
 

369 

 

Electrospun cellulose acetate/alginate incorporated with kaempferol enhances 
cells’ proliferation activity in a hyperglycaemic microenvironment 

Mira Aqilah Tajuddina, Siti Pauliena Mohd Bohariab*, Aryanny Nasira and Nurrulhidayah Salamuna 

a Faculty of Science, Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia 
b Institute of Bioproduct Development, Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia 
 Corresponding author. E-mail: pauliena@utm.my 

Received 4 March 2025, Revised 13 August 2025, Accepted 29 October 2025 

ABSTRACT 

The treatment of diabetic wounds remains a global challenge, as their nature of delayed healing, which is due to the oxidative stress, 
persistent infection, and frequent dressing changes during the healing process, could risk limb amputations and even fatality. A variety 
of approaches have been undertaken to generate skin substitutes, wound-healing patches, or dressings with adequate barrier 
properties, degradation, exudate uptake capacity, and wound-healing capacity. This study aimed to evaluate a novel bioactive wound 
dressing from rice husk cellulose acetate (CA) electrospun loaded with kaempferol (KM) and layered with alginate solution (CA-
KM/ALG) with the ability to deliver KM to the wound site. KM is highly enriched with multiple therapeutic agents that can promote 
cellular response and wound healing. In this study, electrospun CA nanofibers containing KM were first fabricated by the 
electrospinning method and then combined with the alginate hydrogel (ALG). The scanning electron microscopy images and 
macroscopic images revealed that CA nanofibers were fully covered with alginate hydrogel. FTIR results showed the successful 
incorporation of KM in nanofibers. Water contact angle, porosity, water uptake, and weight loss study of CA-KM/ALG (0°, 91.30 ± 
4.72%, 600-650%, 50%). Fibroblast culturing on the fabricated dressings in both normal and hyperglycemic conditions demonstrated 
that cellular attachment and proliferation improved with suitable KM concentration (15.67 µg/mL). Taken together, our results 
provide a novel bioactive dressing with great potential for speeding up the healing process in severe wounds. 

Keywords: Time-frequency analysis, Failure diagnosis, Diagnostics in rotating machinery, Vibration analysis 

 
1. INTRODUCTION 

Delayed healing of infected wounds is becoming more 
common over the years, which leads to compromising 
major part of management costs and mortality rates. These 
chronic wound infections and related consequences will 
continue to plague as long as the underlying causes, such as 
the development of diabetic wounds continue (Sen, 2021). 
On that note, wound treatment was observed to be 
revolutionized in the last few years, as it has been confirmed 
that moist dressings could accelerate wounds' healing and 
closure (Colobatiu et al., 2019). Theoretically, wound 
healing properties such as antimicrobial, biocompatibility, 
and non-toxicity would make the wound dressing an ideal 
choice, on top of being able to permit gaseous exchange and 
eliminate excess exudates, having appropriate mechanical 
properties, being easily removed without causing stress, 
and having a proper moisture balance (Nguyen et al., 2019). 
However, due to this ideal characteristic, which is still far 
from realisation, has been much research in innovating 
wound dressing. Coincidentally, there has been remarkable 
attention in the creation of bioactive wound dressings from 
polymers that can act as a carrier to deliver active 
substances or drugs to accelerate wound healing (Colobatiu 
et al., 2019).  

Natural polymers such as cellulose can be obtained and 
extracted from plants such as sugarcane, cotton, and paddy 
rice (Gupta et al., 2018). Instead of only exploiting the plant 
itself, many researchers have been working on utilising 
their waste, such as rice husk, to convert them to wealth by 
creating valuable applications in various fields (Cheah et al., 
2016). Rice husk (RH) is abundantly produced waste from 
rice mills and is reported to have contributed to a lot of 
agricultural waste management issues, but interestingly it 
comprises a substantial amount of cellulose (Gupta et al., 
2018). RH cellulose has various interesting properties, such 
as low density and nonabrasiveness with reasonable 
strength and stiffness, apart from being a renewable natural 
polymer. Cellulose-based materials bear valuable qualities 
like biocompatibility and antioxidant properties, reported 
to be applied in controlling wound and organ transplants 
(Doostmohammadi et al., 2020). Not only that, cellulose 
derivatives such as methyl cellulose and cellulose acetate 
have been used for drug delivery because of their capacity 
to attach with bioactive substances (Doostmohammadi et 
al., 2020). Additionally, wound dressing made from 
cellulose and its derivatives can be manipulated into 
various forms, namely foam, hydrogels, and nanofiber 
scaffolds.  
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Nanofiber scaffolds have been fabricated using 
electrospinning technique and remarkably become the 
interest of research in a wide range of fields since the past 
decades due to their desirable characteristics (Kharaghani 
et al., 2018). The efficient method used which is 
electrospinning, enables the fabrication of ultrafine fibers 
with relatively high surface to volume ratio and high 
porosity. As a result, electrospun nanofibers have garnered 
considerable attention for various applications, particularly 
in the biomedical field. It has been reported that 
electrospun nanofibers are used as scaffolds for tissue 
engineering, membranes for delivering bioactive agents, 
and wound dressing materials (Liu et al., 2019). In this 
study, cellulose acetate (CA) was selected due to its proven 
biocompatibility and was electrospun as carrier for the 
delivery of bioactive agent (Wsoo et al., 2020). Electrospun 
CA fibers are widely used as drug carriers because of their 
excellent tissue compatibility and ease of fabrication (Wsoo 
et al., 2020). Various studies have also explored the 
incorporation of multiple compounds into nanofibers 
including antioxidant and anti‐inflammatory agents such as 
flavonoids into electrospun CA fibers (Stoyanova et al., 
2022). 

Flavonoids hold interesting wound healing properties such 
that its antibacterial activity is linked to the suppression of 
bacterial energy metabolism and cytoplasmic membrane 
activity (Ullah et al., 2020). Kaempferol (KM) is a flavanol 
that also belongs to the class of flavonoids. It can be 
categorized as a phytonutrient, which plants naturally 
produce and has anti-inflammatory, antibacterial, and 
antioxidant functions (Yoon et al., 2013; Ren et al., 2019). 
But, even with numerous healing properties, KM has not 
been recorded to be applied as part of the wound dressing 
for treating cutaneous wounds. Even so, it appears to be 
that KM is a highly effective component that could be added 
and incorporated within wound dressings as a bioactive 
agent to encourage cell response and wound healing, 
particularly for the chronic wound group (Özay et al., 2019). 

Electrospun CA are extensively used as drug carriers and 
were used in this study to incorporate KM, as it offers a 
unique avenue for other flavonoid delivery while providing 
a matrix for wound regeneration due to their flat geometry 
(Ullah et al., 2020). However, although electrospun 
nanofibers have made great progress as a type of 
multifunctional biomaterial, major challenges still remain 
to fully meet the needs of patients in terms of 
biodegradation control rates, drug release, and cell 
adhesion properties to mimic the natural wound healing 
processes (Memic et al., 2019). To address this issue, this 
study has added another natural polymer, which is alginate 
hydrogel, on top of the electrospun CA. Hydrogels are 
widely used in pharmaceutical industries, including wound 
dressings and controlled drug release, and own desirable 
properties in wound healing, such as being nontoxic, 
biodegradable, and better at cell adhesion, making them a 
perfect addition to fabricate an ideal wound dressing (Tran 
et al., 2020). 

2. MATERIALS AND METHODS  

2.1. Materials  

The materials used in this study are as followed: cellulose 
acetate extracted from rice husk, sodium alginate (Sigma-
Aldrich), acetone (Ac) (99.5%) (Sigma-Aldrich), ethanol 
(EtOH) (99.5%) (Sigma-Aldrich), N,N-dimethylacetamide 
(DMAc) (99%) (Sigma-Aldrich), kaempferol (K0133- 100 
mg, 90% HPLC) (Sigma-Aldrich), human dermal fibroblast 
cell line (HSF, C-013-5C, at passage number 11), (TE Lab, 
UTM), 4.5 g/L Dulbecco's Modified Eagle Medium (DMEM), 
both with and without sodium pyruvate (for samples with 
alginate hydrogel) (DMEM-HPSTA), (Capricorn Scientific), 
fetal bovine serum (FBS, product code: FBS-11A) 
(Capricorn Scientific), sterile-filtered phosphate buffer 
saline solution (PBS, Item code: 806552-1L) (Merck), 
trypsin-EDTA solution (0.25%, sterile-filtered, BioReagent, 
Item code: T4049) ((Sigma Aldrich), trypan blue solution 
(0.4%, liquid, Item code: T8154) (Sigma Aldrich), antibiotic-
antimycotic (100 x), Catalog number:15240062 (Thermo 
Fisher Scientific), MTT powder (Sigma Aldrich), and cell 
counting kit (CCK-8) (500 test) (Enzo). 

2.2. Process Flow 

Figure 1 depicts a process flow of establishing electrospun 
cellulose acetate loaded with KM and layered with alginate 
solution as a diabetic wound dressing.  

 

Figure 1. Process flow of establishing electrospun cellulose 
acetate-kaempferol/alginate nanofibers mat for chronic wound 

application. 

2.3. Source of Plant Materials 

The Oryza Sativa L. husk was purchased from a local paddy 
supplier, En. Basir Mohd Piah, in Alor Setar, Kedah, in 
November 2019. This plant sample was then sent for 
species identification and was authenticated by Dr. Sam Yen 
Yen at Forest Research Institute Malaysia (FRIM), Kepong. 
The sample was deposited with voucher specimen number 
PID 010122-01 in the Herbarium of FRIM. 
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2.4. Cellulose Extraction from Rice Husk (RH) 

The cellulose extraction from RH was carried out according 
to the method by Rbihi et al. with slight modification. RH 
sample was cleaned, filtered, and oven-dried overnight at 
80 ℃. The extraction process began by mixing a 10 g of RH 
with a toluene:ethanol mixture (2:1) using a magnetic 
stirrer for 6 hours to remove the pigments and lipids, 
followed by oven drying at 80 ℃ overnight 
(Sankararamakrishnan et al., 2019). The RH was then 
treated with 4% of sodium hydroxide (NaOH) for 4 hours at 
80 ℃ to remove part of the hemicellulose (Rbihi et al., 
2019). The suspension was filtered and washed with 
distilled water (dH2O) until it reached pH 6-7. This was 
followed by bleaching treatment using 1.4% sodium 
chlorite (NaClO2) and 10% acetic acid at 80 ℃, which 
facilitates the degradation of lignin. The process was then 
followed by alkaline treatment with 0.1 M NaOH after which 
the suspension was rinsed with dH2O until it reached pH 6-
7 and was oven-dried overnight at 50 ℃ 
(Sankararamakrishnan et al., 2019).  

2.5. Instrumentation Analysis to Characterize RH 
Cellulose 

2.5.1. Characterization of RH Samples by Fourier 
Transform-Infrared Spectroscopy (FTIR) 

The FTIR analysis by FTIR spectrometer Perkin Elmer 
Model Frontier (T05, UTM) was performed to measure the 
infrared spectrum emission of the extracted RH cellulose. 
Three samples of RH cellulose (raw, treated with alkali, and 
after-bleached RH) were analysed to identify the changes in 
samples’ functional groups after consecutive treatments 
and to confirm the treatment success by observing the 
samples’ chemical properties (Onoja et al., 2019). Before the 
acquisition of each spectrum of the sample, the attenuated 
total reflectance (ATR) plate and probe were wiped using 
75% ethanol. Then the samples were placed on the plate 
and pressed against a high refractive index prism. FTIR 
spectrometry analysis was measured at 4 cm-1 resolution 
and the spectral scanning wavelength within the range of 
400-4000 cm-1 (Kruer-Zerhusen et al., 2018). 
 
2.5.2. Characterization of RH Samples by Scanning 
Electron Microscope (SEM) 

The macroscopic observation of treated RH cellulose 
samples was examined under a scanning electron 
microscope (SEM, Hitachi TM3030). Prior to imaging, the 
samples were fixed onto metal stubs using double-sided 
conductive tape and vacuum-coated with a 12 nm layer of 
gold for 15 minutes. The scanning was performed at an 
accelerating voltage of 15 kV to enhance image quality by 
reducing surface charging (Ali et al., 2014; Wang et al., 
2018).  
 
2.5.3. Acetylation of RH Cellulose 

The extracted RH cellulose was synthesized and 
transformed into its derivate, cellulose acetate (CA) by 
acetylation. For the initial process of cellulose acetylation, 

which was performed inside the fume hood, extracted RH 
cellulose weighing 2.5 g, was added into glacial acetic acid 
and was heated on a hot plate for 1 hour at 47.5 ℃. The 
mixture was constantly stirred with the use of a magnetic 
stirrer under the same condition (Das et al., 2014; Wang et 
al., 2020). Subsequently, acetic anhydride in the amount of 
5 mL was dropped into the mixture along with a few drops 
of 5.5 v/v % sulphuric acid (approximately 1 mL) as a 
catalyst to replace the -OH group of cellulose with an acetyl 
group. The slurry was continued to be heated on a hot plate 
at 47.5 ℃ for 2 hours (Achtel & Heinze, 2016). 
 
2.6. Instrumentation Analysis to Characterize RH 
Cellulose Acetate (CA) 

2.6.1. RH CA Characterization by FTIR 

The FTIR analysis by FTIR spectrometer Perkin Elmer 
Model Frontier (T05, UTM) was run to observe the peak 
intensity and measure the infrared spectrum emission of 
the RH CA sample and to analyze the replacement of 
functional groups of the polymers (Onoja et al., 2019). The 
FTIR analysis of RH CA was conducted using the same 
protocol as for raw and treated RH samples, involving ATR 
mode at a resolution of 4 cm-1 and a scanning range of 400-
4000 cm-1. 
 
2.6.2. Scanning Electron Microscope (SEM) 

The SEM characterization of RH CA followed the same 
protocol used for RH samples, where samples were fixed 
onto metal stubs and coated with gold prior to imaging 
under a Hitachi TM3030 microscope (Ali et al., 2014; Wang 
et al., 2018).   
 
2.7. Electrospinning Technique 

2.7.1. Preparation of Polymer Solutions 

RH CA-KM solutions at concentrations 15% and 17% were 
prepared by incorporating kaempferol (KM) at a 
concentration of 15.67 ug/mL (Özay et al., 2019). The 
solution was continuously and vigorously stirred using a 
magnetic stirrer for 4 hours at 25 ℃ until a homogeneous 
solution was formed (Huan et al., 2015; Pinheiro Bruni et al, 
2020). 
 

2.7.2. Electrospinning Setup 

The electrospinning process of the CA solution began by 
connecting 10 mL plastic syringes fitted with blunt-ended 
metal needles (0.84 mm). Aluminium foil was positioned on 
a wooden stand to collect the blended solutions, while a 
high voltage power supply generated a positive DC voltage 
of 12 kV (Konwarh et al., 2013; Long et al., 2019). The 
blended sample solutions were then loaded into the 
syringes and manually pushed until the solution reached 
the needle tip, at which point the electrospinning was 
initiated. The distance between the needle tip and collector 
was maintained at 14 cm throughout the experiment. The 
flow rate of the solutions was kept constant at the rate of 1 
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mL/hour. The electrospinning experiment was carried out 
at room temperature (Kalita et al., 2015; Long et al., 2019).  
 

2.8. Characterization of the Prepared Electrospun 
Nanofibers 

2.8.1. Scanning Electron Microscopy 

The surface morphology of CA and CA-KM, CA/ALG and CA-
KM/ALG nanofibers was examined using a scanning 
electron microscope (SEM), following the procedure 
described for RH samples, where samples were fixed onto 
metal stubs and coated with gold prior to imaging under a 
Hitachi TM3030 microscope (Ali et al., 2014; Wang et al., 
2018).  
 
2.8.2. Contact-angle Measurement 

The surface wettability of the samples (CA, CA-KM, CA/ALG, 
CA-KM/ALG) was obtained by using a fixed, immobile drop 
of the contact angle system (VCA Optima, AST Products, 
Inc.). A water droplet of 0.5 µl was fixed on the membrane 
surface of the samples (Huhtamäki, 2018). A real-time high-
resolution camera captured the image of the droplet, and 
the contact angle was analysed by using the ImageJ 
software. The ImageJ plug-in was used to calculate the 
contact angle of a water droplet on the samples’ surface 
using the approximation of the sphere and ellipse. The test 
was repeated three times to take the average result 
(Lamour et al, 2010; Huhtamäki, 2018). 
 
2.8.3. Alginate Solution Preparation 

1.5 g of sodium alginate was properly mixed in deionized 
water at a final concentration of 1.5% (w/v) in a 250 mL 
Erlenmeyer flask using a magnetic stirrer (Jang et al., 2014; 
Shelke et al., 2016). The mixing was continued for 1 hour to 
obtain low molecular weight (LMW) sodium alginate 
(Shelke et al., 2016).  
 
2.8.4. Layering Alginate Solution on Electrospun 
Nanofiber Mats 

The electrospun nanofiber mat was cut into circular discs 
with an area of approximately 1 cm2, and 1.5% (w/v) 
sodium alginate solution was added to the nanofiber mat 
and allowed to sit for 10 minutes. The sample was placed 
for 1 hour at room temperature to allow sodium alginate to 
gel on top of the mat and promote uniform sodium alginate 
layers. These discs were then added with 0.1 M calcium 
chloride solution to cross-link the sodium alginate solution 
for 15 minutes. The discs with sodium alginate and calcium 
chloride solution were left in the incubator shaking at 4 ℃ 
to form the hydrogel layer (Zhijiang et al., 2018). 
  
2.9. Characterization of Rice Husk Cellulose Acetate 
Loaded with Kaempferol by Electrospinning Process 
and Layered with Alginate (CA-KM/ALG) 

2.9.1. Porosity study 

The porosity of the samples (CA, CA-KM, CA/ALG, and CA-
KM/ALG) was measured according to Equation 1 (Razak et 
al., 2016). Vd is the volume of the samples and was 
determined by measuring the volume of the absorbed 
cyclohexane. While Vp is the pore volume, determined by 
immersing the samples in cyclohexane with the density of 
0.778 g/cm3 (Razak et al., 2016).  
 
Porosity: Vp/(Vd+Vp)  x 100  (1) 
 
2.9.2. Water Uptake Behaviour Study 

The water uptake behaviour of the samples (CA, CA-KM, 
CA/ALG, and CA-KM/ALG) was evaluated by weighing the 
samples (W0) prior to immersing them in a wound-like 
solution (Xie et al., 2021). The samples were cut into a size 
of 1 cm × 1 cm ×1 cm respectively, and the initial weight was 
recorded. The samples were then immersed in the wound-
like solution and proceeded to be incubated overnight at 25 
℃. The samples were taken out and slightly dried using 
filter paper every 48 hours for 15 days (W1) (Ravikumar et 
al., 2017). Equation 2 is for the calculation of the samples’ 
water update and was identified as the water uptake rate 
(%) (Yousefi et al., 2018). 
 
Water Uptake (%):    ((W1-W0)/W0)  × 100   (2) 
 
2.9.3. Weight Loss Study 

The weight loss study of the samples (CA, CA-KM, CA/ALG, 
and CA-KM/ALG) was analysed by calculating the weight 
loss of the samples after freeze-drying (Xie et al., 2021). The 
samples immersed in the wound-like solution were 
weighed to get the initial reading (W1). Then, the samples 
were freeze-dried in a freeze dryer at -50 ºC every 48 hours 
for 15 days and weighed (W0) until a constant weight was 
achieved (Ambekar et al., 2019). The weight loss rate was 
calculated by using equation (3) (Adeli et al., 2019). 
 
Weight Loss (%):  ((W0-W1)/W1)  × 100    (3) 
 
2.10. Bioassay Testing 

2.10.1. MTT Assay 

For the cytotoxicity study, tetrazolium reduction assay 
(MTT) was used (Latif et al., 2019).  The Human Skin 
Fibroblast (HSF) cells were grown to confluency and then 
trypsinized using 1 mL of 0.25% to detach the cells. The pre-
prepared cells were seeded onto the mat at a cell density of 
approximately 5×104 cells/well in DMEM under 
normoglycemic culture conditiond (25 mM of glucose 
concentration) and hyperglycemic culture conditions (150 
mM of glucose concentration), respectively, and incubated 
at 37 ℃ in 5% CO2 (Wiegand et al., 2019). Different 
concentrations of KM were then added to a 96-well plate 
containing HSF cells under normoglycemic and 
hyperglycemic microenvironments.  Serial dilutions 
ranging from 1000 µg/mL to a final concentration of 7.8 
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µg/mL were tested (Latif et al., 2019). Next, 20 µL of MTT 
reagent was prepared by dissolving MTT powder in PBS. 
The solution was then filter-sterilized using a syringe-
driven filter (0.20 µm pore size) into a wrapped Falcon tube 
to obtain a homogenous solution and remove any 
undissolved particles (Wiegand et al., 2019).  Next, the MTT 
solution was added to the well after 72 hours of incubation 
of the mat with HSF. The mat was incubated for 4 hours 
prior to the addition of 100 µL of 0.1 M HCl/isopropanol 
solution for 15 minutes. Then, 150 μL of the resulting 
colored solution was added (Chang et al., 2012; Latif et al, 
2019). Upon solubilization of the formazan crystals, the 
absorbance (Abs) was measured using the enzyme-linked 
immunosorbent assay (ELISA) reader (SPECTRO star Nano, 
Germany) at a wavelength of 570 nm to evaluate cell 
viability (Latif et al., 2019). Equation (4) was used to 
calculate cell viability: 
 
Cell viability (%): (Abs sample-blank)/(Abs control-blank)  
x 100                (4) 
 
2.10.2. Cell Attachment Assay 

Samples of CA, CA-KM, CA/ALG, and CA-KM/ALG were cut 
into 1 cm2 pieces for CA and CA-KM nanofibers and 1 cm3 

pieces for CA/ALG and CA-KM/ALG samples and sterilized 
under UV light. The samples were then rinsed with 
prepared phosphate buffered saline (PBS, pH 7.0), and 
transferred into a 24-well plate containing culture medium, 
followed by overnight incubation in a humidified CO2 
incubator at 37 ℃ prior to cell seeding. Fibroblast cells 
(HSF1180) were cultured under both normoglycemic and 
hyperglygemic conditions in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS) and 1% penicillin-streptomycin in a 5% CO2 
atmosphere at 37 ℃. The medium was then removed from 
24-well plate, and each well was seeded with 500 μL of cell 
suspension at a density of 5×104 cells/well to allow 
attachment on the surface of samples (CA, CA-KM, CA/ALG, 
and CA-KM/ALG). The cells were incubated for 4 hours in 
CO2 incubator (5% CO2, 37 ℃). After incubation, 50 μL of 
CCK-8 solution was added to each well containing samples, 
and the plates were further incubated for 2 hours at 37 ℃ in 
a CO2 incubator. The absorbance of each well plate was 
measured at  450 nm using an ELISA microplate reader 
(Rezk et al., 2019). 
 
2.10.3. Cell Proliferation Assay 

Samples of CA, CA-KM, CA/ALG, and CA-KM/ALG were cut 
with the measurement of 1 cm2 for CA and CA-KM 
nanofibers and 1 cm3 for CA/ALG and CA-KM/ALG samples 
and sterilized under UV light. The samples were then rinsed 
with prepared phosphate buffered saline with pH 7 three 
times and then were transferred to a 24-well plate 
containing culture medium and incubated overnight in a 
humidified atmosphere at 37 ℃ prior to cell seeding. The 
fibroblast cells (HSF1180) were cultured in normoglycemic 
and hyperglycemic environments (DMEM medium, 
complemented with 10% fetal bovine serum (FBS) and 1% 
penicillin-streptomycin in the condition of 5% CO2 at 37 ℃). 
The medium was removed from 24-well plate and the plate 

was seeded with 500 μL of 5×104 cells/well to attach on the 
surface of the samples (CA, CA-KM, CA/ALG, and CA-
KM/ALG) and grown at different hours (24, 48, and 72 
hours) in atmosphere of 5% CO2 at 37 ℃. The plate was 
incubated for 4 hours, and 50 μL of CCK-8 solution was 
poured into the well containing samples. The plate was 
continued to be incubated for 2 hours in a CO2 incubator at 
37 ℃. 100 uL culture from each well was transferred to a 
96-well plate. The absorbance of each well plate was 
evaluated at a wavelength of 450 nm using an ELISA 
microplate reader (Rezk et al., 2019).  
 
2.10.4. Statistical Analysis 

All data were represented as the means ± SD of the results 
of experiments with different nanofiber samples, and all 
data were analyzed using SPSS-V25 software. Statistical 
analyses were performed by comparing the means of the 
two groups’ values using the Student’s t-test or Mann–
Whitney U test where appropriate. P-values of p<0.01 and 
p<0.05 were referred to determine significant differences. 
 
3. RESULT AND DISCUSSION 

3.1. Cellulose and Cellulose Acetate from Rice Husk 
(RH) 

The optical photos of the rice husk sample that was 
chemically treated in a series of stages: raw, alkali-treated, 
bleached, and acetylated, are shown in Figures 2a-2d. It was 
observed that the raw rice husk colour started to change 
from yellowish (chemical treatment) in Figure 2a to 
brownish (alkali treatment) in Figure 2b and whitish 
(bleaching) in Figure 2c. This result may be attributed to the 
chemical treatment efficiency in purifying the cellulose 
fibers and removing the non-cellulosic components of RH as 
reported by previous research (Onoja et al., 2019). After the 
bleaching treatment with sodium chlorite (NaClO2), the 
colour changes of the samples were more apparent. The 
cellulose microfibrils also turned almost white in colour, as 
shown in Figure 2c. This result proved the successful 
removal of the non-cellulosic components and agrees with 
those reported by previous researchers (Paschoal et al., 
2015; Ilangovan et al., 2020). Typically, a mixture of sodium 
chlorite (70%) and acetic acid (80%) is used to successfully 
remove the chemical components of lignin, hemicelluloses, 
and other significant lignocellulosic debris from plant-
based fibers (Maver et al., 2020). A study where two banana 
cultivars have also had their cellulose isolated and their 
lignin extracted using a similar acid mixture, doing away 
with the non-cellulose polysaccharides and the traditional 
delignification and bleaching procedure in the process 
(Gopinath et al., 2018). This can be explained in further 
characterisations of ATR-FTIR as presented in Figure 4 and 
SEM images in Figure 5. 

Error! Reference source not found.d shows an image of 
acetylated cellulose from rice husk. The texture was 
powdery and became off-white in colour after the filtration 
phase. The acetylation mechanism can be classified as a 
heterogeneous process. When the sulphuric acid (H2SO4) 
was added, the carbonyl carbon of the acetic anhydride was 
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activated. This is possible due to the presence of an alcoholic 
group (Krishnadev et al., 2020).  After the activation, acetic 
anhydride would react with cellulose hydroxyl groups and 
the esterification would take place, resulting in the 
production of acetic acid as a by-product (Das et al., 2014; 
Araujo et al., 2020). In contrast, the typical process of 
acetylation occurs as a homogeneous process by having 
sulphuric acid (H2SO4) perform as a catalyst aiding to 
dissolve the cellulose extract in the acetic acid, the reaction 
medium. In this study, the process of heterogenous 
acetylation was performed via displacement of hydroxyl 
groups with acetyl groups by using acetic anhydride, 
following the method adopted from Araujo et al., (2020). 
The result can be observed in the characterisations shown 
in Error! Reference source not found. and Error! 
Reference source not found..  
 

 
Figure 2. Images of (a) raw rice husks (RH) sample, (b) alkali-
treated RH sample, (c) bleached RH sample, and (d) cellulose 

acetate RH sample. Each image includes a scale bar representing 
1 cm for visual reference. 

 
The reversible reaction in the acetylation of cellulose 
acetate from RH cellulose can be visualized in Figure 3. 
When observed, parts of OH groups in cellulose were 
replaced by the acetyl group in cellulose acetate by the 
source of esters, acetic anhydride. Highly acetylated 
cellulose is formed when most of the OH groups in the 
cellulose structure are replaced by acetyl groups during 
acetylation (Tian et al., 2021). This contributes to a higher 
degree of substitution (DS) in cellulose acetate. The degree 
of substitution ranging from ~0.8 to 3.0 defines the level of 
hydrophobicity properties in cellulose acetate (Suwantong 
et al., 2010; Alves et al., 2019). Normally, CA with a degree 
of substitution that is equivalent to 1.0-1.5, 2.0-2.5, and 
2.75-3.0 is typically referred to as monoacetate, diacetate, 
and triacetate cellulose, respectively (Wsoo et al., 2020). In 
this study, however, the DS was not determined and the 
chemical interactions as well as hydrophobicity were 
further investigated using ATR-FTIR characterisation and a 
water contact angle study instead. Although the DS was not 
quantitatively determined in this study, the successful 
acetylation of cellulose was confirmed through ATR-FTIR 
analysis. The peaks corresponding to ester carbonyl groups 
(C=O) and reducing hydroxyl stretching intensity (–OH) 

indicated the replacement of hydroxyl groups with acetyl 
groups. Additionally, changes in water contact angle 
measurements supported the increased hydrophobicity of 
the acetylated cellulose, indirectly reflecting a successful 
substitution process. 
 

 
Figure 3. Chemical structure of RH cellulose and cellulose acetate 

RH in the reversible reaction. 

 
3.2. Morphological and Chemical Characterizations of 
RH Cellulose and Cellulose Acetate 

3.2.1. Chemical Interaction Analysis by Fourier-
Transform Infrared Spectroscopy (FTIR) 

To prove the successful acetylation of cellulose from RH, the 
comparison in FTIR spectra of RH CA with other extracted 
RH samples is visualized in Figure 4 (a-d). The figure shows 
a comparative FTIR spectrum between raw RH, alkali-
treated RH, bleached RH cellulose, and cellulose acetate RH, 
respectively. FTIR analysis is an insightful technique to 
distinguish between various samples by referring to their 
chemical components (functional groups) and to 
understand the characteristics of materials (Kurečič et al., 
2018). In Figure 4, based on the dashed lines that indicate 
peaks and functional groups, it is recorded and circled in red 
that near the peak 3260-3328 cm−1, all spectra showed a 
vibration band that corresponds to O–H stretching 
vibration for the intramolecular H-bond. However, in the CA 
spectrum in Figure 4 (d), the peak has shifted further to 
3464 cm-1. This hydrophilic tendency is reflected by the 
broad absorption band region related to the −CH and –OH 
groups of cellulose, present as their main components. The 
twin peaks in all spectra at 2852 and 2920 cm−1 in the 
middle area indicate the cellulose polysaccharides of 
aliphatic saturated C–H stretching vibration (Hasanvand et 
al., 2018). A significant individual peak at 1745 cm-1 is 
responsible to the stretching vibrations of the carbonyl 
functional group (C=O) of the acetyl ester group in the CA 
(Wsoo et al., 2021). The peaks located around 1628-1635 in 
all spectra are the O-H bond of water absorption (Jatoi et al., 
2019). A shift in the C-H group's symmetry can be seen in 
the peak at roughly 1370 cm-1 in the spectra of the treated 
RH sample (Johar et al., 2012; Kalwar et al., 2018). The 
bands around 980-1036 cm−1 seen in all four of the spectra 
relate to the structure of the cellulose compositions as well 
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as the C-H stretching vibration of C-O (Kalwar et al., 2018). 
While the minor signature at 844, 866, and 903 cm-1 in 
alkaline-treated, bleached, and acetylated cellulose, as 
shown in Figure 4, shows the common cellulose structure, 
attributed to the β-glycosidic chain of the glucose ring of 
cellulose. At the peak of 794 cm–1 in raw RH, it represents 
the hemicelluloses’ uronic ester groups comprised. 
Additionally, the peak corresponds to the ferulic and p-
coumeric acids in lignin and hemicellulose content, which is 
the ester chain of the carboxylic group. The peak dissolved 
following RH chemical treatment, determining that the non-
cellulosic components have been removed (Johar et al., 
2012; Kalwar et al., 2018). The prominent peaks are 
reported and simplified in Table 1. 
 

 
Figure 4. FTIR spectra recorded for (a) raw rice husk (Raw RH), 
(b) alkaline treated rice husk (alkaline treated RH), (c) bleached 
rice husk (Bleached RH), and (d) rice husk cellulose acetate (RH 

CA) 

 
Table 1 Peak absorption of rice husk at different treatment stages 

 

Rice Husk (RH)  Involved Groups 

Raw Alkali 
treat

ed 

Bleach
ed 

CA 

326
0-

341
2 

3268
-

3328 

3298 346
4 

O-H group strain 

285
2, 

292
0 

2890 2916-
2918 

292
0 

C-H group strain 

- - - 173
7 

C=O stretching 
vibration 

162
8 

1628 1620 163
5 

O-H bond of water 
absorption 

- 1370 1370 137
0 

C–CH3  

980 956 1099 103
6 

C–H stretching 
vibration, C–O and the 
cellulose constituent’s 

structure  
- 844 866 903 C-O stretch C-H 

vibration in cellulose 
794 - - - C-O bond in 

cellulose/hemicellulose
/lignin 

 

3.2.2. Microscopic Characterizations by SEM (Scanning 
Electron Microscope) of RH Cellulose and Cellulose 
Acetate 

Following the macroscopic observations described in the 
previous section, microscopic observations were conducted 
using a scanning electron microscope (SEM) to visualize the 
morphological changes of the samples (Kurečič et al., 2018). 
However, due to the use of different magnifications for each 
sample, direct comparison between the samples is limited, 
and observations were instead made within individual 
micrographs and between samples captured at the same 
magnification to ensure consistency and validity in 
structural comparison. The SEM image of the untreated RH 
(Figure 5a) has been evidently well-organized with uneven 
outer structures due to the presence of silica, similar to 
those reported by previous researchers (Johar et al., 2012; 
Kalwar et al., 2018). As a result of partial elimination of 
lignin and hemicellulose, the raw RH has deformed after 
alkali treatment with NaOH (w/v) (Figure 5b). The 
structure appeared disorganized and less compact, 
indicating the partial removal of the cementing components 
indicated in Figure 5a. Such treatment has successfully 
eliminated the waxy components from the RH surface, as 
well as the pectin, lignin, and hemicellulose (Kurečič et al., 
2018). In Figure 5c, the bleached RH fibers appeared more 
individualized and elongated compared to raw RH in Figure 
5a and alkali-treated RH in Figure 5b. This morphological 
change indicates successful removal of non-cellulosic 
cementing materials such as lignin and hemicellulose 
during the bleaching process, suggesting a higher aspect 
ratio in the bleached RH. This fiber morphology is 
favourable for transformation into electrospun fiber due to 
improved spinnability and fiber continuity (Krishnadev et 
al., 2022). The acetylation process is known to derive 
cellulose fiber structure through esterification, potentially 
improving fiber separation (Sghaier et al. 2012; Fareez et al. 
2018). In Figure 5d, the cellulose acetate (CA) fibers 
appeared to be more uniformly distributed with a relatively 
refined and organized morphology, suggesting that the 
acetylation process may have improved the fiber 
dispersion.  
 

 
Figure 5. SEM images of (a) Raw RH at a magnification of 1000x, 

(b) Alkaline-treated RH (3000x) (c) Bleached RH (3000x), and (d) 
RH CA (1000x). 
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3.3. CA Nanofibers Loaded with Kaempferol (KM) 
Layered with Alginate Solution (CA-KM/ALG) 
Characterizations 

3.3.1. Surface Morphological Characterization of CA 
Nanofibers 

Morphological observations of electrospun cellulose acetate 
(CA) nanofibers at 15% and 17% (w/v) concentrations are 
shown in Figures 6a and 6b, respectively. The fibers 
produced from the 15% CA solution exhibited visible beads 
along the fibers, particularly concentrated near the center 
of the image (Figure 6a), indicating an unstable jet 
formation during electrospinning. In contrast, fibers 
produced from the 17% CA solution appeared smoother 
and bead-free (Figure 6b), suggesting more stable 
electrospinning conditions and improved fiber quality. 
These findings demonstrate that increasing CA 
concentration improved fiber uniformity and reduced bead 
formation in our system. This is likely due to the increased 
viscosity of the polymer solution at higher concentrations, 
which promotes continuous and stable jet flow during 
electrospinning. Our results are in agreement with Angel et 
al. (2020) and Nasir et al. (2023), who reported that higher 
CA concentrations tend to suppress bead formation and 
yield more consistent fiber structures. Furthermore, 
previous studies (e.g., Haas et al., cited in Mashfeghian et al., 
2021) have established that a 2:1 acetone/DMAc solvent 
mixture effectively supports the electrospinning of CA 
solutions within the 12.5–20% range, which aligns with our 
optimized 17% formulation. Therefore, the main finding 
from Figure 6 is that 17% CA produced the most 
morphologically stable nanofibers in our experimental 
conditions, validating the selected polymer concentration 
for subsequent KM loading.  
 

 
Figure 6. Images of (a) 15% CA nanofibers and (b) 17% CA 

nanofibers surface taken after the electrospinning process was 
completed 

 
3.3.2. Surface Morphological Characterization CA 
Nanofibers Loaded with KM (CA-KM) 

According to the comparison between 15% and 17% CA 
nanofibers in terms of morphology and wettability, 17% 
(Figure 6b) showed better fiber surface and distribution. 
Hence, kaempferol was dissolved in 17% CA polymer 
solutions for electrospinning to fabricate the CA-KM 

nanofibers. In Figure 7, both CA and CA-KM nanofibers were 
compared to see the nanofibers’ surface structure. Both 
fiber surfaces showed a uniform fiber structure with little to 
no visible beads, and no significant morphological 
differences were observed. 
 

 
Figure 7. Images of (a) CA nanofibers surface (b) CA-KM 

nanofibers surface taken after the electrospinning process was 
completed 

 
3.3.3. Surface Morphological Characterization of CA 
Layered with Alginate Solution (CA/ALG) and CA-
KM/ALG 

The morphology of the CA/ALG and CA-KM/ALG scaffolds 
was observed to have a sponge-like structure after being 
lyophilised, with pores apparent on the surface of both 
scaffolds and within the scaffolds' 3D structure (Zhang et al., 
2020). In Figure 8a, the CA/ALG scaffold was virtually 
white, circular, and porous. Meanwhile, in Figure 8b, there 
were yellowish stains on the CA-KM/ALG shown, which was 
believed to be caused by KM being released from the CA-KM 
nanofiber during the layering of alginate hydrogel. The 
yellowish crystal powder with a melting point of 278 ℃, KM, 
was dissolved in the electrospun CA solvent prior to 
electrospinning. The wrinkle obtained on the hydrogel on 
the CA-KM/ALG shown in Figure 8b might be attributed to 
the drying process compared to the rather flat hydrogel 
obtained from the CA/ALG shown in Figure 8a (Ye et al., 
2019). This confirmation of KM loading success in the CA-
KM nanofibers was further proven in ATR-FTIR 
characterisation in Figure 9. 
 

 
Figure 8. Images of (a) CA/ALG and (b) CA-KM/ALG from top 

view with a diameter of 2 cm 
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3.4. Morphological and Chemical Characterizations of 
CA-KM, CA/ALG, and CA-KM/ALG 

3.4.1. Chemical Interaction Analysis by ATR-FTIR 

To further confirm the incorporation of KM in the scaffold 
of CA nanofibers and CA-KM/ALG, the FTIR spectrum of CA 
derived from RH, KM, and CA-KM/ALG were compared in 
Figure 9 (a-e). The use of FTIR analysis is important to 
determine the characteristics of materials and to 
distinguish between different samples based on their 
chemical components (functional groups) (Kurečič et al., 
2018). The main peaks are reported in Table 2. The 
successful incorporation of KM with CA nanofibers was 
proven by performing ATR-FTIR spectroscopy. 
Additionally, FTIR was able to depict the appearance of 
potential bonds that probably formed only after the 
incorporation. The spectra of electrospun CA nanofibers 
without KM (CA) and with KM (CA-KM) are shown in 
Figures 9a and 9c. Pure CA nanofibers' spectra showed 
cellulose acetate's distinctive bands, including a wide band 
at 3330-3505 cm-1 that is associated with the extended 
vibrations of the -OH group (Kurečič et al., 2018).  
 
The absorbances around 2910 cm-1 and at 1370 cm-1 were 
probably due to the stretching and C–H bond vibration 
(Candido et al., 2016), respectively. The intense band at 
1739 cm-1 was related to the extension of the C=O bond of 
the ester carbonyl group, while the sharp band at 1219 cm-

1 aligned with the C–O bond vibration. The absorption peak 
at 1031 cm-1 was associated with the C–O–O vibration 
(Kurečič et al., 2018). This band absorption is typical for CA 
sp2 hybridisation (O=C–O–CH3) (Candido & Gonc¸alves 
2016). In CA-KM nanofibers, a sharper peak or absorption 
band was observed at 2852 and 2918 cm-1, which 
corresponded to –NH2 group scissoring vibrations. While 
the absorption peak at 1523 cm-1 was related to the benzene 
ring stretching that appears in the benzocaine structure 
(Kurečič et al., 2018).  
 
The confirmation of successful KM incorporation into the 
CA nanofiber structure in Figure 9c can also  be observed 
from the absorption peak at 774 cm-1. For alginate hydrogel, 
the identification can be observed from the broad 
absorption band at 3298 cm-1, corresponding to the -OH 
group in the hydrogel. In CA-KM/ALG in Figure 9e, the 
presence of KM can be denoted at sharper peaks at 2920 cm-

1 and 2852 cm-1, determining C-H group stretching. This is 
similar to the absorption bands annotated in CA-KM 
nanofibers spectra (Kurečič et al., 2018). These findings 
suggest successful chemical interaction between KM and 
CA, as well as stability of the drug within the polymer 
network. The detection of specific functional groups 
associated with KM and their persistence in the composite 
system highlight the potential of CA nanofibers and CA-
KM/ALG hydrogels as effective drug delivery platforms. 
 

 
Figure 9. FTIR spectra recorded for (a) CA nanofibers, (b) 

kaempferol (KM), (c) CA-KM nanofibers, (d) alginate, and (e) CA-
KM/ALG nanofibers. 

 
Table 2. ATR-FTIR spectra of electrospun CA nanofibers with and 

without incorporated KM 
 

CA-KM/ALG  Involved Groups 

CA CA-
KM 

ALG CA-
KM/A
LG 

KM 

326
0-
341
2 

326
8-
332
8 

329
8 

3472 327
8 

O-H group strain 

285
2, 
292
0 

289
0 

291
6-
291
8 

2920 285
2, 
291
8 

C-H group strain 

- - - 1739 165
7 

C=O stretching 
vibration 

162
8 

162
8 

162
0 

1635 160
8,  

C=O absorption band 

- 137
0 

137
0 

1370 156
7, 
143
5 

C–CH3  

980 956 109
9 

1036 125
7 

C–H stretching 
vibration of C–O and 
cellulose 
constituent’s 
structure  

- 844 866 903 - C-O stretch C-H 
vibration in cellulose 

794 - - - - C-O bond in 
cellulose/hemicellul
ose/lignin 
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3.4.2. SEM Images of CA, CA-KM, and CA/ALG Nanofibers 

The average fiber diameter (n=100) for 15% CA nanofibers 
was 325 ± 138 nm as shown in Figure 10(a). If observed in 
the figure, there was an appearance of beads circled in red. 
The fiber distributions are also varied, ranging from 100 to 
700 nm. The average fiber diameter of CA nanofibers is 
rather smaller than those reported in previous works (Gong 
et al., 2019; Sayyed et al., 2019). For 17% CA and CA-KM 
nanofibers, the average fiber diameters were 347 ± 101 nm 
and 418 ± 127 nm, as shown in Figure 10 (b-c). The fiber 
diameter distributions for both nanofibers appeared to be 
more uniform and oriented as compared to the 
distributions of 15% CA nanofibers. This explains that 
higher CA concentration in CA nanofibers improved the 
stability and nanofibers diameter uniformity for tissue 
engineering applications. The increment of diameters was 
noticeable when the concentration of the loaded 
Kaempferol (KM) increased compared to that of CA 
nanofibers alone. This increment of fiber diameter might be 
related to the fact that the blended solutions became more 
viscous as more KM was added. The increasing viscosity of 
the blended solutions might be attributed to intermolecular 
hydrogen bonding (O-H) between the OH group of ethanol 
and the OH group of KM. The possibility of multiple 
intermolecular hydrogen bonds between the solvent and 
KM might be increased when the concentration of KM in the 
blended solutions is raised. As a result of increasing 
kaempferol (KM) concentration, the viscosity of the blended 
CA polymer solution increased, which was evident during 
electrospinning and confirmed by visual changes in fiber 
morphology (i.e., increased fiber diameter). In the current 
study, electrospun nanofibers loaded with KM were 
observed to have larger diameters compared to neat CA 
nanofibers, suggesting reduced molecular mobility during 
jet elongation. This is consistent with our observation that 
highly viscous solutions are more challenging to stretch 
uniformly at the Taylor cone, leading to thicker fibers. Our 
findings align with those of Christensen et al. (2016) and 
Mohapatra et al. (2021), who reported that increased 
hydrogen bonding between drug and polymer (or solvent) 
can reduce molecular mobility, thus increasing solution 
viscosity. Since molecular mobility and viscosity are 
inversely related (Mohapatra et al., 2021), stronger KM–
ethanol interactions in our blend likely contributed to 
higher resistance to flow. This directly influenced fiber 
formation and morphology. Similar results were reported 
by Tawwab et al. (2019), who observed thicker fibers as a 
consequence of increased viscosity due to solute 
interactions. Therefore, while previous studies provide a 
useful framework, our experimental results independently 
support the relationship between drug–polymer 
interactions, viscosity, and fiber morphology in the CA-KM 
nanofiber system. 
 
This difference in fiber diameter is attributed to the solvent 
concentration and concentration of CA. The diameter of 
electrospun nanofibers is a critical factor for improving 
drug loading and controlling drug release. The higher drug 
loading efficiency of nanofibers is related to the higher 
surface area to mass ratio (Shahriar et al., 2019). The 

surface area and porosity of nanofibers increase as the 
diameter of the fiber decreases. Furthermore, nanofibers 
with small diameters tend to form more interconnected 
architectures (Liao et al., 2018). As a result, the molecular 
mobility, such as main chain rotation and displacement, was 
reduced. The reduced molecular mobility has a substantial 
impact on drug release rates. In brief, the molecular 
mobility of amorphous chains was reduced as the diameter 
of nanofibers decreased, resulting in decreased drug release 
from the nanofibers (Chung & Kwak, 2018). 
 
The SEM images of the nanofibers’ surfaces and cross 
section of alginate hydrogel are shown in Figure 10 (a-d). 
The scaffolds' morphology and structure generally seemed 
to be quite similar, with each scaffold exhibiting a sponge-
like structure. However, the composite scaffolds' 
appearance differed based on the materials utilised, the 
concentration of polymers, and the way that each particular 
polymer layered with alginate solution (Turnbull et al., 
2018). However, it was possible to clearly see the porosity 
structure of the scaffolds. The pore size might range from 
200 to 300 depending on the composite scaffolds (Figure 
10d) for alginate hydrogel. When employed as a tissue 
engineering scaffold, pores with these diameters are 
appropriate for allowing cells to penetrate biomaterials and 
transport nutrients and waste (Wsoo et al., 2021). The 
method used to create the scaffolds and the way the 
scaffolds’ specific area was treated to freeze-drying, had an 
impact on the distribution of the pore size within the 
scaffold, especially on the freezing process and frozen 
solvent sublimation direction (Wsoo et al., 2021). Overall, 
the composite scaffolds' shape and structure mirrored the 
essential qualities that a biomaterial scaffold must have in 
order to be used in tissue engineering applications 
(Turnbull et al., 2018). 
 

 
Figure 10. SEM images and fiber diameter distributions of (a) 

15% CA nanofibers at a magnification of 1000x, (b) 17% CA 
nanofibers at a magnification of 3000x, (c) 17% CA-KM 

nanofibers at a magnification of 3000x, and (d) Cross section 
alginate solution layered on CA-KM nanofibers 
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3.4.3. Water Contact Angle 

The surfacewetting of the CA nanofibrous membrane and 
KM-loaded CA nanofibers membrane was measured using 
water contact angle, and their results are illustrated in 
Figure 11 and summarized in Table 3. Based on Figure 11 
(a, b), the 15% and 17% CA nanofiber membrane each had 
water contact angles of 108.00 ± 11.42° and 116.06 ± 9.00° 
respectively, indicating a hydrophobic nature (> 90) (Liu et 
al., 2021). As previously mentioned in the acetylation 
section, the surface wettability of CA nanofibers was 
affected and determined by the degree of substitution. The 
hydrophobicity of CA fibers increased as the degree of 
substitution increased because the hydroxyl group was 
replaced with an acetyl group (Mikaeili & Gouma, 2018). 
The surface wettability of the CA fibrous membrane was 
affected by the loaded KM (Figure 11c), which they have had 
119.50 ± 4.88°, also indicating a hydrophobic surface (> 90). 
This can be explained by the presence of diphenylpropane 
in the flavonoid KM structure, which is responsible for its 
hydrophobicity (Ren et al., 2019). In Figure 11 (d), the water 
contact angle of the CA nanofiber that is layered with an 
alginate solution shows 0°, which indicates that it is highly 
hydrophilic. Alginate hydrogel is naturally hydrophilic and 
its porosity has further contributed to its hydrophilicity. 
 

 
Figure 11. Water contact angle of (a) 15% CA nanofibers (b) 17% 

CA nanofibers (c) 17% CA-KM nanofibers (d) CA-KM/ALG 
 

Table 3. Mean ± SD Water contact angle of various samples of CA 
and CA-KM/ALG 

 

Samples Mean ± SD Water contact 
 angle in degree (°)  

15% CA 108.00 ± 11.42 

17% CA 116.06 ± 9.00 

17% CA-KM 119.50 ± 4.88 

17% CA-KM/ALG 0 

 

3.4.4. Porosity of CA Nanofiber, CA-KM, CA/ALG, and CA-
KM/ALG 

In the context of wound healing and regeneration, nanofiber 
porosity is essential. It assists in controlling nutrient 
absorption, oxygen diffusion, and a site for cell adhesion 
(Prakash et al., 2021). Additionally, proper porosity is 
required for cell colonization and cell-to-cell interaction to 
restore, maintain, or regenerate skin tissue (Atila et al., 
2016). Material with a porosity of nearly 90.00 ± 3.00% can 
be employed for tissue regeneration applications (Prakash 
et al., 2021). This is because such materials typically exhibit 
a rapid degradation rate and adequate water absorption, 
which facilitate and improve cell-material interactions and 
the formation of vascular networks (Ogueri & Laurencin, 
2020). Based on Figure 12, CA/ALG scaffold showed the 
highest porosity value (94.00 ± 4.36%) compared to CA, CA-
KM, and CA-KM/ALG. The porosity percentages for CA, CA-
KM, and CA/ALG were 72.00 ± 6.24%, 68.33 ± 3.51%, and 
91.30 ± 4.72% respectively. The decrease in porosity 
observed in KM-containing samples (CA-KM and CA-
KM/ALG) compared to non-KM samples (CA and CA/ALG) 
may be attributed to the presence of KM, which contains 
four hydroxyl groups acting as hydrogen bond donor sites, 
as well as the C ring 4-oxo group that can participate in 
hydrogen bonding. In addition, the double bond (C2=C3 and 
C=O) in the C-ring of the KM molecule are key structural 
features that contribute to increased molecular stability 
(Trendafilova et al., 2021). These interactions may promote 
stronger intermolecular bonding within the nanofiber 
matrix, resulting in a more compact structure and reduced 
porosity. Furthermore, the incorporation of KM as a 
composite component may lead to the partial filling of 
nanofiber pores or voids, further decreasing overall 
porosity (Prakash et al., 2021). 
 
Alginate hydrogels exhibit high porosity, which is highly 
advantageous for cell culture applications. Their porous 
structure allows cells to be seeded on the surface and 
penetrate into the hydrogel matrix. This characteristic 
facilitates the transport of small molecules and proteins, 
including growth factors (Ehterami et al., 2020). The water 
uptake properties of CA, CA-KM, CA/ALG, and CA-KM/ALG 
are influenced by several factors, including intermolecular 
interactions within the CA nanofibers, the incorporation of 
KM, the surface area of the samples, and the overall porosity 
of the CA nanofibers and alginate hydrogel (Ogeiri & 
Laurencin, 2020). Due to their porous nature, CA nanofibers 
and CA/ALG scaffolds exhibit higher porosity compared to 
drug-loaded fibers (Massana et al., 2021). Additionally, the 
relationship between water uptake and scanning electron 
microscopy (SEM) analysis of the fabricated nanofibers 
shows good agreement with the porosity results. The CA-
KM/ALG nanofibers, with a porosity of 90.00 ± 5.29%, 
demonstrate strong potential for wound healing 
applications (Prakash et al., 2021). The scaffold porosity is 
suitable for permeation, allowing effective medium 
infiltration to support nutrient delivery and waste removal 
(Prakash et al., 2021). 
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Figure 12 The porosity of each sample which are CA nanofibers, 
CA-KM nanofibers, CA/ALG, and CA-KM/ALG. Values are mean ± 

SD from three replicates 

 
3.4.5. Degree of Water Uptake of CA, CA-KM, CA/ALG, 
and CA-KM/ALG 

The water uptake characteristics of nanofibers are essential 
for regulating cell adhesion, infiltration, and nutrient 
transport (Prakash et al., 2021). The water uptake ratio of 
the scaffolds was evaluated to provide insight into their 
swelling behavior. The results, presented in Figure 13, show 
the water uptake percentages of four scaffolds (CA, CA-KM, 
CA/ALG, and CA-KM/ALG) over a period of 1–15 days. The 
results indicate that CA and CA-KM nanofibers swelled and 
reached a near-equilibrium state after approximately 13 
days under atmospheric conditions. As shown in Figure 13, 
the water uptake ratios of these nanofibers (450–475%) are 
lower than those of alginate-layered nanofibers, namely 
CA/ALG and CA-KM/ALG (600–650%). 
 
Although no significant difference was observed between 
the water uptake ratios of CA and CA-KM nanofibers, 
notable differences were evident between scaffolds with 
and without the alginate hydrogel layer. This suggests that 
the composition of the polymer nanofibers plays a critical 
role in determining water uptake capacity. However, this 
trend becomes less pronounced upon the incorporation of 
KM into the nanofibers. In general, hydrogels with lower 
water uptake ratios tend to exhibit higher cross-linking 
density (Prakash et al., 2021). Therefore, the equilibrium 
water uptake results indicate that alginate hydrogel-based 
scaffolds demonstrate superior water uptake capacity 
compared to nanofiber-only scaffolds. This behavior may be 
attributed to the effective cross-linking density within the 
alginate hydrogel network, as well as the interactions 
between alginate, nanofibers, gelatin interconnectivity, and 
KM incorporation (Ehterami et al., 2020). 
 
CA nanofibers exhibited an initial water uptake ratio of 
102%, which increased to 217% on Day 3 and continued to 
rise to approximately 450% by Day 11 before reaching 
equilibrium. Meanwhile, CA-KM nanofibers showed an 
initial water uptake of 98%, which increased to 198% on 
Day 3 and continued to rise until Day 11 before reaching 
equilibrium, following a trend similar to that of CA 
nanofibers. In contrast, CA/ALG and CA-KM/ALG scaffolds 
demonstrated significantly higher initial water uptake 
values of 210% and 220%, respectively. This behavior can 
be attributed to the high porosity and three-dimensional 
structure of the materials. Furthermore, hydrogen bonding 
interactions between KM and CA may enhance the 

intermolecular network within the matrix. Previous studies 
have reported that lower initial water uptake is observed 
when the drug interacts with or occupies the porous 
structure of drug-loaded nanofibers (Prakash et al., 2021). 
Consistent with this finding, both KM-incorporated 
scaffolds (CA-KM and CA-KM/ALG) exhibited slightly lower 
water uptake ratios compared to CA and CA/ALG scaffolds. 
Among all samples, CA/ALG exhibited the highest water 
uptake ratio, reaching a stable state by Day 7 (612%) and 
ultimately achieving equilibrium at Day 9 (650%). 
 

 
Figure 13 The degree of water uptake of each sample which are 

CA nanofibers, CA-KM nanofibers, CA/ALG, and CA-KM/ALG. 
Values are mean ± SD from three replicates with *p < 0.05 when 

is compared to CA nanofibers 

 
3.4.6. Degree of Weight Loss of CA, CA-KM, CA/ALG, and 
CA-KM/ALG 

The weight loss of materials or scaffolds typically begins 
when nanofibers come into contact with body fluids 
(Prakash et al., 2021). In this study, weight loss 
measurements were conducted concurrently with the 
water uptake analysis. The degradation behavior of the 
alginate hydrogel scaffolds was evaluated by calculating 
mass loss over the incubation period. As shown in Figure 14, 
CA/ALG degraded more rapidly and reached equilibrium by 
Day 9, with approximately 50% weight loss. In comparison, 
CA-KM nanofibers and CA-KM/ALG scaffolds exhibited 
slower degradation, both reaching equilibrium at Day 9 
with weight losses of 45% and 23%, respectively. 
Meanwhile, CA nanofibers demonstrated the slowest 
degradation, reaching equilibrium at Day 11 with 28% 
weight loss. These results indicate that the incorporation of 
alginate hydrogel significantly increased the degradation 
rate of CA-KM, which may be attributed to reduced cross-
linking density. The degradation of hydrogels facilitates cell 
infiltration into the scaffold matrix (Prakash et al., 2021). 
Notably, the CA/ALG nanofiber mat exhibited a higher 
weight loss rate at each time point compared to other 
samples, particularly between Day 9 and Day 15. This 
behavior can be explained by its high porosity (94%) and 
substantial water uptake (210%) during the initial period, 
which promote faster degradation. These characteristics 
also highlight the ability of alginate hydrogels to retain a 
significant amount of water within their structure without 
immediate dissolution, while still degrading over time. In 
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CA and CA-KM nanofibers, approximately 15% degradation 
was observed within 9 days. In contrast, CA/ALG and CA-
KM/ALG scaffolds exhibited higher weight loss values of 
approximately 50% and 43%, respectively, by Day 9. This 
suggests a strong correlation between weight loss and 
water uptake, where increased swelling, reaching 
equilibrium around Day 9, and contributes to enhanced 
degradation behavior. 
 
The incorporation of KM into the nanofiber mat may inhibit 
fluid-mediated degradation of the polymer at the wound 
site due to enhanced intermolecular interactions within the 
polymeric network (Prakash et al., 2021). As discussed in 
the water uptake analysis, a higher water uptake degree 
generally corresponds to weaker intermolecular bonding 
(Kai et al., 2017), which can accelerate material 
degradation. Fluid absorption is further promoted by the 
presence of hydrophilic functional groups, such as carboxyl 
and hydroxyl groups, leading to an increased weight loss of 
the scaffolds (Prakash et al., 2021). However, drug-loaded 
nanofibers (CA-KM and CA-KM/ALG) exhibited lower 
weight loss compared to non-drug-loaded nanofibers (CA 
and CA/ALG). This behavior is consistent with previous 
findings, where drug incorporation promotes additional 
polymeric interactions that reduce the availability of sites 
for fluid interaction, thereby limiting degradation (Prakash 
et al., 2021). Therefore, the in vitro weight loss results show 
a clear correlation with the water uptake data. Additionally, 
controlled degradation of the material is beneficial, as it 
supports the formation of a new extracellular matrix (ECM) 
at the wound site and provides space for cell differentiation, 
attachment, and proliferation (Kai et al., 2017). 
 

 
Figure 14. The weight loss percentage of each sample which are 

CA nanofibers, CA-KM nanofibers, CA/ALG, and CA-KM/ALG. 
Values are mean ± SD from three replicates with *p < 0.05 

 
3.5. Evaluation of in vitro Cytotoxicity and 
Biocompatibility of CA, CA-KM, CA/ALG, and CA-
KM/ALG 

In this study, fibroblast cells were cultured in vitro on the 
CA, CA-KM, CA/ALG, and CA-KM/ALG to evaluate the 
biocompatibilities of the nanofiber’s mats. 

 
3.5.1. MTT Assay 

The MTT result shows the cell viability of various 
concentrations of KM and the IC50 of KM on the fibroblast 
cell in Figure 15. This assay was done to determine the 
suitable KM concentration to be loaded into the CA 
nanofibers. Based on Figure 15 (a) and (b), KM at certain 
concentrations was shown to be biocompatible, which 
means that it is proven non-toxic and induces cell viability 
in both normo- and hyperglycemic microenvironments 
with both IC50 of 128 µg/mL and 147 µg/mL. Referring to 
the figures, both microenvironments were recorded to have 
the highest cell viability at 15.63 µg/mL when compared to 
the control group. MTT analysis showed that KM was non-
toxic towards fibroblast cells and is compatible to be 
applied for wound healing applications. The cell viability 
above 80% is considered non-toxic when tested on 
fibroblast cells under ISO-10993-5 (Ullah et al., 2021). 
 

 
Figure 15 The effects of Kaempferol (KM) treatment on fibroblast 
cell under (a) normoglycemic and (b) hyperglycemic conditions 

with respective IC50. Values are mean ± SD from three replicates 
with *p < 0.05 

 
3.5.2. Cell Attachment 

The cell behaviours, namely attachment and proliferation, 
and cell morphology could be significantly dependent on the 
physicochemical properties, mechanical strength, and 
surface changes of nanofibers (Golizadeh et al., 2019). In cell 
attachment study, CCK-8 assay was performed to evaluate 
cell adhesion and proliferation on the scaffolds (Pan et al., 
2019). Figures 16(a) and 16(b) show the cell attachment 
results on CA nanofibers after 4 hours of culture with 
fibroblast cells under normoglycemic and hyperglycemic 
conditions. The surface of CA nanofibers exhibited lower 
cell attachment compared to CA-KM nanofibers, which may 
be attributed to the presence of KM. KM imparts increased 
hydrophobicity, which can enhance the tendency for 
cellular adhesion (Ferrari et al., 2019). Meanwhile, CA/ALG 
and CA-KM/ALG scaffolds demonstrated higher cell 
attachment compared to CA and CA-KM nanofibers. This is 
likely due to the high porosity of the alginate hydrogel layer, 
which provides additional space and a favorable 
environment for cell growth (Sivaraj et al., 2021). This 
observation is consistent with previous studies reporting 
that membrane hydrophilicity significantly influences cell 
proliferation (Golizadeh et al., 2019; Lim et al., 2015). 
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Overall, an increasing trend in cell attachment was observed 
with the incorporation of KM, and this effect was further 
enhanced by the addition of the alginate hydrogel layer. It 
has also been reported that less uniform surface structures, 
often resulting from the presence of functional groups, can 
improve cell attachment, as cells generally exhibit better 
proliferation and bioactivity on rougher surfaces (Golizadeh 
et al., 2018). In this study, the alginate hydrogel layer 
further enhanced the scaffold surface by increasing the 
available surface area. This is supported by the observed 
results, indicating that the scaffolds are capable of 
supporting cell attachment and proliferation, making them 
suitable for tissue engineering applications. Additionally, 
previous studies have shown that modified nanofibers with 
improved hydrophilicity can promote consistent cell 
adhesion on the nanofiber surface (Lim et al., 2016). 
 

 
 

Figure 16 The fibroblast cell attachment under (a) 
normoglycemic and (b) hyperglycemic conditions. Values are 

mean ± SD from three replicates 

 
 

3.5.3. Cell Proliferation 

The proliferation of fibroblast cells on CA, CA-KM, CA/ALG, 
and CA-KM/ALG scaffolds under normoglycemic and 
hyperglycemic conditions was evaluated at 24, 48, and 72 
hours using the CCK-8 assay. As shown in Figure 17(a), no 
significant differences in cell proliferation were observed 
among CA, CA-KM, CA/ALG, and CA-KM/ALG at 24 and 48 
hours. However, at 72 hours, CA-KM/ALG scaffolds 
exhibited higher cell proliferation compared to CA 
nanofibers, indicating that CA-KM/ALG can enhance 
fibroblast proliferation over time. This improvement may 
be attributed to the formation of a biomimetic extracellular 
matrix (ECM)-like microstructure created by the embedded 
nanofibers within the hydrogel. Such ECM-like structures 
are known to promote cell–matrix interactions by providing 
additional binding sites for cell adhesion and proliferation 
(Xia et al., 2020). The incorporation of KM further 
contributed to enhanced cell proliferation, as observed in 
the comparison between CA and CA-KM nanofibers. CA-KM 
nanofibers showed higher cell proliferation, suggesting that 
both KM and the nanofiber-reinforced hydrogel system help 
maintain cell viability and promote proliferation. 
Furthermore, when co-cultured with fibroblast cells, no 
cytotoxic effects were observed from any of the samples, 
indicating that no harmful degradation products were 
released during incubation (Golizadeh et al., 2018). A 
similar trend was observed in CA/ALG and CA-KM/ALG 
scaffolds, where CA-KM/ALG demonstrated slightly higher 

cell proliferation than CA/ALG, although the difference was 
not statistically significant. 
 
Meanwhile, in Figure 17(b), no significant differences in cell 
proliferation were observed among CA, CA-KM, CA/ALG, 
and CA-KM/ALG nanofibers. However, overall cell 
proliferation in the hyperglycemic microenvironment was 
lower across all time points compared to the 
normoglycemic condition. At 24 hours, cell proliferation 
showed comparable absorbance values among all samples, 
despite the overall lower levels under hyperglycemic 
conditions. At 48 hours, a slight increase in proliferation 
was observed; however, the values remained similar to 
those at 24 hours. Notably, CA-KM/ALG exhibited the 
highest absorbance among all samples at this time point. 
This behavior is consistent with the previously discussed 
findings under normoglycemic conditions, where KM 
incorporation and the nanofiber-reinforced hydrogel 
structure helped maintain cell viability and promote 
proliferation. Finally, at 72 hours, cell proliferation 
increased significantly compared to the earlier time points 
(24 and 48 hours), although it remained lower than that 
observed under normoglycemic conditions. This reduced 
proliferative activity may be attributed to slower fibroblast 
behavior in a hyperglycemic microenvironment due to 
elevated glucose levels, which can impair normal cellular 
function and proliferation.

 
 

Figure 17 The fibroblast cell proliferation under (a) 
normoglycemic and (b) hyperglycemic conditions. Values are 

mean ± SD from three replicates 

 
Integrating the findings of this study, it was observed that 
the incorporation of alginate solution into the nanofibers 
significantly improved hydrophilicity, cell adhesion 
properties, and wettability. In addition, the developed 
scaffolds enhanced cell–matrix interactions by providing an 
extracellular matrix (ECM)-mimicking microenvironment. 
Among all formulations, the CA-KM/ALG scaffold 
demonstrated the most promising performance and may 
serve as a potential substrate for tissue engineering 
applications in the treatment of chronic wound. 
 
4. CONCLUSION 

The main and interesting outcome of the present study is 
that a dual-layered potential chronic wound dressing from 
the electrospun CA/alginate nanofibers mat was fabricated 
successfully. The core of the electrospun consists of 
kaempferol-loaded CA nanofiber (CA-KM) and is layered 
with alginate solution. Based on the results and findings 
from this project, CA/ALG incorporated with KM 
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successfully delivered the KM to the fibroblast cell without 
causing cytotoxicity. All stated objectives have been 
addressed in the following point: cellulose acetate was 
obtained from a successfully extracted cellulose from rice 
husks. The characterisations from SEM and FTIR 
spectroscopy clearly depicted the microscopic structure 
and identified the chemical interactions of the samples in 
the respective extraction and acetylation processes. Prior to 
fabricating, CA and CA-KM nanofibers were dissolved in 
acetone/DMAC (2:1) and acetone/ethanol/DMAC (2:1:1) 
solvent systems and electrospun. The characterisations 
from SEM, FTIR, water contact angle, porosity, water 
uptake, and weight loss for both samples of CA and CA-KM 
nanofibers showed insignificant differences between the 
samples. The CA nanofibers surfaces were smooth, bead-
free, and the nanofibers were randomly oriented with a 
uniform surface structure. Their morphology was not 
affected by the loading of KM. The fiber diameters from SEM 
were 347 ± 101 nm and 418 ± 127 nm, while FTIR analysis 
confirmed the loading of KM into the CA-KM nanofibers. The 

water contact angles for both samples were 108.00 ± 11.42° 
and 116.06 ± 9.00° and the porosity resulted in 72.00 ± 
6.24% and 68.33 ± 3.51%. Water uptake recorded ranged 
from 450% to 475%, while weight loss was 28% and 24%. 
The alginate hydrogel layer was successfully crosslinked 
with the CA-KM nanofibers. The obtained results from SEM 
images showed uniform pore size distributions of ALG 
samples. For the degree of swelling and weight loss, both 
were observed to be influenced by KM and alginate 
hydrogel. The reduction of water uptake degree and weight 
loss were observed when KM was added but escalated with 
the addition of alginate hydrogel. In cytotoxicity, cell 
attachment and cell proliferation studies showed all 
samples (CA, CA-KM, CA/ALG, and CA-KM/ALG) were non-
toxic to human fibroblast cells when the cells were attached 
after 4 hours of incubation and proliferated until 72 hours 
in each sample. As a result of the outcomes and convenience 
of the technologies outlined in this study, these developed 
nanofibers mats can be tested in vivo for wound healing 
activity on rat mode.
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