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ABSTRACT

Andrographolide (AG), a bioactive diterpenoid isolated from Andrographis paniculata, exhibits
significant pharmacological activities but suffers from low aqueous solubility. In this study, polylactic
acid (PLA) was used to fabricate biocompatible electrospun nanofiber mats loaded with AG. The AG-
loaded PLA nanofibers (AG/PLA-1 and AG/PLA-2) were successfully fabricated via electrospinning
and characterized in terms of morphology and fiber diameter distribution using scanning electron
microscopy (SEM) and Attenuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR). SEM analysis revealed smooth and continuous fibers with average diameters of 220 £20 nm for
AG/PLA-1 and 350 +£100 nm for AG/PLA-2. ATR-FTIR spectra confirmed the successful incorporation
of AG into the PLA matrix without significant chemical interaction, indicating good compatibility
between natural compound and polymer. These findings suggest that PLA-based electrospun nanofibers
are a promising platform for the delivery of poorly water-soluble compounds such as andrographolide.
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1. INTRODUCTION

Electrospinning is a versatile nanofabrication method capable of producing continuous
fibers with diameters down to a few nanometers. Due to their high surface area-to-volume ratio,
tunable porosity, the electrospun nanofibers have attracted growing attention in biomedical
engineering, particularly for drug delivery, wound dressings, and regenerative scaffolds
(Keirouz et al., 2023). Several polymers have been used for electrospinning with various
application aims. They are divided into 3 main groups, including synthetic (polylactic acid PLA,
polycaprolactone PCL, poly(lactic-co-glycolic acid) PLGA, polyvinyl alcohol PVA,
polyvinylpyrrolidone PVP, polyethylene oxide PEO), natural (gelatin, silk fibroin, chitosan),
and semi-synthetic (ethyl cellulose, cellulose acetate) (Acosta et al., 2022). Among these
materials, PLA is a semicrystalline, biodegradable polyester widely used for drug delivery,
tissue engineering, and biomedical scaffold due to its biocompatibility and mechanical
robustness. (Pan et al., 2025; Hemmatianet al., 2021; Ismailiet al., 2024). Natural compounds-
loaded electrospun-nanofibers not only enhance the solubility, stability, and sustained release
of natural agents but also offer a high-surface-area, biocompatible delivery system for bioactive
compounds for wound healing, anti-inflammatory treatments, and tissue engineering (Liu et al.,
2024). Andrographolide (AG) is a labdane diterpene, the primary active component of
Andrographis paniculata, known for potent antimicrobial, antitumor, antioxidant, anti-
inflammatory, hepatoprotective, and immunostimulatory activities (Zenget al., 2022).

Despite its promising pharmacological activities, the therapeutic AG application is
hindered by its poor aqueous solubility, short half-life, and limited permeability. Therefore, the
development of the appropriate drug delivery systems are required to enhance its solubility,
stability, and bioavailability. Previous studies reported that AG-loaded glyceryl monostearate
nanoparticles could effectively enhance lymphatic drug delivery (Oseni et al., 2021). Recently,
AG was loaded into PLGA electrospun materials for the application on the antibacterial wound
dressing and cervical cancer treatment (Jia et al., 2018, Chen et al., 2019).

This research aimed to fabricate PLA nanofibers loaded with AG via electrospinning, and
to characterize their physicochemical properties.

2. MATERIALS AND METHODS
2. 1. Materials

The leaves of Andrographis paniculata were collected in October 2023 and identified by
Dr. Nguyen Sinh Khang, Institute of Ecology and Biological Resources, Viethnam Academy of
Science and Technology (VAST). The voucher specimen (AG-L-2023) has been lodged at the
Center for High Technology Research and Development (CHTD), VAST, Vietnam.
Andrographolide, extracted from Andrographis paniculata’s leaves and then purified (purity
>95%), was supplied by the CHTD. PLA (Mw = 88000) was purchased from Sigma-Aldrich
(USA). Acetone and dimethylacetamide (DMAc) were obtained from Sigma-Aldrich (USA).
All these chemicals were of analytical grade and used without further purification.

2. 2. Preparation of electrospinning solutions

Two 1:1 acetone /DMAc mixtures (100 ml each) were prepared. Two AG amounts (0.9g
and 1.8g) were dissolved in two prepared solvent mixtures (100 ml each) using ultrasonication
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for 15-30 minutes at 40 °C. Finally, PLA pellets (12g) were added gradually to each solution
of AG-solvents to reach a final concentration of 12% w/v (100 mL of solvent). The final
solutions of AG-PLA-solvents were continuously stirred for 2 hours at 40 °C untill they
appeared clear and viscous. Then, they were sonicated to remove air bubbles. The resulting
solutions, incorporating AG at 7.5% and 15% relative to PLA (w/w), were labeled AG/PLA-1,
and AG/PLA-2.

2. 3. Electrospinning process

The laboratory-scale electrospinning setup consisted of a 20 kV high-voltage supply,
syringe pump (self-made), a syringe pump, and grounded Cu collector. The prepared polymer
solution was loaded into a 5 mL plastic syringe fitted with a stainless steel needle (21G). The
syringe was mounted on a programmable syringe pump to control the flow rate of the solution
during electrospinning. The electrospinning parameters were based on typical electrospinning
conditions for PLA-based systems as follows: applied voltage 18 kV, flow rate 0.6 mL/h, tip-
to-collector distance: 15 ¢cm, and ambient conditions 23 £2 °C and 40 £5% RH. The fibers were
deposited onto an aluminum foil-covered Cu collector to form a continuous nanofiber mat.
Electrospinning was carried out for approximately 60 minutes to obtain nanofiber films with
sufficient thickness for characterization and dissolution studies. After electrospinning, the
nanofiber mats were carefully removed from the collector and dried under vacuum at room
temperature for 24 hours to remove residual solvent. The dried nanofiber films were stored in
a desiccator prior to further characterization and testing.

2. 4. Characterization
2. 4. 1. Morphological analysis (SEM)

The morphology of the electrospun nanofibers was observed using scanning electron
microscopy (Hitachi, S-4800). Samples were sputter-coated with a thin layer of gold before
imaging. Fiber diameter distributions were calculated from 100 random SEM images using
ImagelJ analysis software.

2.4.2. ATR-FTIR analysis

ATR-FTIR was one of the technologies used to investigate the chemical functional groups
of the electrospun samples. The ATR-FTIR measurements were conducted between 4000 cm™!
and 400 cm™! on an FTIR Spectrometer (Nicolet Apex, Thermo Scientific) as previously
described. All electrospun samples were measured with a spectral resolution of 4 cm™! and 128
scans. Each measurement was replicated three times to affirm the reliability of the data.
Assignments of the main bands were confirmed by analyzing the acquired spectra and
comparing them with those the pure compound and polymer in the literature.

3. RESULTS AND DISCUSSION
3. 1. Morphology and fiber diameter

Two electrospun nanofiber formulations, AG/PLA-1 and AG/PLA-2, were successfully
fabricated using the electrospinning technique, with polylactic acid as the polymer matrix and
andrographolide incorporated as the active compound. The morphology of the electrospun
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nanofibers was examined using SEM, and the representative images are presented in Figures 1
and 2. For AG/PLA-1, the SEM images reveal a uniform and smooth fiber morphology without
bead formation. The fibers exhibit a diameter distribution ranging from 45 to 400 nm, with an
average fiber diameter of 220 +20 nm, as determined by Image] analysis. In contrast, the
AG/PLA-2 nanofibers also display a generally smooth morphology, although slight bead
formation can be observed.

The fiber diameter ranges from 150 to 550 nm, with a larger average diameter of 350
+100 nm. The average fiber diameters of the electrospun nanofibers AG/PLA-1 and AG/PLA-
2 were slightly lower than that reported for pure PLA electrospun nanofibers (447 £12 nm)
(Bahramian et al., 2025), which may be attributed to the incorporation of Andrographolide
affecting the solution properties during electrospinning. All electrospun samples displayed
smooth, bead-free morphologies.

IME-NKL 5.0V 5

Figure 1. SEM micrographs of AG/PLA-1 electrospun nanofibers (SE, 5kV): (a) Low
magnification x5.000, (b) High magnification x50.000, and (c) Fiber diameter distribution
(45400 nm) with a mean fiber diameter of 220+20 nm (ImageJ analysis).

Frequency {%a)
sEB 8

Diameter (nm

IMS-NKL 5.0kV 5. 3mm x

Figure 2. SEM micrographs of AG/PLA-2 electrospun nanofibers (SE, 5kV): (a) Low
magnification x5.000, (b) High magnification x50.000, and (c) Fiber diameter distribution
(150-550 nm) with a mean fiber diameter of 350+100 nm (ImageJ analysis)
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The quantitative results of fiber diameter distribution and morphological characteristics
are summarized in Table 1. The mean fiber diameters increased with AG content, reflecting
higher viscosity and conductivity of AG-loaded solutions.

Table 1. Average fiber diameters and morphological characteristics of electrospun nanofibers.

Sample Fiber diameter distribution | Mean fiber diameter Morphology

AG/PLA-1 45-400 nm 220 £20 nm Smooth, bead-free
AG/PLA-2 150-550 nm 350 +100 nm Smooth, slight

3. 2. ATR-FTIR analysis

The FTIR spectra of the electrospun nanofiber formulations AG/PLA-1 and AG/PLA-2
presented in Figure 3 and Table 2 were analyzed, compared with those of pure AG and PLA.
The results show that both materials exhibit two characteristic peaks at 1182 cm™' and 1751
cm™!, corresponding to the stretching vibration of the C-O-C group and C=O carbonyl group,
and a peak at 1452 cm™! attributed to the —CH bending vibration. In addition, the peak at 2944
cm™! corresponds to the symmetric stretching vibration of CHs, while the peak at 2994 ¢cm™!
corresponds to the asymmetric CHs stretching vibration of the polymer component PLA
(Farahani et al., 2021; Zahidova et al., 2023). In addition, the presence of AG in the electrospun
fibers was evidenced by the characteristic band observed at ~1084 cm™!, assigned to the C-O
stretching vibration of andrographolide, which is consistent with the spectral features of pure
AG. The absorption bands at 760 cm™!, 878 cm™!, and 1015 cm™" were attributed to different
vibrational modes of AG, corresponding to the C—C—C ring vibration of the R2 moiety, the C—
C stretching adjacent to the RI1 ring, and the C—-C backbone vibrations, respectively.
Furthermore, in AG, the absorption band at approximately 1135 cm™! is attributed to the C-O
stretching vibration of the R3 ring structure, while the broad band centered around 3400 cm™!
corresponds to the O—H stretching vibration, likely arising from hydroxyl groups adjacent to
the R1 ring.

The infrared spectroscopy results confirm the presence of both AG and PLA in the
electrospun nanofiber materials AG/PLA-1 and AG/PLA-2 (Singh et al., 2006; Singh et al.,
2007). These results indicate that both PLA and andrographolide are successfully incorporated
into the electrospun nanofiber matrices. Compared with the spectra of the individual
components, the characteristic peaks of both AG and PLA were retained in the spectra of
AG/PLA-1 and AG/PLA-2, indicating that the electrospinning process did not alter the
chemical structure of either component. However, slight shifts and broadening of some bands
were observed in the nanofiber spectra, which may be attributed to intermolecular interactions
between AG and PLA, particularly hydrogen bonding between the OH groups of AG and the
C-0O groups of PLA. Such interactions could promote homogeneous dispersion of the drug
within the polymer matrix and improve drug—polymer compatibility. Overall, the FTIR results
confirm the successful incorporation of AG into the PLA nanofiber structure and suggest
favorable molecular interactions between the natural compound AG and polymer PLA, which
may contribute to the stabilization of the drug in the electrospun nanofiber system.
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Figure 3. ATR-FTIR spectra: (A) AG/PLA-1 and (B) AG/PLA-2 electrospun nanofibers
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Table 2. ATR-FTIR vibrations of two AG/PLA electrospun nanofibers compared
to pure AG and PLA

ATR-FTIR vibrations (cm™)

No IR functional groups
AG PLA | AG/PLA-1 | AG/PLA-2
1 | C-C—Cring R2 715 small 760,33
2 | C—C adjacent to ring R1 877 870,12 878,50
3 | C—C back bone 1031 1.017,52 1015,36
4 | C-O streching 1085 1.084,12 1.084,12
5 | C-O-C stretching 1.188 1.182,11 1.182,11
6 | C-Oring R3, adjacent to ring R3 1158 1.135,16 1.128,05
7 | C—Cring R1 and R2, adjacent to ring R1 | 1367 1.364,35 1.361,24
8 | C-H single bond bending 1.455 1.452,49 1.462,40
9 | Ester C=O stretching or C=0 stretching 1728 | 1.750 1.751,47 1.751,47
10 | Symmetric CH3 2.941 small 2.944,90
11 | Asymmetric CH3 group 2.993 small 2.994,52
12 | O—H adjacent to ring R1 3402 small 3.400,52

4. CONCLUSION

In this study, PLA-based electrospun nanofiber mats loaded with AG were successfully
fabricated using a simple electrospinning technique. The obtained nanofibers exhibited uniform
morphology with nanoscale diameters, where AG incorporation influenced fiber diameter and
morphology depending on AG loading. ATR-FTIR results verified the successful incorporation
of AG into the PLA matrix without altering the chemical structure of either component.

The preservation of characteristic functional groups, together with slight peak shifts,
suggests favorable intermolecular interactions which contribute to good compound—polymer
compatibility and homogeneous dispersion of AG within the nanofiber matrix. This approach
is expected to enhance AG dispersion and potentially improve dissolution behavior and
bioavailability. The findings highlight the potential of PLA-based electrospun nanofibers for
future applications in drug delivery and biomedical fields.
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