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Abstract This study explores a carrageenan-Gallic acid scaffold incorporating halloysite nanotubes loaded with
erythromycin for potential applications in skin tissue engineering. In this regard, erythromycin was encapsulated
within halloysite nanotubes, and scaffolds containing 1, 3, and 5 wt% carrageenan were fabricated using the freeze-
drying technique. The physicochemical and biological properties of the scaffolds were evaluated through scanning
electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), mechanical strength assessment,
water absorption capacity, degradation rate analysis, antibacterial activity, antioxidant properties, and fibroblast
cell viability and migration assays. According to the SEM results, the porosity percentages of the scaffolds
containing 1, 3, and 5 wt% carrageenan were calculated as 62.43+1.8%, 69.28+2.1%, and 71.28+3.9%,
respectively. An increase in carrageenan content led to a rise in pore size and porosity, which consequently
enhanced water absorption, accelerated degradation, and improved fibroblast cell viability and migration.
However, a reduction in compressive strength and Young’s modulus was observed. The antibacterial evaluation
demonstrated that the scaffold with 5 wt% carrageenan exhibited superior antibacterial efficacy due to increased
drug release. Additionally, the antioxidant analysis revealed that the scaffold containing 1 wt% carrageenan
exhibited the highest antioxidant activity, which was attributed to the greater release of Gallic acid. Overall, the
scaffold with 5 wt% carrageenan demonstrated optimal biocompatibility, superior antibacterial properties, and
enhanced fibroblast viability and migration, making it a promising candidate for skin tissue engineering

applications.
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1. INTRODUCTION

Natural and synthetic polymers have been widely
used as biomaterials for the fabrication of scaffolds in
skin tissue engineering (Liu et al., 2020). Carrageenan is
a hydrophilic polysaccharide known for its high strength
and good compatibility, making it suitable for wound
dressings (Rode et al., 2018). Gallic acid is a colorless
or slightly yellow crystalline compound with
antioxidant, antimicrobial, and anticancer properties.
The composite obtained from the synthesis of these two
groups has gained significant attention due to its
biodegradability, high biocompatibility, and favorable
mechanical properties

2. MATERIALS AND METHODS

Carrageenan and gallic acid scaffolds were
synthesized in three ratios: CiGi, C3Gi, and CsGi.
Halloysite nanotubes loaded with erythromycin were
then added to the scaffolds.

3. RESULTS AND DISCUSSION

Scanning electron microscopy (SEM) images
revealed that the lowest porosity was observed in the
sample with the lowest carrageenan content (Figure 1).

Figure 1. SEM images of the scaffold at 200 um
magnification.

FTIR analysis confirmed the presence of
carrageenan, gallic acid, erythromycin, and halloysite
nanotubes (Figure 2). In the compressive strength test,
the highest modulus was observed in the C;G sample,
which was 2.12 + 0.38 kPa. With an increase in the
carrageenan ratio, this value decreased to 1.47 + 0.11
kPa in the C3G; sample and 1.39 + 0.16 kPa in the CsG;
sample.

The drug release test for erythromycin from the
scaffolds revealed that the highest drug release was
observed in the CsG; sample, and the C3G; sample also
showed a higher drug release compared to the CiG;
sample (Figure 3).
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Figure 2. FTIR spectrum of carrageenan-gallic acid scaffolds
containing halloysite nanotubes loaded with erythromycin.

= C,G,
07 - e C,G,
4 GGy
0.6
= 0.5 e
£
E P
2 0.4
.
8 a
© 0.3
[
=
=4
0 0.2
w
0.1+
¢
H
0.0 T T T 1
0] 20 40 60 80
Time (h)

Figure 3. Graph of the drug release concentration from the
scaffolds at 6, 10, 24, and 72 hours.

The results of the water absorption test of the
scaffolds showed that the lowest water absorption was
observed in the C;G; sample. Since carrageenan is a
hydrophilic polymer, as the amount of this polymer in
the scaffold structure increases, the water absorption
also increases (Figure 4).
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Figure 4. The water absorption percentage of the samples
after 24 hours of immersion in deionized water.

The degradation rate of the scaffolds showed that the
highest degradation occurred in the CsG; sample. This
can be attributed to the larger pore size and higher
porosity percentage, as well as the weaker mechanical
properties of this scaffold compared to the other
samples. The lowest degradation was observed in the
C1G: sample, which also exhibited the best mechanical
properties according to the mechanical tests (Figure 5).
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Figure 5. Scaffold degradation percentage chart over 6, 10,
24, and 72 hours.

The results of the antibacterial test indicated that all
three scaffolds showed significant inhibitory effects
against Staphylococcus aureus. However, the reduction
rate for Gram-negative bacteria was lower than for
Gram-positive bacteria. This can be attributed to the
greater effectiveness of erythromycin and gallic acid
against Gram-positive bacteria (Figure 6).
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Figure 6. Bacterial viability reduction percentage chart for
Staphylococcus aureus and Escherichia coli exposed to the
scaffolds.

Antioxidant activity of the scaffolds shows that the
highest antioxidant activity was observed in the first
sample, C1G1, which contains a 1:1 ratio of carrageenan
to gallic acid (Figure 7).
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Figure 7. Bar chart of the antioxidant percentage of the
scaffolds.



64 S. Ashoorifard et al / Journal of Advanced Materials and Technologies (JAMT): Vol. 14, No. 1, (Spring 2025), 62-76

The results of the MTT assay also showed that
increasing the carrageenan content in the scaffold
composition—and consequently the hydrophilicity—
led to an increase in fibroblast cell viability, with the
CsG; sample exhibiting the highest cell viability.
Furthermore, DAPI staining of the samples confirmed
these findings. In the scratch assay, cell migration ability
was evaluated, and again, the CsG; sample demonstrated
superior migration capacity compared to the other
samples (Figure 8).
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Figure 8. Fibroblast cell viability chart in response to the
scaffolds over 24 and 72 hours.

4.CONCLUSION

The results of this study showed that the properties
of the carrageenan-gallic acid scaffold containing
halloysite nanotubes loaded with erythromycin in a 5:1
ratio could serve as a suitable scaffold for skin tissue
engineering applications.
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