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Abstract: Chronic wounds and bacterial infections require wound dressings with both 
moisture retention and antibacterial properties. This study developed a hydrogel from 
pine flower-derived nanocellulose crosslinked with citric acid (CA) and epichlorohydrin 
(ECH). Nanocellulose was characterized using TEM and PSA, confirming a size of 10–
30 nm. Hydrogels were synthesized using CA and ECH as crosslinkers, and characterized 
via FTIR (chemical bonding), SEM (morphology), swelling tests, antibacterial assays, and 
UV-vis-based release studies. FTIR data confirmed successful crosslinking. SEM results 
revealed a porous structure ideal for wound healing; hydrogels without extract showed 
smoother surfaces than those with extract. ECH-crosslinked hydrogels exhibited higher 
swelling capacity, suitable for heavily exuding wounds. Hydrogels incorporating white 
dragon fruit peel extract demonstrated enhanced antibacterial activity against 
Staphylococcus aureus. Release studies showed controlled diffusion of active compounds, 
particularly in CA-crosslinked hydrogels. These findings suggest nanocellulose-based 
hydrogels with natural crosslinkers and plant extracts offer promising properties for wound 
dressing applications, combining moisture management with antibacterial functionality. 
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■ INTRODUCTION

Wound dressing is of utmost importance in the
treatment of injuries and wound healing. It has a variety 
of functions, such as infection protection, creation of a 
moist microenvironment suitable for tissue repair, and 
exudate absorption preventing maceration of the adjacent 
skin [1]. Over the years, advancements in wound care 
have led to the development of a wide variety of dressing 
materials, ranging from traditional gauze and bandages to 
more advanced options such as hydrocolloids [2-4], 
hydrogels [5-6], bioactive dressings [7-8], and 
combinations [9]. The choice of a suitable wound dressing 
is influenced by various factors such as the nature, size, 
depth and degree of wound, but also by the condition of 
the patient in general [10]. Through the creation of the 
best healing environment, wound dressings play an 
important role in decreasing time to recovery and patient  

satisfaction. 
Materials for wound dressings used in previous 

studies have been shown to require the selection of 
biocompatible and functional materials to facilitate 
optimal healing. As these are inexpensive and readily 
available, traditional materials (e.g., cotton gauze and 
bandages) have been extensively employed. Yet, they are 
commonly derived from features that lack sophisticated 
functions, such as moisture retention and antimicrobial 
activity, but also primarily originated in organic 
engineering and chemistry. Recent studies have 
concentrated on the design of novel wound dressing 
materials based on natural polymers, such as cellulose 
[11], chitosan [12], alginate [13], known to be bio-
degradable, biocompatible, and to promote tissue 
regeneration. Furthermore, synthetic polymers including 
polyurethane and polyethylene glycol are investigated 
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due to their softness, strength and customizable properties 
[14-17]. Other high-potential technologies such as 
nanofiber scaffolds and hydrogel-based dressings have 
been shown to provide a moist environment, deliver drugs 
and protect against infections [17]. These developments 
emphasize the ongoing work to design wound dressings 
suitable for different wound states to promote healing 
without delay and with greater efficiency. 

Hydrogel-based cellulose wound dressings have 
become a potential approach for advanced wound care 
applications because of their superior biocompatibility, 
moisture-retentive characteristics and regenerative ability 
[18]. Cellulose, produced from natural sources, including 
plants or bacteria, is a multi-functional substrate owing to 
its biodegradability, lack of toxicity, and structural 
resemblance to the extracellular matrix [19]. When 
augmented with a hydrogel system, anion exchange 
cellulose-based wound dressings can absorb redundant 
wound exudates and simultaneously provide a moist 
microenvironment to promote wound cell migration and 
proliferation [20]. Moreover, the porous architecture of 
hydrogel-impregnated cellulose leads to gas permeability, 
preventing the formation of an anaerobic microbial 
infection [21]. Researchers have also further improved 
these dressings by introducing bioactive agents, including 
antimicrobial nanoparticles or growth factors, to promote 
healing and prevent infection. The ability of hydrogel-
based cellulose dressings to be flexible and versatile, and 
thus lend themselves to a broad variety of wound 
conditions, from chronic ulcers to burns, makes them a 
promising advance over current standard wound care 
materials. 

The synthesis of hydrogel-based cellulose requires 
high-level procedures, based on the desirable 
characteristics of cellulose and hydrogel networks. 
Typically, the process begins with the extraction or 
production of cellulose, which can be derived from plant 
sources [22], or regenerated cellulose like cellulose acetate 
[23] and cellulose abietate [24]. Crosslinking is an 
important process in hydrogel synthesis, which can 
usually be performed by using chemical crosslinkers such 
as glutaraldehyde [26-28], citric acid [28-29], and genipin 
[30-31] to assemble a stable three-dimensional network. 

Physical crosslinking techniques, such as freeze-thaw 
cycles or UV irradiation, are used in parallel to avoid the 
existence of toxic residue. Generally, the hydrogel is 
swollen with water, yielding a highly hydrated structure 
resembling the extracellular matrix. Other 
functionalities can be added by embedding bioactive 
molecules into the fabrication process [23]. This 
technology guarantees the biocompatibility, flexibility, 
and suitability of hydrogel-based cellulose dressings for 
different wound-care purposes. 

Recent advances in natural product-based 
therapeutics have highlighted the potential of plant-
derived extracts as effective antibacterial agents. One 
such promising candidate is the peel extract of white 
dragon fruit (Hylocereus undatus), which contains a rich 
profile of phenolics, flavonoids, and betacyanins known 
for their antimicrobial, antioxidant, and anti-
inflammatory properties. Previous studies have reported 
the antibacterial efficacy of white dragon fruit peel 
extract against common wound pathogens, including 
Staphylococcus aureus and Escherichia coli, making it a 
valuable natural additive for wound care applications 
[32-33]. 

Current wound dressings often rely on synthetic 
materials that lack biodegradability and antibacterial 
function, limiting their effectiveness in promoting optimal 
healing. Although cellulose-based hydrogels offer a 
promising biocompatible alternative, the influence of 
different crosslinkers and the use of biomass-derived 
nanocellulose remain underexplored for wound dressing 
applications. In this study, a hydrogel based on 
nanocellulose will be made with two types of cross-linking 
agents, namely citric acid (CA) and epichlorohydrin 
(ECH). Nanocellulose isolated from pine flowers and 
then hydrolyzed with formic acid has been reported in 
previous studies by Zakiyya et al. [22]. Pine wood is one 
of the major forestry commodities in Indonesia, widely 
utilized across various sectors such as construction, 
furniture, and the paper industries. As a result, large 
amounts of pine wood waste are generated, making it a 
readily available and sustainable source of cellulose for 
value-added applications like hydrogel synthesis. 
Additional characterization of nanocellulose was carried 
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out with PSA and TEM. The hydrogel produced was 
characterized by FTIR and SEM, as well as additional 
tests, namely the release test, swelling test, and 
antibacterial test. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study include: pine 
flowers obtained from the pine forest in Batu, Indonesia, 
White dragon fruit skin powder (H. undatus) from Materia 
Medica, Batu, Indonesia, HCl (Smart-Lab), NH4OH 
(Smart-Lab), NaOH (Merck), NaOCl, aquadest, formic 
acid (Smart-Lab), CA (Smart-Lab), ECH (Sigma-Aldrich), 
urea (Merck), ethanol, nutrient agar, S. aureus (ATCC 
25923) and E. coli. (ATCC 25922) The equipments used 
in this study include glassware, rotary evaporator (IKA), 
analytical balance (Ohaus), ultrasonic (Delta D150H 
48 kHz), universal pH paper (Macherey-Nagel), grinder, 
magnetic stirrer (Corning PC620O), and oven (Memmert). 

Instrumentation 

The instruments used in this study include: Fourier-
transform infrared spectroscopy (FTIR, Shimadzu 8400s), 
X-ray diffractometer (XRD, PANalytical Xpert-Pro), 
transmission electron microscope (TEM, JEOL JEM 
1400), scanning electron microscope (SEM, Hitachi 
FlexSEM 1000), UV-visible spectrophotometer 
(Shimadzu UV-1601), and particle size analyzer (PSA, 
Zetasizer Nano Series). 

Procedure 

Nanocellulose production 
Nanocellulose was isolated from pine flowers. The 

isolation process and characterization results of 
nanocellulose have been reported in Zakiyya et al. [22]. 
Furthermore, nanocellulose with the smallest crystallinity 
index and size was selected for the hydrogel material, 
namely nanocellulose from hydrolysis using 60% CA and 
1 h reaction time. 

Hydrogel fabrication 
Making nanocellulose hydrogels is done by adding 

10 mL of solution containing NaOH/urea/aquadest with 
a mass ratio of 6:4:90 (w/w). Then, nanocellulose was 

added to the solution. The solution is stirred at 600 rpm 
for 30 min and cooled at −12 °C for 15 h. The 
concentration of hydrogel constituents is shown in detail 
in Table 1. The solution obtained is left at room 
temperature and stirred at 600 rpm for 30 min. The 
solution is added with cross-linker and stirred at 
600 rpm for 30 min at room temperature. The mixture 
was observed to thicken after the addition of the 
crosslinker, indicating ongoing crosslinking. Then the 
mixture is poured and dried at 50 °C for 19 h. 

Characterization 
TEM analysis. Nanocellulose was analyzed for 
morphology, size distribution, and diffraction patterns 
using TEM. TEM analysis in this study was carried out 
using image mode to determine the shape and size of 
nanoparticles. The analysis stages were initially prepared 
with carbon plates as sample media. Next, the powdered 
sample was first dispersed using ethanol. Then the carbon 
plate was dipped into the sample and air-dried. After 
drying, the carbon plate was inserted into the sample 
tube and the image was taken [34]. 
Swelling test. The swelling test stages refer to the 
method of Khaleghi et al. [35] with modification. The 
hydrogel was weighed first before the swelling test. Then 
the hydrogel was soaked in distilled water at room 
temperature for 24 h. Then the hydrogel was removed 
from the soaking and weighed. The swelling percentage 
was measured using Eq. (1); 

Table 1. Concentration of hydrogel constituents 

Sample code 
Citric acid 

(g) 
ECH 
(mL) 

H-CA 2 2.0 0.0 
H-CA 3 3.0 0.0 
H-CA 4 4.0 0.0 

H-ECH 2 0.0 2.0 
H-ECH 3 0.0 3.0 
H-ECH 4 0.0 4.0 

Note: H-CA 2 = hydrogel citric acid 2%, H-CA 3 = hydrogel citric 
acid 3%, H-CA 4 = hydrogel citric acid 4%, H-ECH 2 = hydrogel 
epichlorohydrin 2%, H-ECH 3 = hydrogel epichlorohydrin 3%, H-
ECH 4 = hydrogel epichlorohydrin 4%. All materials are produced 
using 6.0 g NaOH, 4.0 g urea, 90.0 mL aquadest, 0.3 g nanocellulose, 
and 0.3 g white dragon fruit peel extract. 
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while, m0 is the mass of the hydrogel before swelling and 
mt is the mass of the hydrogel after swelling. 
FTIR study. A total of 5 mg of cellulose sample was mixed 
with 95 mg of KBr homogeneously. Then the mixture was 
ground and made into KBr pellets with an S/N ratio of 
20000:1, to form a thin plate. The plate was placed on the 
slit, and a beam of light was passed through it to form an 
FTIR spectrum at 400–4000 cm−1 [36]. 
SEM analysis. Analysis using SEM aims to determine the 
morphology of the hydrogel surface. SEM imaging is 
carried out by cutting the dried hydrogel sample into 
small pieces and mounting it on a specimen holder. 

Antibacterial test 
Antibacterial activity test was conducted using the 

disc method. The test bacteria used were S. aureus (Gram 
positive) and E. coli (Gram negative). Bacterial cultures 
were streaked on the surface of nutrient agar and 
autoclaved at 121 °C for 20 min. The hydrogel was 
molded into a circle with a diameter of 6 mm and placed 
on the medium. The test medium was incubated at 37 °C 
for 24 h. Measurement of antibacterial activity was carried 
out by measuring the diameter of the clear zone produced 
in the test medium. The bacterial inhibition zone was 
measured using Eq. (2) [37]. 
Inhib. zone = inhib. zone diameter hydrogel plate diameter−  (2) 

Release test 
The release test was used to measure the amount of 

white dragon fruit peel extract released from the hydrogel. 
The hydrogel was soaked in distilled water and the white 
dragon fruit peel extract released at 2, 4, 6, 8, 10, 12, 14, 
and 24 h was measured using a UV-vis 
spectrophotometer. The maximum absorption 
wavelength (λmax) was determined by measuring the 
absorption of a 0.005 g/10 mL white dragon fruit peel 
extract solution. 

■ RESULTS AND DISCUSSION 

Nanocellulose 

Nanocellulose is produced from the cellulose 
hydrolysis process using the sonication method with a 

dispersing solution in the form of formic acid with 
concentration variations of 10, 30, and 60% and time 
variations of 45 and 60 min. This hydrolysis results have 
been reported in Zakiyya et al. [22]. Furthermore, based 
on FTIR and XRD characterization results, 
nanocellulose from 60% formic acid 60 min hydrolysis 
was selected as a material for making hydrogel because 
the product has a smaller crystallinity index and crystal 
size than others. The smallest crystallinity index 
indicates that the product has a larger amorphous area. 
Hydrogels formed from cellulose with amorphous areas 
have better elasticity [38]. The smallest particle size was 
chosen because hydrogels formed from small-sized 
nanocellulose have a homogeneous and smooth physical 
appearance [39]. The selected nanocellulose was further 
characterized by TEM. 

TEM Characterization 

TEM was used to examine the shape of cellulose 
nanofibers produced by hydrolysis with 60% w/v formic 
acid, followed by ultrasonically for 1 h, as illustrated in 
Fig. 1. A dense network of entangled nanofibers with 
widths primarily in the nanometer range can be seen in 
the images, demonstrating that the cellulose 
microstructure has been successfully broken down into 
nanoscale dimensions. The average fiber diameter is 
between 10 and 30 nm (calculated using ImageJ 
software), which is in line with the usual measurements 
for cellulose nanofibers made by acid hydrolysis. 

Darker patches indicate localized agglomerations 
or thicker concentrations of cellulose, while numerous 
light-contrasting regions throughout the image indicate 
thin, translucent fibrillar structures. Both individual and 
bundled fibers indicate partial fibrillation, in which 
some bigger fiber aggregates are still present. This could 
be because of post-sonication re-agglomeration or 
insufficient defibrillation. The cleavage of amorphous 
regions in the cellulose matrix, which facilitated the 
release of crystalline nanofibers, was probably aided by 
the hydrolysis with formic acid. Furthermore, it seems 
that 1 h of ultrasonication is enough to encourage 
additional dispersion and fiber size reduction, while 
some  residual  bundling  is  still  visible.  Because  of  the  
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Fig 1. TEM diffraction pattern of nanocellulose with (a) 30k×, (b) 75k×, and (c) 150k× magnifications 

 
interfibrillar entanglements that may maintain 
mechanical integrity, the observed networked structure 
also raises the possibility of film-forming uses. Similar 
research also shows that the hydrolysis of cellulose with 
CA can reduce fiber size [40-41]. 

Hydrogel Fabrication 

Hydrogels are hydrophilic polymers in the form of a 
three-dimensional viscoelastic network containing water 
which is many times the dry weight and swell up in the 
physiological media. The mechanical bondage and 
chemical cross-linking of hydrogels can serve to provide 
structural and physical stability [42]. The nanocellulose 
used as the starting material in making this hydrogel is 
60% ultrasonicated formic acid because it has the smallest 
crystallinity index value and particle size [22]. The size of 
60% ultrasonicated formic acid nanocellulose is included 
in the range of colloidal dispersed particle sizes. In this 
study, the hydrogel formed a colloidal system as a gel 
colloid with a solid dispersed phase (nanocellulose) and a  
liquid dispersing medium (water). 

Fig. 2(a–d) shows the hydrogel after the washing 
process with distilled water. The texture produced by the 
hydrogel with ECH cross-linker is more flexible than the 
hydrogel with CA cross-linker. Guo et al. [43] stated that 
making a hydrogel using cellulose/ECH produced clear 
and transparent hydrogel The schematic representation 
of hydrogel formation can be shown in Fig. 3(a). The 
hydroxyl group of nanocellulose becomes an alcoholate 
anion. Then this alcoholate anion attacks the epoxy group 
of ECH to form monoether chloropropanediol. The Cl 
atom undergoes cleavage, and there is a nucleophilic 

attack from the alcoholate anion of the other 
nanocellulose chain so that cross-linking occurs between 
ECH and nanocellulose [44]. The reaction mechanism 
of hydrogel using CA cross-linker through the 
formation of an intermolecular diester is explained in 
Fig. 3(b). CA, when heated, will release water molecules 
and form cyclic anhydride. The formation of ester bonds 
occurs between the cyclic anhydride and hydroxyl group 
of nanocellulose. After the first esterification stage, the 
formation of the second cyclic anhydride occurs through 
heating. Then esterification occurs between the second 
cyclic anhydride of CA and hydroxyl group of 
nanocellulose [45]. 

Swelling Index Result 

The swelling test is used to determine the ability of 
hydrogel to absorb water. The swelling mechanism is the 
diffusion of water into the pores of the hydrogel. The 
swelling index value of the hydrogel with ECH cross-
linker is higher than that of the hydrogel with CA cross-
linker (Table 3). This indicates that the water absorption 
capacity of the hydrogel with ECH cross-linker is greater 
than that of CA. The swelling index of hydrogels with 
ECH cross-linkers increases with the increasing 
concentration of ECH. This is because the increasing 
concentration of ECH will cause an increase in hydrogel 
cross-linking, so that the hydrogel structure network 
formed will be greater [46]. As a result, the ability to 
absorb water is also higher. Meanwhile, the swelling 
index of hydrogels with CA cross-linkers is inversely 
proportional to the CA concentration. The higher the 
concentration of CA, the lower the swelling index value.  
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Fig 2. Hydrogel with 3% ECH linker (a) with and (b) without the addition of white dragon fruit extract. Hydrogel with 
3% CA linker (c) with and (d) without the addition of white dragon fruit extract 
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Fig 3. Crosslinking reaction between cellulose with ECH and CA [50-51] 

 
The higher the concentration of CA, the higher the 
density of hydrogel cross-linking. So, this causes the 
swelling ability to be low. 

Hydrogels crosslinked with ECH and CA exhibit 
significant differences in their physical and chemical 
properties  (Table 4).  Hydrogels  crosslinked  with  ECH  
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Table 3. Swelling index of hydrogel 
Hydrogel type Swelling index (%) 
H-CA 2% 42.27 
H-CA 3% 32.59 
H-CA 4% 22.96 
H-ECH 2% 54.50 
H-ECH 3% 92.02 
H-ECH 4% 111.57 

possess larger pore sizes, higher thermal stability, greater 
mechanical strength, and a higher swelling index 
compared to those crosslinked with CA. Increasing the 
concentration of ECH leads to a more expanded hydrogel 
network, thereby enhancing its water absorption capacity. 
In contrast, hydrogels crosslinked with CA form a denser 
network structure with smaller pore sizes, resulting in a 
decreased swelling index as the CA concentration 
increases due to the higher crosslinking density. This 
behavior is closely related to the swelling mechanism, 
where water diffuses into the pores of the hydrogel; a 
looser network structure, as seen in ECH-crosslinked 
hydrogels, facilitates greater water diffusion, whereas a 
denser structure, as observed in CA-crosslinked 
hydrogels, restricts water uptake and reduces swelling 
capacity (Fig. 4(a–d)). 

Antibacterial Test Result 

This antibacterial test was conducted using the disc 
diffusion method. The bacteria used were S. aureus and E. 
coli. Table 5 shows the diameter of the inhibition zone of 
the hydrogel with and without white dragon fruit peel 
extract. The white dragon fruit peel extract on hydrogel 
improved the activity. CA hydrogel 4% and ECH hydrogel 
4% could not inhibit S. aureus bacteria. Meanwhile, the 
addition of extract has a larger inhibition zone against S. 
aureus bacteria than the ECH hydrogel. The diameter 

value is above 5.07 ± 0.020 mm. However, in E. coli 
bacteria, no activity is recorded. E. coli has a lipid bilayer 
membrane, namely lipopolysaccharides composed of 
phospholipid chains on the outer membrane and 
peptidoglycan on the inner membrane. The outer 
membrane functions as a selectively permeable 
membrane and protects bacteria from harmful 
substances. While S. aureus only has one membrane, 
namely peptidoglycan. This is what causes E. coli to be 
more resistant than S. aureus [50]. 

Hydrogels can inhibit S. aureus. The active 
compounds in crude white dragon fruit peel extract are 
trapped in the hydrogel network during the gelling 
process. When the hydrogel containing white dragon 
fruit peel extract comes into direct contact with the agar 
media that has been spread with bacteria, the active 
compounds will be released. So that the active  
 

 
Fig 4. Hydrogel ECH 3%: (a) before and (b) after 
swelling; and CA 3%: (c) before and (d) after swelling 

Table 4. Differences between crosslinked hydrogels with ECH and CA 
Property ECH-crosslinked hydrogels CA-crosslinked hydrogels Literature 

Viscosity Data not specified Increase with CA concentration [47] 
Surface area Larger pores (~46 μm) Nanoporous structure with smaller pores [47-48] 
Thermal stability Higher (> 300 °C) Decrease with more CA [47-48] 
Crystallinity Data not specified Decrease with CA crosslinking [48] 
Mechanical strength Higher strength Lower strength, higher flexibility [48-49] 
Swelling behavior Higher swelling ratio Decrease with more CA, high at optimal CA levels [48] 
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Table 5. Inhibition zone diameter of the hydrogel 

Sample 
Inhibition zone diameter (mm) 

S. aureus E. coli 
White dragon fruit skin extract 5.07 ± 0.020 0.00 
H-CA4 0.00 0.00 
H-CA2 + extract 6.10 ± 0.020 0.00 
H-CA3 + extract 5.81 ± 0.020 0.00 
H-CA4 + extract 5.51 ± 0.007 0.00 

H-ECH4 0.00 0.00 
H-ECH2 + extract 6.13 ± 0.007 0.00 
H-ECH3 + extract 6.15 ± 0.000 0.00 
H-ECH4 + extract 6.30 ± 0.007 0.00 

Note: H-CA2 = hydrogel citric acid 2%, H-CA3 = hydrogel citric acid 3%, 
H-C4 = hydrogel citric acid 4%, H-ECH2 = hydrogel epichlorohydrin 2%, 
H-ECH3 = hydrogel epichlorohydrin 3%, H-ECH4 = hydrogel 
epichlorohydrin 4%, and extract = from white dragon fruit 

 
compounds in the crude white dragon fruit peel extract 
will penetrate the cell walls of S. aureus bacteria, as a 
result, the integrity and permeability of the membrane are 
damaged; the cells undergo lysis and an inhibition zone is 
formed [51]. The concentration of ECH hydrogel release 
is directly proportional to the concentration of ECH 
cross-linker. This is in line with the trend of inhibition 
zone values in the antibacterial test. The higher the 
concentration of ECH, the more hydrogel networks are 
formed, so that more extract is absorbed. As a result, when 
the hydrogel comes into direct contact with the test 
medium containing bacteria, the amount of extract 
released is also higher. 

FTIR Result 

FTIR analysis was used to determine the presence 
or absence of white dragon fruit peel extract in the 
hydrogel. Fig. 5 shows the FTIR spectra of the extract 
and hydrogel. The H. undatus peel extract has band 
absorption at 3420, 2924, 1600–1712, 1054–1200 cm−1, 
indicating the stretching vibration of phenolic or alcohol 
groups (O–H), aliphatic C–H, C=O of ester, aldehyde, 
or carboxylic acid, and C–OH stretching alcohol or 
carboxylic acid. ECH and CA hydrogels without extract 
showed a decrease in O–H and C=O bands compared to 
the extract. In H-ECH4, the C–O–C band appeared 
more clearly, which is typical of ECH, indicating that the 
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Fig 5. FTIR spectra of white dragon fruit peel extract and hydrogel prepared using (a) ECH and (b) CA crosslinker 
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hydrogel network structure was formed through 
crosslinking [51]. While H-CA4 showed an increase in the 
1720 cm−1 band, namely ester, indicating the formation of 
crosslinking [28]. The addition of white dragon fruit peel 
extract resulted in an increase in the intensity of O–H 
(~3300 cm−1), which originated from the phenolics. New 
functional groups were not identified, indicating no new 
chemical reactions between the hydrogel and the extract. 
In addition, there was a small shift and change in the 
intensity of the O–H and C=O peaks, indicating physical 
interactions, especially hydrogen bonds between the 
extract and the hydrogel network. Both ECH and CA-
based hydrogels were able to interact with the extract 
through physical mechanisms, i.e., hydrogen bonds, 
without forming new covalent bonds. The type of 
crosslinker affects the structure of the hydrogel: ECH 
forms a more stable ether bond, while CA forms an ester 
bond that allows for environmental response. This 
difference is important in drug or active compound 
release applications, where CA-based systems may be 
more suitable for controlled release due to the 
biodegradable nature of esters. 

Release Test Result 

The measurement value of λmax of white dragon fruit 
peel extract is 251 nm [52]. The effect of cross-linker 
concentration on release ability is shown in Fig. 6. 
Hydrogels using ECH and CA cross-linkers show that 
release ability is directly proportional to swelling ability. Fig. 
6(a) shows the release ability of hydrogel with CA cross-
linker of white dragon fruit peel extract. In the first 2 h, the 
release ability of CA hydrogel at all cross-linker 
concentrations occurred very quickly. This is due to the 
high difference in concentration between the hydrogel 

containing white dragon fruit peel extract and the outer 
solution, which causes the extract to diffuse from the 
hydrogel to the outer solution [53]. Hydrogel CA 2 and 
3% had constant release ability after 6 h. While the 
release ability of the hydrogel CA 4% was constant after 
10 h. This indicates that hydrogel CA 2% and 3% were 
more constant than hydrogel CA 4%. The concentration 
of white dragon fruit peel extract released in hydrogel 
CA 2%> hydrogel CA 3%> hydrogel CA 4%. 

The graph in Fig. 6(b) shows the release 
concentration of white dragon fruit peel extract on 
hydrogel with crosslinker ECH. In the first 2 h, the release 
ability of ECH hydrogel at all concentrations occurred 
very quickly. After that, the release rate was slower until 
it reached a constant time. The release concentration of 
hydrogel ECH2 and 3% was constant after 10 h. While 
the release concentration of hydrogel ECH 4% was 
constant after 8 h. This indicates that hydrogel ECH 4% 
is more constant than hydrogel ECH 3% and 2%. 

SEM Morphology 

SEM analysis was used to determine the 
morphology of the hydrogel using an ECH cross-linker 
agent. H-ECH was chosen because it has better 
properties in terms of inhibiting antibacterial and 
swelling ability than H-CA. Fig. 7 shown the 
morphology of hydrogels ECH cross-linkers without 
(Fig. 7(a)) and with extract (Fig. 7(b)) has a smooth 
surface. In the study of Zhao et al. [54] it was stated that 
the synthesis of hydroxyethyl cellulose/soy protein film 
using ECH produced a smooth structure. The surface of 
the hydrogel that does not contain extracts appears 
smoother and more homogeneous. This structure 
indicates that the polymer network formation process is  

 
Fig 6. Release test of (a) ECH and (b) CA crosslinked hydrogel at (1) 2%, (2) 3%, and (3) 4% of concentration 
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Fig 7. Surface morphology of (a) H-ECH and (b) H-ECH3 at 10k× magnifications 

 
Fig 8. SEM cross-section of (a) H-ECH3 and (b) H-ECH3+extract at 10k× magnifications 

 
taking place well and evenly, without any interference 
from foreign materials. This reflects the regularity in the 
formation of crosslinking between the polymer and the 
crosslinker. In contrast, the surface of the hydrogel added 
with the extract showed a rougher, inhomogeneous 
texture and had small protrusions or pores. This 
morphology indicates that the extract is likely to be 
unevenly dispersed in the hydrogel matrix. 

The morphology of ECH hydrogel observed 
through SEM cross-section (through side section) is 
shown in Fig. 8(a–b). The SEM image of the cross-section 
shows that the hydrogel without extract has a more hollow 
structure than the hydrogel with extract. The larger and 
clearer cavities in the hydrogel without extract reflect the 
polymer network formed with loose interchain spaces. In 
contrast, the addition of extract causes the structure to 
become denser and more compact. This is due to 
compounds in the extract, such as polyphenols and 
flavonoids, which can fill the cavities and form bonds with 
the polymer chains, thereby reducing porosity and 
strengthening the hydrogel network [55]. 

■ CONCLUSION 

Cellulose-based hydrogels crosslinked with CA 
and ECH displayed a good prospect for the development 
of high-performance wound dressing. The FTIR analysis 
supported the successful crosslinking and the detection 
of characteristic functional groups of both crosslinkers. 
SEM imaging showed a porous morphology, necessary 
for moisture retention, gas transport, and drug storage. 
The swelling tests showed that hydrogels crosslinked 
with ECH exhibited higher water absorption capacity 
compared to CA-crosslinked hydrogels, making them 
more suitable for wounds with heavy exudate. Analysis 
of drug release found a controlled and sustained release 
profile, especially in CA crosslinked hydrogels, as a 
result of increased swelling characteristics. Antibacterial 
assay also validated further use of both hydrogels, with 
CA-crosslinked hydrogels with extract (H-CA + extract) 
demonstrating slightly enhanced inhibitory effects on 
prevalent wound pathogens. This improvement is 
attributed to the presence of white dragon fruit peel 
extract, which has been previously reported to possess  
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antibacterial activity. These results provide the nature of 
the versatility of cellulose-based hydrogels and the great 
role of crosslink agents on their physical, chemical, and 
biological performances, which can offer very useful 
information about the design of the optimal wound 
dressing materials. 
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