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Abstract

Alcoholysis and acidolysis effectively transesterify polylactide (PLA) resin into small or
medium-sized lactate oligomers with tunable hydrophilicity. The products can then be used
to prepare various functional materials. This work employed 2, 2-bis(hydroxymethyl)
propionic acid (DMPA) to generate small-sized PLA oligomers with carboxylic and hydroxyl
terminals. The chemical structures and compositions of the acido-alcoholyzed PLA (aPLA)
were analyzed by proton nuclear magnetic resonance ("H-NMR) and Fourier transform
infrared (FTIR) spectroscopy. The optimum product was blended with PLA resin and
fabricated into electrospun nanofibers to increase their mechanical properties,
hydrophilicity, and biocompatibility. The surface morphology, chemical structures,
crystallinity, and properties of the PLA/aPLA blends were characterized by scanning
electron microscopy (SEM), FTIR, X-ray diffraction (XRD) spectroscopy, water contact
angle (WCA) measurements, tensile tests, and biocompatibility tests. Nanofibers with a
ragged surface morphology and a 900-1500 nm size range were generated. The fibers
showed higher crystallinity due to the enhanced crystallization induction by the acid and
hydroxyl chain ends. Incorporating aPLA increased the elongation at break and the
toughness of the fiber mats due to the plasticizing effect and the higher compatibility of
aPLA in the PLA matrix. The hydrophilicity of the fiber mats also improved due to the higher
contents of the polar end groups, leading to high water absorption in a short time. The cell
compatibility results confirmed that the fibers containing 20% aPLAs were suitable for
incubating L929 fibroblast cells, which was reflected in the higher adhesion and growth on
the cells on the fiber mats within 7 days. The materials have high potential for use in tissue
engineering scaffolding and biomedical applications.
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1. Introduction

Materials with hydrophilic surfaces and water absorption capability are of interest in
biomedical applications, particularly tissue engineering. The optimal material must possess
high hydrophilicity to accommodate cell attachment and demonstrate biocompatibility by
minimizing cytotoxic effects related to acidity, protein production, and oxidative stress.
Various processing techniques have been developed to address these requirements,
including functionalized particle synthesis, film casting, 3D printing, and electrospinning.
Electrospinning has emerged as a versatile method for creating nanofibers, enabling the
effective loading and transportation of critical cellular components such as genes,
medications, proteins, and peptides (Bhardwaj & Kundu, 2010). The fundamental principle
of electrospinning involves applying a strong electrostatic field to a polymer solution or melt.
The electrostatic repulsion within the charged solution overcomes the surface tension and
forms a Taylor cone structure, leading to thin liquid jets exploding. As these polymer jets
cross through the air toward a grounded collector, the solvent evaporates, and the
stretching forces cause the formation of small-sized fibers, ultimately resulting in solid
nanofibers deposited on the collector surface. The fabrication process critically depends
on multiple parameters, including solution concentration, viscosity, polymer molecular
weight, needle-to-collector distance, solvent properties, ambient humidity, and
temperature, collectively influencing fiber morphology and overall material performance
(Deitzel et al., 2001; Casasola et al., 2014; Kim et al., 2016; Haider et al., 2018; Huang &
Thomas, 2018; Promnil et al., 2021). Tissue engineering scaffolds benefit from nanofiber
materials whose various functional groups facilitate cell attachment, provide protein binding
sites, possess surface modification potential, and control hydrophilicity/hydrophobicity
(Somnuake, 2021).

Polylactide (PLA) is a degradable and biocompatible polyester widely applied for
electrospinning fabrication. The material is derived from renewable agricultural sources,
e.g., corn, sugar cane, and cassava. PLA displays excellent properties, including significant
mechanical strength, high optical transparency, and controlled degradability, i.e.,
converting to naturally metabolized lactic acid (Somnuake et al., 2024a). These properties
make PLA ideal for creating high-performance electrospun nanofibers (Pang et al., 2010;
Wacharawichanant et al., 2018; Hortos et al., 2019). Recent works investigated the
modification of PLA chemical structures, such as branched, grafted, or block structures.
Incorporating polar functional groups into the polymer chains can also improve their
hydrophilicity, making them better suitable for biomedical use. Transesterification, such as
acidolysis and alcoholysis, leads to smaller-sized lactate oligomers with higher hydrophilic
end-group compositions, referred to as the sizing down approach (Lépez-Fonseca et al.,
2010; Sinha et al., 2010). Alcoholysis presents a promising PLA modification approach,
leveraging hydroxyl active groups from diverse diols or polyols (Nim et al., 2020).
Microwave-assisted reactions have proven particularly efficient in this process, enabling
rapid reaction times, reduced energy consumption, and precise product control. PLA's
ester bonds undergo transesterification when diols or polyols are employed, generating
smaller lactate oligomers with hydroxyl terminals (Pang et al., 2010; Nim et al., 2020; Nim
& Opaprakasit, 2021). In addition, multi-functional reagents, e.g., 2,2-bis hydroxymethyl
propionic acid (DMPA), have been used in alcoholyzed and acidolyzed PLA, as these
contain multiple hydrophilic groups of carboxylic acid and hydroxyl functional groups.
Lactate oligomer products possess two hydroxyls and carboxylic acid terminals, which can
be further deprotonated to yield a negative charge for carboxylate (Fuensanta et al., 2020).
This size-reduction procedure for creating functionalized PLA oligomers offers significant
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advantages over bottom-up synthesis, including lower production costs, shortened reaction
times, and enhanced structural directness, expanding potential applications in food-
contact, cosmetic, and biomedical applications (Petchsuk et al., 2014; Nim et al., 2023).

After the alcoholysis process, chain scission reactions increase the polar end
group content. These functional groups are necessary for interacting with active
compounds and drugs, and cell adherence (Benhabbour et al., 2008). The surface’s
hydrophilicity/hydrophobicity also plays a key role in the performance of biomedical
materials. This is commonly characterized by surface wettability, i.e., water contact angle
(WCA) (Drelich et al., 2011). According to their WCA value, materials are categorized as
hydrophilic (lower than 90°), hydrophobic (between 90 and 150°), and superhydrophobic
(higher than 150°). In biomedical applications, these surface characteristics have a
significant impact on the material performance and biological interactions, especially
nanofibers for cell scaffolds and wound dressings (Shafrin & Zisman, 1960; Ganesan et
al., 2016; Wang et al., 2017).

In this work, hydrophilic PLA nanofibers were fabricated by an electrospinning
process from the blends of acido-alcoholyzed PLA (aPLA) products derived from the
transesterification of PLA by DMPA and a neat PLA matrix. The microwave-assisted acido-
alcoholysis generates lactate oligomers with hydroxyl and carboxylic acid end groups. The
chemical structures, molecular weight, crystallinity, and thermal properties of the resulting
aPLAs were examined. The aPLA product was blended with PLA resin at various ratios to
fabricate nanofibers. The resulting nanofibers' morphology, functional groups, surface
wettability, and mechanical and thermal properties were analyzed. The cell compatibility of
the nanofibers was investigated to assess their potential use in tissue engineering
applications.

2. Materials and Methods
2.1 Materials

Polylactide (PLA) 4043D (Mw 200,000 g/mol) was purchased from NatureWorks. 2,2-
bis(hydroxymethyl)propionic acid (DMPA) (98%) was obtained from Acros Organics.
Chloroform (CHL) and dimethylformamide (DMF) were supplied by VWR Prolabo
Chemicals and Carlo Erba. All chemicals were used without further purification.

2.2 Acido-alcoholysis of PLA

PLA resin was transesterified into medium-sized lactate oligomers with carboxylic acid and
hydroxyl groups of DMPA, producing acido-alcoholyzed PLA (aPLA) products. The
reaction was conducted for 15 min at 190°C under self-developed pressure in a microwave
reactor (Discover SP series, CEM Mattews NC, USA). The PLA/DMPA ratio was varied at
6:1 and 12:1 w/w. The aPLA products were then dried overnight at 60°C in an oven for
further use.

2.3 Fabrication of electrospun nanofibers

The blend solution of neat PLA resin and aPLA was prepared by separately dissolving
each component in a 7:1 v/v CHL/DMF mixed solvent. The solutions were mixed at PLA:
aPLA ratios of 80:20 and 50:50, called PLA/aPLA20 and PLA/aPLAS50, respectively. The
mixtures were stirred for 5 h at 40-50°C, whose solid contents were adjusted at an optimum
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concentration for electrospinning (10% wi/v for neat PLA, 12% w/v for PLA/aPLA20, and
19% wi/v for PLA/aPLAS50). A 20 kV high-voltage generator, an aluminum plate collector, a
syringe pump, and a needle injector feed system were then used to electrospin the
solutions at a flow rate of 5 mL/h. The distance between the needle tip and the collector
was 15 cm. The resulting PLA/aPLA fiber mats were collected and dried in an oven at 60°C
overnight to remove any remaining solvents.

2.4 Characterization

The chemical structures of the aPLA products were characterized by proton nuclear
magnetic resonance ('H-NMR) spectroscopy on an Ascend TM 600/Advance Ill HD Bruker
(Switzerland). The surface morphology of the nanofibers was examined by a scanning
electron microscope (FE-SEM) (JSM-6000 Plus, JEOL, Japan). The chemical structures,
interactions, and crystalline characteristics of the samples were characterized by Fourier
transform infrared (FTIR) spectroscopy in the attenuated total reflectance (ATR) and
transmission modes on a Nicolet iS5 spectrometer (Thermo Scientific, USA). The spectra
were measured by co-adding 32 scans at a resolution of 4 cm'. X-ray diffraction (XRD)
was evaluated on a Bruker AXS (Model D8 Advance, Germany) with Cu-Ka radiation. The
X-ray diffractograms were recorded from 5-40° at 50 kV, 300 mA, with increment of 0.02
degrees/step, and time step 0.4 s, using LYNXEYE XE-T as a detector. The mechanical
properties of the fiber mat samples were examined in tensile mode on a Tinius Olsen H5KT
machine with a 100 N load cell. The nanofiber mat specimens were prepared at ~10 mm
in width. The tensile measurements were conducted at a 50 mm gauge length at a speed
of 5 mm/min. Each sample was measured in triplicate, and the average and standard
deviation values were reported.

The hydrophilicity of the fiber mat samples was measured in terms of water contact
angle (WCA) using Dinolite Capture 2.0 software (Dino-Lite & Dino-Eye), employing 20 uL
deionized water droplets. The ImagedJ program was utilized to calculate the WCA values.
Biocompatibility tests were used to observe the cell adhesion ability and biocompatibility of
the neat PLA and PLA/aPLA20 nanofibers. MEM complemented medium, supplemented
with horse serum and antibiotics, was used. The pH of the medium was maintained in a
range of 7.2-7.4. The nanofiber mats were sterilized in an autoclave at 121°C for 15 min
before testing. The samples were placed in a 24-well plate. L929 cells (2x10* cells) were
seeded on the samples and incubated at 37+1°C, 5+0.1% CO2, and 95+5% relative
humidity for 7 days. After that, the samples were fixed with a fixative solution overnight.
After the fixation step, dehydration was performed by sequential immersion of samples in
ethanol and placing them in an automated critical point dryer. The samples were coated
with gold for FE-SEM analysis.

3. Results and Discussion

3.1 Chemical structures of aPLA products

"H-NMR spectra of aPLA products obtained at PLA: DMPA ratios of 6:1 and 12:1, denoted
as aPLA61 and aPLA121, and their signal assignments are illustrated in Figure 1(a).
Depending on the number of hydroxyls and carboxylic acids involved in the
transesterification, the products with three possible structures were generated:
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Figure 1. (a) '"H-NMR spectra and signal assignments, (b) structural compositions, and
(c) composition of lactate sequences of aPLA products generated at 6:1 and 12:1 PLA:
DMPA feed contents
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Structure A, Structure B, and Structure C. The lactate sequence length in each structure
varies and was classified as mono-lactate and poly-lactate. The average lactate length (X,)
was calculated using the signals of lactate repeat units at 1.42 ppm (methyl, c) and 4.47
ppm (methine, a), relative to the signals of terminal lactate at 1.51 ppm (terminal CHs
connected to -OH group, b) and 4.38 ppm (terminal -CH connected to -OH group, d). The
corresponding mono-lactate signals were observed at M1 (1.85 ppm) and M2 (4.15 ppm).
The content of the carboxyl-terminated lactate group in Structure C was calculated using
the signal b' (1.57 ppm) and d' (5.23 ppm). In contrast, the free DMPA content was
monitored using its characteristic signals at D1 (1.05 ppm) and D2 (3.51 ppm). The signals
atL1(1.72 ppm) and L2 (5.02 ppm) reflect the lactide cyclic dimer co-product. The presence
of DMPA in the core structure facilitated structural differentiation through proton shielding
effects. Nakayama et al. (2014) characterized the structure of alcoholyzed PLA using a
DMPA core unit. The signal i (1.32 ppm) demonstrated the methyl of core DMPA, while ii1
and ii2 (3.77 and 3.95 ppm) demonstrated the CH2 of core DMPA when only one hydroxyl
terminal of DMPA reacted (structure A), and ii' (4.33 ppm) described the core DMPA in
structures B and C (Nakayama et al., 2014). The shifts in the signals were caused by the
OH deshielding the proton from that area. This was attributable to asymmetric structure-
induced proton shield variations and could be used to calculate the contents of
Structure A and COOH-terminals, as well as differentiate between structures B and C (Nim
et al., 2023).

The compositions of the products with different structures are summarized in
Figure 1(b). The aPLA121 products exhibited a 100% content of Structure C, in which both
hydroxyls and the -COOH functionals of DMPA underwent transesterification with PLA
chains. Structure C was the only product that transforms into a 3-arm branched structure
with a COOH terminal. However, at a higher DMPA content, i.e., aPLA61, the Structure C
content was about 50%, along with Structures B and A. The high composition of
structure C in both products was due to the low DMPA content, allowing all of its hydroxyls
and carboxylic acid to undergo transesterification with PLA’s esters. In addition, Structures
A and B were also produced as the hydroxyl terminal was more readily reactive than the
COOH counterpart.

The 'H-NMR quantitative analysis results revealed an inverse relationship
between the DMPA feed content and X, of the aPLA products, while the contents of both
hydroxyl and carboxylic acid terminals increased proportionally. The poly-lactate content
exceeded 97 %mol, with a slight lactide content and free DMPA residue. The X, of 3.4
units/arm was observed for aPLAG1, while the number increased to 5.6 for aPLA121. The
PDI values obtained from GPC measurements were 2.06 and 2.67. This reflected the
presence of a mixture of alcoholyzed products with a large distribution. Nonetheless, this
was still suitable for further use without purification (Somnuake et al.,, 2024b). These
smaller-sized lactates possess high relative terminal functional group content, leading to
higher polarity, which increases the hydrophilicity when blended with a neat PLA matrix.
The content of mono-lactate was negligible due to the relatively high lactate per
hydroxyl/carboxylic acid ratios. The lactide and free DMPA contents remained at very low
values, reflecting the high transesterification efficiency and suppression of the back-biting
reaction to generate lactide rings.

3.2 Morphology of neat PLA and PLA/aPLAs nanofibers

FE-SEM was employed to observe the morphological variations of the electrospun
nanofibers fabricated from neat PLA and PLA/aPLA, as shown in Figure 2. The neat PLA
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exhibited relatively uniform, rough surface fibers with moderate surface porosity. The
porous features were generated when chloroform evaporated in the high-humidity
environment (Casasola et al., 2014). When aPLA61 and aPLA121 were added to PLA at
20% (PLA/20aPLA61 and PLA/20aPLA121), the fibers displayed moderate surface
roughness with subtle textural irregularities, likely because of the mismatch in polarity
between the smaller but more polar aPLAs and the PLA matrix. The morphology of the
blend differed from that of neat PLA fibers. The neat PLA showed a rough surface with
pore features, but the 20% blend showed an agglomeration of aPLAs with non-porous
features. PLA/20aPLA121 possessed small pores and some agglomeration on the surface,
reflected by the small pits and particle embossing. As the aPLA content rose to 50%,
nanofibers with a significantly pronounced surface smoothness were obtained.

Figure 2. FE-SEM images of electrospun nanofibers of neat PLA (a), PLA/20aPLAG61 (b),
PLA/20aPLA121 (c), PLA/50aPLAG61 (d), and PLA/50aPLA121 (e)
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3.3 Chemical structures and crystallinity of neat PLA and PLA/aPLA fiber mats

FTIR spectroscopy was employed to analyze the electrospun fibers' crystallinity, functional
groups, and interactions. ATR-FTIR spectra of the samples are compared in Figure 3(a). A
weak band at 920 cm' is characteristic of PLA’s a-helix crystalline structure (the C-C stretching
coupling with the CHs rocking mode), whereas the 955 cm™' band is due to an amorphous
region. The overlapped bands of stretching modes can be deconvoluted into three distinct
modes at 1753, 1748, and 1721 cm-, corresponding to the amorphous and crystalline phases
of lactate sequences and the acid chain ends. The 3 bands were normalized by an internal
standard band, i.e., the -CHs bending mode at 1450 cm-!, to quantitatively compare the results
across different samples, as shown in Figure 3(b) (Nim & Opaprakasit, 2021). The normalized
band area of the acid end groups is compared in Figure 3(c). The value increased with the
aPLA composition in the blends and the decreased length of the lactate sequence in the aPLA
structure, inherited from the lower PLA: DMPA feed ratios. Given that ATR-FTIR spectroscopy
measures the functional groups at the sample’s surface, the results imply that the increase in
the acid end groups leads to increased hydrophilicity of the sample’s surfaces.

The normalized band ratio of the crystalline/amorphous C=0 stretching modes
was calculated from the 1753/1748 cm' bands, as shown in Figure 3(d). The results
indicate that incorporating smaller-sized aPLAs leads to effective nucleating of the
crystallization of the PLA matrix. The blend consisting of aPLA61 showed a higher value
than the aPLA121 counterparts at the same blend compositions of 20 or 50%. This is
because the smaller-sized aPLA has relatively higher hydroxyl end-groups, which play a
key role in hydrogen bonding formation with the C=0 groups, inducing crystallization. FTIR
spectra measured in ATR mode mainly represent the functional groups at the surface. In
contrast, the corresponding transmission spectra show the chemical structures and
interactions of the bulk. The band area ratio of specific bands from these two
measurements provides information on the distribution of the particular functional groups
of the films. The normalized band areas of the a-helix homocrystalline/amorphous band at
920/955 cm-' were calculated. The ratios of the values obtained from the ATR/transmission
spectra of different fiber mats are summarized in Figure 3(e). A value of higher than one
for all samples indicates a higher density of crystalline content on the surface than inside
the fibers. This agrees with SEM results on the migration of smaller-sized aPLA to the
fiber's surface, inducing a higher degree of hydrogen bonding and, hence, crystallization
(Wang et al., 2013; Lee et al., 2019; Sappayasan, 2019; Nim et al., 2020;).

The XRD pattern of electrospun nanofibers was used to estimate the crystallinity, as
shown in Figure 4. Neat PLA showed a strong peak at 16.5°, representing the homocrystallite’s
(200) or (110) planes, and the 18.8° signal denotes the (203) or (113) planes. After adding
aPLAs to the matrix, additional signals were observed at 14.9°, corresponding to the (010)
plane, and at 22.1 and 29.0° representing the (210) and (220) planes (Zhang et al., 2005;
Opaprakasit et al., 2007; Chen et al., 2014; Phattarateera & Pattamaprom, 2020; Palak et al.,
2022; Lv et al., 2023;). This is likely because of the rearrangement of the amorphous phase
directly adjacent to the crystalline region. The amorphous halo observed in neat PLA also
became weaker while the crystalline signals became more intense and sharper. This reflects
an increase in the crystallinity, which is quantitatively calculated in terms of %X, as
summarized in Figure 5. The results agree with those observed in FTIR quantitative analysis,
i.e., the crystallinity increases with the aPLA content. At the same blend composition, the blend
consisting of aPLA61 showed higher crystallinity than aPLA121 due to its higher relative
hydroxyl and carboxylic acid terminal contents. This confirms that the small-sized oligomers act
as a nucleating agent, improving the crystallization of the PLA matrix.
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3.4 Mechanical properties

The mechanical properties of neat PLA and PLA/aPLA nanofiber mats were examined by
tensile testing, and the results are summarized in Table 1. The representative stress-strain
curves are plotted in Figure 6. The tensile strength of neat PLA decreased when aPLA was
introduced because of the diluent effect of the low molecular weight component, which
disrupted chain entanglements. At a similar blend composition, the smaller-sized aPLA61
imposed a larger decrease than aPLA121. Young's modulus of all blended fibers was lower
than neat PLA, indicating decreased rigidity due to the plasticizing effect. The decrease
also depended on the size and composition of aPLA, in which a larger decrease was
observed in the blend containing aPLA61 and higher aPLA compositions. Interestingly, an
increase in elongation at break was observed in the blends with 20% aPLA content.
However, this decreased when the blend content was raised to 50%. This is likely due to
the interplay between the plasticizing effect and the induced crystallization from adding
aPLA. The optimum condition was observed at 20% blend composition. It was reported
that the incorporation of low-molecular-weight PLA could disrupt the orderly arrangement
of the polymer chains, creating a free volume that facilitates chain mobility and results in
enhanced elongation properties without significant loss of tensile strength at optimal
concentrations (Petchsuk et al., 2014; Lv et al., 2023).

Table 1. The mechanical properties of neat PLA and PLA/aPLAs nanofibers as measured
in tensile mode

Tensile Strength  Young's Modulus  Elongation at Break

Sample (MPa) (MPa) (%)
Neat PLA 2.5+0.5 80.7+9.1 26.4+3.6
PLA/20aPLAG1 1.4+0.1 33.1+12.7 36.7+2.9
PLA/20aPLA121 2.2+0.3 50.0+£0.5 47.3+6.2
PLA/50aPLAG1 1.4+0.2 75.7+4.9 18.9+2.2
PLA/50aPLA121 2.1+0.4 80.7£9.5 20.2+3.8
3
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25 "\ PLA/20aPLA61
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Figure 6. Stress-strain curves of neat PLA and different PLA/aPLAs nanofiber mats
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3.5 Hydrophilicity

The hydrophilicity of neat PLA and PLA/aPLA electrospun fiber mats was measured in terms
of water contact angle (WCA), and the results are summarized in Table 2 and Figure 7. The
neat PLA fiber mat showed a WCA value of 125°+1°, reflecting its hydrophobic nature. All
fiber mats containing aPLA exhibited a decrease in the WCA value into the range of 120-
122° at an initial water contact time, except for PLA/50aPLA61, which showed a much lower
value at 109°+2°. The WCA of the fibers was also monitored as a function of contact time.
Due to their improved hydrophilicity, the blends containing aPLA121 showed increased WCA
value at 120 s contact time. Interestingly, PLA/aPLAG61 blends at both 20 and 50% blend
compositions exhibited a faster decrease in the WCA value. The water droplet was entirely
absorbed into the fiber mats within 5 and 25 s. This increased hydrophilicity was due to
incorporating smaller-sized aPLA with higher polar hydroxyl contents and increasing blend
composition (Fuensanta et al., 2020). In our previous work, it was also observed that high
contents of both hydroxyl and carboxylic acid terminals in PLA oligomers significantly
improved the hydrophilicity of PLA films (Nim et al., 2023). The results indicate that the fibers
derived from PLA/aPLA61 blends provide suitable hydrophilicity. The blend containing
20%aPLAB1 content showed a balance in mechanical properties and hydrophilicity, making
it particularly suitable for tissue engineering applications.

Table 2. The water contact angle (WCA) value of different fiber mats at an initial contact
time and after 120 s

WCA (°)
Sample at initial contact after 120 s
neat PLA 12541 12243
PLA/20aPLA61 12242 N/A*
PLA/20aPLA121 12042 11041
PLA/50aPLAG61 10942 N/A*
PLA/50aPLA121 12041 1133

*The water droplet was completely absorbed into the fiber mat

Neat PLA

50aPLAG1

20aPLAG1

20aPLATH

—

50aPLATH

G —

Figure 7. WCA measurement of different nanofibers at an initial dropping time, and the
time when the water droplet is completely absorbed, or after 120 s
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3.6 Tissue engineering applications

To assess the feasibility of using the electrospun nanofiber mats in biomedical applications,
the neat PLA and PLA/20aPLAG61 fibers were incubated with L929 cells to examine their cell
adhesion and biocompatibility, as shown in Figure 8. The rejection criteria to conclude the
test specimen was toxic was that the cells did not appear healthy and showed a change from
the normal cell morphology. In contrast, the electrospun nanofibers were non-toxic, with the
cells appearing healthy on the nanofibers. Enhanced cell spreading and attachment were
observed in the PLA/20aPLA61 nanofibers but not in the neat PLA nanofibers. This improved
cellular interaction was attributed to the hydrophilicity of the fibers, particularly terminal
carboxyl (-COOH) and hydroxyl (-OH) groups that significantly influenced cell adhesion and
proliferation. These functional groups create a more favorable microenvironment by
promoting protein adsorption and subsequent cellular attachment through specific integrin-
mediated interactions (Benhabbour et al., 2008). Similar results were observed with human
dermal fibroblasts and mesenchymal stem cells, where hydrophilic surfaces with exposed -
COOH and -OH groups promoted more excellent focal adhesion formation and cytoskeletal
organization (Van Tam et al., 2012; Pruchniewski et al., 2025).

Heterogeneous cell adhesive features were observed across different areas of the
nanofiber mats of PLA/aPLAs, with characteristic of L929 cells exhibiting adherent growth
with morphological heterogeneity. At approximately 7 days after re-plating, the adherent
differentiating cells increased to form a confluent layer with small, round-shaped cells
interspersed throughout. The image analysis results showed an average of 9 cells attached
to the neat PLLA fiber mat. Meanwhile, a much larger number of 560 cells can stay on the
fiber's surface of PLA/20aPLA61 mat with standard morphological form and even
distribution. This variability was also attributed to subpassages of finite and continuous cell
lines, which resulted in phenotypic heterogeneity. Additional factors, such as trypsinization,
scraping, and shake-off procedures, can affect cell adhesion morphology, density, and
area (Weiss & Blumenson, 1967; Pollard & Walker, 1997; Ma et al., 2012). Lim et al. (2008)
reported improved osteoblast proliferation on surfaces with balanced hydrophilicity. The
results of our study confirmed that the PLA/aPLAs electrospun fiber scaffolds are non-toxic
and effectively mimic the natural extracellular matrix for cell attachment. The enhanced
cell-material interactions make these scaffolds significantly superior to neat PLA nanofiber
scaffolds for various tissue engineering applications, including skin regeneration, vascular
grafts, and neural tissue engineering, where controlled hydrophilicity and surface chemistry
are critical design parameters.
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Figure 8. Biocompatibility and cell adhesion morphology of neat PLA and PLA/20aPLAG1
nanofiber mats after incubating with L929 cells

4. Conclusions

The acido-alcoholysis of PLA with DMPA successfully produced PLA oligomers (aPLAs)
via microwave irradiation at a much shorter reaction time, with carboxylic and hydroxyl
terminal groups. The products were employed as an effective additive to enhance PLA
nanofiber properties significantly. After blending with neat PLA, these aPLAs improved the
mechanical properties of the electrospun nanofiber mats, particularly increasing the
elongation at break and toughness likely due to their plasticizing effect. Incorporating
aPLAs also enhanced the crystallinity of the PLA matrix through their nucleating effect and
created fibers with a favorable surface morphology. The blends consisting of 20% aPLA121
exhibited the most balanced mechanical properties, while the aPLA61 blends
demonstrated superior hydrophilicity with good mechanical properties. The biocompatibility
tests confirmed that the PLA/aPLA nanofibers supported excellent L929 fibroblast cell
attachment and growth compared to neat PLA, which was attributed to the increased
hydrophilicity and presence of functional carboxylic and hydroxyl groups. These
functionalized nanofibers demonstrated significant potential for tissue engineering
applications where balanced mechanical properties, controlled hydrophilicity, and cell
compatibility are essential. The microwave-assisted alcoholysis approach offers an
efficient method for producing functional PLA oligomers with enhanced properties for
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producing additives for PLA electrospun nanofibers, which can be applied in tissue
engineering and biomedical applications.
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