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This study aims to investigate the oxidative degradation of chitosan to produce chitooligosaccharides (CHOS)
as a potential bioagent for biomaterials engineering. CHOS was produced via microwaved-assisted oxidative
degradation of chitosan by using hydrogen peroxide in an acidic aqueous solution. The effects of the H,0,
concentration, reaction time, microwave power, and reaction temperature on the degradation of chitosan were
investigated. Following optimization of these parameters, three soluble CHOS fractions CHOS 1 (4-8 kDa), CHOS
2 (3-5 kDa), and CHOS 3 (1-3 kDa) were synthesized and the physicochemical, structural, thermal properties
and water solubility were investigated. No significant structure alteration of the initial chitosan was detected by
Fourier transform infrared spectroscopy (FTIR), UV-vis, and nuclear magnetic resonance (NMR) analyses, making
our microwave-assisted oxidative degradation a valuable method for the production of CHOS. Interestingly, CHOS
fractions exhibited improved radical scavenging activities and antibacterial activities compared to the initial
chitosan. The half maximal effective concentration (ECs,) of the CHOS fractions were found to be in the range of
2.69-0.724 mg/mL significantly lower than the chitosan (7.75, mg/mL). Besides, the CHOS fractions exhibited
lower minimum inhibitory concentration (MIC; in the range of 62.5-500 pg/mL) compared to the initial chitosan
(>1000 pg/mL). Moreover, the 3T3-LI fibroblast cells treated with CHOS fractions exhibited more than 95%
viability after 48 h of culture. Cell migration and collagen production assays also showed the positive effect of
CHOS fractions, particularly CHOS 3. These results indicate that CHOS can be a promising bioactive agent in
biomedical applications, in particular for wound healing applications.

1. Introduction

Patients with chronic wounds such as venous leg ulcers, pressure ul-
cers, or foot ulcers not only suffer from pain but also are exposed to the
risk of severe infection and amputation [1]. There is an immense need
for smart biomaterials to address the acute inflammation and antibiotic-
resistant organisms in infected wounds [2]. Polysaccharides such as
chitin, chitosan, alginate, and hyaluronic acid, have been widely used
in the development of wound dressings due to their properties such as
cytocompatibility, and biodegradability [3,4]. Chitosan with inherent

antibacterial activity is one of the most cited polysaccharides for tissue
engineering and drug delivery applications [5-7]. However, poor sol-
ubility of chitosan at natural pH and high swelling in acidic solution
limits its biomedical applications [8].

Chitooligosaccharide (CHOS) is a depolymerized product of chitosan
which comprises both 1,4-linked D-glucosamine (GlcN) and partially
1,4-linked N-acetyl-d-glucosamine (GlcNAc) units [9]. Although CHOS
maintains the same chemical composition and structure as chitosan, it
is water-soluble and exhibits biological activities such as antibacterial,
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antioxidant, anti-inflammatory activity, and wound healing potential
compared to chitosan [10].

Different methods such as acid hydrolysis [11], gamma irradia-
tion [12,13], oxidative degradation [14], and enzymatic hydrolysis
[15] have been reported to produce CHOS from chitosan. Depending on
the initial chitosan, and the degradation conditions, all of these meth-
ods lead to the production of CHOS with different molecular weights
and degrees of acetylation and as a result, different physicochemical
and biological properties [16].

Oxidative degradation of chitosan by H,0O, has been widely investi-
gated due to its cost-effective process, high yield, and green chemistry
without chemical residue and environmental issues [17]. However, the
free radicals which are produced by H,O, are not adequately efficient
to convert chitosan to CHOS [17]. Several techniques such as gamma ir-
radiation [18], plasma treatment [19], acid hydrolysis [20], enzymatic
treatment [21], and chemical catalyst [22] can be combined with H,0,
to improve the chitosan degradation rate by increasing the concentra-
tion of radicals.

The microwave irradiation method is widely used in organic syn-
thesis as a convenient source of heating with several advantages such
as simple, clean, fast, efficient, and economic features for large-scale
organic synthesis [23,24].

Although several studies reported the acceleration of chitosan oxida-
tive degradation by using microwave irradiation assistance [14,25,26],
the physiochemical properties of CHOS produced via oxidative degra-
dation and its biological activities have not yet been reported. In the
present work, the effect of hydrogen peroxide concentration, reaction
time, microwave power, and reaction temperature on the microwave-
assisted oxidative degradation of chitosan was studied. Then the phys-
iochemical and biological activities of the obtained CHOS fractions with
distinct average molecular weights were characterized. Two different
viscometric techniques, rheometer on a chip, and rolling ball viscome-
ters, were used to measure the molecular weight of CHOS. Physiochemi-
cal properties of CHOS such as chemical structure, degree of acetylation,
crystallinity, and thermal properties were evaluated. In addition, biolog-
ical activities of three CHOS fractions were monitored, including their
antioxidant and antibacterial activities, their effects on cell viability,
wound healing and collagen production.

2. Material and method
2.1. Materials and reagents

Chitosan from shrimp shells with a degree of deacetylation (DD)
of a minimum of 75% was purchased from Sigma-Aldrich (St. Louis,
MO, USA); DD was measured in the present study by 'H NMR analy-
sis and found to be about 90% (vide infra). Acetic acid (100%), hydro-
gen peroxide (H,0,) (30%), 3-(Trimethylsilyl)-1-propanesulfonic acid
sodium salt (DSS) and Trypan blue powder were purchased from Merck
Sigma-Aldrich (St Louis, MO, USA). Deuterium oxide (D,0) and tri-
fluoroacetic acid-d (CF3COOD) were purchased from Eurisotop (Saint-
Aubin, France). 3-(Trimethylsilyl)-1-propanesulfonic acid sodium salt
(DSS) was purchased from Merck Sigma-Aldrich. Ethanol absolute (99%
+) and Cell Tracker Blue CMAC (7-amino-4-Chloromethylcoumarin)
were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
DPPH reagent was bought from Dojindo Laboratories (Kumamoto,
Japan).

2.2. Microwave-assisted Chitooligosaccharide (CHOS) production

500 mg of chitosan powder was dissolved in 50 mL of 2% v/v acetic
acid aqueous solution. H,0, was added to this 1% wt chitosan solution
and the mixture was treated by microwave irradiation under isother-
mal conditions (CEM Corporation Mars 5, Matthews, NC, USA). After
microwave treatment, the reaction medium was cooled down to room
temperature and neutralized by 5 M NaOH. Ethanol (250 mL) was then
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used to precipitate the sample. The light brown powder was collected by
centrifugation at 4000 g for 10 min. Finally, the samples were freeze-
dried at —80 °C for 24 h and stored at 4 °C. The effects of the H,O,
concentration (0.1, 0.3, 0.5, 1, 2, 3 and 4% v/v), maximum microwave
power (400, 600, 800 and 1000 W), reaction temperature (50, 60, 70,
80, 90 and 100 °C) and reaction time (5, 10, 15, 20, 30, 40, 50, 60 and
70 min) were evaluated. In the following, the samples referred to as
CHOS 1, CHOS 2 and CHOS 3 were obtained using 2% H,0,, 800 W,
80 °C and a reaction time of 5, 10, and 20 min, respectively.

2.3. Molecular weight determination of CHOS

The viscosity-average molecular weight of CHOS was determined by
two different intrinsic viscosity determination methods, a rheometer on
a chip viscometer and a rolling-ball viscometer. The viscosity-average
molecular weight was calculated by the Mark-Houwink equation [27]:

] =KM* 1

where k and a are Mark-Houwink constants, and for the buffer solution
(0.2 M acetic acid/0.1 M sodium acetate) and chitosan system (degree
of deacetylation 90%) at 25 °C are 6.589 x 10~3 and 0.88, respectively
[27].

2.3.1. Intrinsic viscosity measurement with a rheometer on a chip
viscometer

The measurements were performed with a m-VROC™ viscome-
ter (RheoSense, San Ramon, CA) following previous reports [28, 29].
Freeze-dried samples were dissolved in 0.2 M acetic acid/0.1 M sodium
acetate buffer with different concentrations (5-25 g/L). Measurements
were performed in triplicate at 25 °C and viscosity was measured at five
different concentrations (5-25 g/L) for a given molecular weight. Rel-
ative viscosity, n, = n/ns, was calculated from the measured solution
viscosity #, and the solvent viscosity, 5, followed by specific viscosity
(nsp = ny — 1). Intrinsic viscosity was calculated by linear extrapolation
to zero concentration (¢ = 0) of reduced viscosity, #yq = 715p/C, and in-
herent viscosity, n;,, = In #,/c following the Huggins equation.

2.3.2. Intrinsic viscosity measurement with a Rolling-ball viscometer

The measurements were performed using a Lovis 2000 M/ME
Rolling-ball viscometer (Anton Paar GmbH, Germany) equipped with
a glass capillary with a radius of 1.59 mm and a steel ball with a radius
of 1.5 mm at an angle of 30°. Viscosity was measured at five concen-
trations (5-25 g/L) in the range of 5-25 g/L by plotting the measured
reduced viscosity #,.q against the polymer concentration and using the
Huggins equation.

2.4. Physicochemical characterization of CHOS

TH and '3C NMR analyses of the native chitosan and CHOS frac-
tions were performed at 25 °C using a JEOL JNM-ECZ600R/S3 spec-
trometer operating at 14.1 T (600.17 MHz for 'H and 150.91 MHz for
13C) equipped with a double resonance ROYAL™ probe. Samples were
dissolved in 2% CF;COOD/D,0 (v/v) at a concentration of 10 mg/mL
for TH NMR and 50 mg/mL for '3C NMR. The 'H NMR spectra were
recorded using a spectral width of about 20.0 ppm centred at 5.00 ppm,
4 s relaxation delay, 2.5 ps high-power RF pulse width (flip angle of
30°), 2.2 s acquisition time, and 256 scans. Proton-decoupled 13C NMR
spectra were recorded using a spectral width of about 250 ppm cen-
tred at 100.0 ppm, 3 s relaxation delay, 3.9 us high-power RF pulse
width (flip angle of 30°), 0.7 s acquisition time, 20,000 scans for the
initial chitosan and 5000 scans for the CHOS fractions. Processing was
performed using MestReNova 14.1.2-25024. It comprised zero-filling
(total of 128k points), exponential apodization (line broadening factor
Ib = 1 Hz for 'H and 2 Hz for 13C) and Fourier transform of the free
induction decay, followed by phase correction, baseline correction and
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chemical shift referencing of the spectrum. The 'H spectra were refer-
enced to the trimethylsilyl signal of DSS (6 = 0.00 ppm) using ethanol as
secondary internal reference (§ CHy = 1.17 ppm). The 13C spectra were
referenced with respect to the CH; signal of ethanol (6§ = 17.47 ppm)
using CF;COOD as secondary internal reference (6 CF; = 116.9 ppm)
[30]. The degree of acetylation was determined by 'H NMR using the
following equation [31]:

DA (%) = [(% XICHs)/(é szZ,Hﬁ)] x 100 @)

where Icys is the integral of the methyl signal of the N-acetyl-D-
glucosamine units (H7 at 2.06 ppm, see Fig 3a) and Iy, 6 Stands for the
total integral of the H2, H3, H4, H5 and H6 signals of both the acety-
lated and deacetylated units (region from about 3.0 to 4.5 ppm). The
integral measurements were corrected for residual acetic acid and/or
ethanol when necessary.

UV-vis spectra of samples were performed using a LAMBDA™
25/35 Series UV/vis PerkinElmer spectrophotometer, in the range of
200-400 nm to investigate the effect of degradation parameters on the
degradation of chitosan.

Fourier transform infrared spectroscopy (FT-IR; Bruker Vertex 70)
was used to identify the functional groups of the CHOS fractions. The
freeze-dried samples were mixed with KBr and pressed into a pellet for
FTIR analysis over the region 400-4000 cm™! with 32 scans referenced
against air.

X-ray diffraction (XRD) patterns for investigating the distribution of
the crystal structure in CHOS matrix were performed with an X-Ray
Diffractometer (XRD; Bruker ecoD8 advance) in the range of 5°<26<70°
with Cu Ka irradiation (k = 0.154060 nm) at 40 kV and 25 mhA. The
scanning rate was 1.2°/min with a step size of 0.019 and scan step time
of 96.00 s.

The thermal properties of chitosan and CHOS fractions were investi-
gated by differential scanning calorimetric (DSC) and thermogravimet-
ric analysis (TGA-DTA) analysis. TGA-DTA of samples was performed
using a TA instrument (Netzsch STA 409 PC coupled with Netzsch QMS
403C). The samples (50 mg) were heated from 30 °C to 600 °C at
10 °C/min heating rate under nitrogen flow (60 mL/min). DSC was car-
ried out using a Mettler Toledo DSC 821 in 30-400 °C in an inert nitrogen
environment with a heating rate of 10 °C/min with an empty reference
pan. The enthalpy (H in J/g dry weight), and onset (T,), peak enthalpy
(Tp), and end-set (T,) temperatures, were measured automatically with
TA 60 WS detector.

2.5. Water solubility

The water solubility of initial chitosan and CHOS fractions was eval-
uated by gross observation and turbidity assay according to a method
previously described [32]. The pre-weighed samples were dissolved in
deionized water at 10:1 (w/v) at pH 7.4. After 10 min of vortexing, the
mixture was centrifuged at 10000 g for 10 min to check if the samples
were dissolved. Furthermore, turbidity assay was used to determine the
water solubility of the fractions over the pH range of 4-12. Briefly, sam-
ples (200 mg) were dissolved in 20 mL of acetic acid solution (1%) and
the pH was adjusted to 4 by 1 mol/L NaOH. The light transmittance
of the solution was determined by the stepwise addition of 0.1 mol/L
NaOH, using the UV/vis spectrophotometer with an optical path length
of 1 cm at 600 nm.

2.6. Antioxidant activity

The antioxidant activity of the chitosan and the CHOS fractions
was investigated by DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) rad-
ical scavenging assay according to a previously reported method [33].
Briefly, 0.1 M DPPH solution was prepared in ethanol (99%) and mixed
with the samples at various concentrations (0.1-10 mg/mL). The mix-
ture was incubated at room temperature for 30 min, followed by mea-
suring the absorbance at 517 nm. The radical scavenging activity was
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determined by using the following equation:
Radical scavenging activity (%) = [1 — (A_s/A_c)] x 100 3)

where A and A¢ are the absorbances of the control (solvent: acetic acid
1%), and the absorbance of the sample, respectively. Besides, the ECs,
of the samples was calculated by interpolation using linear regression
analysis.

2.7. Antibacterial activity

Gram-negative bacteria including Escherichia coli ATCC 27195, Pseu-
domonas aeruginosa ATCC 15692, and Serratia odorifera and Gram-
positive bacteria including Staphylococcus aureus ATCC 25923, Staphy-
lococcus epidermidis ATCC 14990, and a yeast, candida albicans IHEM
3337 were chosen to study the antibacterial activity of CHOS fraction. A
single-cell colony of freshly cultured bacteria was taken and inoculated
in Muller-Hinton (M-H) broth. Bacteria suspensions in M-H broth were
incubated at 37°C to obtain an absorbance value corresponding to 0.5
McFarland equivalent turbidity standard (108 CFU/mL). 106 CFU/mL
bacteria suspensions were prepared as the inoculum. Sterile chitosan
and CHOS fractions solutions (2 mg/mL) were prepared in M-H Broth
medium by filtration using sterile 0.22 um pore size membranes (Milli-
pore Corporation, IL, USA) . Various concentrations of samples (2000-
2 pg/mL) were tested by 2-fold serial dilution in 96 well plates, and the
minimum inhibitory concentration (MIC) was determined via turbidity
assay by measuring the absorbance at 620 nm after 24 h of incubation
at 37 °C. All experiments were carried out in triplicates.

Furthermore, the disk diffusion method was used to evaluate the
antibacterial activity of chitosan and CHOS fractions according to
the method previously described [34]. 100 uL of bacterial cells (107
CFU/mL) were spread on Muller-Hinton agar plate. Then, a sterilized
filter disk paper (0.4 cm) was located on the inoculated agar and treated
with 60 pL of samples. The antibacterial activity was evaluated based
on the diameter of the clear zone of growth inhabitation in comparison
with the control (solvent: acetic acid 1%)

2.8. Cell culture

Fibroblasts 3T3-L1, received from Dr. 1. Pirson [35] were grown in
full culture media i.e., high glucose DMEM supplemented with 10% fetal
calf serum (FCS), 200 U/mL penicillin, 200 U/mL streptomycin under a
humidified atmosphere containing 5% CO,.

2.9. Cell viability

The cell viability of 3T3-L1 was investigated by trypan blue assay
based on a previously described method with some modification [36].
Briefly, 3T3-L1 cells were seeded at a density of 10> cell/well on 24
well plates and treated the next day with various concentrations (62.5—
1000 pg/mL) of the initial chitosan and CHOS fractions. After 48 h of
treatment, the cells were trypsinized and mixed with trypan blue dye
(1:1). Cell viability was determined by measuring the number of live and
dead cells by using a TC20 cell counter (BioRad, Hercules, CA, USA).

2.10. Wound healing assay

3T3-L1 cells were seeded at a cell density of 230,000 cells/well in a
culture medium containing 10% FCS. using culture-insert 2 wells (Ibidi,
Gréfelfing, Germany) with a defined cell-free gap (500 pm + 50 pm)
and well area of 0.22 cm?. The next day, cells were incubated for 24 h
with a culture medium containing 0.1% FCS. Then, cells were incu-
bated for 60 min in a cell incubator with 10 uM of cell blue tracker
(Thermofisher, Waltham, MA, USA) in a cell culture medium contain-
ing 0.1% FCS and washed 2 times with cell culture medium containing
0.1% FCS. Finally, the culture inserts were removed, and the cells were
treated with cell culture media containing 0.1% FCS and in the absence
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(control) or 1 mg/mL of each CHOS fractions. Three replicates were per-
formed for each condition. Digital pictures were taken at 0, 24, and 48 h
after removing the inserts. Images were analyzed to assess the width of
the remaining cell-free gap

2.11. Collagen determination assay

3T3-L1 cells were seeded at a cell density of 2 x 10° cell/well in 6
well plates [37] and treated the next day for 72 h without (control) or
with 1 mg/mL of initial chitosan or CHOS fractions. The content of sol-
uble collagen in the cell supernatant was determined using a collagen
assay kit (MAK322, Sigma Aldrich, St. Louis, MO, USA) as previously
described [38]. In brief, 30 uL of master reaction mix containing assay
buffer and digestion enzyme were mixed with 20 pL of samples and in-
cubated for 1 h at 37 °C in black flat bottom 96 well plates. Then, 40 pL
of dye reagent was added to all wells, following by incubation at 37 °C
for 10 min. Finally, 8 puL of the developer reagent was added to all wells
and incubated at 37 °C for 10 min. The fluorescence of the wells was
read at Aoy = 375/ ¢y = 465 nm using a multimode microplate reader
(Mithras Lb 940, Berthold Technologies, Bad Wildbad, Germany). A col-
lagen standard curve (0-50 pg/ml range) was used for the determina-
tion of soluble collagen present in cell culture supernatant samples. All
experiments were carried out in triplicate.

2.12. Statistical analysis

Values are expressed as means + standard error of the mean (SEM).
GraphPad Prism 8 (GraphPad Software Inc.) was used to perform statis-
tical analyses by using two-way ANOVA followed by Bonferroni’s post
hoc test. P-values were calculated and p < 0.05 was considered statisti-
cally significant. Wherever significance has been proven, it is indicated
by *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001.

3. Result and discussion

3.1. Synergistic degradation of chitosan by microwave irradiation and
hydrogen peroxide

Oxidative degradation of chitosan by H,O, is one of the most ap-
plicable approaches to obtained lower molecular weight chitosan [39].
The radical reaction has a prominent role in the oxidative degradation of
chitosan. During this process hydrogen peroxide (H,0,) is decomposed
to cationic hydrogen (H*) and a perhydroxyl anion (HOO™).

H,0, = H* + HOO~ ()
H,0, + HOO~ - HO® + 0,~* + H,0 (5)

The unstable perhydroxyl anion (HOO™) reacts with H,O, to form
the highly reactive hydroxyl radical (HO®) and superoxide anion (O,~*)
that are powerful oxidants. These strong oxidants can attack the glyco-
sidic bond of chitosan resulting in the scission of the chitosan chain
and subsequently lowering the molecular weight of chitosan. The main
degradation reaction of chitosan by the reaction with the hydroxyl rad-
ical (HO®) is attributed to the abstraction of carbon-bound hydrogen in
the following equations:

(GIeN), - GleN - O - GleN - (GclN)y + HO® — (GlcN),- GleN - O -
*GleN - (GleN), + H,0 (6)

(GleN), - *GleN - O - GleN - (GeIN), + H,0 — (GleN), + (GelN)(7)

The strong hydroxyl radical (HO®) attacks the glycosidic bonds of
chitosan and results in the scission of the glycosidic linkages to form
chitooligosaccharides (CHOS) (Egs. (6) and (7)).

Moreover, the degree of acetylation (AD) of chitosan can affect its ox-
idative degradation rate. Chitosan with more free amine groups (higher
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DD) is more susceptible to the reaction between NH, with H,O, to break
down the chitosan chain [17].

Microwave irradiation can assist the reaction through a dipolar po-
larization of polar particles and ionic conduction, which leads to heat
generation and results in the acceleration of the chemical reaction [23].
Indeed, migration and rotation of particles-induced by microwave lead
to the polarization of a particle, and the subsequent lag of this polariza-
tion and increasing the reversal field of the microwave results in friction
among molecules and thus heat generation [40]. This heating is known
as the "inside heating" due to the transition from the static to the dy-
namic state inside the molecule. Microwave irradiation can accelerate
the chemical reactions up to 1240 times compared to traditional meth-
ods such as conventional heating [14].

Hence, the reaction activity of polar bonds can be increased through
the absorption of microwave energy which accelerates the rate of break-
ing down of C—O-C glycosidic bond. It has been reported that oxidiz-
ing degradation of chitosan under microwave conditions had a signif-
icantly higher yield (reducing molecular weight) compared to conven-
tional thermal degradation [26].

3.2. Effect of degradation parameters on chitosan degradation

3.2.1. Effect of H,0, concentration on degradation

Various concentrations of H,0, (0, 0.1, 0.3, 0.5, 1, 2, 3, 4%) were
used to investigate their effects on the degradation of chitosan while
the temperature, time, and microwave power were 80 °C, 20 min, and
800 W, respectively. Fig. 1a shows the effect of various H,0, concentra-
tions on the M, of degraded chitosan. With increasing the concentration
of H,0, from 0.1% to 1%, the degradation rate of the chitosan increased
and the samples’ M, decreased significantly from 6-11 kDa to 1-2 kDa.

However, a plateau was reached in the M, with H,0, concentration
superior to 1%, which indicates that the presence of 1% H,0, can pro-
duce enough radicals to degrade the chitosan. The result is consistent
with the result reported by Li et al. [26]; however, the minimum H,0,
amount for reaching this plateau in the molecular weight depends on
the source, the degree of acetylation of the initial chitosan, as well as
the method of degradation. For example, Li et al. reported 0.3% H,O,
to reach the plateau for molecular weight by the microwave-assisted
oxidative degradation of chitosan. However, in another study, Li et al.
reported that increasing the H,0, concentration to 3% consistently de-
creased the molecular weight of chitosan after degradation by conven-
tional heating method [21] probably due to the lack of sufficient hy-
droxyl radicals compared to the microwave method indicating the ben-
eficial effect of the microwave method in lowering the amount H,O, for
the same result.

Moreover, the degradation process of the chitosan by different con-
centrations of H,O, was monitored by UV-vis spectrometry (Fig 1b).
The UV spectra of samples indicated that the samples showed a broad
peak between 250 and 280 nm after the degradation that was intensi-
fied with increasing H,0, concentrations up to 1%. This could be due
to the browning reaction during the degradation or generation of side
reactions such as polysaccharide ring-opening, presence of aldehyde or
carboxylic group [12,41]. However, H,0, concentrations above 1% re-
duced the intensification of the peak, which is due to a prompt reduction
in the darkness of hydrolysate due to the bleaching effect of H,O, [21].
Although H,0, concentrations superior to 2% could be desirable due to
its bleaching effect, the removal of residual H,O, could be challenging.
Hence, a H,0, concentration of 2% was chosen for CHOS production to
avoid the browning reaction.

3.2.2. Effect of reaction time on degradation

The effect of different reaction times (5-70 min) on the degradation
of chitosan was investigated using H,O, concentration, temperature,
and power of 1%, 80 °C, and 800 W during the microwave degradation,
respectively.
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Fig. 1. (a) Effect of H,0, concentration (%) on the viscosity average molecular weight of degraded chitosan, (b) UV-vis spectrometric scan of chitosan and degraded
chitosan with different content of H,0,, (c) Effect of reaction time on the molecular weight of degraded chitosan, (d) UV-vis spectrometric scan of chitosan and
degraded chitosan with different reaction times, (e) Effect of temperature on the molecular weight of degraded chitosan, (f) UV-vis spectrometric scan of chitosan
and degraded chitosan with different degradation temperatures, (g) Effect of microwave power (W) on the molecular weight of degraded chitosan, (h) UV-vis
spectrometric scan of chitosan and degraded chitosan with different microwave power (W).
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Fig. 1c demonstrates the effect of time of degradation on the M,
of degraded chitosan. Increasing the reaction time from 5 to 70 min
enhanced the degradation rate especially in the first 30 min and M,
decreased from 4-8 to 1-2 kDa. Indeed, increasing the reaction time
up to 30 min significantly decreased the M, of degraded chitosan to 2—
3 kDa. However, continuing the process beyond 30 min did not have
any significant effect in lowering the M,.

Moreover, the effect of reaction time on the degradation process of
chitosan was evaluated by UV-vis spectrometry (Fig 1d). The UV spectra
of degraded chitosan with different reaction times showed that increas-
ing the reaction time from 5 to 70 min intensified the peak between
250 and 280 nm, particularly after 20 min of degradation, indicating
that further degradation of chitosan may lead to generating side reac-
tions such as browning, ring-opening, and generation of carboxyl and
aldehyde groups. However, up to 20 min degradation, there was not
a significant difference in the UV spectrum with the initial chitosan.
Hence, a lower reaction time inferior to 20 min is more favorable for
CHOS production while maintaining the chemical structure of chitosan.
Therefore, three different reaction times (5, 10, and 20 min) were cho-
sen for CHOS production.

3.2.3. Effect of temperature on degradation of chitosan

The effect of different temperatures (50-100 °C) on the degradation
of chitosan was investigated (Fig 1e and f) while other degradation pa-
rameters such as reaction time, H,O, concentration, and microwave
power were 20 min, 1%, and 800 W, respectively. Increasing the tem-
perature from 50 to 100 °C, reduced the M, of the degraded chitosan
from 4-8 kDa to 2-3 kDa (Fig 1e).

Indeed, increasing the temperature from 50 to 100 °C enhanced the
deprotonation of amino groups and the formation of oxidizing species,
which leads to more degradation of chitosan [21,42]. However, a tem-
perature above 80 °C induces a secondary reaction and intensifies the
dark color of the hydrolysate, indicating the induction of a browning
reaction. UV-vis spectra of the samples (Fig 1f) showed that increas-
ing temperatures intensified a broad peak between 250 and 280 nm
attributed to the browning reaction, which can be attributed to side re-
actions such as the ring-opening of polysaccharides ring and generating
carboxylic acid and aldehyde groups in the later stage degradation of
chitosan [43]. The broad peak occurring between 250 and 280 nm could
be due to the presence of C=0 bonds formed after the main chain scis-
sion of chitosan attributed to the ring-opening reaction [41]. However,
the results revealed that there was no significant difference between the
UV spectrum of the degraded and initial chitosan when the degradation
temperature was below 80 °C. Therefore, 80 °C was used to produce
CHOS fractions.

3.2.4. Effect of microwave power on the degradation of chitosan

The effect of microwave power on the M, and chemical structure
of chitosan after degradation was investigated (Fig. 1g and h). Different
microwave powers (400, 600, 800, and 1000 W) were applied, while the
temperature, time, and H,O, concentration used were 80 °C, 20 min,
and 1%, respectively.

Among the different degradation parameters such as time, tempera-
ture and H,O, concentration, the microwave power showed a less reduc-
tion of the M, of degraded chitosan. Given that pre-adjusted maximum
microwave power was only constant until the samples reached the fixed
temperature, then the power decreased to 10-15% of the adjusted power
to keep the temperature constant. However, increasing the microwave
power from 400 to 1000 W, slightly reduced the M, from 2-4 kDa to
1-2 kDa. Moreover, like other parameters, increasing the microwave
power intensified the peak between 250 and 280 nm indicating the in-
crement of browning reactions (Fig 1h). Based on the M, results and UV
spectra, microwave power of 800 W was chosen for the CHOS fractions
production.

Chemical Engineering Journal Advances 7 (2021) 100113
3.3. Molecular weight determination

Viscosity average molecular weight (M) of CHOS was measured via
calculating the intrinsic viscosity based on the Huggins equation [44],
and subsequently using the Mark-Houwink equation to measure the M,.
Two different techniques were used to measure the intrinsic viscosity: a
rheometer on a chip viscometer and a rolling-ball viscometer.

The M, measured with a rheometer on a chip viscometer were
two times higher compared to the results of the rolling-ball viscome-
ter (Fig. 1a, c, e, and g). For example, the M, at 5 min of degradation
(Fig 1c) was 4 kDa measured with a rolling-ball viscometer and 9.2 kDa
by a rheometer on a chip viscometer. This difference between the M,
is referred to as the difference in the measured intrinsic viscosity and
probably could be due to different viscosity measurement principles of
the rheometer on a chip viscometer and rolling-ball viscometer.

The viscosity measurement principle of rolling-ball viscometer is
similar to the glass capillary viscometers, such as Ubbelohde and Ost-
wald viscometer, with the difference that it is possible to change the
capillary tube angle enabling the viscometer to determine the vis-
cosity of the solution with non-newton flow behavior like a chitosan
solution. In a rolling-ball viscometer, a ball rolls through a liquid-
filled capillary that is inclined at a defined angle. Three inductive sen-
sors measure the ball’s rolling time through liquids between defined
marks and the liquid’s viscosity is directly proportional to the rolling
time.

The rheometer on a chip viscometer is a dynamic micro-sample vis-
cometer that contains a measuring cell that reads the viscosity at a spe-
cific shear rate by measuring the pressure drop as a test liquid flows
through its rectangular slit microfluidic channel. The rheometer on a
chip viscometer measures the dynamic viscosity of the solvent and the
polymer solution. The relative viscosity required for calculating intrinsic
viscosity can be calculated through the proportion of solution viscosity
to the solvent viscosity.

The dynamic viscosity of a polymer is influenced by its rheological
behavior at different shear rates. Chitosan solution shows shear thinning
behavior that can be affected by its concentration, molecular weight,
ionic strength, and the temperature of the solution [45]. A chitosan so-
lution with a higher concentration or a solution with higher molecular
weights shows a different constant zero shear viscosity region as well
as a different shear rate dependent apparent viscosity in comparison to
a lower molecular weights chitosan solution. For example, Chao et al.
reported a power-law relationship with chitosan concentration, and the
zero shear viscosity region i.e. 5 ~ C*1 [45]. Furthermore, Luo et al.
investigated the rheological properties of four different chitosan with
different molecular weights that ranged from 162 to 39 kDa [46]. The
high molecular weights chitosan (162 kDa) showed a higher viscosity
reduction with increasing the shear rate from 0.1 to 1000 1/s compared
to lower molecular weight chitosan, indicating the effect of chitosan
molecular weight, conformation, and structural flexibility on its appar-
ent viscosity [47].

The difference between the M, results derived from the intrinsic
viscosity determination using a rheometer on a chip viscometer and a
rolling-ball viscometer could be attributed to the molecular weight de-
pendent shear thinning behavior of chitosan solution which can affect
the viscosity results. Hence, rolling-ball viscometers with the ability to
adjust the capillary angle are more favorable to measure the intrinsic
viscosity of non-Newtonian fluids.

The M, of CHOS 1, CHOS 2, and CHOS 3 (obtained following 5-, 10-,
and 20-min reaction time) were 4.1, 2.85, and 1,65 kDa, respectively,
measured by the rolling-ball viscometer. While, by using the rheometer
on a chip viscometer, 8.46, 4.76, and 2.4 kDa were obtained for CHOS 1,
CHOS 2, and CHOS 3 fractions, respectively. Based on M, data obtained
with both methods, the M, range of CHOS 1, CHOS 2, and CHOS 3 were
respectively 4-8 kDa, 3-5 kDa, and 1-3 kDa.
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Fig. 2. Structural analysis of CHOS fractions with different molecular weights, CHOS 1 (4-8 kDa), CHOS 2 (3-5 kDa), CHOS 3 (1-3 kDa), (a) FTIR spectra of initial
chitosan and CHOS fractions, (b) UV-vis spectra of initial chitosan and CHOS fractions, (c) X-ray diffraction pattern of initial chitosan and CHOS fractions.

3.4. FTIR and UV-vis analysis

FTIR spectra of the chitosan CHOS fractions exhibited a similar spec-
trum compared to the initial chitosan (Fig 2a), indicating that the main
structure of the polymer has remained intact. A strong, broad peak cen-
tered around 3350-3400 cm™! is assigned to both the N-H stretching
and O-H stretching vibrations. Characteristic peaks at around 2920 and
2880 cm~! are assigned to the C-H symmetric and asymmetric stretch-
ing, respectively which are characteristics typical of polysaccharides
[48].

The peaks at around 1645 and 1320 cm~! are attributed to the
C=0 stretching of amide I, and C-N stretching of amide III), respec-
tively, which confirmed the presence of N-acetyl groups. Moreover, the
characteristic peaks between 1158 and 895 cm~! and a sharp peak at
around 1378 cm™! are attributed to the polysaccharide structure, and

C-H bending and C-H stretching, respectively [49]. However, the ap-
pearance of new bands for carboxylic or aldehyde groups between 1650
and 1900 cm~! in the CHOS spectra, cannot be observed reliably be-
cause of the presence of other peaks in this region, which might mask
small peaks of the aldehyde or carboxylic side products. This means
that further complementary analysis using i.e., NMR spectroscopy (see
Section 3.6) is needed to conclude about the presence of aldehyde or
carboxylic acid side products.

Furthermore, the UV-vis spectra of initial chitosan and CHOS frac-
tions were investigated to check the A_,, changes (Fig 2b). Both chi-
tosan and CHOS fractions exhibited a similar UV spectrum although
an insignificant broad peak was observed around 250-280 nm for the
CHOS fractions which can be due to the slight change in the color of the
samples. FTIR and UV-vis results indicate that the microwave-assisted
oxidative chitosan degradation does not lead to the ring-opening
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oxidation of glucosamine repeating units and the C-O-C glycosidic
bond.

3.5. X-ray crystallography of the CHOS fractions

The X-ray diffraction patterns of initial chitosan and CHOS fractions
are shown in Fig. 2c. The initial chitosan pattern demonstrated two char-
acteristic peaks at 20 = 10. 9° and 20.11°, which are attributed to the
(020) and (110) reflection [50]. The peak at (110) assigned to the I crys-
tal form of chitosan, which is orthorhombic with a unit cell of a =7.76 A,
b=10.91 A, and ¢ = 10.30 A, and (020) is attributed to II crystal form
of chitosan [17]. After the degradation, the intensity of characteristic
peaks at 20 = 20.11° was lower than the chitosan, and the intensity was
further decreased when the reaction time increased from 5 (CHOS 1)
to 20 min (CHOS 3). The characteristic peak at 260 = 10. 9° completely
disappeared for the CHOS fractions indicating the amorphous structure
of CHOS. However, CHOS 1 showed a small peak at 20 = 15. 29° that
could be due to the presence of the crystalline region because of the
short time (5 min) of degradation.

During the degradation, first amorphous regions undergo depoly-
merization followed by the crystalline region [51]. In fact, in the crys-
talline region, first, the depolymerization was carried out at the surface
of chitosan powder. After the depolymerization of the outer layer, the
soluble layer is peeled off, and the depolymerization can proceed in
the next layer [51]. Hence, first, the amorphous regions depolymerized
and dissolved in water, and further depolymerization occurs in the crys-
talline parts leading to a decrease in the crystallinity. The depolymeriza-
tion in the amorphous regions occurred by the penetrating pattern while
the peeling-off pattern is responsible for the depolymerization crystal
regions.

Hence, the presence of only a decreased peak at 260 = 20.11° for the
CHOS fractions, indicates further depolymerization of the crystalline re-
gions of the CHOS fractions. Our result showed (Fig 2c) that microwave
irradiation enhanced the degradation of chitosan so that even after 5
min of degradation, the crystalline regions of chitosan were completely
depolymerized and resulted in water-soluble amorphous CHOS.

3.6. NMR analyses

'H NMR and '3C NMR analyses were performed to determine the
degree of acetylation and investigate possible structural changes of chi-
tosan following oxidative degradation. Compared to the spectrum of chi-
tosan, the 'H NMR signals of the CHOS fractions are less broadened,
which is consistent with a lower average molecular weight (Fig 3a).
Based on Eq. (2) the degree of deacetylation of chitosan was determined

to be 89.6%. The corresponding DD values measured for the CHOS frac-
tions are not significantly different (Table 2), indicating that the oxida-
tive degradation of chitosan does not affect this structural parameter.
The 13C NMR signals of chitosan show extensive broadening and, con-
sequently, the signals of the acetyl groups are below the detection limit
(Fig 3b). Because of lower molecular weight of CHOS compared to the
chitosan, the signals of the CHOS fractions are sharper and the acetyl
signals are observed (C7 and C8). A similar 13C NMR signature was
obtained for the three CHOS fractions and no signal ascribable to alde-
hyde or carboxylic groups was detected. This strongly suggests that side
reactions such as polysaccharide ring-opening are not significant, the
skeleton of chitosan remaining unaffected [21].

3.7. Thermal properties

3.7.1. DSC analysis

The thermal properties of the initial chitosan and CHOS fractions
were investigated by DSC and TGA analysis (Fig 4). DSC analysis ex-
hibited two distinctive degradation steps for the chitosan and CHOS
fractions (Fig 4a). In the chitosan and CHOS, the first and second en-
dothermic peaks can be attributed to moisture loss and saccharide ring
degradation, respectively [12].

The chitosan shows a lower temperature (~ 117 °C) for the first en-
dothermic peak a lower enthalpy (-101 J/g) compared to the CHOS
fractions (2130 °C, ~200 J/g). Unlike the first degradation stage, the
second degradation peaks of the CHOS fractions decreased to a lower
temperature compared to the chitosan (from = 310 °C to 290 °C), which
could be due to the reduction in the molecular weight of the fractions.
The results showed that the CHOS fractions exhibited a significant re-
duction in the energy for the phase transition temperature in comparison
with the chitosan due to their lower molecular weight.

3.7.2. TGA analysis

Thermogravimetric analysis has been carried out to evaluate the
thermal stability and degradation rate of chitosan and CHOS fractions
(Fig 4b). Like DSC analysis, two stages of degradation were observed
for the chitosan and CHOS fractions. The first weight loss occurred be-
tween 50 and 180 °C corresponding to the evaporation of moisture that
existed in the samples. In the first degradation state, mass losses of the
initial chitosan were around 9% while the CHOS fractions had a slightly
increased mass loss between 12 and 13%.

The second degradation state was observed for all samples assigned
to the decomposition of the saccharide structure, loss of water from the
sugar ring, and degradation of both acetylated and deacetylated compo-
nents. The chitosan exhibited the second decomposition state between
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g 250 and 600 °C with a weight loss of 55%, while the second decompo-
"5 sition state for the CHOS fractions was observed continuously after the
i first degradation at 180-600 °C with a weight loss of around 55%. The
g remaining weights for all the samples were around 40% after 600 °C.
) The results showed that the degradation process significantly de-
E creased the thermal stability of the chitosan, indeed, the chitosan pre-
g served its structure after the first degradation up to 250 °C (Fig 4b).
& .é) However, the CHOS fractions showed a continuous degradation after
ra S the first degradation stage without a significant margin between two
£ degradation states indicating the importance of molecular weight in
3 the thermal stability of chitosan. Moreover, the maximum degradation
. S § temperatures (DTGmax) of the chitosan decreased from 309 to around
= = 270 °C without any significant difference between the CHOS fractions
5 which is aligned with the DSC results (Table 1).
& = The results demonstrated that CHOS fractions demonstrated lower
EOR thermal stability compared to the chitosan could be due to their lower
< T:" molecular weight as well as weaker intermolecular chains interactions.
g B The thermal stability of chitosan can be varied depending on the molec-
| S E © ular weight, degree of acetylation, and source of chitosan [32,53].
5 &
o w
Sam<| R g
§ 8 8 8 _:E 3.8. Water solubility
£k ik ik =
OO0 S % The water solubility (gross observation) was determined based on
‘ \ ‘ ‘ - g)c the ability of the samples to dissolve in deionized water at a pH of 7.4
| o (at the concentration of 10 g/L). CHOS 2 and CHOS 3 fully solubilized
. . v . . . . . E after 5 min of mixing; however, CHOS 1 was dissolved after 2 h of mix-
S S S e S 3 Q =3 ; ing. Intermolecular and intramolecular hydrogen bonding of chitosan
= & molecules plays a significant role in the formation of the crystalline re-
i) (9%) ssepy Buluieway ) gions and its water solubility. Increasing the degradation rate leads to
= g lower molecular weights and subsequently less intermolecular and in-
=] ,S» tramolecular hydrogen bonding and as a result less crystallinity which
= < Y led to the high-water solubility of CHOS fractions. The water solubility
® a g 8 g of the samples indicated that the interaction between CHOS and water
2000 |8 > was higher than the interaction between the CHOS molecular chains.
5 6 5 6 ® E Furthermore, a turbidity assay was performed to investigate the wa-
2 ter solubility over the range of pH (4-12) (Fig 5a). The transmittance
. ’ ‘ ‘ ’ = § é of initial chitosan started to decrease at pH 6.5 and suddenly dropped
§ to 10.6% at pH 8. There was not any significant change in the trans-
- o u;:) ) mittance of CHOS fractions over the full range of pH, and the solution
roC % 5 was transparent without any precipitation even after 6 days at pH 12
o © 'g indicating the high-water solubility of the samples (Fig 5b).
o ‘g E g Various forces such as hydrophobic interactions, van der Waals
R O £ g forces, and prominently hydrogen bonding affect the water solubility
g' é 12 of chitosan at the molecular level. In acidic media, the protonation of
| 3 & 5 g amino groups leads to the disruption of hydrogen bonds by forming elec-
- S 5 trostatic repulsion, and as a result, chitosan can be dissolved. Therefore,
g;O g pH plays a major role in the solubility of chitosan due to its effect on
LS 8 _% the degree of charge of the units in polymer chains [54]. Indeed, at low
o AR < B pH (4) chitosan chains do not have a tendency for occupying a 2-fold
o $| g helix structure which leads to a less strong hydrogen-bond network for-
— -3 = mation. However, increasing the pH causes a reduction in the degree of
Py E protonated amino groups, and therefore, higher hydrogen-bond interac-
T T T T T = o tions can lead to the predomination of the 2-fold helix structure which
A = i? 8 % % E = results in the precipitation of chitosan at around pH 6.5 [32].
E (Aw) moy4 yeaH i 5 Generally, preciPitation due t9 thej dominat'ion of hydrogen-bonding
s and also the formation of crystallites is the major parameter that causes
g % a soluble-insoluble phase separation in chitosan. However, with decreas-
L=l ing the molecular weight, the chitosan chains do not tend to aggregate
§ R due to a reduction in the hydrogen-bonding and crystallinity according
= E to the XRD results. Hence, depending on the degree of degradation and
= ﬁ molecular weight, the soluble-insoluble transition can happen at higher
:; £ pH (e.g., 8), or precipitation could not happen (our results) indicating
[ the complete water solubility of CHOS.
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Table 1
Thermal properties of the chitosan and the CHOS fractions.

Chemical Engineering Journal Advances 7 (2021) 100113

TGA

DSC

First decomposition Second decomposition

First decomposition (endothermic peak) second decomposition (exothermic peak)

Sample DTGmax (°C)

Mass Loss Temperature Mass Loss Temperature Onset Peak Onset Peak

(%) [q9) (%) (9] Q9] AH (J/g) Q) Q9] AH (J/g) 0
Chitosan 9.36 50-180 55.46 250-600 308 78 -100 117 293 169 309
CHOS 1 12.56 50-180 54.62 180-600 273 117 -187 134 255 79 283
CHOS 2 12.42 50-180 55.71 180-600 270 117 -210 132 243 69 287
CHOS 3 12.30 50-180 52.32 180-600 269 114 -195 131 286 32 291
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Fig. 5. The water solubility of initial chitosan and CHOS fractions, a) pH-dependent water solubility over the range of pH 4-12 at the concentration of 1 w/v%, b)
water solubility of the initial chitosan and CHOS fractions at pH 12 after 6 days.
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Fig. 6. DPPH radical scavenging effect of chitosan and CHOS fractions. Re-
sults are expressed as % of scavenging effect and are the mean + SEM of three
parallel measurements. Data were analyzed using two-way ANOVA, p < 0.05;
**p < 0.005; ***p < 0.0005; ****p < 0.0001 as compared to the chitosan.

3.9. Antioxidant activity

The scavenging activity against hydrogen radicals can be considered
as one of the important mechanisms of antioxidation. DPPH scaveng-
ing activity of the chitosan and the CHOS fractions was concentration-
dependent, within the range of 0.1-10 mg/mL concentration (Fig. 6).

The antioxidant activity of the chitosan was significantly lower com-
pared to the CHOS fractions at the concentration of 5 mg/mL. The chi-
tosan showed a 34.56 + 0.8% scavenging effect, while the scavenging
effect for the CHOS 1, CHOS 2, and CHOS 3 was 80.2 + 1.7, 86.57 + 1.6,
and 91.94 + 4.02%. Lower antioxidant activity of the chitosan compared

10

to the CHOS fractions could be due to poor solubility and strong inter-
molecular and intramolecular hydrogen bonding of the chitosan.

The antioxidant activity of chitosan is due to the stable macro-
molecule radical formation as a result of the reaction between the hy-
droxyl groups (C6) and the amino groups (C2) with the hydroxyl and
superoxide anion radicals [10]. Hence, higher intramolecular hydrogen
bonding in the chitosan leads to a decrease in the number of available
hydroxyl and free amine groups, and consequently a lower its antioxi-
dant activity compared to CHOS [55].

The half-maximal effective concentration (ECsy) of the chitosan,
CHOS 1, CHOS 2, and CHOS 3 were 7.75, 2.69, 2.14, and 0.724 mg/mL
(Table 2), respectively indicating the significant difference in the antiox-
idant activity of CHOS and initial chitosan. Besides, it can be interpreted
that decreasing Mv of CHOS fractions from 4-8 kDa to 1-3 kDa, caused
an improvement in the antioxidant acidity. According to the literature,
the EC5y of CHOS was in the range of 0.22-3.24 mg/mL depends on the
molecular weight, degree of acetylation, method production, and the
source of initial chitosan [33,56-58].

In the samples with similar degree of acetylation (CHOS fractions),
the difference in the antioxidant activity could be only due to the ef-
fect of molecular weight and intermolecular and intramolecular hydro-
gen bonding. Our result is aligned with the previous reports that by
decreasing the molecular weight the antioxidant activity of the chitosan
increases [57,59]. Our results showed that CHOS can be promising an-
tioxidant agent in biomedical engineering, particularly in wound heal-
ing biomaterials.

3.10. Antibacterial activity

The antibacterial activity of chitosan and its derivatives is considered
as one of its most important biological properties in which make it suit-
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Table 2
Physiochemical and biological activity of the chitosan and the CHOS fractions.

Sample Mv (kDa) DA (%) ? DD(%) @ Water solubility ECs, “(mg/mL) MIC (ug/mL)

E.coli'  P.aeruginosa®  S.aureus’ S.epidermidis®  S. odorifera®  C. albicans'

Chitesan  50-190 10.4 89.6 Not soluble 7.75 1000 4000 2000 1000 1000 NA
CHOS 1 4-8 111 88.9 soluble 2.69 250 1000 500 250 125 NA
CHOS 2 3-5 11.2 88.8 soluble 2.14 250 500 500 250 125 NA
CHOS 3 1-3 114 88.6 soluble 0.724 125 500 250 62.5 32.25 NA

2 The degrees of acetylation/deacetylation were calculated by 'H NMR analysis.

b Water solubility was measured at the concatenation of 10 g/L in deionized water at pH 7.4.
¢ The half-maximal effective concentration in DPPH radical scavenging assay.

d Escherichia coli

¢ Pseudomonas aeruginosa

f Staphylococcus aureus

8 Staphylococcus epidermidis

h Serratia odorifera

I Candida albicans
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Fig. 8. Cell viability in response to chitosan and CHOS fractions treatment.
3T3-L1 cells were treated for 48 h in the absence or presence of increasing
concentrations of the chitosan and the CHOS fractions (62.5, 125, 250, 500
and 1000 pg/mL). Results are expressed as % of cell viability and are the mean
+ SEM of three independent experiments. Data were analyzed using two-way
ANOVA test.

with bacterial metabolism by electrostatic stacking. Indeed, a polyelec-
trolyte complex between positively charged amine groups (C-2 position)
and negatively charged carboxylic acid groups of bacterial cell surfaces
leads to the formation of impermeable coating around the bacterial cell
and results in the repression of bacterial metabolic activity and growth
inhibition [10,61]. Besides, another mechanism is the penetration of
chitosan into the DNA molecules and blocking of description to RNA
from DNA, which required low molecular weight chitosan to penetrate
the cell wall of the bacteria [61-63].

The minimum inhibitory activity (MIC) of chitosan and CHOS frac-
tions were investigated toward various gram-positive and gram-negative
bacteria as well as a yeast strain (Table 2). The CHOS fractions showed
lower MIC in comparison with the chitosan toward the tested gram-
positive and gram-negative bacteria indicating the stronger antibacte-
rial activity of CHOS fractions (Table 2).

In the case of gram-negative bacteria, MIC of chitosan against E. coli,
P. aeruginosa, and S. odorifera was 1000, 4000, and 1000 pg/mL, respec-
tively, while CHOS fractions exhibited MIC of 500-125 ug/mL against
E. coli, 1000-500 ug/mL against P. aeruginosa, and 125-32.25 pg/mL
toward the Serratia odorifera. Similar to the gram-negative bacteria,
CHOS fractions showed lower MIC against gram-positive strains, S. au-
reus and S. epidermidis Compared to the chitosan probably to due shorter
polysaccharide chain results in easier cell wall entry (Table 2). Further-

Fig. 7. Antibacterial activity of the chitosan and the CHOS fractions
(10 mg/mL) against Escherichia coli (a), Pseudomonas aeruginosa (b), Serratia
odorifera (c), Staphylococcus aureus (d), Candida albicans (e), and Staphylococcus
epidermidis (f) by the disk diffusion assay.

able for various applications such as food industry, tissue engineering, more, CHOS fractions exhibited molecular weight dependent antibacte-
drug delivery and wound healing biomaterials [60]. Antibacterial ac- rial activity against both S. aureus and S. epidermidis according to both
tivity of chitosan can be described by two mechanisms. The first mech- MIC and inhibition zone test. Among CHOS fractions, CHOS 3 fraction
anism is based on the cationic nature of chitosan which can interfere showed the lowest MIC against S. aureus (250 ug/mL) and S. epidermidis
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***p < 0.0005; as compared to control.

(62.5 ng/mkL), indicating that decreasing molecular weight of CHOS en-
hanced its antibacterial activity against both gram-negative and posi-
tive bacteria. MIC results is aligned with disk diffusion test (Fig. 7). No
inhibition zone was observed for chitosan against both gram-negative
and -positive bacteria, while CHOS fractions, particularly CHOS 3 (1-3
kDa) significantly inhibited growth of both gram-negative and -positive
bacteria probably to due shorter polysaccharide chain results in easier
cell wall entry. However, no inhibition, and MIC was observed against
C. albicans for both the chitosan and the CHOS fractions (Fig. 7e). Our
results showed that CHOS fractions can be considered as a promising
antibacterial agent, particularly for wound healing application due to
their ability to prevent the growth of both gram-negative and -positive
bacteria.

3.11. Cell viability

3T3-L1 fibroblasts were treated for 48 h in the absence or presence of
increasing concentrations (62.5, 125, 250, 500, and 1000 pg/mL) of chi-
tosan and CHOS fractions (Fig. 8). Chitosan and CHOS fractions had no
significant effect on the cell viability at the concentrations used. Several
studies have reported that CHOS increases the cell viability and prolif-
eration of various cell lines, such as fibroblast, keratinocytes, and hu-
man umbilical vein endothelial cells (HUVECs), possibly due to its lower
molecular weight and better water solubility than chitosan facilitating
its cell entry [64-66]. These results showed that oxidative degradation
of chitosan for CHOS production does not have any adverse effect on
the cytocompatibility of chitosan.

3.12. Cell migration

Fibroblast and keratinocyte proliferation and migration play a ma-
jor role in the proliferation phase wound healing process. Fibroblasts
proliferation, and migration further induce keratinocyte proliferation
and migration through keratinocyte growth factor (KGF), EGF, and fi-
bronectin results in the acceleration of wound healing [67]. The effects
of chitosan and CHOS fractions on 3T3-L1 cell migration was assessed
using the wound healing assay (Fig. 9). After 24 h, the 3T3-L1 fibroblasts
in all groups showed a tendency to migrate to close the scratch wound.
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All the CHOS fractions exhibited a significant difference compared to
the control and around 40-70% of the gap was covered by the migrated
cell. However, for the control, and chitosan groups, the closing gap was
less than 25% (Fig 9b). Moreover, after 48 h, the cells were treated with
chitosan and CHOS fraction revealed a higher migration (70-100%) of
3T3-L1 fibroblasts depending on the molecular weight in comparison
with the chitosan (around 35%).

The result revealed that CHOS fractions can induce the migration of
3T3-L1 fibroblast cells, particularly, the cells treated with CHOS 3 (1-
3 kDa) showed a complete migration and gap closure after 48 h. CHOS
fractions showed a molecular weight dependent activity to induce cell
migration; and by decreasing the Mv of CHOS from 4-8 to 1-3, the cell
migration increased. This trend is similar to other biological activities
of CHOS such as antioxidant, antibacterial and cell proliferation which
[60,68]. Chen et al. reported that incorporation of CHOS into a porcine
acellular dermal matrix (pADM) hydrogel enhanced the cell migration of
L1929 fibroblasts and human umbilical vein endothelial cells (HUVECs)
[69].

3.13. Collagen content

The content of produced collagen by 3T3-L1 fibroblast treated with
the chitosan and the CHOS fractions were determined using a collagen
assay kit (Fig 10). The CHOS fractions exhibited a significantly higher
collagen production compared to the chitosan and the control (culture
media).

The collagen content of the control cells and cells treated with
the chitosan, CHOS 1, CHOS 2 and CHOS 3 were 36 + 0.2, 36
+2.5,44.8 +£2.02,47.3 + 2.21 and 51.3 + 2.5 pg/mL in the supernatant of
cell culture media, respectively. Our results demonstrated that similar
to other biological activities, chitosan has a molecular weight depen-
dent collagen production activity. Decreasing the molecular weight of
chitosan, brought about an increment in the collagen production activ-
ity which could be due to the shorter chain of CHOS compared to the
chitosan which results in easier cell entry.

Moreover, the effects of chitosan and CHOS were also determined on
the cell proliferation of 3T3-L1 fibroblasts treated for 3 days with the
samples (Fig 10b). Cell proliferation decreased in the chitosan groups
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compared to the control. 3T3-L1 fibroblasts treated by the CHOS fraction
showed a higher cell proliferation (around 400%) compared to the chi-
tosan (250%) and the control (350%) indicating that a greater number of
cells in the CHOS fractions groups could produce a higher amount of col-
lagen. Li et al. reported that CHOS can accelerate the wound healing pro-
cess through increasing the proliferation of fibroblasts, and that collagen
production results from the activation of the transforming growth factor-
beta (TGF-#)-1-Smad2/3 pathway [70]. Another study indicated that
CHOS was effective in the improvement of the thickness and integrity
of epidermal tissue formation of collagen fibers [71]. Hence, CHOS can
effectively accelerate wound healing process through the proliferation
and migration of fibroblasts, and collagen synthesis by enhancing the
re-epithelization [10,72].

4. Conclusion

Oxidative degradation of chitosan assisted by microwave irradiation
was developed to produce chitooligosaccharides (CHOS). The effect of
the degradation parameters such as time, temperature, H,O, concentra-
tion, and microwave power on the molecular weight and chemical struc-
ture of degraded chitosan was investigated. Depolymerization of chi-
tosan led to the production of lower molecular weight products along-
side decreasing the crystallinity of the chitosan. Three water-soluble
chitooligosaccharides (CHOS) fractions were produced and the physio-
chemical properties of the fractions were investigated. Chemical struc-
tural analysis by FTIR, UV-vis, and NMR spectroscopy indicated that
CHOS fractions had a similar structure to the initial chitosan without
generation of side reactions such as polysaccharide ring-opening reac-
tion or production of carboxylic acid and aldehyde groups. Furthermore,
the thermal analysis showed that the thermal stability of the chitosan
was reduced due to the decrease in the molecular weight and its crys-
tallinity. All CHOS fractions showed a full water solubility due to the
reduction in the molecular weight which led to lower inter-and intra-
molecular hydrogen bonding, as well as lower crystallinity.

Besides, antioxidant activity measurement showed that the degra-
dation of chitosan enhanced the DPPH radical scavenging activity from
ECsq 7.75 mg/mL (initial chitosan) to 0.724 mg/mL (CHOS 3) indicating
the molecular weight dependent biological activity of chitosan. Cell vi-
ability and migration, and collagen production assessment showed that
the CHOS fractions exhibited a good cytocompatibility and positive ef-
fect on the migration of 3T3-L1 fibroblast, as well as enhanced collagen
production which enables them to be used in biomedical applications
particularly for wound healing applications.
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