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Abstract
Infections related to biomedical devices and materials remain a critical healthcare 
concern, leading to considerable morbidity and disease burden. To combat this 
issue, the development of fibers with inherent antibacterial properties has garnered 
significant interest. These fibers offer a large surface area, making them ideal can-
didates for effective treatment with antibacterial agents. In this study, we present a 
straightforward procedure for applying silver nanoparticles (AgNPs) to hydrophobic 
polylactic acid (PLA) fibers that have been surface-modified using sodium hydrox-
ide (NaOH). The method involved electrospinning to create a high-thickness web 
of PLA fibers, followed by gradual surface modification with NaOH at two differ-
ent concentrations (0.5 M and 1 M). To confer antibacterial properties to the modi-
fied surface samples, we applied silver nanoparticles (AgNPs) at a concentration of 
25 mM. In contrast to regular PLA fibers, the surfaces of hydrolyzed PLA (PLA-H) 
fibers, AgNPs-treated PLA (PLA-A), and hydrolyzed-AgNPs coated PLA (PLA-H-
A) fibers exhibited a non-uniform and highly porous structure. EDX analysis pro-
vided crucial information about the presence and integration of Ag nanoparticles 
into the PLA fibers. The PLA-H-A sample exhibited the highest hydrophilicity, with 
a contact angle of 65.7°. Additionally, the results from differential scanning calorim-
etry indicated an increase in PLA-H-A’s glass transition temperature. Notably, in the 
Gram-positive Escherichia coli (E. coli) and Gram-negative Staphylococcus aureus 
(S. aureus) tests, the PLA-H-A samples demonstrated highly effective antibacterial 
properties, effectively preventing bacterial growth. 
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Introduction

Electrospinning has rapidly become a leading technique for the production of 
three-dimensional fibers. In recent years, this method has undergone significant 
advancements, resulting in extensive research showcasing the successful fabri-
cation of micro and nanofibers through electrospinning [1]. Electrospun fibers 
were exploited in multidisciplinary fields with numerous applications for dec-
ades [2–4]. Porous fibrous materials have gained significant attention in various 
research fields due to their unique interconnected ultrafine fibrous structure, high 
specific surface area, permeability, and remarkable plasticity. These materials 
offer additional advantages such as lightweight nature and versatile applications, 
making them extensively utilized in numerous research areas [4]. Electrospun 
fibrous materials, produced using the electrospinning method, possess excellent 
characteristics that make them highly suitable for biomedical applications. Their 
ability to manipulate nanofiber components allows for tailoring the materials to 
achieve desired properties and functions, making them a promising choice in the 
field of biomedicine [4]. The hydrophobic nature of biodegradable electrospun 
synthetic polymeric materials, such as polylactic acid (PLA), presents a signifi-
cant challenge in medical applications. This inherent hydrophobicity can lead 
to difficulties with cell functions and interactions, limiting their optimal perfor-
mance in biomedical settings [5]. Enhancing the hydrophilicity of electrospun 
nanofibers can significantly elevate their performance in applications involv-
ing aqueous media. This improvement in hydrophilicity opens doors to a wide 
range of biomedical applications, including the development of advanced medical 
devices, tissue engineering scaffolds, and biosensors [6]. Achieving better surface 
wetting also translates into notable enhancements in material biocompatibility 
and functionality [7]. In recent times, numerous materials and fabrication tech-
niques have been reported, focusing on the targeted design and enhancement of 
hydrophilicity for electrospun biodegradable polymer surfaces [8, 9].

Surface modification methods can be categorized into two main groups: per-
manent and non-permanent methods, or alternatively, into chemical and physical 
approaches [10]. In chemical approaches, surface modification involves chemi-
cal functionalization and covalent grafting, which lead to the formation of new 
bonds. On the other hand, physical methods involve physical adsorption without 
forming new chemical bonds. Several permanent surface modification methods 
have been proposed for PLA, such as atomic transfer polymerization, photograft-
ing using UV light, plasma treatment, alkaline surface hydrolysis, and chemical 
reactions after plasma treatment. These techniques offer promising ways to tai-
lor the surface properties of PLA for various biomedical applications [10, 11]. 
Plasma and photo-inductive grafting are usually performed under certain critical 
conditions that may change the properties of the polymer [11]. Alkaline hydroly-
sis stands out as a simple and cost-effective method for surface modification of 
PLA. This process specifically targets the ester linkages in the polymer’s main 
chains. Through the dissociation of these ester bonds, carboxylic (–COOH) 
and hydroxyl end groups (–OH) are formed on the polymer chain, leading to a 



6057

1 3

Polymer Bulletin (2024) 81:6055–6072	

reduction in the molecular weight of the modified polymer. This straightforward 
approach offers an efficient means to tailor the surface properties of PLA for vari-
ous applications in a cost-effective manner (Fig. 1) [12].

In alkaline hydrolysis containing hydroxide ions (OH–), surface modification 
is more common than volumetric hydrolysis. For volumetric hydrolysis to occur, 
hydroxide ions must successfully penetrate into the polymer matrix. However, two 
factors hinder the penetration of hydroxide ions into the polymer: (a) electrostatic 
repulsion between negatively charged end groups and hydroxide ions, and (b) the 
bulkier nature of hydroxide ions compared to hydrogen ions. Nevertheless, in cases 
where the polymer structure is porous, the penetration of hydroxide ions becomes 
easier, facilitating volumetric hydrolysis. This distinction between surface and vol-
umetric hydrolysis provides insights into how alkaline hydrolysis can selectively 
modify the polymer surface and how porosity can influence the hydrolysis process.
The findings show that the alkaline hydrolysis of the film layer [13], microspheres 
[14, 15], nanofibrous scaffolds [11, 16, 17] and 3D printed [10, 12] of the polymer 
with sodium hydroxide has been investigated at different concentrations, tempera-
tures, and times, and the results indicate that the operating conditions depend on the 
type of substrate used.

Fibers possessing antibacterial activity hold immense significance, consider-
ing the widespread bacterial resistance exhibited by many pathogens. Among the 
approaches to create such fibers, electrospinning stands out as an attractive tech-
nique for fabricating composite polymeric fibers with inherent antibacterial prop-
erties. This can be achieved through either coating or incorporating well-defined 
antibacterial nanoparticles.Silver nanoparticles, in particular, are widely acknowl-
edged for their exceptional antibacterial properties, demonstrating a broad spectrum 
of antibacterial activity. Hence, their utilization in creating antibacterial nanocom-
posite fibers using electrospinning has garnered significant attention. By develop-
ing fibers with inherent antibacterial properties, we can potentially combat bacterial 
resistance and enhance the efficacy of various biomedical applications, ranging from 
wound dressings to medical devices. The versatility of electrospinning, coupled with 
the remarkable antibacterial capabilities of silver nanoparticles, makes this combi-
nation a promising avenue for addressing the challenges posed by bacterial infec-
tions in healthcare and beyond [18, 19]. This study presents, for the first time in 
the literature, a novel approach to modify the surface of PLA fibers fabricated by 
electrospining followed by the coating of silver nanoparticles onto the hydrolyzed 
structures. Surface modification was employed to increase the hydrophilicity of 
PLA, enhancing its interaction with other materials. The alkaline hydrolysis process 

Fig. 1   The alkaline hyderolysis of ester bond (C–O–C) in PLA
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effectively cleaved the ester functional groups on PLA chains, leading to the forma-
tion of –OH and –COOH groups on the PLA surface, accompanied by a controlled 
level of polymer degradation. This homogenous arrangement of silver nanoparticles 
led to a significant enhancement in the antibacterial property of the fibers.The com-
bined approach of surface modification and silver nanoparticle coating holds great 
promise for creating advanced antibacterial materials with improved biocompatibil-
ity and functionality. This innovative technique has the potential to find applications 
in various biomedical fields, such as wound dressings, medical devices, and tissue 
engineering scaffolds, where the control of bacterial growth is of utmost importance.

Materials and methods

Materials

In this study, we utilized Polylactic Acid (PLA) type D3251 manufactured by 
NatureWorks USA, with Mn (Number-average molecular weight) and Mw (Weight-
average molecular weight) values of 29,000 g/mol and 52,000 g/mol, respectively. 
For dissolving the polylactic acid, we employed Dichloromethane (DCM) with 
a purity of 98%. Furthermore, we incorporated Silver nanoparticles (AgNPs) into 
the system, procured from U.S. nano company, with a particle size ranging from 
80 to 100 nm and a purity of 99.99%. By using these specific materials, we aimed 
to ensure the quality and consistency of our experimental setup, providing reliable 
results for our investigation.

Experiments

To produce PLA fibers, 10% (W/V) polymeric solution in dichloromethane as 
solvent was prepared 24  h at 25  °C. Then the solution was injected into a 10  ml 
syringe, and it was spun at a spinning distance of 140 mm (the distance between the 
nozzle and the collector roller), at an applied voltage of 15 kV and, at feeding rate 
of 1 mL/h for 8 h [20]. The fabricated fibers in the form of interconnected web were 
gathered on the rotary collector with a diameter of 5 cm and the rotation speed of 
250 rpm. In order to choose the best sample with the smallest contact angle, we per-
formed hydrolysis in two concentrations of sodium hydroxide (0.5 and 1 M) for the 
time points of 2, 3 and 4 h. After the test period, the hydrolyzed PLA samples (PLA-
H) were checked, and the structures that had the least damage in terms of appear-
ance were used to continue the experiments. Then the solution needed to perform 
the treatment test with silver was prepared. The amount of prepared solution was 
about 10 cc, which included 8.8 cc of pure ethanol, 0.2 cc of distilled water, and 1 cc 
of ethylene glycol. Then 0.03 g of 25 mM silver was added to the solution, and it 
was placed on the stirrer for 30 min until the silver was completely dispersed. Then 
the PLA-H and PLA fibers were thrown into the prepared solutions and subjected 
to sonication. After the end of the time, the silver coated PLA and PLA-H fibers 
(PLA-A and PLA-H-A, respectively) are taken out of the solution and washed with 
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distilled water three times, then they are placed in the dryer at a temperature of 30° 
so that the silver is completely fixed on the fiber [21]. Then, we used the contact 
angle test to check whether the hydrolyzed and silver-treated samples had changed 
in hydrophilicity or not. For this purpose, four samples, including PLA, PLA-A, 
PLA-H and PLA-H-A were evaluated (Table 1). Also, the schematic representation 
of production process of samples is shown in Fig. 2.

Characterization

The morphology of the fibers was observed using scanning electron microscopy 
(SEM) (Hitachi, Model S- 4160) at an accelerating voltage of 30 kV, and the average 
fiber diameter was calculated using microstructure measurement software.

To investigate the chemical properties of various samples, fourier transform infra-
red spectroscopy (FTIR) analysis (Thermo Nicolet, Nexus 670 made in USA) was 
used. Thermal properties were assessed by differential scanning calorimetry (model 

Table 1   Description of samples

No Code Description

1 PLA Electrospun polylactic acid
2 PLA-A AgNPs-treated electrospun polylactic acid
3 PLA-H Hydrolyzed electrospun polylactic acid
4 PLA-H-A Hydrolyzed-AgNPs coated electrospun polylactic acid

Fig. 2   Schematic representation of production process of PLA-H-A sample
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2010, USA) and samples were heated from 0 to 300 °C at a heating rate of 10 °C/
min under an N2 atmosphere.

For testing the wettability characteristic of samples, a sessile drop method was 
adopted in which deionized water was automatically dropped on the surface of the 
fibrous specimens (1*1 cm2). The image of the drop shape on the surface of fibers 
was taken by video equipment model CAG10 9610IL58300 made by JIKAN CAG 
10 Company, and the contact angles were reported using Image J Software.

The antibacterial test against the Gram-negative bacteria Escherichia coli (E. 
coli ATCC 25922) and the Gram-positive Staphylococcus aureus (S. aureus ATCC 
29213) was carried out by the Kirby-Bauer method. For this test, areas of clear 
media surrounding samples indicate that the structure inhibits bacterial growth. 
After isolating the bacteria, suspensions containing (1 × 106 CFU/mL) colonies of 
E. coli and S. aureus were prepared and cultured on the surface of a Mueller Hinton 
Agar plate. The fibers were placed on the surface of the culture medium and then 
subsequently incubated at 37 °C for 24 h. After incubation time, the diameter of the 
inhibition zone around the fibers was measured three times by the caliper, and the 
mean diamater of the inhibition zone was reported.

Results and discussion

In this research, silver nanoparticles were used as an antimicrobial agent for PLA 
fibers. The fabricated fibers were surface-modified with alkali, and then silver nano-
particles were placed on the modified and unmodified fibers. Finally, the properties 
of the samples were investigated.

Surface modification of fibers

Most of the electrospun fibers from synthetic polymers are relatively hydrophobic, 
which is undesirable for tissue engineering or other medical applications, and for 
this reason, they require surface modification. For example, aliphatic polyesters such 
as PLA show a contact angle in the range of 116–135°, while for the use of struc-
tures produced in tissue engineering, the contact angle should be below 100°. The 
use of strong alkalis can also destroy PLA, but this issue can be prevented by using 
a mixture of ethanol and sodium hydroxide (NaOH). Therefore, lower concentration 
of NaOH were used to modify the surface of PLA fibers. After surface hydrolysis, 
functional hydrophilic groups such as carboxyl and hydroxyl can be created by cut-
ting the ester bond on the surface of PLA fibers [14].

In this study, the surface hydrolysis of fibers using two different concentrations 
of NaOH (0.5 and 1  M) was done. For each of the concentrations of NaOH, the 
samples were processed three times (2, 3, and 4 h). The treated samples with 0.5 M 
NaOH for 2 and 3 h and 1 M for 2 h, did not dissolve, and they were analyzed by 
contact angle test to find optimized structure. The hydrolyzed sample treated with 
0.5 M NaOH for 3 h exhibited a lower contact angle and selected for further experi-
ments. Mohed et al. investigated the surface modification of PLA, in the presence of 
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different concentrations of NaOH (0.005, 0.3 and 0.5 M) over a period of 50 s. The 
results showed that the hydrophilicity of PLA increased in the presence of NaOH, 
and also that the hydrophilicity of PLA with a half molar sodium hydroxide concen-
tration is greater than 0.3 and 0.05 molar sodium hydroxide [22]. Table 2 displays 
the obtained results. Also, Fig. 3 is the image of the dissolved sample. The other 
investigation showed that after 48 h and at a concentration of 3 M and higher NaOH, 
the alkaline hydrolysis process causes the complete dissolution of the PLA scaffold, 
while at lower concentrations and in a shorter time, the scaffold remains unchanged 
even though it is affected by the hydrolysis process [12] (Table 2).

SEM structures of samples

The SEM images of the manufactured fibers are shown in Fig. 4. PLA fibers with 
an average diameter of 851 ± 100  nm exhibited a smooth structure without any 
cracks or bead. After the alkaline hydrolysis of PLA by sodium hydroxide, due to 
the bonding of sodium hydroxide with PLA and the breaking of ester bonds, sur-
face roughness can be seen in the structure of the fibers [14, 22]. The application of 
dichloromethane as a solvent in the production of the fibers, which has a high vola-
tility, has caused the creation of a porous structure in the fibers, which is due to the 
evaporation of dichloromethane and the production of porosity. But as can be seen, 
in the PLA-H sample, the pores appear more clearly on the surface of the sample, 

Table 2   The behavior of samples with different concentrations of NaOH and times

Time (h) NaOH Concentration

0.5 M 1 M

Behavior in solution Contact angle Behavior in solution Contact angle

2 Not dissolved 85 Not dissolved 84
3 Not dissolved 80 Dissolved –
4 Dissolved – Dissolved –

Fig. 3   Dissolved sample in pres-
ence of NaOH
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and this indicates the introduction of alkali into the fiber and changes in the fiber 
morphology.

For the PLA-A sample as well as the PLA-H-A sample, silver nanoparticles were 
dispersed on the surface of the PLA fibers. The surface of PLA-A fibers is almost 
smooth and uniform like that of PLA fibers, and the depth of pores is not as great as 
in hydrolyzed samples [23].

According to Fig.  4 for the PLA-H-A sample, silver nanoparticles can be seen 
at all the points of the fibers. Also, due to alkaline hydrolysis by NaOH, a porous 
structure with surface roughness was observed [24]. In addition, it appears that more 
nanoparticles are spread on the surface of the fibers in PLA-H-A samples than in 
the PLA-A sample. From the SEM results obtained in this research, we have also 

Fig. 4   SEM images of fabricated samples
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proposed that the mechanism of alkaline hydrolysis on PLA-H and PLA-H-A was in 
surface erosion mode.

After measuring the average diameter of the fibers, no significant change was 
observed in the average diameter of fibers, and the diameter of PLA-H, PLA-H-A, 
and PLA-A fibers was about 830 ± 120, 820 ± 110, and 800 ± 99 nm, respectively. 
The reason for this could be that the changes and operations performed on the fibers 
happened after they were manufactured, so the entire operation performed on the 
fibers had no effect on the average diameter of fibers.

EDX analysis is a valuable tool for identifying the elemental composition and 
distribution of PLA and Ag nanoparticles in both PLA-H and PLA fibers. The pres-
ence of Ag nanoparticles in the PLA samples was successfully detected through 
EDX analysis, confirming their incorporation into both PLA-H and PLA structures.

Table 3 and Fig. 5 further support the presence of Ag nanoparticles in the PLA 
and PLA-H structures. As expected, the specific elements of PLA, carbon (C), and 
oxygen (O), were found in all samples. In the PLA-H sample, the elemental compo-
sition showed approximately 69.27% carbon and 30.70% oxygen. Additionally, the 
high percentage of Ag element detected in the PLA-H sample through EDX analysis 
confirms the successful incorporation of silver nanoparticles in the fiber structure. 
This indicates a successful modification process, resulting in higher silver content in 
the fibers. Furthermore, EDX map images (Fig. 5) provided visual evidence of Ag 
distribution on the PLA nanofibrous webs, further supporting the effective integra-
tion of Ag nanoparticles into the fibers. Overall, the EDX analysis provides robust 
evidence for the successful incorporation of Ag nanoparticles into the PLA-H and 
PLA fibers, validating the surface modification and reinforcing the potential of these 
nanofibrous materials for various applications, particularly in areas where antibacte-
rial properties are essential. 

Hydrophilicity nature of the fibers

One of the most crucial properties of scaffolds for use in tissue engineering is their 
unique affinity for water. Compared to hydrophobic structures, which have few func-
tional groups that can interact with cells, nanofibers with hydrophilic nature increase 
the cellular functions like cell adhesion and proliferation. The hydrophilicity or 
hydrophobicity of nanofibrous structure can be determined by measuring its contact 
angle with a water droplet [25]. In high hydrophilic and low hydrophilic surfaces, 
the contact angle between the water drop and the surface is approximately 0–30° 

Table 3   Elemental composition 
of PLA-H, PLA-A and PLA-
H-A samples by EDX

Samples Elemental composition (%)

C O Ag

PLA-H 69.27 30.73 0
PLA-A 62.32 31.95 5.73
PLA-H-A 57.57 5.73 18.50
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and 30–90°, respectively. If the contact angle is more than 90°, the structure can be 
calssified as hydrophobic [26].

The measured contact angles at three time points of 3, 6, and 9  s for four 
samples are shown in the Table 4 and Fig. 6. The smaller the contact angle and 

Fig. 5   EDX maps of PLA, PLA-A and PLA-H-A nanofibrous webs shown Ag elements

Table 4   Calculated contact 
angle for different sampls

Samples 3 s 6 s 9 s Average

PLA 125.6 120.2 105.7 117.17
PLA-A 122.3 119.0 103.1 114.8
PLA-H 88.2 82.7 79.3 83.4
PLA-H-A 70.123 67.789 59.421 65.77
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the closer it is to zero, the claim can be made that the sample is more hydro-
philic. After measuring the contact angle, it can be seen that the contact angle 
of PLA-H has decreased compared to the PLA sample, which indicates that it 
is more hydrophilic [14]. Also, the contact angle of the PLA-A sample is some-
what lower than that of PLA, which indicates the improvement in the hydro-
philic properties of this sample. So it can be concluded that the contact angle of 
PLA-H-A is lower than other samples, which shows that this structure is more 
hydrophilic. The results of this section confirms the findings of other studies 
[27, 28]. 

Fig. 6   Captured contact angle image for different samples
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FTIR results

In this research, infrared spectroscopy (FTIR) was used in order to identify the func-
tional groups, investigate about the chemical interactions and possible structural 
changes in the blended polymers during the process of preparing electrospinning 
solutions. The analysis of PLA, PLA-A, PLA-H and PLA-A-H samples is shown in 
Fig. 7. For PLA sample, the peaks at 2993 and 2943 cm−1 indicate the asymmetric 
stretching vibration of CH2 groups in PLA structure. Also, a strong and broad peak 
can be seen at the wavenumber 1710 cm−1, which is related to the C=O stretching 
vibrations of PLA. The observed peak at wavenumbers of 1450 and 1358 cm−1 rep-
resent the stretching vibration of the CH3 group in PLA. Also, the peak related to the 
stretching of the ester group (C–O–C) can be seen at the wavenumber of 1079 cm−1. 
Finally, the peaks related to C–CH3 and C–COO stretching can also be visible at 
1039 and 865 cm−1.

For the PLA-H sample, the peaks related to CH2, C=O, CH3, C–O and, 
C–O–C, C–CH3 and C–COO stretching mode are observable at wavenumbers 
of 2993 and 2943, 1708, 1450 and 1350, 1179, 1078, 1038 and 865  cm−1, 
respectively. Among the available peaks for the sample of PLA-H, the wave-
number of the peak related to the carbonyl group shifted to lower numbers. In 
addition, another very weak peak can be seen at 3300 and 3600  cm−1, which 
is related to the creation of hydroxyl group (OH) on the surface of PLA fibers 
in the result of hydrolysis process. Manzhou et  al. investigated the effect of 
NaOH on the ZnO incorporated PLA nanofibers. The FTIR results for PLA-H 
in their study showed that the peak observed at the wavenumber 3430  cm−1 

Fig. 7   FTIR results for different samples
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was representative of the stretching vibration of the hydroxyl group (OH) 
and the peak observed at 1750 cm−1 was related to the stretching mode of the 
carbonyl group [29]. Also, Schneider et  al. performed alkaline hydrolysis by 
sodium hydroxide on PLA 3D printing scaffolds, and the wavenumbers corre-
sponding to the stretching peaks of OH, C=O, C–O, C–C, CH3, CH2 were 3300 
and 3500 were seen at 1748 and 1452, 1180, 869, 1453, 2995 and 2945 cm−1, 
respectively [12].

For the PLA-H-A sample, according to the results, the peaks related to 
CH2, C=O, CH3, C–O, C–O–C, C–CH3 and C–COO stretching were shown 
in wavenumbers of 2995 and 2945, 1750, 1451 and 1357, 1180, 1080, 1039, 
867  cm−1, respectively. Compared to the peaks of PLA, the wavenumbers of 
the peaks related to PLA-H-A sample exhibited somewhat shift to higher num-
bers. Rarima et  al. investigated the FTIR results of PLA/silver nanoparticles 
nanocomposite membrane. In their results, the wavenumbers for the stretching 
peaks related to OH, CH2, C–O, C=O, CH3 in PLA-H-A sample were observ-
able at 3500, 2994 and 2940, 1175, 1746, 1453  cm−1, respectively [23]. The 
interaction between PLA-H and silver occurs in the peak with a wavenumber of 
13,500 cm−1, which is related to the stretching mode of the OH group. Also, all 
of the peaks for PLA have been preserved after hydrolysis and its mixture with 
AgNPs.

For the PLA-A sample, the peaks related to the stretching of CH2, C=O, CH3, 
C–O, C–O–C, C–CH3 and C–COO groups are observable in the wavenumbers 
of 2994 and 2994, 1747, 1450 and 1357, 1180,, 1080, 1039 and 1867  cm−1, 
respectively. Kumar et al. for PLA/silver nanofibers reported the wavenumbers of 
stretching peaks for C–O, C–H, C–H, CH3, OH, and C=O groups at 1177, 2989, 
1452, 1356, 3350 and 11,751 cm−1, respectively [30].

DSC results of fabricated samples

DSC analysis was done to check the thermal properties (glass transition temperature 
and melting temperature) of PLA, PLA-H, PLA-A-H, PLA-A samples, which DSC 
diagram is shown in Fig.  8. For the PLA sample, an endothermic peak at around 
54–76  °C corresponds to the glass transition temperature (Tg). As temperature is 
increased, the second endothermic peak is observed at around 155 °C. This exhibits 
the melting temperature (Tm) of PLA fibers. In the other study of Cao et al., the tem-
peratures corresponding to the Tg and Tm of PLA were reported to be 61.8 °C and 
157 °C, respectively [31]. Their results demonstrated that the Tg and Tm of the PLA 
after blending with poly hydroxyl ester ether decreased [31].

For the PLA-H sample, an endothermic peak was observed at 58.2  °C, which 
corresponds to the Tg of the PLA. Also, another peak can be seen at 150 °C, which 
indicates the melting temperature of PLA-H. After hydrolysis of PLA, its melting 
temperature has shown a decrease. Schneider et al. performed alkaline hydrolysis by 
NaOH on PLA 3D printing scaffolds and reported 58 °C and 146–154 °C for the Tg 
and Tm, respectively [12]. In theother study, the Tg and Tm for hydrolyzed PLA with 
NaOH was about 53.94 and 152.50 °C, respectively [32].
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For the PLA-A sample, an endothermic peak at 61.3 °C has been reported, 
which indicates the Tg of this blend. Also, the Tm of this structure was observable at 
155.7 °C. By adding silver nanoparticles to PLA and comparing this structure with 
PLA and PLA-H samples, the Tg has shown an increase, according to the obtained 
results, the melting temperature of PLA-A does not change much compared to the 
other samples. Fortunati et al. Described the Tg and Tm for the PLA-A about 56 and 
149.4 °C, respectively [33].

For the PLA-A-H sample, a peak at 62.6  °C has been reported, which corre-
sponds to the the Tg of this structure. Also, another peak can be seen at 154/96, 
which demonstrates the Tm of the PLA-A-H. Compared to the other three samples, 
PLA-A-H has the highest Tg. It can also be seen from the obtained results that the 
Tm has not changed much.

Antibacterial analysis

Silver nanoparticles and nanocomposites containing them are considered as widely 
used nanomaterials in medical and biotechnology applications due to their high anti-
microbial efficiency. AgNPs in certain concentrations have high antimicrobial activ-
ity that are nontoxic to human cells. Antimicrobial activity of PLA-H-A and PLA-A 
samples against gram-positive bacteria S. aureus and gram-negative bacteria E.coli 
was investigated using agar disk diffusion method (Fig. 9). The diameter of inhibi-
tion zone for PLA-A and PLA-H-A samples was about 15 and 30 mm for E. coli, 
respectively and 0 and 15 mm for S. aureus bacteria. According to the results, the 
antimicrobial activity of PLA-H-A sample against gram negative E. coli is higher 
than the antibacterial activity of fibers against gram-positive S. aureus, which can 
be attributed to the difference in the cell wall of the E. coli. The cell wall of E. 

Fig. 8   DSC thermograms of samples



6069

1 3

Polymer Bulletin (2024) 81:6055–6072	

coli contains fats, proteins and lipopolysaccharides, which show effective protec-
tion against bacteria. While the cell wall of gram-positive S. aureus does not have 
lipopolysaccharide. Also, by increasing the concentration of silver nanoparticles, the 
antimicrobial activity of the samples increases [34].

Conclusion

Chronic infections often result from bacterial infections, highlighting the urgent 
need for antibacterial solutions in clinical settings. In this study, we employed the 
electrospinning technique to create PLA fibers, and subsequently evaluated their 
morphology and hydrophilicity.

SEM analysis of the PLA fibers showed a smooth and crack-free surface. How-
ever, after hydrolysis and surface modification with NaOH, the morphology became 
non-homogeneous, and the surface displayed porosity with visible cavities. The 
addition of silver nanoparticles resulted in even distribution on the fiber surface. In 
the PLA-H-A sample, the cavity depth reduced compared to PLA-H. The PLA-A 
structure showed a fractured and beaded surface, contrasting the smooth and uni-
form surface of pure PLA. Measurements of the fiber diameter revealed minimal 
variations, indicating that the modifications and procedures applied did not signifi-
cantly impact the average fiber diameter. EDX results provided crucial information 
about the presence and integration of Ag nanoparticles into the PLA matrix. Hydro-
philicity measurements indicated that samples with lower contact angles exhibited 
higher hydrophilicity. The PLA-H-A sample demonstrated the lowest contact angle 
and the highest hydrophilicity among the samples, measuring 65.7°. Surface modifi-
cation and the incorporation of silver nanoparticles increased the hydrophilicity and 
reduced the contact angle of the fibers. FTIR analysis confirmed the presence of 
sodium hydroxide and AgNPs in the structure of the fibers. Thermal analysis of the 
PLA-H-A sample showed minimal variation in melting temperature-related peaks. 

Fig. 9   Inhibition zone for the PLA-A and PLA-H-A samples
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In antibacterial tests, the PLA-H-A sample displayed inhibition zones of 15 mm and 
20  mm against Staphylococcus aureus and Escherichia coli bacteria, respectively. 
The antibacterial activity of PLA-H-A against both Gram-positive and Gram-neg-
ative bacteria was stronger than that of PLA-A. Overall, our findings demonstrate 
the successful modification of PLA fibers to enhance their hydrophilicity and anti-
bacterial properties, making them promising candidates for biomedical applications 
where antibacterial efficacy is vital.
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