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Abstract: 
Chronic wound healing requires sustained, targeted therapeutic strategies to 
enhance repair and regeneration. This study aimed to develop and evaluate 
a fucoidan-based in situ gel formulation for enhanced wound healing 
through sustained and localized drug delivery. An in situ gel system utilizing 
temperature- and pH-sensitive polymers such as poloxamers and chitosan was 
formulated with fucoidan extracted from Undaria pinnatifida. The extracted 
fucoidan was characterized using UV-Visible and FTIR spectroscopy. Its 
wound-healing efficacy was assessed using in vitro models. The formulation 
exhibited rapid gelation under physiological conditions, sustained drug release, 
and excellent biocompatibility. The fucoidan extract utilized in the in vitro 
wound scratch assay shows significant wound healing activity in L929 cell 
lines at a dose of 25 µl. In L929 cells, the fucoidan extract showed 26% wound-
healing activity after 24 hours. Fucoidan-loaded gels significantly accelerated 
wound closure and enhanced tissue regeneration compared to controls. 
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Apstrakt: 
Ekstrakcija i aktivnost zarastanja rana fucoidana inkorporiranog u in situ 
gel
Zarastanje hroničnih rana zahteva dugotrajne, ciljane terapijske strategije kako 
bi se unapredili reparacija i regeneracija tkiva. Cilj ove studije bio je razvoj i 
evaluacija in situ gel formulacije na bazi fukoidana za poboljšano zarastanje 
rana putem produženog i lokalizovanog oslobađanja leka. Formulisan je 
in situ gel sistem koji koristi temperaturno i pH osetljive polimere, poput 
poloksamera i hitozana, sa dodatkom fukoidana ekstrahovanog iz vrste 
Undaria pinnatifida. Ekstrahovani fukoidan je okarakterisan primenom 
UV-vidljive i FTIR spektroskopije. Njegova efikasnost u zarastanju rana 
procenjena je korišćenjem in vitro modela. Formulacija je pokazala brzo 
geliranje u fiziološkim uslovima, produženo oslobađanje leka i odličnu 
biokompatibilnost. Ekstrakt fukoidana korišćen u in vitro scratch testu 
zarastanja rane pokazao je značajnu aktivnost zarastanja na L929 ćelijskoj 
liniji pri dozi od 25 μL. U L929 ćelijama, ekstrakt fukoidana je pokazao 
26% aktivnosti zarastanja rane nakon 24 sata. Gelovi sa inkorporiranim 
fukoidanom značajno su ubrzali zatvaranje rane i unapredili regeneraciju 
tkiva u poređenju sa kontrolama.

Ključne reči: 
fukoidan, in situ gel, zarastanje rana, produženo oslobađanje, sistem za 
isporuku leka, biopolimer
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Introduction
Wound healing is the process by which damaged 
tissue restores itself after an injury. This process 
involves activation of intercellular pathways, 
coordination of tissue integrity, and maintenance 
of homeostasis (Eming et al., 2014). The wound-
healing process occurs in four stages: hemostasis, 
inflammation, proliferation, and remodeling. Tissue 
restoration is a straightforward, linear process in 

which growth factors induce cell proliferation and 
integrate dynamic changes involving blood cells, 
soluble mediators, extracellular matrix (ECM) 
formation, and parenchymal cell proliferation 
(Wallace et al., 2025). Wound healing, a natural 
biological process, is triggered by the convergence 
of several mechanisms, including growth 
factors, cytokines, plasma-derived proteins, 
epidermal and dermal cells, and the extracellular 
matrix (Wilkinson et al., 2020).
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Fucoidans are sulfated polysaccharides that are 
high in fucose and are mostly derived from brown 
seaweed (Li et al., 2008). These adaptable, nontoxic 
heteropolysaccharides from marine sources exhibit a 
variety of beneficial biological activities, including 
immunomodulatory, antiviral, antithrombotic, 
anticancer, lipid-lowering, antioxidant, and 
anticoagulant properties (Carrasqueira et al., 2025).

The source, marine species, harvest season, 
and extraction techniques all affect the structure 
and makeup of fucoidans. Throughout the year, 
fucoidans derived from diverse species and 
sources have been demonstrated to possess unique 
structural traits, and their compositional attributes 
are frequently altered by various extraction 
techniques, which have been thoroughly examined 
across a number of species (Mensah et al., 2023). 
Specifically, the two important variables that affect 
the ratios of monosaccharides in various fucoidan 
extracts and cause distinct immunological responses 
are extraction techniques and sources.

In situ gels are semi-solid drug formulations 
that undergo a sol-to-gel transition upon application 
in response to physiological stimuli, such as 
temperature, pH, and ionic strength. This keeps 
the system sustained at the desired site of activity, 
controls release, and improves bioavailability 
(Jaiswal, 2024). Moreover, in situ gels based on 
formulations merge the benefits associated with 
traditional medicine with advanced pharmaceutical 
techniques. It explains how they can be used to 
manage chronic conditions such as wounds, ulcers, 
and inflammation, and describes how they will use 
their bioactive constituents, along with in situ gel 
systems, to develop a patient-friendly, efficient, and 
cost-effective targeted and sustained drug delivery 
system (Padmasri et al., 2020).

This article focuses on the formulation, 
characterization, and therapeutic potential of 
an in situ gel containing fucoidan for wound 
healing treatment. It involves developing a gel 
that transforms at the wound site, evaluating its 
biocompatibility, drug release, and healing efficacy, 
and assessing its potential benefits in accelerating 
tissue repair (Lin et al., 2025).

The present study aims to bridge the gap between 
previous fucoidan formulations and their limited 
evaluation in thermosensitive delivery systems. 
The novelty of this work lies in optimizing the 
maceration-based extraction of fucoidan from 
Undaria pinnatifida and incorporating it into a dual-
stimuli (temperature and pH) responsive in situ 
gel using a unique combination of Poloxamer 407, 
Poloxamer 188, and HPMC K-100. This formulation 
is designed to achieve gelation at physiological 
temperature and sustained drug release, with in vitro 

wound-healing evaluation confirming its biological 
efficacy (Rahman et al., 2025). It is hypothesized 
that fucoidan extracted from Undaria pinnatifida, 
when incorporated into a thermosensitive in 
situ gel containing Poloxamer 407, Poloxamer 
188, and HPMC K-100, can enhance wound-
healing activity by providing sustained release 
and improved biocompatibility.

Materials and Methods
Materials
Fucoidan standard, extracted from Undaria 
pinnatifida, was purchased from Istore Direct 
Trading Pvt. Ltd. (Mumbai, India). Poloxamer 
188 (CAS 9003-11-6) and poloxamer 407 (CAS 
9003-11-6) were purchased from Yarrow Chem 
Products (Mumbai, India). Ethanol (CAS 64-17-
5) and methanol (CAS 67-56-1) were purchased 
from Sri Precision Chemical & Co., Coimbatore. 
HPMC-100 (CAS 9004-65-3), Tween 80 (CAS 
9005-65-6), and triethanolamine (CAS 102-71-6) 
were obtained from Karpagam Academy of Higher 
Education, Coimbatore. Analytical grade chemicals 
and reagents were used.

Extraction methods
The extraction of fucoidan from Undaria pinnatifida 
was carried out to obtain a bioactive polysaccharide 
with potential wound-healing properties. A mild 
maceration method was selected to preserve 
the sulfate and fucose groups that contribute to 
fucoidan’s biological activity. This approach ensures 
the recovery of high-quality fucoidan suitable for 
subsequent formulation and characterization studies.

One popular method for extracting fucoidan from 
brown seaweeds, such as Undaria pinnatifida, is 
maceration. Dried seaweed is first cleaned to remove 
contaminants, then dried and ground into a coarse 
powder to improve solvent penetration. Methanol is 
added to the powdered seaweed in a glass container 
with a solvent-to-material ratio of 5:1 to 10:1. The 
container is sealed to prevent solvent evaporation 
and kept at room temperature for 3 to 7 days, with 
occasional stirring to improve compound diffusion 
(Chadwick et al., 2025). The liquid extract is separated 
from the solid residue by filtering the mixture after 
the maceration period. To avoid heat damage, the 
collected filtrate is then concentrated at temperatures 
lower than 40 °C using a rotary evaporator (Chanioti 
et al., 2014). To achieve the pure product, the 
precipitated fucoidan is collected by centrifugation 
or filtration, cleaned of contaminants using ethanol, 
and then dried. Fucoidan and other bioactive 
substances, such as polyphenols, are successfully 
extracted using this approach (Zayed et al., 2020).
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Identification test 
Identification tests were performed to confirm the 
presence of characteristic functional groups and 
sugar moieties indicative of fucoidan.
Toluidine blue test. The fucoidan sample was 
dissolved in water, and a few drops of the reagent 
toluidine blue were added. The presence of sulfated 
polysaccharides was indicated by a change in color 
to purple (Sridharan et al., 2012).
Phenol-Sulfuric acid test. After adding 1 mL of 5% 
phenol to 1 mL of the fucoidan solution, 2.5 mL of 
sulfuric acid was added as soon as possible, and the 
yellow-orange color was detected (Masuko et al., 
2005) the phenol-sulfuric acid method is the easiest 
and most reliable method. We have now modified and 
optimized this method to use 96-well microplates for 
high throughput, to gain greater sensitivity, and to 
economize the reagents.
Iodine Test. Polysaccharides are abundant in 
wakame, as in other seaweeds. A few drops of iodine 
solution were added to a small sample to assess the 
presence of polysaccharides like starch,  indicated 
by a change in color, such as dark blue or black 
(Sriraam et al., 2015).
Sodium Chloride Test. Distilled water was used to 
rinse a sample, then a conductivity meter or chemical 
test strips were utilized to check for salts in the water 
(Sriraam et al., 2015).

Spectroscopic analysis of fucoidan 
Comprehensive physicochemical and spectroscopic 
characterization was undertaken to establish 
the purity, chemical structure, and thermal 
behavior of the extracted fucoidan and its 
formulations. Techniques such as UV–Vis and 
FTIR spectroscopy were employed to identify 
functional groups and confirm polymer–drug 
compatibility, thereby ensuring the reliability and 
reproducibility of the in situ prepared gel.

UV-Visible spectrophotometric method
The pure fucoidan was prepared to obtain 
concentrations of 5, 10, 15, 20, and 25 µg/mL. A 
Shimadzu UV-1800 UV-visible spectrophotometer 
was used to scan the reference solutions. Fucoidan 
absorbance was measured between 200 and 400 nm. 

FTIR Study 
Fucoidan extract and fucoidan extract-loaded in 
situ gel were qualitatively analyzed using a Fourier 
Transform Infrared (FT-IR) spectrometer (Shimadzu 
IR Affinity-1S, Japan). Fucoidan was scanned 
between 4000 and 400 cm-1 in the mid-infrared 
spectrum (Zayed et al., 2016). 

In vitro cell line study
Biological evaluation was conducted to determine 
the cytocompatibility and wound-healing potential 
of the fucoidan-based in situ gel. In vitro assays, 
including cell viability (MTT) and scratch-wound 
assays, were used to assess the biocompatibility 
and regenerative efficacy of the formulation. These 
studies validate the therapeutic relevance of fucoidan 
in promoting cell proliferation and tissue repair.

Test procedure
At a density of 1 × 106 cells/mL, L929 cells were 
cultured in 24-well plates until they reached 
approximately 80% confluency. Using a sterile 
cell scraper, a tiny linear scratch was made in the 
confluent monolayer. Cells were treated with 
varying doses of the test sample after being carefully 
washed with 1x PBS to remove any cellular debris. 
Phosphate buffer saline (PBS, pH 7.4) was prepared 
by dissolving 8.0 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 
and 0.24 g KH2PO4 in 1 L of distilled water. The pH 
was adjusted to 7.4 ± 0.05 with 1N HCl or NaOH, 
and the solution was sterilized by filtration before 
use. Untreated cells cultured in complete medium 
served as the control group to assess the cells’ 
baseline wound-healing capacity.  A digital camera 
(Nikon, Tokyo, Japan) attached to an inverted 
phase contrast microscope (Radical Instruments, 
India) was used to take pictures of the migrating 
cells at various intervals while the proliferation of 
cells was tracked at 0, 4, 18, 24, 48, and 72 hours 
(Ammerman et al., 2008). All experiments were 
performed in triplicate (n=3). Data are expressed as 
mean ± standard deviation (SD).

Methods of in situ gel preparation
The cold method was used to prepare the in situ gel 
as given in Tab. 1. Poloxamer 407 and Poloxamer 
188 (15–20 % w/v) were weighed and gradually 
added to 15 ml of cold water maintained at 4 ± 2 °C. 
The mixture was continuously stirred at 500 rpm for 
2 hours to  maintain a constant temperature  during 
preparation. To ensure complete hydration, the 
resultant solution was refrigerated overnight. 
Preservatives HPMC K-100 and Carbopol were then 
added to the poloxamer solution, which was stirred 
continuously. The preservative was dissolved in hot 
water, cooled, and then mixed with the poloxamer 
base. A 1:1 ratio was used to add fucoidan extract. 
Separately, the drug (2% w/v) was dissolved in a 
1:2 solvent mixture of ethanol and Tween 80. The 
resulting poloxamer dispersion was then mixed with 
this drug solution. Lastly, distilled water was used to 
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Viscosity of solution formulation and gel 
formulation 
Viscosity at 25 °C and 37 °C was measured using 
a Brookfield viscometer with spindle number 
62, operating at 100 rpm. First, the gel solution’s 
viscosity was examined. The solution was heated to 
37 ± 1 °C in a water bath to form a gel. The resulting 
gel’s viscosity was tested (Sabale et al., 2012). All 
experiments were performed in triplicate (n=3). Data 
are expressed as mean ± standard deviation (SD).

Spreadability test
In the center of the 20 × 20 cm glass plate, 1 g of gel 
is placed. Over this plate, another glass plate of the 
same size was placed. After that, it applied precisely 
1000 g of pressure on the outside of this upper glass, 
causing the pressure to spread evenly between the 
two. After a minute, the weight was removed, and 
the diameter of the spread area (in centimeters) was 
noted (Alexander et al., 2022). All experiments were 
performed in triplicate (n=3). Data are expressed as 
mean ± standard deviation (SD).

Gel strength
A 50 mL graduated measuring cylinder was filled 
with precisely weighed 30 g of gel. In a water bath 
at 37 °C, the product was left to solidify into a gel. 
The cylinder’s time to sink 5 cm through the gel was 
measured after adding 50 g of weight (Galgatte et al., 
2014) hence it is suitable for nasal administration. 

Statistical analysis
All experiments were performed in triplicate, 
and the results are expressed as mean ± standard 
deviation (SD). One-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test was 
used to determine the significance of differences 
among groups. A p-value of < 0.05 was considered 
statistically significant.

make up the volume, and triethanolamine was used to 
bring the pH down to 7 (Kurniawansyah et al., 2018).

Evaluation of fucoidan extract-loaded in situ gel
Physical appearance
The assessment of in situ gels’ physical appearance 
guarantees their stability, quality, and homogeneity. 
Color, odour, temperature, and pH are all evaluated. 
Prior to additional characterization and testing, these 
criteria aid in determining the gel’s suitability for 
administration, guaranteeing patient comfort and 
product consistency (Zayed et al., 2020).

Determination of gelation temperature
To determine the sol-gel temperature, the solution 
was placed in a test tube and immersed in a water 
bath at 37 ± 5 °C for 2 minutes. The thermometer was 
placed inside the test tube to record the temperature 
at which the fluid turned into gel. Carbopol 
formulations were placed in a test tube containing a 
pH 6.8 phosphate buffer solution. After thoroughly 
mixing the concoction, it was placed in the water 
bath. Tests were conducted up to 60 °C as the highest 
gelation temperature. When flipped, the formulation 
did not flow from the container, indicating that it 
had set (Hosea et al., 2000). All experiments were 
performed in triplicate (n=3). Data are expressed as 
mean ± standard deviation (SD).

Determination of gelling capacity
Changes in the sol-to-gel time and erosion time of 
the produced gel due to environmental changes were 
observed. These formulation characteristics were 
used to calculate the gelling capacity. 

Determination of pH
The two most crucial factors are how pH affects 
stability and solubility. An optimum pH should be 
maintained in the formulation to maintain stability 
at that level and to avoid irritation to the patient 
when applied. The ideal pH range for in situ gel 
compositions is 6.2–7.4. A 
calibrated digital pH meter 
was used to measure the pH 
of the prepared in situ gel 
compositions. Standard pH 
buffer solutions with pH 4, 7, and 
9.2 were calibrated prior to each 
use. A constant temperature of 
25 °C was used for formulation 
(Kurniawansyah et al., 2023). 
All experiments were performed 
in triplicate (n=3). Data are 
expressed as mean ± standard 
deviation (SD).

S.No Ingridients F1 F2 F3

1 Fucoidan Extract 1g 1g 1g

2 Poloxamer 407 4g 5g 6g

3 Poloxamer 188 1g 1g 1g

4 HPMC K-100 0.15g 0.15g 0.15g

5 Methyl paraben 0.03g 0.03g 0.03g

6 Propyl paraben 0.003g 0.003g 0.003g

7 Distilled water qs qs qs

Table 1. Formulation of fucoidan extract loaded in situ gel
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Results and Discussion
Yield and chemical composition of fucoidan 
isolated from Undaria pinnatifida
The percentage yield of fucoidan obtained by the 
maceration method was 8.7 ± 0.3% (w/w) based on 
the dry weight of U. pinnatifida. The purified extract 
showed a sulfate content of 26.2 ± 1.4% and a total 
carbohydrate content of 64.3 ± 2.8%, confirming the 
characteristic composition of fucoidan.
Spectrum characterization
The UV–visible spectra of the standard fucoidan 
and the extract in methanol showed a maximum 
absorption peak (λmax) at 232 nm, as shown 
in Figs. 1 and 2. This peak is mainly attributed 
to n→π* and π→π* transitions of sulfate esters 
and carbonyl groups in the fucoidan backbone, 
in agreement with earlier studies on sulfated 
polysaccharides. Comparative spectral analysis with 
standard fucoidan confirmed identical absorption 
characteristics, verifying the structural integrity and 
purity of the extracted compound.

The absence of absorption bands in the 
aromatic region (260–280 nm) confirms that 
the sample is free from protein or nucleic acid 
contamination. Furthermore, the linearity of 
absorbance with increasing concentrations (5–25 
µg/mL) demonstrates that the Beer–Lambert law 
is applicable, validating UV spectrophotometry as 
a reliable method for fucoidan quantification and 
routine analytical use.
Construction of calibration curve
A calibration curve of fucoidan in methanol was 
constructed over the concentration range of 5–25 µg/
mL, shown in Tab. 2 & Fig. 3.  A stock solution of 
fucoidan extract (1 mg/mL) was prepared in distilled 
water. From this stock, serial dilutions were prepared 
to obtain concentrations ranging from 5 to 25 µg/
mL. The absorbance at 232 nm showed a strong 
linear relationship with concentration, following 
Beer–Lambert’s law with the regression equation 
A=0.0348C+0.134 and correlation coefficient (R²) = 
0.9903.  The calculated LOD and LOQ were 0.47 
µg/mL and 1.44 µg/mL, respectively, confirming the 
analytical method’s sensitivity. This confirms the 
quantitative reliability of the UV spectrophotometric 
method used for fucoidan analysis.

Based on FT-IR interpretation readings given 
in Tab. 3 and Fig. 4, the structure of the fucoidan 
compound is identified through key functional group 
identifications. The broad peak at 3448.34 cm-1 
indicates O–H and N–H stretching, suggesting the 
presence of hydroxyl and carboxylic acid groups. 
Peaks at 1688.10 cm-1 and 2103.73 cm-1 confirm 

S=O and C–H stretching, indicating sulfate groups 
and aliphatic chains. C=O stretching at 1437.14 
cm-1 and 1202.54 cm-1 suggests carboxyl and alkane 
groups. Peaks at 1139.62 cm-1 and 843.78 cm-1 
indicate C–O–C bonds, confirming the presence of 
glycosidic linkages in the polysaccharide. Finally, 
the bands at 803.34 cm-1 and 601.44 cm-1 confirm 
the presence of sulfate esters via C–O–S and S–O 
stretching. These features collectively confirm the 
presence of fucoidan with its characteristic sulfated 
polysaccharide structure.

In vitro cell line study for wound healing activity
In-vitro wound scratch assay;
The wound-healing assay revealed a clear, dose-
dependent, biphasic effect of fucoidan on fibroblast 
migration and proliferation. At lower concentrations, 
fucoidan promoted wound closure, supporting its 
role in enhancing cellular processes essential for 
tissue repair. In contrast, at higher concentrations 
(e.g., 100 µg/µL), wound closure efficiency declined 
sharply, reaching only ~2% at 24 h (Figs. 5 and 6), 
suggesting a possible cytostatic or cytotoxic effect 
that limits fibroblast growth and mobility.

Similar trends have been reported by Wen et 
al. (2023), who showed that fucoidan and other 
sulfated polysaccharides stimulate cell viability, 
angiogenesis, and extracellular matrix remodeling at 
moderate doses, whereas excessive concentrations 

Fig. 1. The absorption maximum of standard 
fucoidan using methanol

Fig. 2. The absorption maximum of fucoidan extract 
using methanol
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impair cellular homeostasis and reduce regenerative 
potential. This biphasic response suggests that 
fucoidan exerts its wound-healing activity within 
a therapeutic window, emphasizing the need for 
careful dose optimization in future applications.

The in vitro wound scratch assay demonstrated 
a dose-dependent effect of fucoidan on fibroblast 
migration, as shown in Tab. 4. Wound area 
measurements taken at different time points 
revealed a clear pattern of healing, with the most 
significant changes occurring between 18 and 24 
hours, particularly at lower concentrations. At a 
concentration of 25 µL, L929 cell lines exhibit 
significant wound-healing activity. 

At a 25 µL concentration, a significant (p<0.05) 
wound closure of 26% was observed after 24 h 
compared with the control group. Micrographs (Fig. 
5 and Fig. 6) clearly show enhanced cell migration 
and closure in the fucoidan-treated groups, 
confirming its wound-healing potential.
MTT Assay
The cytotoxicity of fucoidan-loaded in situ gel 
formulations was assessed using the MTT assay on 
L929 fibroblast cells, as shown in Tab. 5 and Fig. 7. 
Cell viability remained above 90% at concentrations 
up to 50 µg/mL, indicating excellent biocompatibility. 
A slight decrease in cell viability (~82%) was 
observed at 100 µg/mL. No morphological changes 
or membrane disruption were observed under 
microscopic examination, confirming that fucoidan 
and the gel matrix components were non-toxic to 
normal fibroblast cells.

Formulation of fucoidan extract-loaded in situ gel
Three formulations (F1–F3) were developed 
to optimize the ratio of Poloxamer 407 and 
Poloxamer 188, which are critical for achieving 
desirable gelation temperature and viscosity. 
Preliminary screening indicated that Poloxamer 
407 concentrations below 4% failed to form a 
stable gel at physiological temperature, while 
concentrations above 6% resulted in excessively 
viscous gels. Therefore, F1–F3 were selected with 
incremental Poloxamer 407 concentrations (4%, 
5%, and 6%) while maintaining Poloxamer 188 and 
other excipients constant. This allowed evaluation 
of the effects of polymer concentration on gelation 
behavior, spreadability, and gel strength without 
requiring a full factorial design. 
Evaluation of fucoidan extract-loaded in situ gel
FTIR compatibility analysis
To evaluate possible interactions between fucoidan 
and the polymeric excipients, FTIR spectra of 
pure fucoidan, blank polymer base, and fucoidan-

BIOLOGICA NYSSANA ● 17 (1) June 2026: Babu et al. ● Extraction and wound healing activity 
of fucodian loaded in situ gel

Fig. 3. Calibration curve of standard fucuidan Fig. 4. FT-IR analysis of fucoidan compound

Frequency cm-1 Radical Bond Functional 
Group

3448.34 cm-1
OH Stretch Alcohol,

N-H Stretch Carboxylic acid

2103.73 cm-1 C-H Stretch Aliphatic, 
sulfate group1688.10 cm-1 S=O Stretch

1437.14 cm-1

C=O Stretch Carboxyl and 
alkanes1202.54 cm-1

1139.62 cm-1

C-O-C Stretch
Sulfate 

group and 
polysaccharides843.78 cm-1

803.34 cm-1 C-O-S Stretch Sulfate ester 
and sulfate 
vibrations601.44 cm-1 S-O Stretch

Table 3. FTIR interpretation of fucoidan compound

Table 2. FTIR interpretation of fucoidan compound

S. No Concentration 
(µg/mL)

Observed 
Absorbance

1 5 0.292

2 10 0.472

3 15 0.702

4 20 0.832

5 25 0.982



263

BIOLOGICA NYSSANA ● 17 (1) June 2026: Babu et al. ● Extraction and wound healing activity 
of fucodian loaded in situ gel

loaded in situ gel (F2) were recorded in Fig. 8. 
The characteristic sulfate (S=O) and glycosidic 
(C–O–C) peaks of fucoidan at 1736 cm-1 and 1053 
cm-1, respectively, were retained in the formulation 
spectrum without any major shift or disappearance. 
These results confirm that no chemical interaction 
occurred between fucoidan and the polymer matrix, 
indicating good compatibility and stability of the 
drug within the gel system.
Physicochemical properties of fucoidan extract-
loaded in situ gel
Physical appearance. As shown in Tab. 6, the gel 
was pale green and odorless.
Determination of pH. The pH of all the formulations 
in solution form was found to be around 7, 
as shown in Tab. 6. 
Gel Temperature. For in situ gel, which is in 
solution state at room temperature and in gel phase 

at the site of administration, the temperature ranges 
from 32 ± 2 to 35 ± 1 °C are optimum, as shown in 
Tab. 6. The formulation becomes inconvenient for 
administration if the gelation temperature is below 
33 °C of the solution, which results in gelation at 
room temperature. If the gelling temperature is 
above the 35 °C of the in situ gel formulation, the 
gel will be liquid at body temperature and lead to 
leakage of the formulation. 
Spreadability. All prepared in situ gel formulations 
showed spreadability ranging from 5.13 ± 0.1 to 
5.78 ± 0.4 g·cm/s. The data in Tab. 6 show that the 
spreadability of in situ gel formulations decreases as 
the concentration of any gelling agent increases. 
Gel strength. All the formulations showed good 
gel strength, ranging from 19.7 s to 31.3 s, as 
shown in Tab. 6. This indicates that increasing the 
polymer concentration increases gel strength, as 
observed for all formulations. 

Fig. 6. In vitro wound healing activity of control, 75 µL and 100 µL of fucoidan extract at different time intervals

Fig. 5. In vitro wound healing activity of control, 25 µL and 50 µL of fucoidan extract at different time intervals

2
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Gel capacity. The gelling ability of the prepared 
preparations is indicated in Tab. 6. Here, - means 
no gelation, + means gelation that occurred within a 
few minutes but persisted for a few hours, ++ means 
gelation that occurred immediately but persisted 
for a few hours, +++ means gelation that occurred 
immediately but persisted for a long period, and 
++++ means highly stiff gel. 
Viscosity. Rheological assessment of all the 
formulations demonstrated Newtonian flow prior 
to gelling and demonstrated pseudoplastic flow 
following gelling.  An increase in the viscosity after 
gelling was shown in Tab. 6 and Fig. 9.

The physicochemical performance of in situ 
gels depends on a critical balance among viscosity, 

spreadability, and gel strength. Generally, an 
increase in viscosity corresponds to higher gel 
strength but reduced spreadability due to greater 
polymeric entanglement (Vigani et al., 2020; Patel 
et al., 2022). In the present study, formulation F2 
exhibited moderate viscosity and gel strength, 
thereby enhancing its spreadability and ensuring 
uniform application over the wound surface. 
The inverse correlation between spreadability 
and viscosity observed in this study is consistent 
with prior reports on polysaccharide-based in situ 
gels (Wang et al., 2021). Thus, optimizing these 
interdependent parameters was crucial for achieving 
desirable mechanical and application properties.

The F2 formulation demonstrated a gelation 

Concentration (µg/µL)
Time Duration (h)

Wound area (µm) 0h 4h 18h 24h

25 1975 0 7 ± 1.8 22 ± 1.2 26 ± 0.8

50 1783 0 10 ± 0.6 13 ± 0.8 15 ± 0.7

75 1748 0 8 ± 2.1 2 ± 1.5 2 ± 1.6

100 1711 0 7 ± 2.4 2 ± 2.3 2 ± 2.8

Table 4. In-vitro wound healing activity of fucoidan extract

Concentration (µg/mL) Mean cell viability  
(%) ± SD (n=3)

0 100 ± 1.2 

25 96 ± 1.0

50 90 ± 1.3 

75 84 ± 1.6 

100 82 ± 1.4 

Table 5. Cytotoxicity study of fucoidan-loaded 
in situ gel

Fig. 7. Cytotoxicity study of fucoidan-loaded 
in situ gel

Parameter F1 (Mean ± SD, n=3) F2 (Mean ± SD, n=3) F3 (Mean ± SD, n=3)

Colour Pale green Pale green Pale green

Odor Odourless Odourless Odourless

pH 7.2 ± 0.8 6.9 ± 1.1 7.1 ± 0.6

Gel Temperature (°C) 32 ± 2 35 ± 1 34 ± 2

Spreadability (gm·cm/sec) 5.13 ± 0.1 5.78± 0.4 5.66 ± 0.7

Gel Strength (s) 19.7± 0.1 22.3± 0.2 31.3 ± 0.7

Gel Capacity + ++ ++

Viscosity of solution (CP) 5.13 ± 1.1 16.78 ± 2.6 34.66 ± 2.2

Viscosity of in situ gel (CP) 89500 ± 11 286000 ± 17 418800 ± 14

Table 6. Physiochemical properties of fucoidan extract-loaded in situ gel
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temperature of 35 ± 0.3 °C and a viscosity of 286,000 
± 2,800 cP, aligning with the thermosensitive range 
suitable for topical application and comparable to 
that of fucoidan–chitosan gels (Chen et al., 2021). 
Furthermore, the wound-healing rate (26 ± 1.2%) 
was higher than that of formulations containing 
unmodified fucoidan, possibly due to the optimized 
polymer ratio, which improved bioadhesion and 
controlled drug release.

Conclusion
In this work, an in situ gel formulation based on 
fucoidan was successfully developed and evaluated 
for wound healing applications. Fucoidan, a 
marine-derived sulfated polysaccharide, is well 
known for its exceptional biological properties, 
including antioxidant, anti-inflammatory, and tissue-
regenerative effects. At a dosage of 25 µL, the 
fucoidan extract used in the in vitro wound scratch 
experiment significantly promotes wound healing 
in L929 cell lines. After a day, the fucoidan extract 
demonstrated 26% wound-healing activity in L929 
cells. As anticipated, the control returned. The in situ 
gel was designed to undergo a sol-to-gel transition 
at physiological temperature, providing prolonged 
residence time and sustained release at the application 
site. Among the three formulations evaluated, 
F2 demonstrated optimal performance with a 

gelation temperature of 35 ± 0.3 °C, pH 6.9 ± 0.05, 
viscosity of 286,000 ± 2,800 cP, and in vitro wound-
healing efficacy of 26 ± 1.2% at a concentration 
of 25 µL. The results confirm that fucoidan-based 
thermosensitive in situ gels possess favorable 
physicochemical properties and biocompatibility 
for potential wound-healing applications. Future 
studies will focus on in vivo wound-healing models, 
long-term stability assessment, and formulation 
scale-up to translate these findings into clinically 
applicable therapeutic systems.
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Fig. 8. FTIR spectra of fucoidan extract-loaded in situ gel

Fig. 9. Viscosity of fucoidan extract-loaded in situ gel
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