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Abstract Although wound dressings are essential to protect wound from infection, these wound
care products have limited function in facilitating wound healing. This study aimed to synthesize
multi-walled carbon nanotube (MWCNT)/quercetin (QUE)/chitosan (CS) blended composite
membrane and analyze their physicochemical properties for wound dressing application in
comparison to the pure chitosan (CS) membrane. The MWCNT/QUE/CS blended membranes were
prepared by mixing CS, QUE and MWCNT at a ratio of 3:1:1 using a solvent casting method. The
membranes were analyzed physicochemically for their surface morphology, elemental composition,
structural composition, wettability, water vapor transmission rate (WVTR) and swelling properties and
were compared to the pure CS membrane. The findings pointed out that the blend of MWCNTs and
QUE in the CS matrix produces a membrane with uneven and more hydrophilic surface with water
contact angle of 64.70°+ 3.7 and low WVTR of 16.26 g/m?.day after 24 h. The swelling analysis
showed that the blended membrane was able to absorb more than 60% of water within 10 minutes,
although lower than the pure CS membrane. This study revealed that MWCNT/QUE/CS blended
membrane could possibly be used as a wound dressing as it may promote moist environment
needed for wound healing in addition to its antibacterial and antioxidant properties that may
accelerate wound healing process.

Keywords: Wound dressing, bioactive materials, chitosan biopolymer, quercetin, multi-walled carbon
nanotubes.

Introduction

While skin as the largest organ of the body offers protection, wounds resulted in disintegration of
such defensive function of the skin [1]. Wounds which are unable to heal completely after 30 days of
treatment with excessive, prolonged inflammation and delayed re-epithelialization are categorized as
chronic wounds [2-3]. The failure to resolve the inflammatory phase is contributed by multifactorial
stimuli including excessive amounts of pro-inflammatory macrophages, unreasonably high
inflammatory mediators such as tumor necrosis factor alpha (TNF-a) and interleukin-18 (IL-18),
release of a number of matrix metalloproteinases (MMPSs) by chronic wound macrophages, and
limited capability the chronic wound macrophages have to eliminate apoptotic neutrophils. This
condition prevents commencement of the subsequent proliferative stage of healing [4-5]. Another
issue with wound chronicity is the formation of biofilm infection that protects pathogenic polymicrobes
from antimicrobial action and host immune response [4-6]. Interaction of the biofilms with the host
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immune system promotes ongoing inflammation [5]. The cationic exopolysaccharide matrix of the
biofilms mediate antimicrobial resistance following genetic exchange between bacteria and serves as
a protective barrier that prevents immune recognition and elimination by the host immune system [5,
7]. The production and adherence of the biofiims containing polysaccharides such as poly-3-1,6-N-
acetylglucosamine (PNAG) and pellicle (Pel) on the cell wall of the bacteria resulted in a wide-range
protection including avoid killing by neutrophils and leukocyte-like cell line as well as inhibit
complement deposition [7-8].

Since ancient times, dressing has played an important role in wound care and management. It is
specifically designed to be in contact with the wound. In fact, types of dressing have evolved from
non-occlusive to occlusive with modern dressings arrival in 20" century focusing on facilitating
wound function rather than just as a covering [1]. Gauze dressings are one of the most widely used
traditional dressings. These dressings are made out of woven and non-woven cotton fibers, viscose
and polyesters and are known to provide protection from bacterial infection as well as able to absorb
exudates and fluids when used in large quantities. However, gauze dressings require frequent
replacement and induce pain during removal due to their adherent to the wound [1-9]. Modern
dressings such as hydrogels, hydrocolloids, semi-permeable films, and foams were introduced to
promote better wound healing [9]. A comparison study between gauze and silicone dressings
revealed that petrolatum gauze dressing gives less patient satisfaction due to its different pattern and
intolerable severity of pain [10].

As the biopolymer with good biocompatibility, biodegradability, non-toxicity and antimicrobial activity,
chitosan (CS) is widely investigated as a wound dressing material [6]. A recent study revealed that
CS fiber dressings absorb blood more effectively and exert hemostatic effects by reducing
antithrombin levels and prolonging activated partial thromboplastin time (aPTT) in comparison to the
gauze dressing [11]. In another study, a chitosan derivative, O-carboxymethylated chitosan was
proposed as a suitable anti-inflammatory and analgesic agent following tests in albino rats [12]. On
top of that, the addition of natural bioactive secondary metabolites to the wound dressings may
potentially promote wound healing. This is due to the numerous features of these compounds such
as antioxidant, antibacterial, antifungal and anti-inflammatory which are beneficial for wound healing
processes. Studies have shown that the inclusion of essential oils, plant metabolites and extracts in
chitosan wound dressing systems provide antimicrobial effects against common wound pathogens
such as Staphylococcus aureus and Escherichia coli [6, 13]. Interestingly, flavonoid quercetin (QUE)
has a strong antioxidant capacity [14-15] and has been observed to exhibit antibiofiim effects against
several pathogenic Gram-positive and negative bacteria such as Staphylococcus aureus,
Staphylococcus epidermidis, Pseudomonas aeruginosa, Salmonella enterica, and Salmonella
typhimurium [16-21]. Quercetin was observed able to inhibit these bacteria’s quorum sensing [16-20],
virulence factors [16-17, 20], and biofilm formation ([16, 18-21]. Most importantly, quercetin provides
cytoprotective effects to the host cells during bacterial infection [17] and does not impair bacterial
growth which may lead to drug resistance [19].

Multi-walled carbon nanotubes (MWCNTS) which represent several layers of graphite [22] have been
incorporated with chitosan-based membranes and hydrogels for several reasons including increased
mechanical strength ([23], provide photothermal ability [24] and antibacterial activity [25]. Although
MWCNTSs pose unique properties that attract their use for biomedical purposes, studies have shown
that pristine untreated CNTs that lack of any hydrophilic functional group are hardly dispersed in
water, tend to aggregate and precipitate in aqueous solutions as well as impose toxicity at cellular
and organ levels [22-26]. Therefore, functionalization of CNTs must be done to solve the problems
with dispersion and toxicity, either covalently or noncovalently, by treatment with acids, surfactants or
other agents to add polar functional groups to their structure [22, 26]. An earlier study by Kittana and
colleagues [22] demonstrated that wounds treated with 5% chitosan-MWCNTs (acid-treated)
hydrogel resulted in drier, better closed and smaller size wounds compared to treatment with pure
chitosan hydrogel and 1% chitosan-MWCNTSs. The study also pointed out that the chitosan-CNTs
hydrogels are biocompatible, promote the synthesis of connective tissue by fibroblast cells, and
improve the re-epithelialization of wounds. However, the investigators noticed that chitosan-
MWCNTs with 5% MWCNTSs resulted in more fibrosis following the deposition of large amounts of
collagen by fibroblasts.

Regardless of the different types of modern wound dressings available, some limitations still exist
considering the different etiologies and pathologies of healing each chronic wound has [9]. It is
noteworthy that ideal wound dressings should provide a moist environment, promote epidermal
migration and enzyme accumulation as well as enhance connective tissue synthesis and
angiogenesis [27-28]. Although the moist environment is critical to trigger re-epithelialization and
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granulation processes, it must be strictly regulated to avoid the wound fluid plays a role as a
wounding agent. The wound with excess hydration can develop wound maceration especially in the
presence of elevated matrix metalloproteinases, leading to chronic wounds [29]. The ideal wound
dressings must also be non-adherent, sterile, non-toxic, permit debridement activity and gas
exchange as well as have analgesic and antibacterial [27-28]. This study aims to synthesize a wound
dressing comprises of chitosan biopolymer, MWCNTS, and quercetin in the form of a membrane and
to evaluate the physicochemical properties of developed MWCNT/QUE/CS blended membrane.
Comparison with pure CS membrane was conducted in terms of surface morphology, elemental and
structural compositions, wettability, water absorption as well as water vapor transmission rate
(WVTR). The blend of these three materials in the form of membrane may provide better membrane
properties than pure CS membrane and the difference between the two membranes was investigated
in this study.

Materials and Methods

Materials

Chitosan (medium molecular weight, 75-85% deacetylated), quercetin (CisH1007) and sodium
hydroxide (NaOH) were supplied by Sigma-Aldrich, Germany. Multi-walled carbon nanotubes
(MWCNTSs) powder was purchased from local supplier. Glacial acetic acid (CHsCOOH) was supplied
by J.T. Baker, Thailand and methanol (CHsOH) were purchased from QReC, Malaysia.

Synthesis of Chitosan Membranes

Pure CS membrane synthesis was performed according to [30], with modifications. Initially, 0.7 g of
chitosan powder was dissolved in 70 mL of 1% (v/v) acetic acid. This CS solution was stirred for 24 h
at 50 °C. Once fully dissolved, the CS solution was sonicated and left for 15 min at room temperature
to allow air bubbles to disappear before being poured into petri dishes (diameter of 85 mm) at a final
volume of 30 mL. To facilitate complete solvent evaporation, the petri dish was oven-dried at a
constant temperature of 50 °C for 48 h. The dried CS membrane was later neutralized in 10% (w/v)
NaOH for 45 min, soaked and rinsed several times with distilled water before dried again at room
temperature for 24 h. The CS membranes were synthesized in triplicates.

Synthesis of MWCNT/QUE/CS Blended Membranes

MWCNT/QUE/CS blended membranes were prepared by mixing chitosan-acetic acid solution,
quercetin-methanol solution, and multi-walled carbon nanotubes-acetic acid solution with ratio 1:1:3.
Specifically, 0.42 g of chitosan powder was dissolved in 42 mL 1% (v/v) acetic acid to form a CS
solution. 0.14 g of QUE and MWCNTs were dissolved in methanol and 1% (v/v) acetic acid,
respectively. The QUE and MWCNTSs solutions were added into the CS solution and stirred at 50 °C
for 24 h to obtain MWCNT/QUE/CS solution. The remaining steps were in accordance to the
preparation of chitosan membranes. The MWCNT/QUE/CS blended membranes were prepared in
triplicates.

Surface Morphology and Elemental Composition

The surface morphology of the CS and MWCNT/QUE/CS membranes was observed using a tabletop
scanning electron microscope (TM3000, Hitachi, USA). This instrument was operated at the
accelerating voltage of 15 kV and magnification of 100x to 1000x. Elemental composition
identification and quantification of carbon, nitrogen and oxygen of the captured images were done
using energy dispersive X-ray spectroscopy (EDX).

Structural Composition

The functional groups of both CS and MWCNT/QUE/CS membranes were analyzed using a fourier
transform infrared spectroscopy (FTIR) coupled with an attenuated total reflection device (ATR)
(IRTracer-100, Shimadzu Scientific Instruments, USA). The scanning range for the FTIR spectra was
4000-400 cm™* at a resolution of 4 cm™.

Wettability

Evaluation of hydrophobic/hydrophilic property of CS and MWCNT/QUE/CS membranes was carried
out using a video contact angle measurement machine (VCA Optima, AST Products, USA). 2 pL of
water was dropped onto the membrane surface and three measurements of contact angle taken at
different positions were recorded for each membrane.
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Water Vapor Transmission Rate

The water vapor transmission rate (WVTR) of CS and MWCNT/QUE/CS membranes was
determined gravimetrically according to the method of [31], with modifications. The membranes were
cut into 15 mm x 15 mm and tightly sealed the 25 mL volumetric flask opening filled with 10 mL
distilled water. The membrane area exposed to water vapor transmission was 0.79 cm?. This
volumetric flask was then weighed and placed in a desiccator containing dried silica gel kept at room
temperature. The change in the weight of the volumetric flask was recorded at an interval of 24 h for
3 days and a graph of water loss versus time was plotted. The water vapor transmission rate of the
membrane was calculated based on the following formula:

WVTR (g m2day?) = (Wt - Wo) /(tA)

Where W, = weight of the initial system; W: = weight of the system at time t; t = measurement time;
A = open area of volumetric flask (m?).

Swelling

This experiment was performed as previously described with some modifications [32]. The CS and
MWCNT/QUE/CS membranes were first cut in a rectangular shape of 1 cm x 1 cm, weighed and
recorded (Wo). The membrane cut was immersed in distilled water at room temperature for 1 h. The
membrane was removed from distilled water at every 10 minute time intervals and blotted gently onto
filter paper and immediately weighed (W:). The soaking and weighing steps were repeatedly done for
1 h. The degree of swelling for each membrane was calculated using the following formula:

Swelling ratio [%] = [Wo - Wi] / Wo X100

Where Wo = Initial weight of membrane; Wt = Final weight of membrane after a particular soaking
time, t.

Data analysis
All experiments were repeated at least three times. All data were expressed as mean * standard
deviation.

Results

Scanning electron microscopy was performed to compare the surface morphology of each
membrane (Figure 1). The CS membrane surface was flat, compact and smooth, with the presence
of impurities (Figures la-1b). The MWCNT/QUE/CS blended membrane showed uneven surface
morphology, studded with dense granule-like structure as shown in Figures 1c-1d.
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Figure 1. Surface morphology of: (a,b) CS and (c,d) MWCNT/QUE/CS membranes at 250x and
1000x magnifications, respectively

Table 1 depicts the elemental composition of carbon, nitrogen, and oxygen detected in CS and
MWCNT/QUE/CS membranes using energy dispersive X-ray spectroscopy. The weight percentage
of C in CS membranes (38.7%) was slightly higher than in the MWCNT/QUE/CS blended
membranes (37.4%) (Table 1). However, the weight percentages of O and N were slightly lower in
CS membranes than in the MWCNT/QUE/CS blended membranes.

Table 1. Elemental composition of CS and MWCNT/QUE/CS membranes.

Sample Element (Atomic %), mean + SD
C ] N
CSs 38.7+33 328+17 285%20

MWCNT/QUE/CS 37426 334%49 29.3+4.7

Carbon (C), chitosan (CS), multi-walled carbon nanotubes (MWCNTS), nitrogen (N), oxygen (O), quercetin
(QUE), standard deviation (SD).

Figure 2 indicates the FT-IR spectra of CS and MWCNT/QUE/CS membranes. The pure CS
membrane showed strong and broad bands around 3000-3600 cm™ which refer to the stretching
vibration of —OH and —NH groups as well as inter chains hydrogen bonding of the polysaccharide. In
this region, the two bands at 3290.56 and 3342.64 cm™ corresponded to the primary amine group
stretching vibration [33]. The chitosan spectrum at 2875.86 cm™ corresponded to the —CH stretching
vibration [34-35]. The band at 1649.14 cm™ was assigned to —C=0 stretching vibration of amide |
[35-36] whereas the band at 1560.41 cm refers to amide 1l N-H stretching [35, 37-38]. The band at
1600 cm™ assigned to NH2 deforming vibration overlapped with the amide | band at 1649.14 cm™
giving a strong peak [33]. The C-N stretching vibration of amide Ill was found at 1317.38 cm™ [36].
The band at 1149.57 cm* was the characteristic of asymmetric stretching vibration of the saccharide
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structure of chitosan (C-O-C bridge) [36-37, 39]. The band at 1024.20 cm* was assigned to the —C-O
stretch of Ce-OH groups of chitosan [34, 36]. Band at 894.97 cm™ also corresponded to the
saccharide structure [33].

CS

— MWCNT/QUE/CS

216413

2875.86

ol 1649.14
1375.25
) 3290.56
o 1317.38
[ o
s 156041  1149.57
£
(7))
{ =
o
F= 2387.87 ﬁ
= Tz 287119 1988.61
2295 29
SEEG 1024.20
1367.53 \ 563.57
1273.02
1018.41 \\4,~|
li
503.42
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm)

Figure 2. FTIR spectra of CS and MWCNT/QUE/CS membranes

In comparison, the FTIR spectrum of the MWCNT/QUE/CS blended membrane showed a broad
absorption peak around 3271.27 cm™ attributes to overlapping of —OH and —NH stretching vibrations
[40] (Figure 2). Weak absorption bands of -CH symmetric stretching vibration and —C-O stretching
were shown at 2877.79 cm* and 1018.41 cm™, respectively. The absorption band assigned to —C=0
stretching vibration of amide | at 1649.14 cm™ as shown in pure CS membrane was not observed in
the MWCNT/QUE/CS blended membrane. A shifted and decrease in intensity of amide Il band was
observed at 1566.20 cm™. Specific bands corresponding to flavonoid quercetin —CH2- bending and —
C-O stretching vibration were shown at 1367.53 cm™ and 1273.02 cm, respectively [41-42]. Two
new bands were observed at 2088.91 cm™ and around 1700 — 1750 cm™ which represent the
characteristic of —-C=0 stretching of MWCNT for the latter [35-40].

The combination of MWCNTSs and QUE within the CS polymer matrix at the ratio 1:1:3 decreases the
water contact angle value. It can be seen from Table 2 that the water contact angle of CS and
MWCNT/QUE/CS membranes differ greatly. The pure CS membrane showed a higher water contact
angle of 81.4° than the MWCNT/QUE/CS membrane (64.7°).

Table 2. Water contact angle of CS and MWCNT/QUE/CS membranes.

Sample Water contact angle (°),
mean £ SD
CS 81.4+22

MWCNT/QUE/CS  64.7 +3.7
Chitosan (CS), multi-walled carbon nanotubes (MWCNTS), quercetin (QUE), standard deviation (SD).
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Figure 3 presents the water vapour transmission rate (WVTR) of CS and MWCNT/QUE/CS
membranes. It can be observed that the WVTR of the CS membrane was higher than
MWCNT/QUE/CS membrane measured for three consecutive days. The highest WVTR values of
19.2 and 16.3 g/m2.day were obtained after 24 h of the experiment for CS and MWCNT/QUE/CS
membranes, respectively.

25 +
19.2

20 -
= 15.6
3
15
£
o % CS
£ 10 -
E m MWCNT/QUE/CS

5 .

0

24 48 72
Time (h)

Figure 3. WVTR of CS and MWCNT/QUE/CS membranes

Results of water loss for both membranes were presented in Figure 4. The water loss achieved by
the CS membrane was constant with an increment of 0.02 g per day as compared to the
MWCNT/QUE/CS membrane which exhibited a decreasing trend of water loss as observed at 72 h of
experiment (Figure 4).

0.1 -
0.09 A

0.08 -
0.07 - ==CS

0.06 - —a—MWCNT/QUE/CS
0.05 -
0.04 -
0.03 -
0.02

Water loss (g)

24 48 72
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Figure 4. Water loss of CS and MWCNT/QUE/CS membranes

The swelling ratio of CS and MWCNT/QUE/CS membranes measured in 60 min was presented in
Figure 5. The swelling ratio of MWCNT/QUE/CS membrane after 60 min was 90%, which is lower
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than the CS membrane (105%). It can be observed that the CS membrane absorbed more water
within the first ten minutes and reached saturation after 30 min than the MWCNT/QUE/CS
membrane. The inclusion of quercetin into the CS matrix resulted in lower swelling index of the
MWCNT/QUE/CS membrane. This can be explained by the hydrophobic nature of quercetin and
hydrophobic or hydrogen bonding formation between quercetin and chitosan molecules [43].

——CS
=t MWCNT/QUE/CS
120 - /QUE/
100 —— i
LS —T— __I/;
o 80 —T
&
= 60
£
T 40
3
(7]
20
0 T T T T T 1
0 10 20 30 40 50 60
Time (min)

Figure 5. Swelling ratio of CS and MWCNT/QUE/CS membranes in 60 min

Discussions

The CS and MWCNT/QUE/CS membranes were prepared by stirring and ultrasonication. This
technique allows the absorption of MWCNTSs into the chitosan polymer matrix by electrostatic
interaction and prevents aggregation [44]. The solvent casting technique provides several
advantages for the synthesis of composite membranes including large area coverage, low
temperature process ability, low cost and structural flexibility [26]. The MWCNTs used in this study
were functionalized with 1% v/v acetic acid to reduce its toxicity and enhance its dispersion in
agueous environment [22, 26]. As a result, the acid functionalized MWCNTSs contain hydrophilic
groups such as —OH and —COOH [44].

Surface morphology results clearly presented a significant change in the surface morphology of CS
and MWCNT/QUE/CS membranes. A similar observation has been reported for the CS film prepared
using tartaric acid where impurities were observed at the surface of the CS film [45]). A smooth flat
surface with an absence of pores was also observed for CS film prepared in acetic acid [30]. [31] also
demonstrated that their CS film was homogenous and well-ordered, in comparison to the plant
extract-chitosan composite film which showed uneven surface morphology. Similarly, it was observed
in this study that the uneven surface of MWCNT/QUE/CS membrane could be attributed by the QUE.
This phenolic compound is rich in a hydroxyl group, which may promote inter- and intramolecular
hydrogen bonding with CS and result in uneven surface morphology of the MWCNT/QUE/CS
membrane [31]. Though was not observed in this study, the presence of MWCNTs in MWCNT-CS
composite films revealed that MWCNTSs were coated with CS and appeared in a strand-like structure
that would gather together at high MWCNTSs content [46].

The C, O and N elements observed for both CS and MWCNT/QUE/CS membranes were contributed
by the existence of N-acetyl D-glucosamine and D-glucosamine units in the chitosan structure [47].
The C and O elements were also derived from acid functionalized MWCNTs which were treated with
acetic acid prior to the membrane formation, and quercetin. Slight changes in the elemental
composition of chitosan were noticed following the addition of MWCNTSs and quercetin at the ratio
1:1:3. Increase in O and N elements as seen for the MWCNT/QUE/CS membrane (Table 1) may
indicate that more —OH and —NH functional groups are present on the membrane surface [48].
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For the FTIR results (Figure 2), the disappearance of a doublet at 3342.64 and 3290.56 cm™ in CS
membrane as well as the appearance of a single, shifted band at 3271.27 cm-! and narrowing of the
wide band at 3000-3600 cm™ in MWCNT/QUE/CS membrane indicating the partial destruction of
superimposed —OH and amine —NH symmetrical stretching vibrations and the hydrogen bonding
extensive formation, most likely due to the interaction of chitosan primary amine with —OH groups of
quercetin and MWCNTSs and hydroxyl group of chitosan with quercetin [39, 42]. The disappearance
of the characteristic band at 1649.14 cm was also observed in earlier studies [39, 42]. There are
two possible explanations for this observation. First, this peak disappeared due to the shifting of the —
C=0 functional group following the intermolecular hydrogen bond interaction between MWCNTs and
CS [44]. Second, the —NH group of chitosan interaction with the functional group of quercetin resulted
in the peak disappearance [42]. The reaction between a carboxylic group of MWCNTs and amino
groups of chitosan during the modification will form amide (-CONH-) groups around 1300-1650 cm*
[44]. On the contrary, this study observed a shifted and lower intensity of the overall band at 1300-
1650 cm™ suggesting that the quercetin could have completely interacted with the CS matrix and
MWCNTSs [39, 42].

The water contact angle results as shown in Table 2 were influenced by the elemental composition of
the membrane surface. The presence of more —OH and —NH groups on the MWCNT/QUE/CS
membrane surface may increase this membrane surface hydrophilicity and decrease its water
contact angle as a result of hydrogen bonds formation between chitosan, MWCNTs and quercetin
[48]. Thus, a decrease in water contact angle was demonstrated upon the addition of acid
functionalized MWCNTSs and quercetin into the chitosan polymer matrix. Similar observations were
also reported by a past study where the addition of single-walled carbon nanotubes (SWCNTSs) and
MWCNTSs in the acetic acid-chitosan hydrogel gives them hydrophilic properties which are needed for
effective skin contact as well as adequate dispersal in aqueous media [22]. Previous studies also
pointed out that the incorporation of bioactive materials such as curcumin and plant extracts into the
polymer matrix resulted in greater wound healing capability than the pure polymer itself [13].

The WVTR value of CS membrane was higher than MWCNT/QUE/CS membrane (Figure 3). Low
WVTR as seen in MWCNT/QUE/CS membrane could be attributed by the addition of quercetin to the
composite membrane. Previous studies also demonstrated that the addition of phenolic compounds
such as protocatechuic acid [49] and plant extract [31] into the chitosan polymer matrix decreases
the composite films water vapor permeability values due to their low water affinity as compared to
pure chitosan films. The presence of a hydrophilic domain in pure chitosan membrane greatly
influences its successive diffusive step [31]. On the contrary, the interaction of quercetin with —OH
and —NHz groups in chitosan and the presence of bulky benzene rings in quercetin molecules could
have obstructed the polymer network, thus reducing the chitosan affinity towards water vapour [31,
49]. In addition, another study highlighted that the incorporation of graphene oxide (GO) nanosheets
into the polyvinyl alcohol polymer matrix resulted in resistance to water molecules penetration. This
lowers the WVTR value due to a larger diffusion length and a longer diffusion time taken by water
molecules as they avoid the GO nanosheets within the polymer matrix [50]. Thus, it can be deduced
that the presence of MWCNTs may as well resist water molecules penetration and contribute to the
low WVTR value of the MWCNT/QUE/CS membrane. For wound dressing application, the WVTR
value indicates the membrane ability to control water loss and a suitable WVTR will provide a moist
environment needed for optimum wound healing [51]. It is noteworthy that an extremely high and low
WVTR should be avoided as this may lead to wound dehydration and accumulation of wound
exudates, respectively [51]. It can be suggested from the findings in Figure 4 that MWCNT/QUE/CS
membrane showed better ability to control water loss than the CS membrane.

The swelling property of a wound dressing represents its ability to resist wound exudate
accumulation and subsequently helps to prevent inflammation during the wound healing process [47].
The incorporation of quercetin into chitosan polymer matrix limits the interactions between chitosan
and water molecules and resulted in less swelling ratio (Figure 5). This could be due to the
interactions between —OH groups in quercetin with the hydrophilic groups in chitosan that lead to less
polar side-chain groups’ exposure to water molecules [43, 49]. Similar observations were also
reported for the chitosan composite films containing protocatechuic acid and quercetin-starch [43,
49]. The pure CS membrane, conversely, demonstrated a higher swelling ratio in accordance with
the earlier study as a result of strong hydrogen bond interactions between its —OH and —NH groups
and water molecules [49]. Past findings also revealed that the addition of small amount of MWCNTSs
into gelatin-chitosan matrix increases the film hydrophobicity and lowers the swelling ability. This
could be the result of the shielding effects of MWCNTS that were irregularly distributed in the polymer
matrix forming a well-developed three-dimensional network, thus preventing solvent diffusion into the
polymer matrix [26]. From Figure 5, it can be seen that an abrupt swelling occurs in both CS and
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MWCNT/QUE/CS membranes within 10 minutes of immersion in distilled water followed by controlled
swelling. Similarly, a previous study has reported the same observations for the chitosan/pectin/zinc
oxide films that contain different amounts of zinc oxide nanoparticles [47]. In that study, the films
showed abrupt swelling followed by controlled swelling until they reached a maximum swelling
equilibrium. In comparison to chitosan/pectin film, the chitosan/pectin/zinc oxide films absorbed less
water and thus showed lesser swelling degree, presumably due to less porosity, small pore size and
chelation of zinc oxide nanoparticles with the hydrophilic groups of the polymer network [47].

Conclusions

The incorporation of functionalized MWCNTs and quercetin highly influences the physicochemical
properties of the MWCNT/QUE/CS blended composite membrane. The increase in surface
hydrophilicity of the blended membrane may support skin contact. The improved surface structure as
shown from the uneven surface morphology of the MWCNT/QUE/CS membrane may promote re-
epithelialization. The low WVTR of the MWCNT/QUE/CS membrane may suggest that wound
surface dehydration can be prevented but more studies must be conducted to confirm the influence
of WVTR on cell migration and wound healing. The presence of quercetin as the bioactive material in
this blended membrane may accelerate wound healing due to its antibacterial and antioxidant
properties. Thus, it is suggested from these findings that MWCNT/QUE/CS blended composite
membrane has suitable properties for wound dressing application and could be further explored.
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