tested biomaterials except for NO-CMC-GS
from approximately 1583.67 cm™to 1549.32 cm™, indicating the bending vibration of an amide I1 stretch. The intensity
of the carbonyl group was only noticed in the O-C group of chitosan as a peak at 1644.20 — 1633.69 cm™. Subsequently,
the C-O vibration in the primary OH group was recorded as the third highest peak within the range of 1057.43 cm™to



4 International Journal of Basic and Applied Sciences

1026.18 cm™. It is worth noting that many modifications have been done on the O-C type of chitosans, which contain
90% of the 17 types of functional groups listed in Table 1. The absorption bands detected within the 1407.11 cm™to
608.92 cm™ regions confirmed that all of the O-C group of chitosans had CH,, CH, and CH groups and 1° and 2° OH
groups attached to the pyranose ring, as well as oxygen atoms in ether groups.

Table 1: Shows the characteristic absorption bands in the FTIR Spectra of the O-C and NO-CMC groups, which comprise 4 different
types of chitosan biomaterials. The wavelength ranges were 4000-400 cm™. [v = vibration; ,m = asymmetrical; s, = Symmetrical;
pyranose = chemical structure that consists of a six-membered ring containing five carbon atoms and one oxygen atom; d=
deformation; O-H = hydrogen bond; NH & NHCO = peptide bond / amide; CH,= carbine / methylene C-H = carbon-hydrogen bond;
C-C = carbon-carbon; C=0 = carbon-oxygen; NHCOCH; = attached from the N to a benzene ring (C¢Hs); Amide = conjugate base of
ammonia; CH,OH = hydroxymethyl group; CH; = methyl group; NH; = Ammonia; C-O-C= hydroxyl group of chitosan; glycosidic
linkages = covalent linkages that join the carbohydrate molecules with another group; 2° = secondary; 1° = primary; out of plane =
type of bend that can be scissoring similar to blades / rocking, where two atoms actually move in the same direction]

Wavelength (cm™)

7% NO-
CMC & NO-
NG cMocs OCF PCS 0-CS 0-C 53
cMC
334757 335025 3348.73— 334538
1 v(O-H, N-H) stretch 336079 336010 05 017 o7n o6 o714
2 V*V(CHé)r(:EpCHon 2920.52 - 2028.04 2021.81 2024 45 2025.81
3 v(C-H) in pyranose ring - - 2881.57 2883.99 2882.31 2883.04
4 CN stretch 214499 213620 216353 - 2162.93 2162.88
5 v(CC) - - 2085.39 - - 2086.72
g  V(C=0)in NHCOCH; . . 164374 164420  1637.62  1633.69
group (Amide | band)
7 AmdelbLBSech ] 5e367 - 1557.97 1557.89 154480  1549.32
3
q(CH,) in CH,OH group ~ 1409.41 146681  1409.80 1410.10 1407.11 1407.71
9 Oﬁym(CHSL'rglEHCOCW 1321.80 : 137926 138030 138055  1384.00
10  d(C-H) in pyranose ring - - 1318.51 - 1321.02 -
Complex v(NHCO) group i
11 (Amide 11 band) 129492 126108 1260.66 1256.81 1257.43
12 Vey/asym (C-O-C) ; - 1151.21 1149.46 1151.40 1151.63
glycosidic linkage
13 v(C-O) in 2° OH group - 1075.12 - - 1067.15 1065.92
14  v(C-0)in1°OHgroup  1057.43 - 1030.29 1026.39 1025.01 1026.18
15  Pyranose ring skeletal(v) 898.84 - 9825923 4_ 895.47 898.10 897.10
16 d(NH) out of plane - - 650.26 649.18 648.66 650.26
17 d{OH) out of plane - - 611.20 608.92 618.34 617.03

3.2. SEM analysis

The scaffold morphology characterization of NO-CMCs was performed using SEM under magnification ranging from
1000x to 10000x. This analysis confirmed that both the modified 7% and 8% NO-CMC sponges, which appears light
yellow in color, have different pore sizes. The scaffolds composed layer-by-layer varied in size. Upon macroscopic
evaluation, the 8% NO-CMC seemed to be harder than the 7% NO-CMC, although the width (0.8 mm) of both sponges
was the same. NO-CMC-GS appeared light brown in color and was only 0.2 mm wide. A microscopic view showed that
the surface morphology of the gel-like NO-CMC appeared similar to sloppy fabric. Only thick curved lines in
asymmetrical positions were observed (Figure 2).
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Fig. 3: SEM images of each O-C type of chitosan biomaterials [(A) O-C, (B) O-C 53, (C) PCS, and (D) O-C-F]

The morphology of the O-C group of chitosans was characterized by SEM at a magnification power of 1000x. The
scaffold porosity and surface appearances of each type of O-C chitosan scaffolds were typically different in diameter,
distribution and orientation. OC-S and OC-53 were brown-like, sponge and powdered types of chitosans. The scaffold
view of the OC-S biomaterial shows that the layers were compiled in an orderly manner (Figure 3A). Conversely, the
scaffold layers for OC-53 were compiled in crowded positions because it is a powdery-type complex matrix (Figure
3B). The scaffolds of PCS biomaterial were in round oval shapes, interconnected with a thick fibrin-like surface
material. O-C-F resembled a clear view of a surface membrane without any pores. This film-formed biomaterial differs
from other type of O-C because it is made from a brown oily sheet-like material (Figure 3C & 3D).
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Fig. 4: Scaffold diameter for the 7% NO-CMC, 8% NO-CMC, NO-CMC-GS, O-CS, O-C 53, PCS, and O-C-F experimental groups were examined
by SEM. A comparison of the Scaffold Porosity (N=3) was analyzed and the data presented are the Mean + S.E.M

Based on the microscopic evaluation, we calculated the pore sizes for each of the chitosan biomaterials. The size of the
scaffold porosity highly influences the biocompatiblity and biodegradability of chitosan biomaterials. The highest level
of porosity was achieved by 7% NO-CMC (81 + 3.03 uM), which was 12.1% different compared to the O-CS group
(71.18 + 1.32 puM). The 8% NO-CMC and O-C 53 were recorded to have pores with approximately the same diameter
(63.78 £ 0.59 UM and 63.43 + 2.71 uM, respectively). The PCS biomaterial had the lowest level of porosity (only 51.75
+ 1.16 uM). The NO-CMC-GS and O-C-F did not have any pores or scaffolds and appeared as clear surface membranes
(Figure 4).
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4. Discussion

The development of chitosan-derived biomaterials and their unique properties of being biocompatible, biodegradable
and non-toxic have led to considerable attention being focused on their innovative use in modern medicine. Chitin with
a degree of deacetylation of 75% or above is generally known as chitosan [21]. Recently, many ongoing scientific
studies have investigated the modification of these chitosan biomaterials to yield polymer blends, which are constructed
with desired structures, mechanical properties and chemical characteristics [22]. Generally, the optimal chitosan
production comprises 4 major steps: deproteinization, demineralization, decolorization and deacetylation [23]. The
molecular weight and degree of deacetylation are the two important features influencing the characteristics of chitosan
biomaterials. The deacetylation process mainly involves the removal of acetyl groups from the molecular chains of
chitin, which leaves a complete amino group (-NH2). The versatility of chitosan depends highly on the chemically
reactive amino groups. In the present, we have investigated the physicochemical characterization of sponge, powder,
gel-sheet and film-type chitosan biomaterials. We have employed FTIR to analyze the functional groups and SEM to
examine the scaffold membrane properties of chitosan-derived biomaterials. IR spectroscopy is the most discussed
technique in the literature because it is simple to use and easy to calibrate. Regardless of the degree of acetylation, the
source, the availability or the solubility of the chitosan biopolymer, IR spectroscopy analysis aids in identifying the
chemical composition of modified chitosan biopolymers. In addition, calibration with different ratios of chitin and
chitosan representatives with their respective deacetylation values can be performed [24]. This FTIR analysis should
clearly give a linear relationship for the characteristic N-acetyl substitution band. FTIR spectra are usually recorded in
the middle IR, with a wavelength range of 4000-400 cm™, along with a resolution of 4 cm™ in the absorbance mode for
8 to 128 scans at room temperature [25]. In this study, the scans were performed with an average of 16 repeated scans at
a 4 cm™ scan resolution. The spectra were collected in continuous scan mode over a wavelength range of 4000-400 cm’
!, The absorption band and the significant peaks for each functional group of the chitosan biomaterials were classified
into 17 different groups, as shown in Table 1. We noticed broad absorption band and a strong single stretch attributed to
—NH and -OH stretching vibrations at approximately 3360.10 cm™ for NO-CMCs and double stretching of -NH and —
OH for the O-C group of chitosans at approximately 3347.57 cm™-3271 cm™. The presence of the methyl group in
NHCOCHj; the methylene group in CH,OH and the methyne group in the pyranose ring was shown by the
corresponding stretching vibrations for both groups of chitosans in the range of 2920.52 — 2881.57 cm™. The band
noticed at 1583.67 — 1544.80 cm™ was for all the tested chitosans except for NO-CMC-GS, which had a larger intensity,
indicating the presence of chitosan with effective deacetylation. The peak present at these points also suggested the
prevalence of NH, groups. The Amide | is engaged with the occurrences of internal hydrogen molecular bonds of the
type C=0...HN and the intramolecular hydrogel bonds, such as C=0...HOCH, [24,26-27]. A doublet mode of the
Amide | band exists in standard chitin models, which proves the increased levels of morphological arrangement or high
order crystallinity [17]. Our experimental results suggest that the second band (Amide I1) which was located at 1583.67
— 1544.80 cm™ interval, corresponds to trans-secondary amides, depending on the intermolecular levels associated
between the C=0 and N-H groups. The O-C group of chitosans showed absorption bands at the wavelength range of
1644.20 - 1633.69 cm™, which is a gradual shift in the C=0 peaks and was assigned to the N-H bending mode of the
NH, and amide | band, respectively [28]. The characteristic bands that occurred at amide | and Il represented the
presence of N-acetylation [29-30]. The absorption bands detected for the O-C group of chitosans were between 1407.11
cm™to 608.92 cm™, aregion that was found to be saturated, due to the distinct vibration modes of CH;, CH, and CH
groups and the 1° and 2° OH groups, which are attached to the pyranose ring, and the oxygen atoms in ether groups
[31]. We have noticed that, the functional groups presented in the O-C group of chitosans approximately mimic the
standard types of chitosan [17]. NO-CMC chitosan was found to be absent of many functional groups following
significant alterations and the deletion of chemical structures. In addition, upon modification, 7% NO-CMC was coated
with 0.45 mL of ovine collagen and in our recent research we have reported that collagen coated 7% NO-CMC are
capable of initiating platelet aggregation in vitro by expediting the hemostasis process [8]. In our previous studies, all
the examined biomaterials were found to exhibit significant outcomes towards hemostasis, platelet signaling and wound
healings. The scaffold properties and morphological views of the chitosan biomaterials characterized by SEM and
porosity size in mean + S.E.M. The porosity size is very important for cell proliferation and migration when cells are
seeded onto chitosan scaffolds because of cell-cell and cell-extracellular matrix interactions. The SEM analysis,
therefore, helps in analyzing the structure of chitosan scaffolds to assess their biocompatibility for improved
understanding of cell morphology, attachment, proliferation and viability. The SEM images showed microstructures
with well interconnected pores. The standard size of the chitosan scaffold obtained from shrimps was 4.50 + 0.40
millimeter (mm) in thickness and 24.2 + 1.0 mm in diameter. The pore size of the chitosan scaffold was 64 + 20 uM for
chitosan derived from the exoskeleton of shrimps. In our study, the mean diameter pores on the entire chitosan scaffold
ranged from 50 - 90 um. Polygonal pores and elongated pores were observed randomly in the chitosan samples. The
pore diameter of the scaffold is important for studying the biological properties such as biocompatibility and
biodegradability [32]. Based on the pore diameter values, the porosity of 7% NO-CMC was greater than all the other
modified chitosan biopolymers. Among them, PCS had the smallest pore diameter and NO-CMC-GS and O-C-F had no
pores at all. Because many studies have been successfully conducted and published using both NO-CMC and O-C
group, we truly believe that the pore size and the morphology are well accepted to assist in tissue engineering and in
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other pharmaceutical related fields. The scaffold pores are sufficient to allow for nutrients and cells to enter and to
encourage cell growth, cell migration, cytokine release and to discharge important metabolic products secreted from
cells and encourage oxygen permeability [5-6, 8, 15, 33]. For larger pore sizes, the ability to promote cell attachment
tends to decrease because of the complete removal of cells during the washing procedures [34]. Although NO-CMC-GS
and O-C-F were noted to be free of pores, they have been reported to be safe for use as wound healing biomaterials in
vivo. Both of these biomaterials tested negative for skin corrosion and irritation when evaluated in animal studies. In
addition, throughout the study, no remarkable clinical signs or symptoms during the treatment were attributed to the
adherence of NO-CMC-GS and O-C-F (unpublished source). Therefore, in the case of this scenario, the integration of
the functional groups, structure and the scaffold pore size of chitosan biomaterials typically influence the biological
responses. NO-CMC or O-C group of chitosan, which consist of compressive porous structures that are able to support
tissue and cell adherences via mechanical strength.

5. Conclusion

The relative properties of chitosan that was extracted from shrimp cells were determined. The functional groups and the
scaffold properties of NO-CMC and O-C groups of chitosan biomaterials are well pronounced and clearly elucidated in
this study. FTIR analysis confirmed that a large number of alterations were made in the NO-CMC group of chitosans.
Meanwhile, most of the bands observed in the O-C group can be generally found in a standard model of chitosan. Our
present study, however, makes several noteworthy contributions to a growing body of literature on the underlying
scaffold characteristics, specifically the pore size and distribution in NO-CMC and O-C. There is growing interest in the
chemical modification of chitosans to improve their solubility, absorption, degradation rate, porosity, toxicity level and
swelling ratio for better application in biopharmaceutical field. It is recommended that further experimental
investigations be undertaken to compare the NO-CMC and O-C groups of chitosans extracted from the exoskeletons of
crab and lobster. The obtained results should be compared with the significant outcomes of the present study, which
was done to characterize shrimp-extracted NO-CMC and O-C chitosan biomaterials.
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