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Abstract: The scope of our study was to investigate the changes in electrospun polylactic

acid (PLA) fiber mats’ morphological, mechanical, and thermal properties in vitro. We

electrospun two sets of PLA fiber mats with different average diameters, E6 (747 nm)

and E10 (1263 nm). The degradation study of PLA electrospun fibers was carried out

in phosphate-buffered saline solution at 37 ◦C to simulate conditions within the human

system. The results reveal the thicker fibers (E10) degraded more rapidly than the E6

sample due to their different morphology. E10 showed a 29% reduction in diameter and

a 41% weight loss, while E6 exhibited an 18% reduction in diameter and a 27.5% weight

loss. E6’s Young’s modulus increased by 3.55 times, while E10’s rose by 2.23 times after

28 days of degradation, and the fibers became more rigid. E6 showed a more pronounced

decrease in crystallinity compared with E10. Changes in electrospun fiber diameters and

crystallinity greatly influence the degradation mechanism of PLA.

Keywords: electrospinning; polylactic acid; polymer degradation; fiber mat

1. Introduction

Electrospinning (ES) is a flexible fabrication technique that produces ultrafine fibers

from polymer solutions, typically in the nanometer to micrometer range [1,2]. The elec-

trospun nanofiber mats have unique features, including high surface area [3], substantial

porosity [4], and exceptional absorption capabilities [5]. Hence, ES is the most popular way

to produce nanofibers from biopolymers both in academia and industry.

Electrospun nanofibers produced from biopolymers are extensively used in biomedical

fields, such as tissue engineering and drug delivery [6–11]. Common biopolymers used in

electrospinning include poly(caprolactone) (PCL), poly(ethylene glycol) (PEG), poly(lactic

acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), chitosan, and gelatin, due to their bio-

compatibility and biodegradability within the human body [12,13]. These biopolymers are

favored because they do not cause harmful reactions or toxicity when in contact with living

tissues, cells, or organisms [14,15] and are naturally biodegradable [16,17].

Before biopolymer fibers can be used in biomedical applications, it is essential to ensure

they meet the required biocompatibility, biodegradability, and functionality standards [18].

The lifespan of the fibers in the body and their potential impact on surrounding cells and

tissues must be completely known [19,20].

Among synthetic polymers, PLA is an eco-friendly option, widely favored by re-

searchers, and commonly used in various applications [21–23]. It is produced through poly-
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condensation of lactic acid, derived from the fermentation of carbohydrates found in vari-

ous types of grains [24]. PLA has fair mechanical properties [25,26] and is handy for forming

micro- or nano-sized fibers with precisely controlled surface and internal structures [27].

PLA readily undergoes hydrolysis within living organisms, producing lactic acid, which

can be enzymatically degraded within the body, thus enhancing biocompatibility [28].

Based on the research findings of Katila et al. [29] and Anderson et al. [30], PLA

undergoes natural environmental degradation, breaking down into carbon dioxide and

water, contributing to its degradability. Furthermore, PLA can be easily synthesized,

giving it a high potential in bioengineering applications [31]. Altogether, those unique

characteristics of PLA electrospun nanofibers make them fit for applications where they can

safely interact with the body and degrade without causing harm over time. Furthermore,

their adjustable properties enable customization to fulfill specific medical requirements.

The elements influencing the degradation rates of biopolymers center around material

properties, including molecular weight and distribution [32], the degree of crystallinity [33],

porosity and pore size, shape, and morphology [34], and polymer composition [35]. In the

crystalline polymer, the hydrolysis process takes place in both amorphous and crystalline

regions at different rates [36], as shown in Figure 1. Several researchers have documented

the degradation rates of various biopolymers under different conditions and timeframes.
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Figure 1. Hydrolysis process in PLA’s amorphous and crystalline regions (long PLA chains: blue

lines, short PLA chains: red lines, and OLA: green lines). This figure is based on the work by A

Leonés et al., titled In Vitro Degradation of Plasticized PLA Electrospun Fiber Mats: Morphological,

Thermal and Crystalline Evolution, and is licensed under the Creative Commons Attribution 4.0

International License (CC BY 4.0). This figure is reprinted; the original work can be found in [36].

Nowadays, the most preferable method involves testing biopolymer in vitro in a sim-

ulating condition, simulating enzymatic activity similar to that found in the living body.

PLA has been frequently examined in PBS (phosphate-buffered saline) solution due to

its ability to mimic the physiological conditions of the human body. Alternatively, other

buffer solutions such as Tris-HCl, carbonate buffers, and sodium hydroxide are also used to

simulate the diverse pH conditions present in different tissues and organs [37,38]. This as-

sessment helps researchers understand how biopolymers engage with bodily surroundings,

including pH, ionic strength, and osmolarity.

In vitro studies provide fundamental visions into biopolymer compatibility, degra-

dation, and performance in actual biological states. The study by You et al. [39] concerns

the in vitro degradation of electrospun PLA fibers (100–600 nm diameters) immersed in

a PBS solution by measuring weight loss over 45 days. They evaluated the degradation

by assessing the electrospun fiber mat weight reduction before and after the degradation

test. The outcomes revealed no notable change in the weight of PLA electrospun fibers

throughout that degradation period. Bogdanova et al. [40] observed that the weight loss of

PLA in vitro degradation was approximately 7% after two weeks and around 8% after both

4 and 6 weeks.
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The diameter and structure of electrospun fibers also change during the decomposition.

Leonés et al. [36] experimented with immersing electrospun PLA fibers in a PBS solution.

The average diameter decreased from 904 nm to 604 nm after 1 day. The most significant

reduction was observed after 7 days, with the diameter dropping to 469 nm, representing a

48% decrease. This reduced size remained relatively stable up to 84 days. In addition to

fiber diameters, hydrolytic degradation also affects the membrane porosity of fiber mats.

Dias et al. [41] observed that hydrolytic degradation of electrospun PLLA mats leads to

changes in fiber thickness and porosity. As the degradation advances, the fibers thicken,

and the porosity decreases, resulting in a denser packing of fibers, likely due to the release

of internal stresses.

Moreover, the thermal properties of fiber mats undergo alterations throughout the

degradation process. Zong et al. [42] studied the degradation of electrospun poly(glycolide-

co-lactide) (PLA10GA90) membranes in a 37 ◦C PBS solution over 12 days. They observed

three distinct phases in Tg: a sharp rise in the first two days, a gradual decline, and a

slow increase after six days. Since the glass transition temperature of PLA10GA90 was

close to the incubation temperature, the initial rise in Tg was due to increased restraints on

the amorphous chains after one day. In the second phase, hydrolysis caused more chain

scissions in the amorphous regions, increasing chain mobility and decreasing Tg. However,

the 12-day degradation period may not be adequate to fully capture variations in Tg as

substantial changes in thermal properties could persist beyond this timeframe due to the

slow kinetics of polymer chain scission and crystallization.

Li et al. [43] examined how electrospun PLGA membranes degrade in a PBS solution

using clamps in a tensile testing device to assess the mechanical properties under stress.

Their results show that the elastic modulus of unloaded electrospun membranes remained

nearly constant, while that of loaded PLGA increased by approximately 5.5 times during

the first week. Additionally, the ultimate strength rose from about 3.5 MPa to 10.1 MPa

in the first week but steadily declined, disappearing completely after the seventh week.

However, it is important to note that this experiment involved applying a creep stimulus to

the samples. Therefore, not only did degradation occur, but creep was also a factor, and

testing the samples after varying periods of creep was not considered when evaluating

the results. By introducing such a stimulus, the assessment may not accurately reflect the

actual mechanical characteristics, as the creep modulus tends to decrease over time under

sustained loading.

The exact decomposition process of electrospun biopolymer mats is unclear due to

their thin 2D fiber structure. Since variations in fiber diameter alter surface-area-to-volume

ratios, it may affect degradation rates. Additionally, there needs to be more data on how

quickly the mechanical properties of these fibers change during degradation. Consequently,

the primary issue lies in the difficulty of handling electrospun fibers as specimens for

testing tensile strength due to their delicate and refined structure, making them prone

to damage or distortion during treatment. Furthermore, researchers have infrequently

investigated how variations in degradation rates over short periods affect electrospun

nanofibers’ morphology and weight loss based on different surface-area-to-volume ratios.

A complete understanding of how these variations affect thermal properties is important

(i.e., glass transition temperature and degree of crystallinity).

In this study, we investigate the impact of degradation on the properties of PLA

electrospun fiber mats over time, depending on their morphology in a simulated medium.

Specifically, we analyze PLA fibers of two different diameters to observe their degradation

behavior, monitoring changes in fiber morphology, weight, and mechanical and thermal

properties at various time points. We hypothesize that the diameter of the fibers will

significantly influence the degradation rate and mechanical performance, with larger fibers
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exhibiting slower degradation and more stable properties due to their reduced surface-

area-to-volume ratio. By monitoring these properties, we aim to gain insights into how

variations in fiber structure affect their behavior during in vitro degradation.

2. Materials and Methods

2.1. Materials

Polylactic acid (PLA) (2003D, MW = 159,000 g/mol) from Nature Works LLC (Ply-

mouth, MN, USA) was used in this study to prepare polymer solutions. We dissolved

PLA2003D pellets into chloroform (Azure Chemicals, Budapest, Hungary) and dimethyl-

formamide (DMF) (Azure Chemicals, Budapest, Hungary) solvents at a 4:1 (w/w) ratio [44].

To investigate the effect of solution concentration on fiber diameter, two concentrations

were prepared: 6%wt and 10%wt. This aims to produce fibers with diverse scales since the

diameter of the fibers increases significantly with increasing polymer solution concentra-

tion [44,45]. We homogenized the polymer solution with a magnetic stirrer at 400 rpm at

room temperature for 24 h.

2.2. Methods

Our study presents a detailed method involving electrospinning, in vitro degradation,

and various characterization techniques to explore the variation in PLA electrospun fiber

before and after degradation. We started by electrospinning each polymer solution (detailed

in Section 2.2.1) to fabricate nanofiber mats with two different mean diameters. The fiber

mats are immersed in a PBS solution held at 37 ◦C to assess how they degrade under simu-

lated biological conditions. We analyzed these fiber mats using several methods, including

scanning electron microscopy (SEM) to examine morphological changes, differential scan-

ning calorimeter (DSC) for thermal analysis, and tensile testing for mechanical properties.

Furthermore, we measure the fibers’ weight before and after degradation, comprehensively

evaluating their durability and performance.

2.2.1. Electrospinning

We prepared a custom setup for the electrospinning process, as shown in Figure 2.

The polymer solution was delivered from a 20 mL syringe to a 24G needle (with an inner

diameter of 0.31 mm and an outer diameter of 0.55 mm) using a silicone rubber tube.

The syringe was controlled and connected to a syringe pump (Aitecs SEP-10S, Vilnius,

Lithuania). The needle’s tip was securely fixed with a bolt attached to the power supply

to deliver high voltage. Placing the syringe in the pump, we secured the needle onto the

electrospinning setup and connected it to the positive cable carrying voltage from the DC

power supply (MA2000 NT 65/P, Nagykanizsa, Hungary). Once the solution reached the

spinneret’s tip, we switched on the power supply at a voltage of 16 kV, simultaneously

pumping the solution at a rate of 3 mL/h. The process ran through the room temperature

(25 ◦C) and relative humidity between 30% to 40%. The electrospun fiber placed on the

grounded metallic collector is covered with taped aluminum foil for easier handling and

sample storage. The collector is positioned 20 cm away from the needle’s tip. We collected

each sample for 45 min. Subsequently, the electrospun fiber mats were carefully removed

from the aluminum foil. This entire procedure was repeated for all samples using the

same parameters.
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Figure 2. Electrospinning setup.

2.2.2. In Vitro Degradation

The in vitro degradation of electrospun PLA fibers was studied by exposing them

to controlled conditions of temperature and pH. PLA degrades in PBS solution due to

hydrolytic and chemical processes. Immersing PLA electrospun fibers in PBS solution

simulates biological conditions similar to those in the human body, enabling an assessment

of fiber degradation over time. The PBS solution (pH 7.4) was prepared by dissolving

salt tablets (P4417-Sigma-Aldrich, St. Louis, MO, USA) in distilled water following the

manufacturer’s mixing instructions. We replaced the PBS solution weekly to ensure the

pH stayed stable throughout the experiment. Given the short duration, no significant pH

changes were expected, as confirmed by previous studies [36].

Electrospun fiber samples (E6 and E10) were labeled according to their designated

degradation periods (1, 3, 7, and 28 days) and immersed in the PBS solution. To maintain a

consistent experimental temperature, the samples were placed in a sealed container and

incubated in an incubator (IN-36DDI, Berlin, Germany) at 37 ◦C. After each degradation

period, the fibers were removed, rinsed with distilled water three times to eliminate any

byproducts and degraded particles, and then dried in a vacuum drying chamber (Binder

VD 53, Tuttlingen, Germany) at 37 ◦C for 24 h before further analysis.

2.3. Characterization

Changes in fiber morphology, weight, mechanical properties, and thermal prop-

erties monitored PLA electrospun fiber mats’ degradation rate and properties. We de-

note the samples of the two concentrations as E6 (6% PLA concentration) and E10 (10%

PLA concentration).

2.3.1. Scanning Electron Microscopy Analysis

The morphologies of electrospun fiber mat sets (E6 and E10) were observed by scan-

ning electron microscopy (SEM, JEOL 6380 LA, Tokyo, Japan) throughout the degradation

process for each period. We prepared samples from both fiber mats by fine-coating them

with gold (Au) for 30 s in an evacuated chamber. SEM images were taken, and 100 fibers

were randomly chosen to measure their diameters using ImageJ software (version 1.54g, Na-

tional Institutes of Health, Bethesda, MD, USA). The average diameter, standard deviation,

and frequency distributions were calculated.
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2.3.2. Fiber Weight Loss

To evaluate the weight loss of electrospun fiber mats during the degradation process,

we recorded the weight of 16 fiber mat specimens for each period. Specimens cut in

(length~20 mm, width~4 mm) and weighed before and after degradation (dried). We

measure the specimen’s weight using a high-precision laboratory scale (Sartorius Lab

Instruments GmbH-Quintix125D-1CEU, Göttingen, Germany). We calculated the weight

loss of electrospun fibers using Equation (1):

WL (%) =
Wi (mg)− Wa (mg)

Wi (mg)
, (1)

where WL (%) is the weight loss percentage, Wi is the weight of fiber mats before degrada-

tion, and Wa is the weight of fiber mats after degradation.

2.3.3. Thermal Characterization

During the degradation study, we determined the specimens’ glass transition temper-

ature (Tg) and degree of crystallinity (χc%). We used a differential scanning calorimeter

(DSC) (DSC-Q2000-TA Instruments, New Castle, DE, USA) to measure thermal properties.

We performed a DSC examination for each set of electrospun fiber mats (E6 and E10) before

and within each period of in vitro degradation. We prepared specimens from electrospun

samples (weighing 5–9 mg) and used aluminum pans for the measurements. Specimens

were subjected to a heat–cool–heat cycle ranging from 25 ◦C to 200 ◦C at a heating rate of

10 ◦C/min. Notably, cold crystallization occurred during the heating process. Therefore, we

needed to consider it in the calculations. The degree of crystallinity (Xc%) was calculated

from the results of the first heating cycle using Equation (2). Finally, we compared the

changes in Tg and Xc% within the degradation process.

Xc% =
∆Hm − ∆Hcc

∆Htc
× 100 (2)

where ∆Hm is the melting enthalpy, ∆Hcc is the cold crystallization enthalpy, and Htc is

the theoretical melting enthalpy of the completely crystalline polymer, taken to be 93 J g−1

according to the literature [46].

2.3.4. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectroscopy was used to investigate the chemical

structure and functional groups in the E6 and E10 electrospun fiber mats within in vitro

degradation. The analysis was conducted using a Tensor II FTIR spectrometer (Bruker,

Billerica, MA, USA). Spectra were obtained in attenuated total reflectance mode, with a

resolution of 4 cm−1, spanning a wavelength range from 400 to 4000 cm−1.

2.3.5. Mechanical Characterization

We prepared tensile test specimens from electrospun fiber mats to measure their

mechanical properties. We cut and peeled off the electrospun fiber mats from the aluminum

foil and made strips (4 ± 1 mm wide and 20 ± 2 mm long) carefully to avoid their damage.

We prepared fifteen specimens for each set of electrospun fiber mats for each period to

improve accuracy and consistency. Since it is challenging to handle fiber mat specimens

for tensile tests within a hydrolysis medium due to their delicate and fine structure, we

securely affixed them to a polyethylene terephthalate (PET) frame holder using electrical

insulation tape. PET does not readily degrade in PBS solution and remains stable in

such environments.
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The frame holder (dimension: 20 mm by 45 mm) features an opening in the middle

(dimension: 10 mm by 25 mm), as shown in Figure 3a. Additionally, we designed a sample

holder template to ensure that all electrospun fiber mats remain separate and intact when

immersed in the PBS solution, as shown in Figure 3b,c.
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Figure 3. (a) Electrospun specimens for tensile test in PET frame holder, (b) placing the fiber mat

samples into a sample holder, and (c) immersing them in hydrolysis medium.

The tensile strength, Young’s modulus, and strain of specimens were determined

using a Zwick Z005 device (Zwick Roell, Ulm, Germany) with a 20 N load cell. Fiber mats

from the frame holder were secured between the tensile machine clamps to ensure the fiber

mat specimens were straight and perpendicular to the horizontal surface of the clamps.

After the specimens were fixed in place, the sides of the frame holder were cut to avoid

affecting the results. The stretching rate was 10 mm/min, with an initial length between

the clamps of 20 mm at room temperature (25 ◦C) and humidity of 35 ± 5%. In addition,

we weighed each specimen before and after the immersion period.

When calculating the cross-section of the specimens, we estimated the real cross-

section (A), i.e., the sum of the cross-sections of the nanofibers only. We performed this

from the linear density of the specimen using Equation (3).

A =
m

l × ρ
(3)

where m is the weight of the electrospun specimen (mg), l is the length of the specimen

(mm), ρ is the density of the polymer (1240 kg/m3 according to the technical datasheet).

We assumed that the specimen’s cross-section is the same along the length of the specimen.

3. Results and Discussion

3.1. SEM Analysis

We aimed to produce fiber mats with different diameters, and we expected that E10

would produce thicker fibers than E6 based on the literature and the preliminary experiments.

SEM analysis revealed that the E6 fibers had an average diameter of 747 nm, while the

E10 fibers were significantly thicker at 1263 nm, approximately 70% larger, as shown in

Figure 4. The observed increase in diameter for the E10 fibers is attributed to the higher

viscosity of the solution, which reduced the stretching and elongation of polymer jets
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during electrospinning [47]. Therefore, the higher polymer concentration promoted the

production of thicker nanofibers, consistent with findings in the literature [48].
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Figure 4. SEM images of PLA electrospun fibers (a) E6 and (b) E10.

During the degradation, the E6 and E10 electrospun fiber mats’ diameters underwent

significant changes, as shown in Figure 5. The average fiber diameter of the E6 fiber mats

initially decreased from its original size to 740 nm after 1 day, reflecting a reduction of

approximately 5.5%. This slight change indicates the onset of surface erosion. After 3 days,

the diameter further reduced to 18.4%. Since PLA undergoes biosorption predominantly

through bulk erosion [49]. This reduction in diameter could be attributed to the infiltration

of water molecules into the fibers. Hydrolysis breaks down high molecular weight polymers

into oligomers, increasing carboxyl groups, which enhances water diffusion, as reported

in the literature [50]. The fibers then experienced a temporary increase to 13% increase

from the 3-day measurement due to water absorption, which caused them to swell before

continuing to degrade. Ultimately, the average fiber diameter decreased to 18.8% from the

7-day measurement. While random sampling introduces some errors and may result in

artifacts from the random deposition of fibers, the decreasing trend in fiber diameters is

still clearly visible.

The E10 fiber mats exhibited a significantly higher initial reduction in mean diameter

after just one day of degradation than the E6 fiber mats. The E10 fibers showed a notable

decrease after three days as degradation continued, indicating rapid degradation likely

driven by increased water uptake. After seven days, the average diameter of the E10 fibers

increased, followed by a decrease after 28 days, similar to the behavior observed in the E6

fiber mats. Various factors can explain the changes in fiber diameter observed during the

degradation process. The E10 fibers went through a more considerable initial decrease.

Moreover, we analyzed diameter frequency counts before and after degradation among

100 randomly selected fibers. The E6 fibers primarily ranged from 400 to 800 nm before

degradation, with significant reductions observed after 28 days, leading to most fibers

falling below 1 micrometer. In contrast, the E10 fibers had no diameters below 700 nm

initially, but after 28 days, all fibers larger than 1400 nm disappeared, and more than half

were reduced to below 1 micrometer, showing a similar trend.

Since the E6 fibers have a higher surface area relative to their volume, this allows

them to expose more surface to the degradation medium for a more uniform and efficient

breakdown, causing the fibers to fragment and weaken. After 28 days of degradation, we

noticed some of the E6 fibers had broken due to rapid surface erosion, as shown in Figure 6.

Therefore, we did not extend the investigation to longer periods due to the significant

structural damage observed in the fiber mats on day 28.
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Figure 5. Change in fibers frequency count and average diameters of E6 and E10 electrospun fibers

before and after degradation.
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Figure 6. PLA electrospun fibers broke after 28 days of degradation. White circles highlight defect

regions, while yellow dashed lines indicate zoomed-in areas for detailed visualization.

3.2. Weight Loss

The degradation behavior of the E6 and E10 electrospun fiber mats displayed distinct

forms, mainly influenced by their structural differences. The weight loss of the E6 and

E10 electrospun fibers is shown in Figure 7. Initially, the E6 fibers showed an unexpected

increase in weight, gaining 3.8% after 1 day and 5.6% after 3 days of degradation. This

weight gain is primarily attributed to the accumulation of hydrophilic byproducts (i.e.,

low molecular weight oligomers and lactic acid) in fiber mats due to degradation in saline

solution. Despite thorough washing, these byproducts might remain trapped in the fibers,

leading to water retention. As the E6 fiber mats degraded, new hydrophilic groups like

carboxylic acids formed on the fiber surface, further increasing water absorption. Since fiber

mats have extensive surface area and a greater presence of hydrophilic groups, the fibers

can take up a substantial amount of moisture quickly. Since the samples were weighed the

day after drying, this may account for the mass gain noted in both samples at the 3-day

measurement. After 7 days, the E6 fiber mats lost weight (8%) as degradation progressed,

and by 28 days, they had lost 27.5% of their initial weight.

ff
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Figure 7. Weight loss of E6 and E10 electrospun fiber mats as a function of degradation time.

On the other hand, the E10 fibers followed a different path within the degradation

periods. After just 1 day, they lost a significant 24.2% of their weight, likely because
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their thicker surface degraded faster than the interior, leading to an initial mass loss. By

day 3, though, the E10 fibers showed a brief weight gain of 9.4%, similar to the E6 fibers,

likely due to water retention. After this, the degradation picked up again, with the fibers

losing 12.5% of their weight by day 7, After 28 days of degradation, the E10 fiber mats

had lost 41% of their weight, compared with just 27.5% for the E6 fiber mats. The high

standard deviation in measuring the weight of fiber mats is largely attributed to sample

heterogeneity, crystallinity, differences in moisture absorption, and weighing precision.

Overall, the results show that the E6 fibers degraded more slowly over time, while the E10

fibers experienced a quicker and more significant weight loss. This clearly shows how the

morphology of PLA electrospun fiber mats affected their degradation properties.

3.3. Thermal Properties

We determined the electrospun fibers’ thermal properties From the DSC measure-

ments. The fibers from each group displayed different behavior during the investigated

degradation periods. Additionally, we analyzed the results from the first heat cycle of the

DSC curves for PLA granules as references and both groups of electrospun fibers (E6 and

E10) over the degradation periods, as depicted in Figure 8.

tt
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Figure 8. DSC curve: the black line represents PLA granules as reference, the orange line represents

E6 electrospun fibers, and the blue line represents E10 electrospun fibers (number of days represents

period of in vitro degradation).

We calculated the degree of crystallinity (Xc%) and glass transition temperature (Tg)

from the DSC curves, as shown in Figure 9. PLA granules, as references, displayed a

higher Tg (61.97 ◦C) and Xc% (34.18%) from electrospun fibers E6 and E10, highlighting

the influence of ES processing techniques on the thermal properties of PLA. The lower

crystallinity is typically attributed to the solvent evaporation rate in the ES technique,

which did not allow enough time for the electrospun fibers to form a highly crystalline

structure in the final fibers [51,52]. On the other hand, E6 showed a lower Tg (56.4 ◦C) and

Xc% (8.5%) before the degradation, whereas E10 exhibited a higher Tg (59.0 ◦C) and Xc% of

(16.2). This difference in Xc% is also due to smaller fibers tending to crystallize less, as their

small diameter greatly limits the space available for crystal growth [53].
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Figure 9. DSC results of electrospun fiber mats E6 and E10 before and after degradation (a) glass

transition temperature and (b) degree of crystallinity.

Significant changes in thermal properties were noted upon exposure to in vitro degra-

dation on different periods (1, 3, 7, and 28 days) for both types of samples. The Tg of the E6

fiber mats increased to 65.0 ◦C, with a reduction in Xc% to 8.1%. This initial rise in Tg may

attributed to two factors. First, the beginning of hydrolytic degradation likely results in

the creation of lower molecular weight chains. Second, during the electrospinning process,

some solvents may have been trapped within the fibers, functioning as plasticizers [54].

Once the fibers were exposed to the degradation conditions, these solvents were

washed out, contributing to the increase in Tg. After 3 days, electrospun fiber E6 underwent

no significant changes in Tg but notable declines in Xc%, indicating sustained degradation

and crystallinity loss in the electrospun fibers. Similarly, for the E10 sample, after one day

of degradation, Tg rose to 65.4 ◦C, while Xc% decreased to 13%, suggesting similar consid-

erations as in the E6 fibers. After 3 days of degradation, a slight decrease in Tg (64.2 ◦C)

occurred. Nevertheless, Tg increased again during subsequent degradation periods (7 and

28 days), accompanied by decreases in Xc%. The change in both the E6 and E10 fiber mats

Tg occurs in three distinct phases: (1) a sharp increase at the onset of degradation, (2) a

gradual decrease following the initial phase, and (3) a slow rise between 7 and 28 days

of degradation, consistent with the literature findings [42]. These results present ongoing

degradation and crystallinity loss of PLA electrospun fiber mats within degradation peri-

ods. A consistent decline in Xc% indicates a continuous breakdown and shrinking of the

fibers’ crystalline structure, followed by further degradation in the crystalline region, as

reported in the literature [39]. As noted in the literature, the increase in Tg is generally

attributed to degradation progress since hydrolysis cuts the PLA macromolecules into

shorter chains [55]. In particular, anything that restricts rotational motion within the chain

increases the value of Tg [56]. Therefore, we analyzed the material by Fourier-transform

infrared spectroscopy.

3.4. FTIR Analysis

Based on the FTIR results, changes in absorbance peak intensities are evident during

the degradation process for both fiber mats (E6 and E10). In the case of PLA, the formation

of carbonyl groups (C=O) occurs during the degradation, which enhances interaction

with the polymer structure through the formation of weak hydrogen bonds [50,57,58],

which restricts the mobility of the polymer chains, increases the Tg, and makes the fiber

mats more rigid. Therefore, we focused on the absorbance intensities for key peaks:

1750 cm−1, representing carbonyl groups (C=O stretching) from ester bonds in PLA [59];
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CH3 and CH bending at around 1450 cm−1 [60,61]; C–O and C=O stretching at 1080 cm−1

and 1180 cm−1 [59,62]; and 870 cm−1 peak (related to C–C stretching) [63,64], as shown

in Figure 10.
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Figure 10. Peak absorbance intensities from FTIR spectra of (a) E6 fiber mats and (b) E10 fiber mats

within a degradation period.

During the E6 and E10 fiber mat degradation, the key absorbance peaks show notable

changes, particularly at 1080 cm−1, 1180 cm−1, and 1750 cm−1, as shown in Table 1. For the

E6 fiber mats, absorbance at the 1750 cm−1 (C=O stretching) peak increased by 41% on day

1, decreased by 23% on day 3, and then rose by 33% on day 7, remaining unchanged by day

28. Following the same trends at 1180 cm−1 peak increased by 41% on day 1, decreased

by 19% on day 3, rose by 28% on day 7, and remained constant by day 28. For the peak at

1080 cm−1, absorbance increased by 43% on day 1, decreased by 23% on day 3, rose by 33%

on day 7, and remained unchanged by day 28. All peaks underwent trends of increasing

at the initiation of degradation, then decreasing on day 3, rising on day 7, and remaining

constant until day 28. The initial increase in absorbance at these peaks is attributed to the

formation of carbonyl groups (C=O), commonly found in carboxylic acids. The subsequent

decrease in absorbance suggests that some of these carbonyl interactions may have been

disrupted due to degradation processes. The increase observed on day 7 indicates the

formation of additional hydroxyl (–OH) or stronger carbonyl interactions. In contrast,

the stabilization on day 28 suggests that these processes have reached equilibrium. The

870 cm−1 peak (linked to C–C stretching) and the 1450 cm−1 peak (related to CH3 bending)

show only minor shifts, suggesting these areas remain relatively unaffected.
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Table 1. Key peaks absorbance intensities for E6 and E10 fiber mats within in vitro degradation.

Fiber Mats
Degradation

Period (Days)

Absorbance
Units at Peak

870 cm−1

Absorbance
Units at Peak

1080 cm−1

Absorbance
Units at Peak

1180 cm−1

Absorbance
Units at Peak

1450 cm−1

Absorbance
Units at Peak

1750 cm−1

0 0.04 0.30 0.22 0.06 0.22

1 0.05 0.43 0.31 0.08 0.31

E6 3 0.05 0.33 0.25 0.07 0.24

7 0.06 0.44 0.32 0.08 0.32

28 0.05 0.44 0.32 0.08 0.32

0 0.04 0.26 0.20 0.05 0.21

1 0.04 0.31 0.23 0.06 0.23

E10 3 0.04 0.33 0.25 0.06 0.25

7 0.04 0.24 0.19 0.05 0.19

28 0.04 0.36 0.26 0.06 0.27

In contrast, E10 exhibited similar trends, revealing an initial increase followed by

decreases and eventual stabilization at the 1080 cm−1, 1180 cm−1, and 1750 cm−1 peaks

but no changes at peaks 870 cm−1 and 1450 cm−1 belonging to the backbone. However, the

decreasing trends in E10 were primarily observed after 7 days of degradation. Since the

E10 fibers were thicker and had a smaller surface-area-to-volume ratio than the E6 fibers,

their degradation progressed more slowly. Furthermore, the E10 fibers showed limited

evidence of carbonyl group formation, as indicated by the less absorbance at those peaks

than the E6 specimens.

3.5. Mechanical Properties

From the tensile test, we obtained stress–strain curves for E6 and E10 before and

after degradation in each period. A comparison of the fiber mats before and after 28 days

of degradation shows significant changes in their mechanical properties, as depicted in

Figure 11. The rest of the results (days 1, 3, 7) can be found in the Supplementary Material.

Both fiber mats demonstrate a notable shift toward lower strain at break, suggesting

increased brittleness over time. This shift indicates a reduction in flexibility and ductility as

the fibers degrade.

We calculated the average yield strength, strain at break, and Young’s modulus from

the tensile testing results. The mechanical properties of electrospun mats before and after

degradation are presented in Table 2.

The rate of change in Young’s modulus for both E6 and E10 increases over the degra-

dation period. E6 shows a sharper initial rise in stiffness during the early phase (0–3 days),

with a ~38% increase from day 0 to day 1, while E10 underwent a more modest 8% increase

in the same period. However, E6 and E10 display the most significant increase in stiffness

between days 7 and 28, with a ~60% rise. When comparing the overall Young’s modulus

of the fiber mats before degradation and after 28 days, both E6 and E10 showed signifi-

cant increases, with E6 exhibiting a more substantial change. E6’s modulus increased by

approximately 3.55 times, while E10’s modulus rose by about 2.23 times after 28 days of

degradation. This difference is attributed to the E10 fibers having a higher crystallinity than

the E6 fibers, as greater crystallinity typically results in enhanced modulus and strength.
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Figure 11. Stress–strain curves of electrospun fiber mats (different colors represent the result curves

of each specimen): (a) E6 before degradation, (b) E6 after 28 days of degradation, (c) E10 before

degradation, and (d) E10 after 28 days of degradation.

Table 2. Mechanical properties of electrospun fibers before and after in vitro degradation.

Electrospun Fiber
Mat

Degradation Period
(Days)

Young’s Modulus
(MPa)

Strain at Break (%)
Yield Strength

(MPa)

E6

0 168.6 ± 104.27 61.87 ± 10.85 10.93 ± 4.66

1 232.6 ± 27.11 67.58 ± 13.77 17.06 ± 0.99

3 293.7 ± 159.75 62.52 ± 16.51 19.56 ± 1.82

7 373.86 ± 93.33 20.05 ± 6.43 9.62 ± 1.63

28 598.72 ± 229.51 20.10 ± 4.08 12.54 ± 4.04

E10

0 316.48 ± 95.69 132.86 ± 20.91 21.91 ± 3.35

1 341.58 ± 178.02 118.91 ± 26.24 20.84 ± 3.15

3 416.71 ± 145.12 113.26 ± 36.53 25.95 ± 6.63

7 439.03 ± 156.67 123.64 ± 17.85 20.26 ± 4.55

28 706.92 ± 333.62 50.53 ± 12.78 19.37 ± 6.00

When comparing the yield strength of E6 and E10 electrospun fiber mats after one

day of degradation, E6 experienced a substantial increase of 55.5%, while E10 saw a

more modest rise of 18.6% after three days. This might be related to the water washing

away the residual solvent from fibers, which can improve the mechanical properties.

Later, degradation becomes the primary factor influencing the PLA fiber mats’ properties.

Therefore, after seven days, E6’s yield strength dropped sharply by almost 50%, in contrast
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to E10, which demonstrated a steadier decline of 21.9%. After 28 days, E6 showed a slight

recovery, increasing by 30.3% from its value at seven days, whereas E10 maintained better

structural integrity, gradually decreasing by 9.5%. From the results, E10 indicates a slower

hydrolytic degradation after 28 days, where the denser network and higher molecular

weight present resistance against the cleavage of polymer chains. In addition, the E10 fibers

had roughly double the crystallinity of the E6 fibers. This happens because hydrolysis

mainly reduces the number of tie chains in the non-crystalline area while having minimal

impact on the overall molecular structure of the crystalline polymer [36,65].

Overall, the E6 fibers exhibited significant fluctuations in yield strength, while the

E10 fibers displayed greater stability and resilience throughout the degradation process.

The fiber mats exhibited variations in crystallinity, with E10 displaying a higher degree

of crystallinity. Consequently, E6 underwent degradation at a faster rate. The residual

solvent might act as a plasticizer. If the water washes away the solvent, that can improve

the properties in the first few days.

Moreover, the strain at the break of the E10 fibers shows a higher initial and sustained

strain, indicating better retention of flexibility and elasticity throughout the degradation

process. Therefore, both E6 and E10 went through a dramatic reduction in strain during

degradation. Fibers showed a significant loss of flexibility as degradation progressed. This

is consistent with the degradation mechanism, leading to brittle material easily fracturing

under stress. A decrease in the molecular weight causes a considerable reduction in the

fiber’s ability to stretch. Hence, it led to an increase in smaller, shorter polymer chains.

These shorter chains form fewer entanglements and slide past each other more easily [66].

The results of mechanical changes in PLA fiber mats offer insights into how morphological

scale fibers influence stability and longevity under degradation conditions.

4. Conclusions

This study highlighted the changes in PLA electrospun fiber mat properties when sub-

jected to in vitro conditions using a phosphate-buffered saline solution at 37 ◦C, simulating

physiological conditions. PLA fibers with two different diameters were electrospun from

6% (E6) and 10% (E10) solutions. We employed various analytical techniques to gather

valuable insights into the fibers. The key findings are summarized as follows:

• SEM images showed significant degradation and fiber fracturing after 28 days. The

E6 fiber mats lost 27.5% of their weight, while the E10 fibers lost 41%. Differences in

diameter contributed to the varying degradation rates between the two fiber types.

• DSC analysis indicated that non-degraded samples had a lower Tg, suggesting solvent

trapping and a plasticizing effect. The Tg of PLA electrospun fiber mats initially

increased due to hydrolytic degradation and solvent release, then gradually decreased

and increased again. The degree of crystallinity continuously decreased, indicating

ongoing degradation. FTIR analysis revealed that the E10 fibers degraded more slowly

and formed fewer carbonyl groups than the E6 fibers, likely due to their thicker

structure and lower surface-area-to-volume ratio.

• Mechanical tests confirmed that both the E6 and E10 fiber mats underwent significant

changes during degradation. E6 showed a sharp rise in Young’s modulus followed by

a steep decline in yield strength after 7 days, while E10 exhibited more stability with

slower degradation, showing a gradual decrease in yield strength and higher strain at

break. After 28 days, E6’s modulus increased 3.55 times, while E10’s rose 2.23 times.

The E10 fibers were more resistant to degradation, while the E6 fibers degraded faster

and showed more significant changes in mechanical properties.



Fibers 2025, 13, 1 17 of 20

These findings offer valuable insights into the degradation of PLA fiber mats and their

potential for biomedical applications. Understanding how fiber diameter and crystallinity

affect degradation in tissue engineering will help design scaffolds that maintain strength

during early tissue growth and degrade as new tissue forms. For bioresorbable implants,

this study’s insights into the mechanical properties and degradation behavior of PLA fibers

will guide the development of implants that provide support during healing and degrade

at the optimal rate, reducing the need for surgical removal.
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functional end groups on the properties of polylactide-based materials. Prog. Polym. Sci. 2022, 130, 101556. [CrossRef]

51. Kuzelova Kostakova, E.; Meszaros, L.; Maskova, G.; Blazkova, L.; Turcsan, T.; Lukas, D. Crystallinity of Electrospun and

Centrifugal Spun Polycaprolactone Fibers: A Comparative Study. J. Nanomater. 2017, 2017, 8952390. [CrossRef]

52. Laramée, A.W.; Pellerin, C. Raman Analysis of Orientation and Crystallinity in High Tg, Low Crystallinity Electrospun Fibers.

Appl. Spectrosc. 2023, 77, 1289–1299. [CrossRef]

53. Szabó, E.; Záhonyi, P.; Brecska, D.; Galata, D.L.; Mészáros, L.A.; Madarász, L.; Csorba, K.; Vass, P.; Hirsch, E.; Szafraniec-Szczęsny,
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