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Abstract 

An optimal medical scaffold should be biocompatible and biodegradable and should have 

adequate mechanical properties and scaffold architecture porosity, a precise three-dimensional 

shape, and a reasonable manufacturing method. Polylactic acid (PLA) is a natural biodegradable 

thermoplastic aliphatic polyester that can be fabricated into nanofiber structures through many 

techniques, and electrospinning is one of the most widely used methods. Medical fiber mat 

scaffolds have been associated with inflammation and infection and, in some cases, have resulted 

in tissue degradation. Therefore, surface modification with antimicrobial agents represents a 

suitable solution if the mechanical properties of the fiber mats are not affected. In this study, the 

surfaces of electrospun PLA fiber mats were modified with naturally occurring L-ascorbic acid 

(ASA) or fumaric acid (FA) via a plasma treatment method. It was found that 30 s of radio-

frequency (RF) plasma treatment was effective enough for the wettability enhancement and 

hydroperoxides formation needed for subsequent grafting reactions with antimicrobial agents 

upon their decomposition. This modification led to changes in the surface properties of the PLA 

fiber mats, which were analyzed by various spectroscopic and microscopic techniques. FTIR-

ATR confirmed the chemical composition changes after the modification process and the surface 

morphology/topography changes were proven by SEM and AFM. Moreover, nanomechanical 
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changes of prepared PLA fiber mats were investigated by AFM using amplitude modulation-

frequency modulation (AM-FM) technique. A significant enhancement in antimicrobial activity 

of such modified PLA fiber mats against gram-positive Staphylococcus aureus and gram-

negative Escherichia coli are demonstrated herein.  

 

Keywords: PLA, plasma treatment, surface modification, ascorbic acid, fumaric acid 

 

1. Introduction 

Surgical procedures are routinely performed for the repair and/or replacement of damaged tissue 

caused by disease or trauma. Designing biomaterial scaffolds with porous structures is crucial for 

tissue engineering applications. The most important factors that enable the use of these materials 

in tissue engineering are biocompatibility, mechanical properties, required manufacturing 

technology, biodegradability and scaffold architecture [1]. Scaffolds must imitate the functional 

and mechanical properties of the extracellular matrix of the tissue to be repaired [2]. Various 

polymeric materials utilizing 3D porous structures have been applied in scaffold fabrication; 

these materials include polyurethane, poly-ε-caprolactone, polytetrafluoroethylene, polyethylene 

glycol hydrogels, and polylactic acid (PLA) [3]. These materials have adequate mechanical 

properties and show low infection susceptibility after their in vivo degradation [4–6]. However, 

many of these materials have been abandoned because local reactions with tissues increase the 

risk of meningitis symptoms, excessive scar formation or hemorrhage [7–9].  

Electrospinning is one of the most commonly used techniques for the fabrication of scaffolds 

because the final parameters (fiber dimensions, morphology and porosity) can be easily 

controlled, and the large specific surface areas required for tissue reconstruction can be obtained 

[10–14]. Scaffolds fabricated using electrospinning based on PLA fibers have excellent 

mechanical properties that are similar to natural tissues [15]. Moreover, this polymeric material 

is rapidly degraded. However, its low surface free energy (wettability) gives rise to weak 

adhesion properties and low cell proliferation [16].  

Low-temperature plasma technology is a modification technique applicable in tissue engineering 

applications that allows the incorporation of new functionalities into the scaffold surface and can 

improve wettability. Plasma treatment can initiate the formation of radicals necessary for 

subsequent grafting reactions and can covalently bond additional functionalities onto the treated 
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surface [17–19]. Plasma treatment has been applied on PLA films to improve cell attachment but 

did not show marked differences after seven days of cultivation [20]. Cell adhesion was shown 

to improve by grafting acrylic acid onto electrospun PLA fiber mats through plasma treatment 

[21]. Many studies related to the surface treatment and modification of PLA fibers were reported 

but mainly focused on the cell adhesion and growth enhancement with lacking information about 

their antimicrobial activity [22,23].  

The major problem of using scaffolds in tissue engineering is their susceptibility to infection as a 

result of bacteria colonization and subsequent proliferation, resulting in biofilm formation 

[24,25]. Various bacterial pathogens such as Staphylococci and Streptococci are responsible for 

serious infections in wound sites, and these bacteria are often present on the skin [26]. For this 

reason, the design of advanced scaffolds with antimicrobial actively is highly anticipated. 

The surface modification of PLA scaffolds has shown acceptable production parameters in terms 

of effectiveness, cost and the time required. In our study, ascorbic acid (ASA) and fumaric acid 

(FA) were selected as promising naturally abundant materials for antimicrobial modification 

because of their nontoxicity, biocompatibility and antimicrobial effect [27,28]. Only the top 

surface layer of the modified scaffold is effective for killing bacteria because it is in direct 

contact with the organism. Thus, such modifications do not affect the bulk mechanical properties 

of the scaffold. There are several studies related to the surface modification of PLA, which led to 

the significant improvement in the antimicrobial activity [29–31]. However, they were mainly 

realized in the film form or using expensive noble metals as the antimicrobial agents. The 

another study was focused on the PLA nonwoven fibers modified with fosfomycin by a simply 

impregnation process, which proved the inhibition zones of the bacterial growth as the 

antimicrobial agent was released from the modified PLA fibers [32]. 

The surface modification of PLA electrospun fiber mats with covalently bonded ASA or FA 

through plasma treatment was performed for the first time by our knowledge and this study 

provides complex approach for the preparation of antimicrobial surfaces applicable in medicinal 

polymeric oriented applications. 

 

 

2. Experimental 

2.1. Materials 
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The following materials were used to produce the electrospun fiber mats: polylactic acid (PLA): 

Ingeo 2002D with a D-isomer content of 4.3 %, MW of 2.53x10
5
 g/mol, melt flow index of 6 

g/10 min (190 °C/2.16 kg), and density of 1.24 g/cm
3 

(NatureWorks, USA); N,N-

dimethylformamide (DMF): anhydrous (≥99.9 % purity), inhibitor-free (Sigma-Aldrich, USA); 

and dichloromethane (DCM): anhydrous (≥99 % purity), inhibitor-free (BDH, UK). Ethylene 

glycol (>98 % FLUKA, Belgium), formamide (>98 % FLUKA) and ultra-pure water (prepared 

by Purification System Direct Q3, France) were used as testing liquids for the wettability 

analysis. Fumaric acid (FA): C4H4O4, MW: 116.07 g/mol (Merck KGaA, Germany) and L-

ascorbic acid (ASA): (vitamin C), C6H8O6, MW: 176.13 g/mol (Research-lab Fine Chem 

Industries (RLFCI), India) were used as antimicrobial agents. Sodium iodide: extra pure, MW: 

197.89 g/mol (RLFCI); glacial acetic acid (CH3COOH): (VWR International (BDH) Chemicals, 

USA) anhydrous (≥99.9 % purity); and sodium thiosulfate pentahydrate Na2S2O3·5H2O: extra 

pure, MW 248.17 g/mol, (RLFCI) were used for the iodometric titration. 

 

2.2. Sample preparation 

The main objective was to modify the PLA scaffold surface with antimicrobial agents that were 

biodegradable, naturally occurring, highly abundant, nontoxic and cost-effective using a mild 

technique to promote surface adhesion without negatively impacting the mechanical properties 

of the scaffold. The PLA fiber mats were prepared using an electrospinning technique (Fig. 1, 

step 1.) that ensured a large surface area. Next, the surface of the PLA fibers was modified by 

plasma-assisted grafting (Fig. 1, step 2.). Finally, the plasma-treated fibers were mixed with the 

antimicrobial agents ASA (vitamin C) [33] or FA (a component of aloe) [34] (Fig. 1, step 3.), as 

depicted in Fig. 1. 
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Fig. 1. Preparation of antimicrobial PLA nanofibers mats: 1. electrospinning of PLA 

solution, 2. plasma treatment, 3. radical grafting of ASA or FA.   

 

To produce the PLA fibers, electrospinning was carried out with a NaBond (China) 

electrospinning device. Aluminum foil placed on the rotating drum was used to collect the fibers 

to ensure an electrically conductive substrate. For the electrospinning process, solutions of 

different concentrations of PLA in a binary solvent of DCM/DMF (70:30) was fed into a 10 mL 

plastic syringe, and the flow rate was controlled at 2.5 mL/h by a syringe pump. A silicon tube 

was used to connect the syringe, and a conductive needle was connected to a high-voltage 

electrical circuit. The needle was set up vertically, and the distance between the needle tip and 

the collector covered with aluminum foil was adjusted to approximately 15 cm. The voltage 

applied to the needle was 12 kV. The resulting fibers were collected on the aluminum foil and 

used in subsequent characterizations. 

 

2.3. Plasma treatment 

Low-temperature plasma treatment of the PLA fiber mats was carried out under vacuum using 

the Venus75-HF plasma system (Plasma Etch Inc., Carson, USA). During the plasma treatment, 

ions and electrons were generated by means of radio-frequency (RF) nominal power at a 
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frequency of 13.56 MHz. The treatment time was varied to optimize the plasma treatment 

process and to obtain the maximum wettability and hydroperoxide concentration. The chamber 

was evacuated to a vacuum level of 27 Pa, and the treatment was applied from 10 s up to 180 s at 

80 W of nominal power. The samples were treated from both sides. 

 

2.4. Surface modification by antimicrobial agents 

Grafting was carried out for 24 hours on fresh plasma-treated PLA fiber samples immersed in 10 

% ASA (w/v) aqueous solution or in 5 % FA (w/v) ethanol solution. 

The samples were then thoroughly washed and dried. Graft yield measurements were conducted 

on three different samples to verify the grafting of ASA or FA onto the PLA surface. The 

gravimetric measurements were used to calculate graft yield of modified PLA. The graft yield 

(GY) was calculated by Equation (1):    

    

GY [%] = ((W2-W1)/W1).100 %     (1) 

where W1 and W2 represent the weights of the PLA samples before and after the modification. 

 

2.5 Wettability analysis  

Changes in the wettability of the PLA fiber mats treated with plasma and modified by 

antimicrobial agents were evaluated using static water contact angle measurements. An optical 

contact angle measuring system OCA35 (DataPhysics, Germany) was used in this study and was 

equipped with a high-resolution CCD camera. Ultra-pure water, ethylene glycol and formamide 

were used as testing liquids. A water droplet of approximately 1 μL was dispensed onto the 

sample in ambient air to eliminate gravitational effects. Five independent measurements in 

different positions were carried out, and the average contact angle was obtained. The total 

surface free energy and its polar and dispersive components were evaluated using the Owens, 

Wendt, Rabel, Kaelble model. 

 

2.6. Hydroperoxide determination 

The modified iodometric method based on Wagner et al. [35] was applied to quantitatively detect 

the hydroperoxides created on the PLA surface after plasma treatment. This method involves the 
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following reactions. The first reaction is the combination of acetic acid, sodium iodide and 

hydroperoxide (1H2O2:1I2): 

 

H2O2 + 2NaI + 2CH3COOH  2CH3COONa + I2+ 2H2O 

 

The next reactions involve molecular iodine I2 reacting with thiosulfate to measure the 

hydroperoxide concentration through the quantity of iodine reduced (1I2:2I
-
): 

 

Na2S2O3 + H2O → S2O3
2-

 + Na
+
 + H

+
+ OH

-
 

2S2O3
2-

 + I2 → S4O6
2-

 + 2I
- 

 

PLA samples were placed inside an Erlenmeyer flask containing 50 mL of glacial acetic acid and 

1 g of sodium iodide. The flask was covered with aluminum foil due to the light sensitivity of 

sodium iodide. The reactions were carried out under an inert argon atmosphere and in the dark to 

ensure iodide oxidation created only hydroperoxides. After iodide oxidation to iodine, the 

mixture turned yellow. The subsequent titration with sodium thiosulfate solution (0.0005 M) 

resulted in a colorless solution after reaching the titration threshold, and the concentration of 

hydroperoxide per treated area was calculated. 

 

2.7 Surface morphology analysis 

The surface topography of untreated, plasma-treated and antimicrobial-modified PLA 

electrospun fiber mats was analyzed using an optical surface metrology confocal system 

profilometer (Leica DCM8; Leica Microsystems, Germany). The optical system was used for 

high-accuracy surface profiling to optimize the PLA fiber mat formation. Images of 175×132 

μm² were captured using an EPI 100X 0.9-L objective lens. 

The surface morphology of untreated, plasma-treated and antimicrobial-modified electrospun 

PLA fiber mats was studied using scanning electron microscopy (SEM). A NanoSEM 450 

microscope (FEI, USA) was used to obtain 2D images of the analyzed surfaces. To obtain high-

resolution SEM images, thin Au layers (a few nanometers thick) were sputter-coated onto the 

PLA samples to prevent the accumulation of electrons in the measured layer. 
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The surface topography of the untreated, plasma-treated and antimicrobial-modified electrospun 

PLA fiber mats was analyzed by atomic force microscopy (AFM) using an MFP-3D system 

(Asylum Research, USA) equipped with an AC160TS cantilever (Al reflex-coated Veeco model-

OLTESPA, Olympus, Japan). Scanning was carried out under ambient conditions using tapping 

mode in air (AC mode) over 20×20 µm
2
 and 5×5 µm

2
 surface areas. In addition, the roughness 

parameter (Ra) representing the arithmetic average of the roughness profile was evaluated from 

the obtained AFM z-sensor images. 

 

2.8. Mechanical properties characterization 

AFM was also used to determine the mechanical properties of the PLA samples using the 

amplitude modulation-frequency modulation (AM-FM) mode. This technique is an extension of 

standard AC mode (also known as AM-AFM) in which the probe is excited simultaneously at its 

fundamental resonant frequency and at another eigenmode. The fundamental resonance was 

employed to determine the topographical features of the electrospun PLA fiber mats, whereas the 

mechanical properties were analyzed by tracking the frequency and amplitude shift of the other 

eigenmode. The measured frequency shift Δf was then used to estimate the interaction stiffness 

(Δk
FM

) by Equation 2: 

Δk
FM 

≈ 2kc. Δf/fc      (2) 

 

where kc is the spring constant of the cantilever and fc is the frequency of the eigenmode of the 

cantilever. To obtain the Young’s modulus of the sample, a general Hertz model was applied, 

which described the contact mechanics between the tip and analyzed sample. A standard 

electrospun PLA fiber mat with a known Young’s modulus (632.3 MPa) was first used to 

calibrate the cantilever and determine its elasticity. This elasticity was then used to obtain the 

absolute values of Young’s modulus of the analyzed samples. 

 

2.9. Chemical composition analyses 

The functional groups and chemical structure composition changes in the plasma-treated and 

modified PLA fiber mats were analyzed by Fourier transform infrared spectroscopy with 

attenuated accessory (FTIR-ATR). A Spectrum 400 (Perkin Elmer, USA) was used to identify 

the functional groups introduced after the plasma treatment and the antimicrobial agent 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

modifications on the PLA fiber mats. All measurements were obtained through 8 scans with a 

resolution of 4 after background subtraction in the middle infrared region (4400-500 cm
-1

). 

 

2.10. Antimicrobial tests 

A modified version of an internationally recognized test method to evaluate the antibacterial 

activity of modified plastic materials (ISO 22196) was used to investigate the antimicrobial 

effect of the prepared samples [36]. First, all samples were disinfected by UV radiation and then 

placed in sterile Petri dishes. Samples with dimensions of 25 × 25 mm
2
 were then inoculated 

using a standardized bacteria suspension of Staphylococcus aureus (S. aureus) (CCM 4516 – 

3.9.10
5
 cfu/mL) and Escherichia coli (E. coli) (CCM 4517 – 1.2.10

7
 cfu/mL), and the samples 

were covered with ethanol-disinfected polypropylene foil with dimensions of 20 × 20 mm
2
. The 

inoculated samples were incubated at 95 % relative humidity and 35 °C for 24 hours. The 

polypropylene foil was then removed from the samples, which were subsequently imprinted on 

agar (3 times on different areas), and the agar was incubated at 35 °C for 24 hours. The number 

of bacterial colonies was evaluated on a scale of 0-5, where 0 represented the best antimicrobial 

effect, i.e., without bacterial growth. An additional incubation at 35 °C for 24 hours was 

performed, followed by the final colony evaluation. 

 

3. Results and Discussion 

3.1. Optimization of the fiber mat fabrication 

Information regarding the 2D surface morphology of the prepared PLA fiber mats obtained by 

SEM is summarized in Fig. S1, Supporting Information. Profilometry and SEM was used to 

analyze the electrospinning process for the different concentrations of PLA solution. Prior to 

measurement, the PLA fiber mat samples were coated with a thin layer of gold that was a few 

nanometers thick. This was applied mainly to obtain higher resolution images for profilometry 

and to prevent the accumulation of electrons in the measured layer from causing a brightening 

effect in the SEM. SEM was also used to determine the fiber diameter, and the results are 

summarized in Table 1 including information about water contact angle (WCA) and Ra 

(roughness parameter). The differences in concentrations of PLA solutions affect the resulting 

fibers structures and therefore also their wettability. The 3 % PLA solution resulted in thin fibers 

that contained thick bead-shaped structures. An increased amount of bead formation was 
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associated with lower concentrations of the PLA solution (Fig. S1a, Supporting Information). 

The 5 % PLA solution (Fig. S1b, Supporting Information) resulted in less bead formation in the 

fiber mats but gave larger diameter fibers. Fig. S1c, Supporting Information, shows the PLA 

fiber mats prepared with 7 % PLA solution; these consisted of smooth defect-free fibers but had 

large diameters (1256.6±136.9 nm). The 10 % PLA solution gave smooth, thin, and defect-free 

PLA fiber mats (Fig. S1d, Supporting Information); these fibers had a diameter of 343.2±57.1 

nm. The application of 12 % PLA solution in the electrospinning led to the formation of defect-

free fiber mats but with larger diameters (948.4±124.9 nm) (Fig. S1e, Supporting Information). 

The high-concentration PLA solution (15 %) resulted in stacking in the needle and therefore it 

could not undergo electrospinning. The diameters of the fabricated fibers were in agreement with 

those of previous studies [37]. The surface morphology, particularly the surface roughness, 

affected the wettability of the PLA fiber mats. The thicker defect-free fibers gave rise to lower 

wettability and vice versa. A trapped air between PLA fibers with larger Ra values was probably 

responsible for higher WCA according to the Cassie–Baxter regime [38]. The bead-containing 

fibers generate higher WCA than bead free-containing fibers [39]. This is mainly caused by 

rougher beading structures in compare with only fiber ones [40]. Many studies showed that the 

fiber diameter decrease led to the increase of WCA [41–43]. However, the smallest fibers 

contained also beading structures or relatively large pore size between fibers (more than 2.1 µm). 

In contrary, some other studies confirmed the increase of WCA with the fibers diameter increase 

[44,45]. Therefore, the surface roughness analyses are necessary for the correct interpretation of 

wettability of the electrospun fibers [46].  

 

Table 1. Surface morphology and structural properties of the PLA fiber mats. 

PLA  

(%) 

Structure Mean fiber diameter 

(nm) 

Ra 

(nm) 

WCA 

(°) 

3 Beading fibers 152.2±15.9 238.2 115.2±2.7 

5 Beading fibers 314.1±46.7 385.1 132.2±1.7 

7 Defect-free 1256.6±136.9 975.4 116.0±3.5 

10 Defect-free 343.2±57.1 192.3 102.7±7.9 

12 Defect-free 948.4±124.9 901.4 115.0±6.6 

15 No fibers N.A. N.A. N.A. 
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The surface topography of the electrospun PLA fiber mats was investigated using the optical 

surface metrology profilometry system over a relatively large surface area (175.31 × 131.97 

µm
2
). Images of the electrospun PLA fiber mats prepared from different PLA concentrations (3 

% – 12 %) are shown in Fig. 2. The mats prepared from lower concentrations (3 % and 5 %) 

resulted in the formation of small fibers, but the fibers included bead structures. Increasing the 

PLA concentration to 7 % led to defect-free fiber mats but with relatively large fiber diameters. 

Increasing the PLA concentration to 10 % gave defect-free fiber mats with the finest structures 

and diameters of 343.2±57.1 nm. The 12 % solution of PLA resulted in the formation of regular 

defect-free fiber mats but with fiber diameters of 948±125 nm. The contact angles of the fiber 

mats ranged from 102° for the 10 % PLA to 132° for 5 % PLA samples (Table 1). The micro-

nano structural architecture formed through a combination of beads and fibers, as well as higher 

diameter fibers, resulted in greater hydrophobicity of the fiber mats.  

 

 

a) 

 

     

b)      c) 
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d)      e) 

 

Fig. 2. Profilometry images of PLA fiber mats: a) 3 %, b) 5 %, c) 7 %, d) 10 %, e) 12 %. 

 

The 3D surface topography of the prepared PLA fiber mats was analyzed by AFM. Images of the 

fiber mats prepared using PLA solutions with different concentrations were obtained from the 20 

× 20 µm
2
 surface area (Fig. S2, Supporting Information). The AFM images clearly show an 

increase of fiber diameter with increasing PLA concentration (up to 7 %). The 10 % PLA 

solution resulted in fiber mats with excellent regular structure and fibers with smaller diameters. 

Further increasing the PLA concentration again led to the formation of thicker fibers. These 

findings closely correspond to the SEM analyses. AFM was also used to evaluate the surface 

roughness parameter (Ra), which represents the height of irregularities perpendicular to the 

surface. The Ra value of the PLA fiber mats prepared at the lowest concentration (3 %) was 

238.2 nm. The Ra value increased with increasing PLA solution concentration up to 7 %, 

achieving 975.4 nm. The 10 % PLA solution resulted in fiber mats with the thinnest structures 

and an Ra value of 192.3 nm evaluated over a 20 × 20 µm
2 

area. Further increasing the PLA 

solution concentration (12 %) resulted in thicker fibers and an Ra value of 901.4 nm. The PLA 

fiber mats prepared from 10 % solution were therefore selected as the optimal samples for 

subsequent plasma treatment and modification by ASA or FA. 

 

 

Plasma treatment optimization 

Contact angle measurements were performed to analyze the effect of plasma treatment on the 

wettability of the prepared electrospun PLA fiber mats (Fig. 3). Water, which has a relatively 

high surface tension of ~72.1 mN/m, showed relatively high values of WCA greater than 100°. 

By contrast, liquids with relatively low surface tensions, such as ethylene glycol (~48.0 mN/m) 
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and formamide (~58.2 mN/m), showed low contact angles on untreated PLA fiber mats 

compared with water. Plasma treatment of the PLA fiber mats improved the wettability [47], 

which was confirmed by the decreased contact angles, as result of incorporating new 

functionalities, etching, and ablation [48]. The decrease in contact angles after plasma treatment 

can be described by Wenzel wetting theory [49], while the pores can be wetted too. The lowest 

values of contact angles after plasma treatment were observed for the defect-free PLA fiber mats 

with the highest surface roughness. WCA was decreasing with increasing plasma treatment time 

up to 30 s for the all PLA samples except 5% of PLA, where WCA achieved minimum after 10 s 

of plasma treatment. An additional increase in treatment time led to slightly decrease of WCA or 

gave rise to higher water contact angles depending on the PLA sample. Therefore, 30 s of RF 

plasma treatment resulted in a sufficient wettability improvement for all prepared PLA fiber 

mats, while WCA of 10% PLA achieved value 31.4°. This was noticeable less in compare with 

other study, in which 30 s of RF oxygen plasma treatment of PLA fiber mats resulted to 75.1° of 

WCA [21]. 
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Fig. 3. Changes in contact angle of plasma-treated PLA electrospun fibers: a) 3 %, b) 5 %, c) 7 

%, d) 10 %, e) 12 %. 

 

 

Iodometric titration was used to determine the concentration of hydroperoxide present on the 

PLA surface after plasma treatment, which is necessary for the ASA or FA grafting reactions in 

which they decompose into alkoxy radicals [50,51]. ASA is a water-soluble free radical 

scavenger [37,38] and can form ascorbate radicals by electron transfer to the created alkoxy 

radical, which can then react with other radicals or double bonds formed during plasma 

treatment. FA contains labile double bonds in its chemical structure; these are able to directly 

react with the formed alkoxy radicals. The quantitative analysis was performed by iodometric 

titration. The results of the iodometric titration of the plasma-treated PLA samples using 

different treatment times are summarized in Fig. 4. Plasma treatment was carried out different 
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lengths of time. Plasma treatment for 30 s resulted in hydroperoxide concentrations of 2.7×10
-7

 

mol/m
2
. Plasma treatment for 60 s increased the hydroperoxide concentration to 3.24×10

-7
 

mol/m
2
. The additional increase of treatment time led to decreasing hydroperoxide 

concentrations. The hydroperoxide concentration was the highest after 60 s. However, longer 

plasma treatment times can result in degradation processes (see the AFM section); therefore, 30 s 

of plasma treatment was chosen for subsequent modification by antimicrobial agents.  
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Fig. 4. Hydroperoxide concentration of plasma treated PLA fiber mats vs. treatment time. 

 

 

Surface morphology/topography  

The surface morphology changes of the plasma-treated and modified PLA fiber mats are shown 

in Fig. 5. The SEM image of untreated PLA (Fig. 5a) exhibited regular structures of individual 

fibers with a characteristic texture that originated from the electrospinning process. Plasma 

treatment increased the roughness as a result of etching, ablation and degradation processes (Fig. 

5b). The PLA fiber mats modified by ASA (Fig. 5c) or FA (Fig. 5d) revealed specific textures on 

the fibers surfaces, confirming that the fibers were coated after the modification process. 
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a)       b)    

 

c)       d) 

Fig. 5. Detailed SEM images of 10 % PLA fiber mats: a) untreated, b) plasma treated, c) ASA 

grafted, d) FA grafted. 

 

Detailed AFM images were obtained from 5 × 5 µm
2 

surface areas to analyze the effect of 

plasma treatment and subsequent modification by antimicrobial agents on the surface 

topography/morphology (Fig. 6). The untreated PLA fibers revealed relatively smooth structures 

with an Ra of 80.7 nm. Plasma treatment led to a marked increase in surface roughness. The 30 s 

plasma treatment time increased the surface roughness, and the Ra increased to 124.4 nm. The 

additional increase of plasma treatment time to 60 s led to rougher fiber surfaces, and the fibers 

showed many bulges; these were associated with the presence of low molecular weight oxidative 
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products caused by polymer chain scission processes [52]. The Ra value for this sample was 

154.5 nm. The modification of PLA by ASA or FA led to a smoother surface coating for a 

portion of the fibers. However, the antimicrobial coating increased the overall roughness; the Ra 

values were 219.6 and 353.1 nm for ASA and FA, respectively. The surface properties related to 

wettability and GY of 10 % PLA fiber mats are summarized in Table 2. As was discussed earlier, 

plasma treatment led to the significant enhancement of wettability, while WCA, contact angle of 

formamide and ethylene glycol decreased from 102.7°, 74.0° and 40.5° to 31.4°, 11.1°, and 

11.5°, respectively, and therefore γ
p
 increased from 6.2 mJ/m

2 
to 67.5 mJ/m

2
. The modification 

of the PLA fiber mats by ASA led to the additional decrease of WCA and formamide to 27.5° 

and 9.3°, respectively, while the contact angle of ethylene glycol slightly increased to 15.9° in 

compare with plasma treated samples, while γ
p
 was 65.6 mJ/m

2
. The modification of the PLA 

fiber mats by FA led to the significant increase of WCA to 117°, while the samples were totally 

wetted by formamide and ethylene glycol and therefore γ
p
 could not be evaluated. The high 

WCA was probably associated with water resistivity of FA [53]. The GY analyses proved the 

presence of ASA and FA on the PLA fiber mats as the result of the combination of chemical and 

physical bonding, while almost double GY was observed for the modification by FA in compare 

with ASA. 

 

 

a) 

 

b)      c) 

 

Ra = 80.7 nm 

Ra = 124.4 nm Ra = 154.5 nm 
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d)      e) 

 

Fig. 6. Detailed AFM images of 10 % PLA fiber mats: a) untreated, b) plasma treated 30 s, c) 

plasma treated 60 s, d) ASA grafted, e) FA grafted. 

 

Table 2: Surface properties of 10 % PLA fiber mats. 

Sample 
ΘW 

(°) 

ΘFM 

 (°) 

ΘEG 

(°) 

γ
Total

 

(mJ/m
2
) 

γ
d
 

 (mJ/m
2
) 

γ
p
  

(mJ/m
2
) 

GY 

(%) 

Untreated 
102.7 

(±7.9) 

74.0 

(±7.5) 

40.5 

(±1.4) 
100.1 93.9 6.2 - 

Plasma treated 
31.4 

(±2.5) 

11.1 

(±1.2) 

11.5 

(±0.8) 
 72.1 4.6  67.5  -  

ASA grafted 
27.5 

(±0.3) 

9.3 

(±5.4) 

15.9 

(±2.7) 
 70.0  4.4 65.6  

31.8 

(±11.4) 

FA grafted 
117.5 

(±1.6) 

0 

(±0) 

0 

(±0) 
 - -  -  

17.1 

(±9.8) 

 W - water, FM - formamide, EG - ethylene glycol, γ
Total

 - total surface free energy, γd - 

dispersive component of surface free energy, γp - polar component of surface free energy, GY - 

graft yield 

 

 

Chemical composition analyses 

The FTIR-ATR results show the chemical changes after each modification step (Fig. 7). The 

FTIR-ATR spectrum of untreated PLA consisted of characteristic absorption bands [54]. The 

FTIR-ATR spectrum of PLA after plasma treatment revealed slight changes in the intensities of 

the absorption bands associated with oxygen-containing groups (Fig. 7b). The important FTIR-

Ra = 219.6 nm Ra = 353.1 nm 
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ATR regions of the plasma-treated PLA show new absorption bands at a maximum wavenumber 

of 1823 cm
-1

, which probably belongs to two C=O stretching vibrations for anhydrides, together 

with adsorption bands at 1750 cm
-1

 [55] and 1620 cm
-1

, with are potentially overlapped by C=C 

vibrations. Moreover, plasma treatment led to the presence of –OH-associated absorption bands 

in the wavenumber region 3300 to 3500 cm
-1

. The appearance of such peaks indicates the 

introduction of carbonyl-, carboxyl- and hydroxyl-based functional groups, which is in 

agreement with previous observations and studies and demonstrates suitable functionality for 

grafting [56].  

 The FTIR spectra of PLA fiber mats modified by ASA or FA are shown in Fig. 7c,d. There is a 

peak shift at 1660 cm
-1

 associated with C=O stretching that clearly indicates the grafting of ASA 

or FA; these peaks are also observed in their pure form (Fig. 7e,f). Additionally, there were 

decreased intensities of the absorption bands at 2997 cm
-1

 and 2930 cm
-1

 (attributed to -CH 

stretching) and of 1460 cm
-1

 (attributed to -CH in-plane bending), indicating grafting of the 

agents onto the PLA chain. The absorption peak at approximately 3500 cm
-1

 is ascribed to -OH 

stretching vibration. These observations confirmed the successful grafting of both agents onto 

the PLA fibers, forming a coat of antimicrobial agent. We believe that the grafting is enabled 

through a combination of chemical and physical bonding of the antimicrobial agent to the PLA 

scaffold.  
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Fig. 7. FTIR-ATR spectra of 10 % PLA fiber mats: a) untreated, b) plasma treated, c) ASA 

grafted, d) FA grafted; e) neat ASA, f) neat FA. 

 

 

Characterization of mechanical properties 

The preparation of PLA fiber mats with adequate mechanical properties is crucial for their 

application as medical scaffolds. The mechanical properties of the prepared PLA fiber mat 

surface areas were analyzed by an advanced AM-FM method in parallel with surface topography 

measurements [57–59]. This technique was used to investigate the stiffness and the related 

Young’s modulus [60]. Images related to the frequency, stiffness and Young’s modulus 

distribution for individual PLA fibers are shown in Fig. 8. These images clearly show that the 

surface mechanical properties are dependent on the fiber thickness. The stiffness and Young’s 

modulus of the prepared PLA fiber mats decreased with increasing fiber thickness. The 10 % 
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PLA fiber mats achieved the highest value of Young’s modulus (251.9 MPa) because they were 

the thinnest and defect-free. The 30 s plasma treatment time resulted in a slight deterioration in 

the mechanical properties, while Young’s modulus achieved a value 234.5 MPa. The 60 s plasma 

treatment time led to an additional decrease of Young’s modulus, with a value 199.9 MPa, which 

likely resulted from the degradation process. The PLA fiber mats modified by ASA or FA 

showed only a slight decrease in the mechanical properties compared with the 30 s plasma-

treated PLA samples, while the Young’s modulus values were 200.4 MPa and 158.2 MPa, 

respectively. This could be associated with the formation of thin layers of antimicrobial agent on 

the PLA fiber mats. 

 

 

 

a) 

  

 

b)      c) 
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d)      e) 

  

 
f)      g) 

 

 

h)      i) 

Fig. 8. AM-FM AFM images of PLA fiber mats (from left to right: stiffness, Young’s modulus; 

below: histogram and line profile): a) 3 %, b) 5 %, c) 7 %, d) 10 %, e) 12 %, f) 10 % 30 s plasma 

treated, g) 10 % 60 s plasma treated, h) 10 % ASA grafted, i) 10 % FA grafted. 

 

Antibacterial tests 
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The antimicrobial effect of the PLA samples modified by ASA or FA was investigated using the 

modified standardized antimicrobial test ISO 22196, which measures the growth inhibition of 

microorganisms, such as gram-positive S. aureus and gram-negative E. coli. The antimicrobial 

activity results are summarized in Table 3, and related images are shown in Fig. S3, Supporting 

Information. The untreated samples imprinted on the agar showed no bacterial growth inhibition 

and were overgrown with bacteria after 24 hours. This resulted from the poor antimicrobial 

properties of polymers. Plasma treatment improved the antimicrobial activity of these samples, 

especially for S. aureus. Surface modification by ASA or FA was responsible for the marked 

antimicrobial activity against S. aureus and E. coli, with the total inhibition activity reaching 100 

%. The antimicrobial agents affected the protein in the bacterial cell wall [61] to inhibit the 

growth of bacteria owing to the instability created in the bacterial cell membranes. 

 

Table 3. Antimicrobial activity. 

Sample Assessment of bacterial 

colonies* 

 S. aureus E. coli  

Untreated  5, 5, 4-5 5, 5, 5 

Plasma treated 0, 0, 0-1 3-4, 3, 3 

ASA grafted 0, 0, 0 0, 0, 0 

FA grafted 0, 0, 0 0, 0, 0 

*The scale for assessing the growth of bacterial colonies: 0 – no growth, 1 – detectable amount (single colony), 2 – 

detectable amount (combined colony), 3 – second imprint - distinguishable colonies, third imprint can be detected, 4 

– third imprint - distinguishable colonies, 5 – overgrown - continuous growth 

 

 

Conclusion 

 PLA fiber mats fabricated through an electrospinning technique were modified with 

antimicrobial agents by applying plasma treatment to enhance the antimicrobial activity 

for use in tissue engineering applications. Varying the PLA solution concentration 

enabled optimization of the electrospinning process.  
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 PLA fiber mats prepared from a 10 % DCM/DMF (70:30) binary PLA solution showed 

the most suitable surface and mechanical properties.  

 The PLA fiber mats were then exposed to low-temperature RF plasma treatment. The 

treatment time was optimized to achieve maximal reactive centers (hydroperoxides) for 

subsequent reactions with ASA or FA, which were applied as the antimicrobial agents.  

 A plasma treatment time of 30 s was optimal to achieve sufficient wettability and a 

hydroperoxide concentration.  

 The incorporation of ASA or FA into the surface of the PLA fiber mats resulted in 

enhanced antimicrobial activity against gram-positive S. aureus and gram-negative E. 

coli bacteria. 
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Highlights 

 The PLA fiber mats scaffolds were fabricated by electrospinning technique. 

 Plasma treatment created reactive centers on the PLA surface.  

 Ascorbic acid and fumaric acid modified the PLA surface using plasma treatment. 

 Modified surface of PLA led to surface properties changes. 

 Antimicrobial effect was proven against S. aureus and E. coli bacteria. 
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