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Abstract

Wound infection causes wound chronicity as the presence of pathogens prolong wound healing time. Endotoxins lipopolysac-
charides (LPS) are released from Gram-negative bacteria when they are lysed by host phagocytic cells during an immune
response. These endotoxins in wounds are shown to be one of the causes of delayed wound healing. The porous activated
carbon (AC) can act as an important absorptive material for the elimination of bacterial toxins, which makes it an attractive
biomaterial for infected wounds. NCC is also reported to facilitate cell adhesion, proliferation, and migrations. Previously,
our laboratory has shown that chitosan (CS) reinforced with Kenaf nanocrystalline celluloses (NCC) possesses vastly
improved mechanical properties. This study explores the potential of incorporating AC into NCC-CS hydrogel (AC/NCC),
with the aim of eliminating bacteria toxins in wounds as well as the acceleration of wound healing. The AC/NCC hydrogel
was characterized in terms of rheological properties, swelling behaviour, fourier transform infrared spectroscopy as well as
zeta potential. Then the AC/NCC hydrogel dressings were evaluated in vitro using a cytotoxicity study and toxin removal
assay. The results showed that hydrogels exhibit desirable rheological properties with homogenous activated carbon particles.
The hydrogels exhibit low cytotoxicity towards the human fibroblast and keratinocytes cells. The hydrogel can remove up
to 85% of endotoxins when treated with 0.1 EU/mL of LPS. In summary, this study has shown that AC/NCC hydrogel has
a vast potential as an antitoxin dressing for infected chronic wounds.
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Graphical Abstract

AC/NCC hydrogel dressing eliminates endotoxin from infected wounds and accelerates wound healing
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1 Introduction

Chronic wounds are one of the problem due to their increas-
ing morbidity rate which creates a financial impact to health-
care economy [1]. Wound infection remains the main cause
of wound chronicity since chronic wounds are typically
more easily infected by bacteria and pathogens as it pro-
longs healing time. Wound infection occurs when the bac-
teria continue to proliferate and invade the deeper wound,
which consists of healthy viable tissue. In a chronic and
infected wound, bacterial toxins are known as one of the
causes of the delayed wound healing process [2]. Endotoxins
lipopolysaccharides (LPS) are released from Gram-negative
bacteria when they are lysed by host phagocytic cells dur-
ing an immune response, or by antimicrobial agents. LPS
induce the release of a large number of inflammatory media-
tors, inducing continuous inflammation at the infected site
[3] and thus inhibiting wound healing, leading to chronic
wounds and, in extreme cases, life-threatening sepsis. These
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endotoxins have the potential to interfere with the healing
process, causing chronic wounds to take longer to heal.
For years, charcoal has been used as an antidote for food
poisoning. Activated carbon (AC), like charcoal is produced
carbon-rich materials such as coconut shells, rice husk and
wood pulps that has been heated and turned into a pow-
der. The process makes AC a highly porous material, with
a large surface area, as well as high adsorption ability. AC
has been widely used in a variety of industries [4—6] par-
ticularly in wastewater treatment [7-9]. Wound dressings
that contain AC provide odour management to tackle foul-
smelling wounds and help to prevent sepsis in some cases
[10]. In wound care management, porous AC can act as an
important absorptive material for the elimination of bacterial
toxins, which makes it an ideal biomaterial for the treat-
ment of infected wounds. A randomized controlled clinical
trial [11] was conducted to investigate the potential useful-
ness of using AC impregnated with silver in the manage-
ment of chronic wounds. Compared with the baseline, the
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mean percentage reduction in wound area was statistically
significant for the treatment group (28.7% +3.9%) versus the
control (11.7% +6.8%). The test dressing was also found to
reduce exudate levels, malodor and oedema. The clinical
data indicated that the AC with silver dressing may help
remove toxins from the wound bed fluid that impair the heal-
ing process [11]. In another study, mesoporous AC has been
reported to remove endotoxins and inflammatory cytokine
from fluid in vitro [12]. When submerged in a milieu
enriched with E. coli, AC is effective at removing 90-95%
of this toxin [13]. In experiments using a murine model of
gut-derived endotoxemia, AC was able to bind endotoxin in
the test methods [14]. Additionally, it also has been shown
that AC can adsorb bacteria, viruses and various other bio-
chemicals [12, 15].

Recently, nanocrystalline celluloses (NCC) have gained
much attention experimentally in the field of tissue engineer-
ing, drug delivery and functional materials for wound dress-
ing [16-22]. Heimbuck et al. [23] have found that chitosan
(CS) hydrogel cross-linked with genipin is able to absorb
large quantities of fluid (~230%) which is a potential dress-
ing for highly exudating wounds such as infected chronic
wounds. The intrinsic antimicrobial activity of CS is also
shown to exhibit bactericidal actions in wounds [24]. In our
laboratory, we successfully synthesised NCC from kenaf
biowaste and our study also showed that the CS hydrogel
reinforced with NCC possesses vastly improved mechani-
cal properties [17]. Besides, owing to its nanosized proper-
ties, NCC in the hydrogel is reported to influence cell adhe-
sion, proliferation, migration and cell differentiations [25,
26]. These features are vital for cell proliferation and tissue
growth in wound healing and hence NCC-CS hydrogel has
become a very appealing biomaterial composite for wound
dressing formulation [19].

This current study explores the use of AC loaded onto
NCC-CS as a hydrogel carrier. The kenaf NCC synthesis
will be based on a method produced in our laboratory [17].
This hydrogel composite is formulated with the aim of elimi-
nating bacteria toxins in wounds as well as the acceleration
of wound healing. The objective of this study was firstly to
formulate a CS-NCC hydrogel for wound dressing incor-
porated AC. Then, the physico-mechanical properties of
the hydrogels were investigated and finally the cytotoxicity
to human dermal fibroblast and the bacterial toxin removal
ability of the hydrogels were examined in vitro.

2 Experimental
2.1 Materials

Kenaf bast fibers were obtained from the National Kenaf and
Tobacco Board (LKTN). AC was a gift from Noble Health

Sdn Bhd, Malaysia. Sodium hydroxide (NaOH), sodium
chlorite (NaClO,), sulphuric acid (H,SO,), low molecular
weight CS (M, 50-190 kDa with a degree of deacetylation
of 75-85%) and genipin was procured from Sigma-Aldrich
(UK). Glacial acetic acid used for the bleaching process
was purchased from Merck (USA). Gelatine was purchased
from Fluka Analytical (Darmstadt, Germany). Intrasite Gel
Hydrogel Dressing (Smith & Nephew) was purchased from
a local pharmacy in Malaysia.

Escherichia coli (E. coli) ATCC 25927 was obtained
from the microbiology laboratory, Faculty of Pharmacy,
Universiti Kebangsaan Malaysia (UKM). For toxicity test-
ing, normal human dermal fibroblasts (NHDF) and normal
human epidermal keratinocytes were purchased from Lonza
(US). Dulbecco’s modified Eagle’s medium (DMEM), anti-
biotics (streptomycin and penicillin) and dimethyl sulfox-
ide (DMSO), 25% of acetic acid were obtained from Sigma
Alrich (US). While fetal bovine serum, 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide) called MTT
were procured from Thermo Fisher scientific (UK). Pierce™
chromogenic endotoxin quant kit contained lyophilized
E.coli (0111: B4), lyophilized amebocyte lysate (LAL), lyo-
philized chromogenic substrate, endotoxin-free water were
purchased from Thermo Scientific.

2.2 Preparation of nanocrystalline cellulose

The raw kenaf bast fibers underwent an extraction process to
obtain NCC, and established method used in our laboratory
[17]. The retting of raw kenaf bast fibers were done by soak-
ing them overnight in distilled water and then filtered several
times with subsequent drying at 37 °C in the oven until fully
dried. The dried kenaf bast fibers were then ground with a
mechanical grinder until they became powder, and the pow-
dered kenaf bast fibers were stored at room temperature in a
closed container until further treatment. The powdered kenaf
bast fibers were treated with 5% (w/v) NaOH at 80 °C for
2 hin a water bath. The fibers were then thoroughly washed
and filtered with distilled water to remove the residue alkali.
The procedure was repeated three times. This alkali treat-
ment was performed to eliminate the hemicellulose, lignin
and other impurities from the kenaf bast fibers. The fiber
solution ratio used in all treatments was 1:20 (g/mL). After
the alkali treatment, the alkali-treated pulp then undergone
the bleaching process. The bleaching was done by using a
combination of glacial acetic acid (3%) and sodium chlorite
(2%) as the bleaching agents with 1:1 ratio. This bleaching
process was conducted at 80 °C for 3 h and the process was
repeated 5 times until the pulp became completely white.
The bleached white pulp was washed several times with dis-
tilled water. Then, the bleached pulp was dried in the oven
until completely dry.
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After drying the dried pulp appeared white and clumped,
and it was ground to obtain the powder. 5 g of the bleached
pulp was hydrolysed in 30% sulphuric acid (H,SO,) with
1:20 pulp-to-acid ratio at 50 °C for 1 h with constant stir-
ring. After 1 h, twofold of cold distilled water was added
to the suspension to terminate the hydrolysis reaction, and
the suspension was left to cool. The suspension appeared
milky white in color with the pulp dissolved in acid. Then,
the diluted suspension was centrifuged at 12,000 rpm for
30 min. This step was repeated five times to remove the
acid. The collected precipitate was placed in the dialysis
tube (MWCO 11 KDa; cellulose acetate) and submerged in
distilled water under slow stirring until complete neutrali-
zation (water pH=7). The suspension of the fine fibers was
ultra-sonicated at 20 kHz frequency with 80% amplitude for
5 min. This ultra-sonicate process was conducted under ice
to prevent overheating. The resulting suspension of nanofib-
ers was freeze-dried and stored at — 80 °C for further used.

2.3 Formation of activated carbon-nanocrystalline
cellulose hydrogel (AC/NCC hydrogel)

Firstly, 150 mg chitosan powder, 0.4% (w/v) of NCC
and 0.1% (w/v) AC were added to 5 mL distilled water.
The resulting dispersion was ultra-sonicated at 20 kHz
frequency with 40% amplitude for 5 min to homogenize
the NCC and AC in the mixture. The solution was then
allowed to mix on a shaker for 1 h and 1% acetic acid was
added to further solubilize the CS and the mixture. The
solution was stirred for another 5 h until complete dis-
solution was achieved. To prepare a crosslinked hydrogel,
20 pL of 0.5% (w/v) genipin solution was added to the
solution and stirred for another 30 min. The mixtures were

Extraction and acid
hydrolysis

Raw kenaf
bast fibers

Nanocrystalline
Cellulose (NCC)

Fig. 1 Schematic diagram of AC/NCC hydrogel formation
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incubated at 37 °C for 24 h to facilitate the gelation. The
formed hydrogel was stored at room temperature and away
from direct light until further characterization. The vis-
cous solution was then stored at room temperature to form
hydrogel and for further characterization. The summary of
the formation of AC/NCC hydrogel is illustrated in Fig. 1.

For study comparison purposes, a blank hydrogel was
prepared with the same procedure above but without
the addition of NCC. This blank hydrogel was used as a
negative control for the assessment of rheological proper-
ties, spreading ability, and swelling study, while Intrasite
hydrogel (commercial) was used as a positive control.
Another control hydrogel without AC was also prepared
for the toxin removal study.

2.4 Hydrogel characterization

2.4.1 2.4.1.Fourier transform infrared spectroscopy (FTIR)
analysis

The chemical functional groups of raw materials including
NCC, AC and CS were assessed using a Fourier Transform
Infrared (FTIR) spectrometer (Perkin Elmer spectrometer
100) using a Perkin Elmer Universal ATR (Attenuated
Total Reflection) sampling assembly. The sample was
placed in full contact with the high reflective index prism
at the top of the compartment and maximum force was
applied by using an ATR pressure clamp to allow optimum
contact with the sample. The materials were analyzed in
transmittance mode with 32 scans and the wavenumber
within the range of 4000-650 cm™".

®9
Q9

Activated
carbon (AC)
1% acetic acid and
genipin were
added during the
process.
_ o n Sonicated for 5
= minutes, then —
stirred for 5 hours
3% Chitosan AC/NCC
hydrogel hydrogel



Macromolecular Research (2024) 32:861-872

865

2.4.2 2.4.2. Zeta potential

Zeta potential (surface charge) of AC. NCC, CS was charac-
terized using Malvern Zetasizer Nano ZS (Malvern Instru-
ment, UK). Samples were measured in triplicate and the data
are presented as mean + standard deviation (SD).

2.5 Mechanical properties
2.5.1 Hydrogel spreadibility

A glass plate was pre-marked with a 1 cm diameter of circle
and 0.1 g of the formulation was placed on the circle with
a second glass plate was put over the hydrogel. Then, 500 g
of weight was placed on top of the glass plate for 5 min.
The diameter of the spreading of the hydrogel was measured
and recorded. The spreadability of the formulated hydrogel
was compared to that of the commercial hydrogel (Intrasite
hydrogel). Each formulation was carried out in triplicate.

2.5.2 Rheological properties

Rheology measurement was made using a rheometer (Bohlin
Gemini Rotonetic Drive 2, Malvern, USA). Data analysis
was made using Bohlin Software: Gemini 200 software. A
plate-plate system was used, and the spindle specification
was a parallel plate (PP40 Ti) with a diameter of 4 cm. The
distance between the plates was 0.5 mm and the measuring
temperature was 25 °C. Approximately 2 g of hydrogel sam-
ple was applied to fill the gap between the plates. The flow
behavior was measured using the up-and-down rotational
controlled ramp test. The shear rate ranging from 0.01 to
100 s~! is applied for 5 to 10 min with a time delay of 10 s
between successive measurements. The results for viscos-
ity measurements are reported at maximum shear rate (at
100 s7h.

2.6 Swelling behavior

The swelling degree of the hydrogel was evaluated by the
water uptake as a function of time. The test method was
modified from Matthews et al. [27]. A 4% w/v gelatine
medium was used as the swelling medium to mimic the
wound surface. The gelatine medium was made by adding
gelatine powder to distilled water at 60 °C with continuous
stirring until a clear solution was formed. The clear solution
was removed from the heat, and an equal mass (20 g) of the
solution was poured into an individual petri dish, covered
and allowed to cool to room temperature (25 °C) overnight.
Approximately 0.1 g of hydrogel was placed above a gelatine
medium, an in vitro wound simulation model. The swelling

of the hydrogel was recorded at intervals of 15 min, 30 min,
1, 2, 3 h (until equilibrium was established). The percentage
swelling at each time point was calculated using equation:

Swelling % = (D, — Dy/D;) x 100 (1)

where D, is the initial diameter, and D, is the swelled diam-
eter at time interval .

2.7 Cytotoxicity study

The cytotoxicity was determined by using MTT assay (3- [4,
5- dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide)
on normal human dermal fibroblast (NHDF) and keratino-
cytes cell (HaCaT) cells. Cell culture with a concentration
of 2x 10* cells/mL was prepared and was plated (100 uL/
well) onto 96-well plates. The diluted ranges of AC/NCC
hydrogel were added to each well with identified AC concen-
tration: 15.625, 31.25, 62.5, 125, 250, 500 mg/mL further
incubated for 24 h. A control group with no treatment was
also included. After that, the MTT solution was added to
the cells and continued for incubation for a further 3 h. The
MTT assays were performed in triplicate. After the solubi-
lization of the purple formazan crystals using DMSO was
completed, the optical density of samples was measured
using a microplate reader at a wavelength of 570 nm. The
percentage of cell viability was determined using the fol-
lowing formula:

Absorb f sampl
% cell viability = —oor 241CC O SAMPe

100
Absorbance of control &

2.8 Toxin removal study

The Pierce™ chromogenic endotoxin quant kit was used
and prepared based on the manufacturer’s guide with some
modifications. Lipopolysaccharide (LPS) solutions were
prepared at 10 EU/mL stock of lyophilized E.coli. The test
was performed using a 96-well plate microtiter plate in trip-
licate and reaction was measured over 45 min. For each well,
50 uL.. AC/NCC hydrogel or control hydrogel (without AC)
on the lyophilized E.coli was applied. Then, the solution
was mixed with 50 uL. of LAL and incubated for 14 min.
Next, the chromogenic substrate was added. After 50 uL of
25% acetic acid was added to each well to stop reaction,
the optical density was read and analyzed at 405 nm. Equa-
tions (3) were used to measure the efficiency of endotoxin
removal in this experiment based on the calibration curve.
Five-point calibration line ranging from 1.0 to 0.1 endotoxin
unit per mL (EU/mL) of lyophilized E.coli with application
of LAL and lyophilized chromogenic substrate was also pre-
pared. The calibration line Eq. (3) was calculated by plotting
absorbance versus lyophilized E.coli concentrations.
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y = 1.11381x + 0.1596 3)

y is the absorbance of lyophilized E. coli and x is the con-
centration of lyophilized E. coli in mg/mL.

The endotoxin removal efficiency was calculated for
experiments in 1.0 EU/mL and 0.1 EU/mL endotoxin con-
centration and experiment by Eq. (4):

C,—C
E:( 0
CO

E =toxin removal efficiency in percentage (%)
C,=endotoxin concentrations measured in stock solution
at 405 nm

C =endotoxin concentrations measured in sample at
405 nm

> x 100 )

2.9 Statistical analysis

Statistical analysis was performed using one-way ANOVA,
followed by Tukey’s multiple-comparisons test, by using
GraphPad Prism version 5.00 (GraphPad Software, USA).
Statistical significance was accepted at p < 0.05.

3 Results and discussion

3.1 Fourier transform infrared (FTIR) spectra
analysis

Fourier transform infrared (FTIR) is one of the essen-
tial instruments for the analysis of functional groups and
to detect the chemical interaction between compounds.
FTIR was employed to analyze the structural changes that
occurred after the formation of AC and NCC together with
CS. Figure 2 represents the FTIR spectra of pure NCC, AC,
CS, and AC/NCC hydrogel in the range of 5504000 cm™".
All spectra detected a broad and intense peak at 3300 cm™'
region which is attributed to the characteristic of polysac-
charides hydroxyl bonds. The bands found in the CS spec-
trum corroborated with those reported by others [17, 28,
29]. A strong broad absorption located at 3323 cm™! of
NCC is attributed to the O—H stretching vibration in the
celluloses. The peaks at 1000—1030 cm™! region are caused
by stretching vibrations of the C—O—-C pyranose ring peak
in both NCC and CS. After incorporation with AC, the
O-H vibration shifts to a lower wavenumber (3293 cm™,
AC/NCC), indicating that the increase in -OH stretching
due to intermolecular bonding with water in the AC/NCC

Fig.2 FTIR spectra of raw
CS, AC, NCC and AC/NCC
hydrogel

——NCC

Transmittance%

—— AC/NCC

1
|
293.90 !
|

4000 3500
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hydrogels [30-32]. The reduction of C—O-C pyranose ring
peak in AC/NCC hydrogel spectrum may be attributed to
the small amount of AC and NCC presence in the hydrogel
(as compared to pure AC and pure NCC powders) which
produced less vibrational energy. The 1635 cm™! peak as
seen in AC/NCC hydrogel is likely due to the CH; bending
of the methyl ester and C =C ring stretching of the genipin
or -OH bending due to interaction with water molecules.
The FTIR peaks suggest that the formation of AC/NCC is a
physical interaction.

3.2 Zeta potential

The zeta potential measurements were conducted to deter-
mine the surface properties and stability of AC/NCC hydro-
gel. The zeta potential of AC/NCC hydrogel was measured
at +62.0+0.03 mV. The anionic AC and NCC are found
suitable to form composite hydrogels with cationic CS. The
abundance of hydroxyl groups in NCC and AC are respon-
sible for the negative charges that bonded with CS via the
electrostatic interaction of protonation of NH, on CS and
hydroxyl groups. The zeta potential of AC/NCC showed that
AC and NCC were stabilized when formed with CS which
acts as a donor charge. The CS could provide substantial
electrostatic stability to the composites by rendering sur-
face charge adequately. The composite with a stable surface
charged potential would give the best antibacterial effect
towards bacteria [33].

3.3 Hydrogel spreadibility and rheological
properties

The spreading ability (spreadability), also known as hydro-
gel retention, of a pharmaceutical hydrogel is an important
factor contributing to the therapy compliance of the patient
with treatment [34]. The spreading ability of hydrogel can
also influence the standard dose of a medicated formula-
tion and the therapeutic efficacy to formulate a hydrogel.
Therefore, a hydrogel must possess good spreadability char-
acteristics to satisfy and meet the ideal quality as a topical
application [35].

The spreadability of the AC/NCC hydrogel, blank
hydrogel (i.e. without NCC) and Intrasite gel is shown
in Fig. 3. The AC/NCC formulation, Intrasite and blank
hydrogel show a diameter of 2.0+0.1 cm, 1.8+ 0.1 cm and
3.2+0.1 cm, respectively. The spreadability of AC/NCC
hydrogel and Intrasite gel were comparable but significantly
lower compared to blank hydrogel. This indicates that the
NCC has hindered the flow of the hydrogel and behaves as
nanofillers to the hydrogel system. Spreadability test was a
test designed to measure the ability of the hydrogel to spread
on that area when applied to the skin or affected part. The
spreadability of hydrogel indirectly indicates the retention

867
Intrasite i
Blank hydrogel o+
AC/NCC Hydrogel =
0 0.5 1 1.5 2 25 3 35

Spread distance (diameter in cm)

Fig.3 Hydrogel spreadibility. Data is expressed as Average=+SD,
n=3. *denotes the data is significantly different from the AC/NCC
hydrogel (p <0.05)

of the hydrogel on the skin. The larger the diameter, the less
resistance it is for the hydrogel to flow and vice versa. This
study also shows an indication that the AC/NCC hydrogel
is able to adhere to the wound site without flowing to other
areas on the skin (similar to Intrasite gel). The lower spread-
ability values of the hydrogel may be attributed to the higher
viscosity of such formulations as discussed in the next sec-
tion below.

Figure 4 depicts the flow curves of the hydrogel formula-
tions. The rheological assessment shows that all hydrogels
exhibit pseudoplastic properties. The shear thinning prop-
erties of the formulations showed the viscosities decreased
with increasing shear rate with no yield value. Pseudoplas-
tic hydrogels are generally thick at rest and the viscosity
reduces when the shear stress is applied [36]. When the
external stress is removed, the hydrogels then return to their
viscous state. The high shearing action on the long chain
molecules of linear polymer also showed that disarranged
molecules begin to align their long axis in the direction of
flow with the release of solvent from the hydrogel matrix as
the shearing stress increases [36, 37]. These shear-thinning
properties are essential to allow appropriate removal from
container.

At a shear rate of 100 s™!, the hydrogels exhibit average
apparent viscosities, #7,,,, ranging from 1.15+0.02 Pa.s to
1.22+0.01 Pa.s whereas the Intrasite gel was measured at
1.10+0.01 Pa.s (Fig. 4). The average apparent viscosities
of AC/NCC and blank hydrogel (without NCC) formula-
tions were statistically significantly different from Intrasite
(P<0.0001). There was an increase in the apparent viscos-
ity when the concentration of NCC was added to the gel
formulations. The increased in the viscosity of the formula-
tions was probably due to NCC behaves as nanofillers which
retards the CS polymer movements within the hydrogel
matrix. The rheological data corroborated with the spread-
ibility results. The mechanical studies have inferred that
besides having good spreadability for the ease of application,
the AC/NCC hydrogels have the ability to retained at the
application site without draining away which is important
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Fig.4 Flow curves of (a)
(a) Blank CS hydrogel
(1,pp=1.100.01 Pa.s) (b)
Intrasite (7,,,=1.15+0.02 Pa.s) 100
and (¢) AC/NCC hydrogel 6.0 1
(11,pp=1.22£0.01 Pa.s). 1, or o L
apparent viscosity is taken at the & Blank hydrogel =
apex of the flow curve where =
shear rate at 100 s~ +0.01
0.0 T T T T T T T T
0.0 10.0 20.0 30.0 40.0 c Pa 70.0 80.0 90.0 100.0 110.0
(b)
100
4.0
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(c)
100
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0.0 10.0 200 30.0 40.0 c Pa 70.0 80.0 90.0 100.0 1100

for wound application, particularly vital for deep wounds
with large amount of exudates.

3.4 Swelling behavior

The swelling behavior of hydrogel dressing is an important
feature since an appropriate swelling degree will maintain
the required moist environment of wound and protect it from
extreme dehydration [38]. The swelling degree of the hydro-
gels are shown in Fig. 5. The result shows a gradual increase
of swelling degree in all hydrogels for the 1st hour and pla-
teau thereafter till 3 h. As expected, the incorporation of
NCC significantly reduced (p <0.05) the swelling property
of the CS hydrogel as compared to AC/NCC hydrogels. At
1 h, the swelling % of the blank hydrogel was found to be
219%, and incorporation of NCC resulted in a decrease of
the swelling % of the hydrogels approximately by 50%. The
swelling behavior of the hydrogels was also inversely core-
lated with rheological properties (Fig. 4), i.e. the higher the
hydrogel viscosity, the slower the hydrogel swells.

Same decreasing achieved by Huq and colleagues [39]
by incorporation of (1%—8% wt) of NCC extracted from
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Fig.5 Swelling behavior comparison between AC/HCC Hydrogel
and commercial Intrasite hydrogel

softwood kraft pulp into alginate-based film. In this study,
the swelling percentage was significantly reduced from
187% for pure alginate hydrogel film to 99% and 111%,
whin reinforced by 5%,8% NC, respectively. Similarly.
Deepa et al. (2016) reported that the swelling percentage
significantly reduced when incorporating cellulose nanofi-
brils into alginate film. The result showed that the swelling
percentage of the control film was 124% compared to 65%
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and 77% after the incorporation of 10% and 15% NCC,
respectively [40].

Hydrogel swelling behavior is related to the polymer
hydrophilic composition and cross-linking degree of the
matrix [41]. The hydrogels with higher crosslinking density
showed a lower swelling ratio. This is due to the difficulty of
water molecules to pass through polymers with high cross-
link density which causes smaller pore size, less space and
a low swelling ratio. In addition, NCC with its hydrophobic
molecular skeleton can decrease the entirety of the hydrophi-
licity of the matrix network [42]. The decrease in swelling
degree can be due to the formation of strong interactions
between the matrix and the NCC nanofiller [17].

3.5 Cytotoxicity study

The MTT assay is a tool to measure cellular metabolic activ-
ity as an indicator of cell viability, proliferation and cyto-
toxicity. This assay is largely used for screening toxic and
harmless compounds, quick analysis with high reproduc-
ibility. The fibroblast cell (NHDF) and keratinocytes cell
(HaCaT) are different skin cells and were used to evaluate
the cytotoxicity of wound dressing material. From Fig. 6,
the experiment showed 100-160% cell viability of HaCaT
and NHDF when treated up to 250 mg/mL of AC in the
hydrogel. Based on the ISO guidelines for medical devices
and biomaterials, for materials such as wound dressing to be
accepted as biocompatible, the cell viability after exposure
should be >70% [43]. Hence the result suggests that AC/
NCC hydrogel formulated with AC up to 250 mg/mL con-
centration exhibits good cell biocompatibility. The AC/NCC
hydrogel is regarded as non-toxic and safe to be applied to
wounds. AC is regarded as GRAS (Generally Recognized as
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Safe) by the FDA. Thus, a combination of AC/NCC shows
that hydrogel can promote wound healing without being
toxic to host tissues.

3.6 Endotoxin removal study

Endotoxin is a complex lipopolysaccharide found in Gram-
negative bacteria’s outer cell membrane. Endotoxins are
routinely released by bacteria as they grow and divide in
their normal life cycle, but large volumes of endotoxins can
be released during cell lysis and have been associated with
diseases such as delayed wound healing. This chromogenic
quantitative LAL assay was conducted to investigate the
toxin removal efficiency of the AC/NCC hydrogel at two
conditions: low and high endotoxins levels, measured at 0.1
and 1.0 endotoxins units per milliliter (EU/mL), respectively.
This assay uses the amebocyte lysate method to measure the
interaction of endotoxins with proenzyme Factor C. Endo-
toxin levels are determined by measuring the activity of Fac-
tor C in the presence of the colorless chromogenic synthetic
peptide substrate (Ac-Ile-Glu-Ala-Arg-pNA) that releases
p-nitroaniline (pNA) after proteolysis, producing a yellow
color that can be measured at an absorbance of 405 nm.
The toxin removal efficiency (in %) of AC/NCC hydro-
gels is presented in Fig. 7. The result showed that the hydro-
gel effectively removed 84.8 +4.3% toxins when placed in
wells with low endotoxin levels. However, at wells with high
endotoxins level, the AC/NCC hydrogel was only able to
eliminate 49.4% of LPS. And there was no significant dif-
ference in antitoxin activity between the AC/NCC hydrogel
and the control. As this assay is a chromogenic quantitative
assay, the amount of endotoxin adsorbed by the AC was
probably too low to be measured by spectrophotometry due
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Fig.7 The percentage of toxin removal from AC/NCC-0.25% in dif-
ferent concentrations of lyophilized E. coli. *denotes the data is sig-
nificantly different from control hydrogel (p <0.05)

to the high level of endotoxins in the solution (solution is
dark yellow in colour). The fact that the control hydrogels
(without AC) also show antitoxin effects (approx. 50% toxins
removed) is likely due to the presence of CS. CS may have
an antitoxins effect as it is a cationic polymer that can inter-
act electrostatically negatively charged LPS [44].

Interestingly, the AC/NCC hydrogel was shown to be
effective in eliminating endotoxins. This is likely attributed
to the high density of pores created by a high surface area
of AC as well as the cationic chitosan polymers. The high
surface area of AC, which can specifically bind and reduce
endotoxin levels, may be a useful adjunct to topical wound
management and infection control [45]. Another probable
reason that AC possessed good endotoxin removal efficiency
is because AC is a non-specific adsorbent with pores [15].
The placement of an AC/NCC at the surface of a wound
could result in the physical adsorption of bacteria as well as
their freely secreted exotoxin and endotoxin from the wound
surface and from the wound fluid [46]. This will in turn
accelerate the healing rate especially of chronic wounds.
The levels of endotoxins (0.1 and 1.0 EU/mL) tested in this
study by no means were associated with the actual level of
endotoxins in infected wounds. It was carried out at these
concentrations for the sake of comparison at high and low
endotoxins levels. However, these experimental conditions
can be extrapolated to represent the different degrees of
infections in the wounds.

A dressing that combines the properties of hydrogels and
AC could be very beneficial for the treatment of malodorous
wounds. The AC in the hydrogel can simultaneously adsorb
the endotoxins, malodours and any degradation products at
the wound site. Osmokrovica and co-workers [47] devel-
oped hydrogel beads using Zinc-alginate hydrogel loaded
with AC particles and was intended for wound treatments
in which the hydrogel will absorb the wound exudate while
the efficient and simultaneous release of the active agents

@ Springer

(Zinc and AC). AC’s function was to adsorb wound toxins,
malodour molecules and zinc ions will exert antimicrobial
effects and enhancement of wound healing [47]. While the
experimental outcomes for the AC-containing wound dress-
ings are commendable, most AC-loaded formulations in the
literature lack endotoxins removal assay.

From previous studies, it was found that the larger MW
(>30 kDa) CS generally have anti-inflammatory activity
whereas smaller MW (<30 kDa) or oligomer range CS
have pro-inflammatory activity [48-50]. The CS used in this
study has My, 50-190 kDa. So here we can infer that the
AC/NCC hydrogel may also possess some pro-inflammatory
activity. We recommend that AC/NCC hydrogel dressing be
used on wounds that are still at the initial or inflammatory
phase of the wound healing stage. This will be beneficial
because the CS in hydrogel will stimulate pro-inflammatory
cytokines such as IL-1p, IL-6, and TNF-a that play vital
roles in recruiting cells for debris clearance and the eleva-
tion of growth factors at the initial stages of wound healing.
However, it is noteworthy that most past research which
studied the relationship between inflammation activity and
chitosan MW were based on in vitro or cell assays [50].
Dayvdova and co-workers showed that CS with MW 20 kD
exhibits higher affinity to LPS than CS with MW 140 kD
[44]. Future formulation optimization of AC/NCC hydrogel
can be carried out with low MW CS. However, this may
render the hydrogel to be more suitable for the later stage of
wound healing where anti-inflammatory activities are cru-
cial for wound healing.

4 Conclusion

In conclusion, AC/NCC hydrogel was developed to address
the delayed wound healing problem associated with bacte-
rial infection as well as endotoxin released on the wound
site. In this study, AC/NCC was shown to possess desirable
spreadibility and rheological properties when compared
to the commercial hydrogel dressing (Intrasite gel). FTIR
study confirmed the formation of AC/NCC with CS was
present and that AC, NCC and CS interactions are physical
in nature. The zeta potential of AC/NCC showed that AC
and NCC was stabilized when formed with CS act as donor
charge. In vitro study revealed that AC/NCC hydrogel
found to be non-toxic to host tissue (> 100% NHDF and
HaCaT cell viability) with concentration below 250 mg/
mL. The result of the endotoxin removal assay indicated
that AC/NCC hydrogel was able to remove the endotoxin
of more than 85% when treated with 0.1EU/ml LPS. Thus,
it can be deduced that AC/NCC hydrogel can be a promis-
ing candidate to eliminate endotoxin from infected wounds
and accelerate wound healing. The encouraging in vitro
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data warrants the AC/NCC hydrogel dressing for in vivo
efficacy testing as further investigations.
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