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ABSTRACT: This study aimed to develop chitosan derivative and halloysite nanotubes bionanocomposite films for
biomedical applications especially for wound healing. Firstly, water-soluble chitosan derivative i.e. carboxymethyl-
chitosan (CMCS) was synthesized via carboxylation reaction. Then, stock solution of CMCS (w/v %) and halloysite
nanotubes (w/v %) were prepared separately in distilled water. After that, the CMCS solution and halloysite nanotubes
were mixed into various proportions to form bionanocomposite films. The prepared bionanocomposite films were
analyzed based on several characteristics, including water absorption capacity, dressing pH, water vapor transmission
rate (WVTR), folding endurance, porosity, thickness, in vitro soil degradation, hemolysis, and thrombogenicity. The
results indicated that the amount of halloysite nanotubes had a notable impact on the water absorption capacity, folding
endurance, thickness, WVTR, and porosity of the bionanocomposite films. Furthermore, these films were found to be
non-hemolytic and biodegradable, leading to the conclusion that these bionanocomposite films hold promise for
biomedical applications.
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I. INTRODUCTION

Polysaccharides have garnered substantial attention recently because of their biocompatibility, biodegradability, and
non-toxicity. Among them, Chitosan, a naturally occurring cationic carbohydrate, has been considered a promising
candidate due to its remarkable biological properties '. It is a highly abundant natural polymer, extracted from chitin
by treating it with concentrated NaOH, commonly present in exoskeletons of marine creatures such as crabs, shrimps,
prawns, lobsters, etc * 3. The water-soluble chitin derivative has found multiple applications in both biomedical and
industrial domains ®'°. However, the low solubility of chitosan in distilled water and conventional solvents limits its
applications''. So, the chemical modification of chitosan into desired derivatives enhances its properties, making it
suitable for various applications. As a result, in this investigation, chitosan is modified into carboxymethyl-chitosan
(CMCS). CMCS is an essential water-soluble chitosan derivative that is fruitfully utilized as a biomaterial for research
and medical purposes'?> 3. It has garnered considerable attention from researchers because of its improved properties,
including high solubility in water, excellent biocompatibility, and strong biodegradability'*. Furthermore, it aids the
proliferation of skin fibroblasts and encourages neovascularization'®. Conversely, halloysite nanotubes (HNTSs) are
natural nanofillers with a chemical structure similar to kaolin'6. HNTSs possess many interesting properties such as good
dispersion capacity, a large aspect ratio, ease of availability, and non-toxic nature!”. HNTs have been employed as
nanofillers to increase, not only the thermal stability and mechanical strength, but also other properties of various
polymers such as sodium alginate, starch, chitosan, and poly (vinyl alcohol), among others 32!. The present study
prepared carboxymethyl-chitosan/halloysite nanotubes bionanocomposite films as a wound dressing. The prepared
bionanocomposite films were characterized by various physical properties (thickness, water absorption capacity,
dressing pH, water vapour transmission rate (WVTR), folding endurance, and porosity) as well as biological
properties (in vitro blood compatibility, and biodegradability) to investigate their wound healing efficacy.
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II. MATERIALS AND METHODS

2.1 Materials

Marine Hydrocolloids, Ernakulum, Cochin, India, chitosan (Ch) with a degree of deacetylation <75%. Halloysite
nanotubes were sourced from Sigma-Aldrich. Without any further purification, all chemicals were used just as
supplied. Distilled water was employed for all the experiments and sample preparations.

2.2 Methods

2.2.1 Synthesis of carboxymethyl-chitosan (CMCS)

CMCS was synthesized following a procedure outlined in previous literature ?2. In brief, 5 g of chitosan was mixed
with isopropanol, and then added 40% NaOH (w/v) dropwise to the reaction mixture, and stirred continuously at
ambient temperature for 20 minutes. In the next step, 15 g of monochloroacetic acid was dissolved in an equal volume
of isopropanol under continuous stirring. The monochloroacetic acid solution was then gradually added to the
aforementioned reaction mixture, and the reaction was maintained at ambient temperature while continuously stirring
for 24 hours. After that, the solid product was filtered using filter paper and neutralized with 10% acetic acid. The
neutralized product was subsequently suspended in an excess of 70% methanol by following filtration or washing with
methanol. Finally, the CMCS product was dried at room temperature and stored in a desiccator for future experiments.
The formation mechanism of carboxymethyl-chitosan is illustrated in Fig. 1.

OH OCH,00H

NaOH, chloroacetic acid
0 / ! 0
0 /

>
0 Isopropanol, strongly alkaline / 0 0
NH, NH,
Chitogan Caboxymethyl-chitosan

Fig. 1- Synthesis procedure of carboxymethyl-chitosan derivative of chitosan (Adopted from reference 14).

2.2.2 Preparation of CMCS/HNTs bionanocomposite films

CMCS/HNTs bionanocomposite films were fabricated using the solution casting method, with polyethylene glycol as a
plasticizer. Briefly, CMCS and HNTs solutions were prepared by dissolving CMCS and HNTs powders separately in
distilled water, respectively. Then, the binary solutions were blended in various ratios and stirred continuously to form
the binary solution mixture. The binary solution mixture was poured into a polypropylene plate and left in an oven at 37
°C overnight to make the bionanocomposite films. A pure CMCS film, prepared without the halloysite nanotubes and
denoted as CO was shown in Table 1. The CO film was used as a control throughout the experiment. The thickness of all
bionanocomposite films was measured using a screw gauge at five random points on each film and the average
thickness was recorded.

2.2.3 Dressing pH

The dressing pH was recorded by dipping each CMCS/HNTs bionanocomposite film and CO film (25 mm x 25 mm) in
a glass beaker containing phosphate buffer solution (pH 7.4) until equilibrium was reached. Afterward, the
bionanocomposite film was removed and the digital pH meter was used to record the pH of the remaining solution.

2.2.4 Folding endurance

To calculate the folding endurance, each bionanocomposite film was continuously folded at the same spot up to 300
times 2°. The number of folds achieved without any visible cracks was recorded. The average value was used to
measure the folding endurance of the each bionanocomposite film.
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2.2.5 Moisture Content

Gravimetric analysis was used to determine the moisture content of the CMCS/HNTSs bionanocomposite films and CO
films. Each film (W]) was first precisely weighed, and then it was dried for 5 hours at 105 °C in an oven. The drying
weight (WD) of each film was further measured. The moisture content was calculated using the equation below

Moisture Content= [W] — WD/WI] x 100

2.2.6 Porosity

The porosity of all the prepared CMCS/HNTs bionanocomposite film and CO film was calculated via the liquid
displacement method described in previous studies 2. In brief, the preweighed films were immersed separately into
each beaker containing ethanol till the saturation. The film was taken out of the ethanol and further weighed. This
equation was used to figure out the porosity of the film.

% porosity= (W2- W1- W3/ W2- W3) x100

where, W1 denotes the initial known weight of the prepared film, W2 is the combined weight of ethanol and the
immersed film, and W3 is the weight of ethanol after the film has been removed.

2.2.7 Water absorption capacity

A gravimetric method was used to determine the water absorption capacity of bionanocomposite films. It was placed
into a beaker with 15 mL of freshly made 0.9% saline solution (pH 7.4) and kept at 37 °C. Each film had a known
weight (WD). At regular intervals, the swollen film (WS) was taken out of the saline solution and immediately weighed
on a digital analytical balance. Any excess water on the film surface was gently blotted off with filter paper before
weighing. The water absorption capacity (WAC) was calculated via the specified equation.

WAC=[WS - WD/WD] x 100
The experimental data were shown as the mean + standard deviation (SD) for a sample size of n = 3.

2.2.8 Water vapour transmission rate (WVTR)

The WVTR of the prepared films was investigated by adopting a standard method described elsewhere?*. Briefly, each
film was cut in a circular shape and taped to the mouth of a glass beaker filled with 15 mL of distilled water with tape.
A glass breaker was kept in an incubator set at 37°C for 24 hours. Water loss through the above-said film was
recorded by weighing, and the plot between weight loss and time was generated. The WVTR was determined from the
equation below:

WVTR (g/m*day) = Mx24/A. T
where, M indicates mass loss, T is time (in hours) during the mass loss, and A is the exposed area of film.

2.2.9 In vitro blood compatibility
The following methods were used to investigate the prepared bionanocomposite film and control in vitro blood
compatibility.

2.2.9.1 Hemolysis study

The acid citrate dextrose (ACD) blood used in the hemolysis study, was made by mixing 9 mL of fresh blood with 1
mL of freshly prepared ACD solution?. Approximately, 0.544 g of anhydrous citric acid, 1.65 g of trisodium citrate
dehydrate, and 1.84 g of dextrose monohydrate were mixed with 75 mL of distilled water to make the ACD solution?.
A prepared film ( cm x 1 cm) was put in a falcon tube with 9 mL of normal saline solution and incubated at 37 °C for
30 minutes. Afterward, 1 mL of ACD blood was introduced into the falcon tube. For the negative control, a 1:9 ratio
mix of ACD blood and freshly prepared saline solution (pH 7.4) was used. This showed that there was no hemolysis.
Conversely, complete hemolysis was achieved with a 1:9 ratio of ACD blood and distilled water. For one hour, the
falcon tubes were kept at 37 °C. Each falcon tube was centrifuged at 2000 rpm for 5 minutes®®. Then, a UV-visible
spectrophotometer was used to measure the supernatant's optical density (OD) at 545 nm?’. All the experiments on
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hemolysis were done thrice with each supernatant, and the following equation was used to find the percentage of
hemolysis.

Hemolysis (%) = [ODtest —ODneg/ODpos —ODneg]XIOO

where, ODtest, ODneg, and ODpos represent the absorbance of test film, negative control, and positive control
respectively.

According to ‘The American Society for Testing and Materials (ASTM)-F 756-00 method, materials with a hemolysis
percentage greater than 5% are classified as hemolytic, those with percentages between 2% and 5% are considered
slightly hemolytic, and materials with less than 2% hemolysis are considered as non-hemolytic?.

2.2.9.2 Thrombogenity assay

The thrombus formation experiment was performed according to the kinetic method published by Dey and Ray®. This
was accomplished by applying 0.2 mL of ACD blood to the surface of the prepared film and adding 0.02 mL of 0.1 M
calcium chloride solution to start the blood clotting process. Then, 5 mL of distilled water was added to stop the
formation of clots after predefined intervals of 15, 30, 45, and 60 minutes. After that the resultant clot was subsequently
fixed in 5 mL of 36 % formaldehyde solution. Finally, distilled water was used to wash the fixed clot, filter paper to
blot it, and an electronic balance to weigh it.

2.2.10 In vitro soil degradation study

The degradation rate of the CMCS/HNTs bionanocomposite films and CO film was studied by measuring the weight
loss for 4 months. The bionanocomposite films were buried in a box filled with soil and retrieved at fixed time
intervals. After removal, the films were cleaned with tissue paper, dried, and weighed. All the experiments were
conducted in triplicate, and the mean values were used for the calculations.

III. RESULTS AND DISCUSSION

CMCS/HNTS bionanocomposite films were created using a simple solution casting and evaporation technique. As
shown in Table 1, the average thickness of all the bionanocomposite films and control ranged from 32.50+1.50-
39.75+0.50um. The results indicated that the addition of more halloysite nanotubes to the solution mixture increased
the thickness of the film. According to the Table 1, the prepared films also had a moisture content of about 6%.

Table 1. Sample code (s) and physical properties of the prepared bionanocomposite films.

Sample code Carboxymethyl- Halloysite-nanotubes (mL) | Thickness (um) [Moisture Dressing pH
chitosan (mL) Content (%)
Co 3 0 32.50+1.50 5.77+0.12 6.23+0.02
C2H1 2 1 33.75+1.00 6.15+0.10 6.34+0.01
ClH1 1.5 1.5 35.00+1.25 5.83£0.10 6.41+0.03
C1H2 1 2 39.75+0.50 6.07+0.08 6.52+0.02
3.1 Dressing pH

Any materials, that are used to help a wound heal should maintain the wound area slightly acidic condition at the
wound area. According to previous reports, a dressing material with a slightly acidic pH has a significant effect on the
healing process of wounds. The dressing pH of the prepared bionanocomposite films ranged between 6.23+0.02 to
6.52+0.02 as shown in Table 1. The pH values of these bionanocomposite films aligned with the reported pH levels of
several commercially available synthetics wound care products, such as Algoplaque (5.8 + 0.08), Askina Biofilm
Transparent (6.0 = 0.04), Comfeel Plus Transparent (6.4 + 0.05), Comfeel Plus Flexible (6.6 £ 0.06), and Askina
Transorbent (7.0 + 0.04)?% 3, Therefore, it was concluded that the above-mentioned films were quite good as wound
dressing in terms of dressing pH.
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3.2 Folding endurance

The results indicated that the bionanocomposite films were more folding-resistant when halloysite nanotubes were
incorporated into the CMCS solution. As shown in Fig. 3, the C1H1 bionanocomposite film shows a maximum folding
endurance than the control or any other prepared bionanocomposite films. This is due to the reinforcing nature of
halloysite nanotubes. The prepared bionanocomposite films showed good flexibility and strength since their folding
endurance values of the prepared films were determined to be optimal.

305 -
300 -
295 -
290
285
280

275
270

C2H1 C1HI1 C1H2
Sample Code (s)

No. of counts

Fig. 3- Folding endurance of the prepared bionanocomposite films including control (C0)

3.3 Porosity

Using the liquid displacement, the porosity of the prepared bionanocomposite films was examined. The porosity of all
films, including the control, ranged from 66.89+0.3 to 79.25+0.4%, as illustrated in Fig. 4. According to the findings,
the porosity of bionanocomposite films reduced as the halloysite nanotubes content increased. This observation aligns
with previously published findings on the porosity of chitosan/starch films containing halloysite nanotubes by Devi and
Dutta?. In addition, Kumar et al.3! reported that the porous dressing materials are beneficial for absorbing excess
wound exudates and make it easier for cells to receive nutrients and oxygen>2.
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Fig. 4- Porosity of the prepared bionanocomposite films including control (CO0).
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3.4 Water absorption capacity

The water absorption capacity of any dressing plays crucial role in wound healing system by absorbing large wound
exudates, maintaining moist environment, and preventing bacterial infetion. The prepared bionanocomposites films’
water absorption capacities were shown in Fig. 5. As demonstrated in Fig. 5, the incorporation of HNTs significantly
boosts the water absorption capacity of the said bionanocomposite films, with the C1H2 film showing the most
significant improvements. The higher water absorption capacity of these films is attributed to the hydrophilic nature of
HNTs, which aligns with the findings reported by Devi and Dutta?’. They revealed that the increasing content of
halloysite nanotube in chitosan/starch/halloysite nanocomposites raised their water absorption capacity.
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Fig. 5- Water absorption capacity of all the prepared bionanocomposite films.

3.5 Water vapour transmission rate (WVTR)

According to Queen et al.>}, a WVTR of 2000-2500 g/m%*day is optimal for maintaining proper moisture levels,
preventing severe dehydration, and absorbing extra exudate at the wound surface. The higher WVTR value can dry
the wounds faster and may cause scaring, whereas the lower WVTR could result in the accumulation of wound fluids,
slowing the healing process and raising the risk of microbial infection?> 2 3, The WVTR of the prepared
bionanocomposite films was checked, and results were depicted in Fig. 6. The prepared films had WVTR
values ranging from 1960+2.89 to 2098+2.63 g2 day’!, similar to the ideal range for wound care products reported
by Queen et al.?*

2150 H
R 2100 A
3 8
% g 2050 A
>
g é 2000 A
= 4 1950 -
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1900 A
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C2H1 CI1H1 ClH2
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Fig. 6- WVTR of the prepared bionanocomposite films including control (CO0).
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3.6 Hemolysis study

The hemolysis experiment was performed on the surfaces of the prepared bionanocomposite films and the control.
According to the ASTM F 756-00 method?®, a substance is considered non-hemolytic, if its hemolysis value is less than
2%. The prepared bionanocomposite films and pure CMCS film had hemolysis values of 1.25+0.02-1.88+0.02 %, as
shown in Fig 7. The results showed that all prepared films' hemolysis values were less than 2%. This clearly indicated
that the bionanocomposite films and the control were non-hemolytic in nature.

C2H1 CIHI C1H2
Sample Code (s)

2 -

1.5 -

[—
|

Hemolysis %
)
()]

O

Fig. 7- Hemolysis study of the prepared bionanocomposite films including control (CO0).

3.7 Thrombogenity assay

The weight of blood clot formation was recorded for each film at regular intervals and the results are presented in Table
2. Table 2 shows that the weight of blood clot formation decreases with increasing contact time of blood with the tested
films. According to the literature, the surface properties have a major molecular impact on surface-induced thrombosis.
The inhibition of blood clotting properties by the prepared films could be attributed to an adverse interaction of blood
components via protein denaturation?’. A group of researchers also reported that the increased hydrophilicity has no
direct effect on blood compatibility?>.

Table 2- Thrombogenity assay of the prepared bionanocomposite films including control (CO0).

Sample Weight of clot (g)
Code 15 min 30 min 45 min 60 min
Co 0.214 0.189 0.104 0.086
C2H1 0.287 0.173 0.099 0.079
ClH1 0.302 0.191 0.120 0.081
C1H2 0.298 0.165 0.101 0.068

3.8 In vitro soil degradation study
The weight loss percentages of the prepared films were 63%, 52%, 49%, and 46.50% for CO (control), C2H1, C1HI,

IJIRSET©2025 | AnISO 9001:2008 Certified Journal | 211



http://www.ijirset.com/

ﬂ“%ﬁ International Journal of Innovative Research of
[FI[:X 3§ Science, Engineering and Technology (IJIRSET)

|www.ijirset.com |A Monthly, Peer Reviewed & Refereed Journal| e-ISSN: 2319-8753| p-ISSN: 2347-6710|

Volume 14, Issue 1, January 2025
|DOI: 10.15680/1JIRSET.2025.1401022]|

and C1H2 after 4 months. The findings indicated that the weight loss % of the bionanocomposite films decreased with
an increase in the quantity of HNTs in the CMCS solution increased. This trend aligns with the findings of Liu et
al.3®, who also observed that the degradation rate of the composite sponges slowed down as the weight % of HNTs
increased. Further, the result also indicated that C2H1 bionanocomposite film showed the highest weight loss
percentage i.e. 52% (except control). This is due to the presence of a hydrophilic nature and the high quantity of
carboxymethyl-chitosan in C2H1 film. This study proves that the prepared films would be decomposed in a few months
once discarded, and eventually would not harm nature.

IV. CONCLUSION

Bionanocomposite films were prepared using carboxymethyl-chitosan (CMCS) and halloysite nanotubes (HNTs) via
the solution casting technique. The prepared bionanocomposite films were characterized by various physico-biological
properties. The result showed that the incorporation of HNTs into the CMCS solution not only enhanced the
mechanical strength, as indicated by increased folding endurance but also boosted the water absorption capacity and
water vapor transmission rate (WVTR). The pH of the dressing for all the prepared films was recorded, and it was in
the acceptable range of the ideal value for any wound dressings. Further, the films were confirmed to be non-hemolytic
in nature. In vitro soil degradation tests showed that the films completely degraded after a certain time, demonstrating
their potential for environmental biodegradability. Therefore, the prepared bionanocomposite films might be
potentially utilized for wound dressing applications.
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