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Abstract
In this study, lactobionic acid (LBA) was incorporated into poly(vinyl alcohol) (PVA) and poly(ε-caprolactone) (PCL) by 
electrospinning. The antimicrobial effects of the nanofibers were tested using the agar diffusion method. Only the PVA 
formulations showed antimicrobial activity against Staphylococcus aureus. The PVA and PCL nanofibers containing LBA 
showed antioxidant activity ranging from 690.33 to 798.67 µM TEAC when tested by the ABTS method. The characteri-
zation of nanofibers was performed by scanning electron microscopy, Fourier transform infrared spectroscopy, ther-
mogravimetric analysis, differential scanning calorimetry, and mechanical analysis. The nanofibers showed a uniform 
morphology and their average diameters ranged from 295.5 to 2778.2 nm. The LBA addition induced a decrease in the 
enthalpy of fusion (ΔHm) of PVA and PCL nanofibers, while the Young’s modulus was reduced from 20 to 10 MPa in PCL 
and PCL-LBA nanofibers, respectively. No relevant differences were observed between the FTIR spectra of the control 
nanofibers and the nanofibers containing LBA. All nanofibers presented hemolysis rate below 2%, thus can be considered 
as non-hemolytic materials. Further toxicological assessment was performed with the selected formulation PVA10 + LBA. 
The evaluations by mutagenicity assay, cell survival measurement, cell viability analysis and agar diffusion cytotoxicity 
test indicated that there are no significant toxic effects. Electrospun nanofibers PVA-LBA and PCL-LBA were successfully 
produced, showing good thermal and mechanical properties and non-toxic effects. Furthermore, the nanofibers showed 
antimicrobial activity and antioxidant activity. The findings of this study indicate that PVA and PCL electrospun nanofibers 
incorporating LBA are promising for use in packaging applications.
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1  Introduction

Lactobionic acid (LBA) is a natural polyhydroxy acid, composed of a galactose linked to a gluconic acid moiety via 
an ether-like linkage. LBA is produced by the oxidation of the glucose component of lactose to gluconic acid, show-
ing potential application as natural preservative with antibacterial and antioxidant effects [1, 2]. The antimicrobial 
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activity of LBA has been attributed to the breakdown of structural integrity of the bacterial cell wall and membrane, 
releasing cellular contents and inhibiting protein synthesis, which causes cell death [3–5].

Lipid oxidation and microbial growth are the main causes of spoilage of a great variety of foods, causing important 
losses on sensorial and nutritional quality. Active packaging has been studied as an advanced technology to control 
the growth of spoilage and pathogenic microorganisms and to maintain the quality and safety of food products [2, 
4]. However, there is interest to create active packaging materials that are not only antimicrobial, but also antioxidant. 
In this regard, additional studies are required to develop active packaging materials showing effective antioxidant 
and antimicrobial properties [5–7].

Currently, packaging materials fabricated from biocompatible and biodegradable polymers attracted more atten-
tion due to their safety and environmental appeal. Poly(vinyl alcohol) (PVA) is a hydrophilic synthetic polymer that 
provides good mechanical properties due to the presence of hydroxyl groups and the formation of hydrogen bonds 
[8]. Poly(ε-caprolactone) (PCL) is a hydrophobic synthetic polymer known for its slow biodegradation rate and high 
mechanical strength [9]. Both polymers are interesting to elaborate food packaging materials due their biocompat-
ibility, biodegradability, good chemical and thermal stability and non-toxic nature [8, 9].

Electrospun nanofibers can be applied in active food packaging, due to their capacity for controlled release of 
encapsulated bioactive molecules. When compared with the traditional casting films, they are more sensitive to the 
changes of the surrounding environment due to the structural characteristics, which facilitate them to achieve func-
tional activity in the food packaging application [10, 11]. Nanofibers are fibrous nanocarriers that can be synthesized 
from natural or synthetic polymers. They can be produced by electrospinning, a technology for obtaining continuous 
polymer fibers with a diameter ranging in the nanometer scale. The process employs high strength electric field to 
produce ultra-fine fibers from a polymeric solution incorporated with a drug accelerated towards a collector [12, 13].

These nanostructures present unique properties, such as a high surface area-to-volume ratio, high porosity, low 
density, small pore size stability, permeability, and morphology that resembles an extracellular matrix. They also 
have high mechanical strength, making them excellent platforms for drug delivery purposes. Nanofibers can deliver 
a significant amount of drug and provide effective interaction of desired compound at the site of action due to a 
larger surface area [13, 14].

PVA and PCL nanofibers have been described as suitable materials for development of active packaging by incor-
porating either antimicrobial [14, 15] or antioxidant substances [16, 17]. However, studies related to this topic are 
limited and nanofibers showing multiple biological activities are barely reported. In this work, PVA and PCL nanofib-
ers loaded with LBA were manufactured for the first time and their antimicrobial activity, antioxidant activity and 
toxicology evaluation were achieved. In this regard, nanofibers incorporating LBA could be expected as useful active 
materials showing both antimicrobial and antioxidant properties.

Therefore, the aim of this study was to obtain electrospun nanofibers with antibacterial and antioxidant activi-
ties through incorporation of LBA, and perform detailed toxicological evaluation and characterization of physical, 
thermal, and mechanical properties.

2 � Materials and methods

2.1 � Electrospun nanofibers

Electrospinning was carried out as described previously [14] with minor modifications. For the elaboration of nanofib-
ers, poly(vinyl alcohol) (PVA; MW 146–186 kDa) was dissolved in ultrapure water (Millipore, Billerica, MA, USA) at 
85 °C, and poly(ε-caprolactone) (PCL; MW 80 kDa) dissolved in tetrahydrofuran:dimethylformamide (THF:DMF, 1:1, 
v/v). Both polymers and organic solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Polymeric solutions containing 100 mg/mL (10%, w/w) and 150 mg/mL (15%, w/v) of either PVA or PCL were prepared, 
with addition of 1.5 mg/mL LBA (Sigma-Aldrich, 97% purity). Nanofibers without LBA were produced as a control. The 
formulations are detailed in Table 1.

Preliminary tests were carried out varying the voltage from 10 to 25 kV, feeding rate from 0.05 to 0.1 mL/min, and 
using acetone or THF:DMF as solvent for PCL. After optimization, the following parameters were applied to the electro-
spinning equipment (BR Robotics, Porto Alegre, Brazil): 3 mL of injected polymeric solution; voltage of 20 kV; feeding 
rate of 0.08 mL/min; inner needle diameter of 0.5 mm; distance to the collector 9 cm. The nanofibers were collected on 
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an aluminum plate (15 × 15 cm). The process was developed at 25 ± 1 °C. The resulting nanofibers were dried overnight 
for elimination of any residual solvent.

2.2 � Antimicrobial activity

The microorganisms Listeria monocytogenes (ATCC 7644), Staphylococcus aureus (ATCC 25923), Escherichia coli (ATCC 
25922) and Salmonella enterica serovar Enteritidis (ATCC 13076) were used to the antimicrobial assay.

The antimicrobial activity of the samples was determined using the agar diffusion assay as described previously [14]. 
Nanofiber samples were cut into disks (approximately 6 mm), sterilized under UV light for 30 min each side. The assay 
was performed using cells suspension (108 CFU/mL) in saline solution (9 g/L NaCl) followed by inoculation with a swab 
onto brain heart infusion agar plates (BHI; Merck, Darmstadt, Germany). Inhibition diameters were measured after over-
night incubation at 37 ± 1 °C. PVA and PCL nanofibers prepared from polymer solution without LBA were also tested as 
negative control. Experiments were performed in triplicate.

2.3 � Antioxidant activity

The antioxidant activity of the nanofibers was evaluated through the antioxidant potential regarding the quenching of 
2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, %) using the method described previously [18]. The ABTS 
cationic radical solution was prepared by reacting 5 mL of ABTS solution (7 mM) with 88 μL of K2S2O8 solution (140 mM). 
Previously the mixture remained in the dark for 12–16 h, at room temperature (25 ± 1 °C). For the tests, the ABTS radical 
solution was diluted in phosphate-buffered saline (PBS; pH 7.4) until it reached an absorbance of 0.700 (± 0.02) at 734 nm.

An extraction protocol was performed for the nanofibers as described previously with minor modifications [19]. Pieces 
of nanofibers (5 mg) were added to 4 mL of bicarbonate/carbonate buffer solution (0.2 M, pH 9.5) and vortexed during 
3 min. Subsequently, the suspensions were sonicated during 15 min in an ultrasonic bath and centrifuged for 15 min at 
3000 g. LBA solution (1.25 mg/mL) was also tested for comparison with LBA encapsulated in the nanofibers.

The samples (nanofiber extracts and free LBA) were added to 1 mL of the ABTS radical solution and the absorbance 
at 734 nm was measured after 10 min. The results were calculated and expressed using the following equation:

where Ac and As is the absorbance of the control and the sample, respectively. Experiments were performed in triplicate.

2.4 � Characterization of nanofibers

2.4.1 � Scanning electron microscopy (SEM)

The morphology of the nanofibers was observed by SEM using a Zeiss EVO MA10 microscope (Zeiss, Jena, Germany). 
Firstly, the samples were coated with a layer of gold by cathodic spraying. Images were obtained at an accelerating 

Radical capture (%) ∶
[

(Ac−As)∕Ac
]

× 100

Table 1   Nanofiber 
formulations

Nanofiber Formulation

A—PVA10 (control) PVA 10% (w/v), ultrapure water
B—PVA15 (control) PVA 15% (w/v), ultrapure water
C—PVA10 + LBA PVA 10% (w/v), ultrapure water, 1.5 mg/mL LBA
D—PVA15 + LBA PVA 15% (w/v), ultrapure water, 1.5 mg/mL LBA
E—PCL10 (control) PCL 10% (w/v), THF:DMF (1:1, v/v)
F—PCL15 (control) PCL 15% (w/v), THF:DMF (1:1, v/v)
G—PCL10 + LBA PCL 10% (w/v), THF:DMF (1:1, v/v), 1.5 mg/mL LBA
H—PCL15 + LBA PCL 15% (w/v), THF:DMF (1:1, v/v), 1.5 mg/mL LBA
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voltage of 10 kV. The average fiber diameter was determined from the SEM images, and around 100 fibers were analyzed 
for each treatment using ImageJ software [20].

2.4.2 � FTIR analysis

To investigate the chemical structure of the nanofibers, Fourier transform infrared (FTIR) spectra were obtained using a 
FT-IR spectrometer (Thermo iN10, USA) with a wavenumber range of 600 cm−1 to 4000 cm−1 with a resolution of 4 cm−1.

2.4.3 � Thermogravimetric analysis (TGA)

The thermal stability of the nanofibers was verified using a thermogravimetric analyzed model TGA Pyris 1 (PerkinElmer, 
USA). The samples were heated in platinum pans from 30 to 850 °C, at a rate of 10 °C/min, under a nitrogen gas atmos-
phere with a flow rate of 20 mL/min as described previously [11, 14].

2.4.4 � Differential scanning calorimetry (DSC)

The DSC assay was performed using a DSC 8500 apparatus (PerkinElmer, USA). Samples of approximately 11 mg were 
placed in aluminum containers and heated from 20 to 200 °C, with a heating rate of 10 °C/min, under a nitrogen gas flow 
of 20 mL/min. An empty container sealed with a lid was used as a sample reference. The crystallinity for nanofibers was 
calculated using the following equation:

where, ΔHm = enthalpy of fusion (J/g) and ΔHc = melting enthalpy, considering the melting enthalpy of 100% crystalline 
PVA is 159 J/g and of 100% crystalline PCL is 81.6 J/g.

2.4.5 � Mechanical properties

The mechanical properties of the nanofibers were determined using a TA.XT Plus Texture Analyzer equipment 
(Stable Microsystems, UK) based on ASTM D638-14 [21]. The nanofibers were cut into strips 40 × 10 × 0.1  mm 
(length × width × thickness). The experiment was conducted at room temperature applying a preload force of 0.049 N 
and a controlled force rate of 0.8 mm/s and the initial grip separation was set at 200 mm. The data for the maximum strain 
(ε, elongation at break, %), the maximum stress (σ, tensile strength, MPa) and elastic modulus (E, Young’s modulus, MPa) 
were determined from the stress–strain curves. Tests were replicated at least three times for each sample.

2.5 � Hemolysis assay

The hemolysis assay was performed as described previously [14]. Aliquots (1 mL) of defibrinated sheep blood (NewProv, 
Pinhais, Brazil) were added to 4 mg of each nanofiber sample and 1 mL PBS (pH 7.4). After incubation for 60 min at 37 °C, 
samples were centrifuged at 900 g for 10 min and 1 mL of the supernatant was collected. The amount of hemoglobin 
released was determined by reading the absorbance at 540 nm. Triton X-100 (0.1%, v/v) was used as a positive control 
(C+), and considered as 100% hemolysis and PBS was considered the negative control (C−), and considered as 0% 
hemolysis. The same amount of LBA (4 mg) was tested for comparison with the encapsulated form (nanofibers). Hemo-
lytic activity was calculated using the following equation:

where Aa, An and Ap is the absorbance of the sample, negative control, and positive control, respectively. Experiments 
were performed in triplicate.

Xc = ΔHm∕ΔHc

Hemolytic Activity = (Aa − An)∕(Ap − An) × 100%
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2.6 � Toxicology assessment

2.6.1 � Mutagenicity assay

The Ames mutagenicity test was performed by the pre-incubation protocol [22], with minor modifications. The Salmo-
nella Typhimurium strains, TA98 (ATCC®, Number BAA-2720™) and TA100 (ATCC®, Number BAA-2720™), were used to 
detect frameshift mutation and base pair substitution respectively. First, LBA, PVA10 and PVA10 + LBA nanofibers were 
subjected to an extraction protocol where it was dissolved in ultrapure water (Millipore, Billerica, MA, USA) during 24 h 
[19]. Four concentrations were tested (0.078, 0.1562, 0.3125 and 0.625 mg/plate) in absence of metabolic activation 
(-S9). The supernatant (PVA10 + LBA extraction) were tested in five concentration (6.25 to 100%, 50 µL/plate) in absence 
of metabolic activation (-S9). The vehicle (ultrapure water) was used as the negative control. The positive controls were 
4-nitroquinoline N-oxide (4-NQO, 100 µg/plate), and sodium azide (SAZ, 5 µg/plate), for TA98 and TA100 respectively. 
The supernatants (LBA, PVA10 and PVA10 + LBA extraction) were also tested in five serial dilutions (100 to 6.25%, 50 µL/
plate) in presence of metabolic activation (addition of S9 fraction), and the positive control used was 2-aminofluorene 
(2-AF) for both TA98 and TA100.

Both TA98 and TA100 strains were incubated overnight with nutrient broth at 37 °C for exponential growing phase. A 
sample of 100 µL of each strain (approximately 109 cells/mL) were incubated with LBA, PVA10 and PVA10 + LBA or controls 
for 30 min in absence of metabolic activation. In parallel, LBA, PVA10 and PVA10 + LBA or controls were incubated with 
100 µL of each strain for 30 min in presence of metabolic activation. After, samples were mixed with 2 mL of top-agar 
(0.6% agar, 0.5% NaCl, 5 mM histidine and 50 mM biotin) and mounted in minimum medium agar plates (1.5% agar, 
Vogel-Bonner salts and 2% glucose). Plates were incubated at 37 °C from 48 to 72 h before the final colony counting.

2.6.2 � Cell survival measurement

Cell survival was accessed by the colony formation assay as described by ISO 10993–05 [23]. This assay measures cell 
survival by ability of a single cell to grow into a colony [24]. The V79 cells were maintained in MEM medium with 10% 
fetal bovine serum. Cells were seeded in 6-well plates in low density (200 cells per well) and incubated 24 h prior to the 
exposure. The nanofibers were extracted in culture media for 24 h (37 °C) prior to the exposure and the supernatants 
were tested in five serial dilutions (1:10, from 100 to 0.01%). The negative control was high-density polyethylene (HDPE) 
and the positive control was natural latex, both submitted to the same extraction process. Cells were incubated during 
7 days, washed with PBS, and then colonies were stained with 5% Giemsa solution. The results were expressed in % of 
survival calculated by colony counting.

2.6.3 � Cell viability analysis

Cell viability was analyzed by the MTT assay according to the ISO 10993-05 [23]. This method evaluates cell viability by 
quantitative colorimetric measure in mammalian cell by the metabolization of the tetrazolium salts that are reduced to 
formazan products in purple [25]. L929 cells were maintained in MEM media with 10% fetal bovine serum. Cells were 
seeded in a 96 well plate and incubated 24 h prior to the exposure. The nanofibers were extracted in culture media for 
24 h (37 °C) and the supernatants were tested in six serial dilutions (1:2, from 100 to 3.12%). After 24 h exposure, cells were 
washed and incubated 2 h with MTT salts solution. The reduced MTT (formazan) was dissolved with 50 µL isopropanol 
in each well and absorbance at 570 nm was measured using a microplate reader (Perkin Elmer, Inspire).

2.6.4 � Agar diffusion cytotoxicity test

The capacity of nanofibers to leach and induces cytotoxicity was evaluated by the agar diffusion cytotoxicity test [26]. 
SIRC cells derived from rabbit corneal were maintained in MEM media with 10% fetal bovine serum, 1,000 U/mL penicillin 
and 100 μg/mL streptomycin, at 37 °C with 5% CO2 condition. Cells were seeded in 6 well plate in a density of 5 × 105 per 
well 24 h prior to the exposure. An agar overlay containing bacto agar (1%, w/v), neutral red (0.005%, w/v) and culture 
media was prepared and cells were coated with the solution. Results were expressed according to the reactivity area 
diameter from the nanofiber. The following classification is according to the ISO 10993 [23]: 0, no reactivity; 1, malformed 
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cells only around of contact; 2, 0 to 0.5 mm in diameter of malformed cells, 3, 0.5 to 1 mm in diameter of malformed cells; 
4, > 1 mm in diameter of malformed cells.

2.7 � Statistical analysis

The descriptive statistics were performed for the in vitro assays based on the mean average method and the standard 
errors were calculated. The toxicological assessment (except hemolysis assay) was evaluated by analysis of variance 
(ANOVA).

3 � Results and discussion

3.1 � Electrospun nanofibers

Eight nanofiber formulations were prepared from spinning solutions containing 10% and 15% (w/v) of either PVA or PCL, 
with the presence or absence of LBA in the formulation (Table 1). The electrospinning conditions allowed the produc-
tion of nanofiber mats from all formulations tested. Each nanofiber mat contained approximately 22.5 mg LBA/g. The 
biological and physicochemical properties and toxicological evaluation of the obtained nanofibers are presented in the 
next sections.

3.2 � Antimicrobial activity

The antimicrobial activity was evaluated by agar diffusion test and the results are summarized in Table S1 and Fig. S1. 
PVA nanofibers showed antimicrobial activity against S. aureus, while no inhibitory effect was observed against the other 
bacteria tested. Moreover, the PCL nanofibers did not show antimicrobial activity under the conditions tested.

The mechanism of action of LBA involves the loss of cell membrane integrity, inhibition of DNA and protein synthe-
sis, and the induction of oxidative stress in both Gram-positive and Gram-negative bacteria. Furthermore, it causes an 
increase in the permeability of the outer membrane, causing hypo-osmotic shock in Gram-negative bacteria. Specifically, 
LBA negatively affected the growth of S. aureus in a dose-dependent manner, damaging the integrity of the cell mem-
brane [3, 5]. The lack of inhibitory effect on some bacteria observed in this work may be partially due to the quantity of 
LBA in the nanofibers, as the LBA amount was around 22.5 mg/g. The MIC values described for S. aureus are 15 mg/mL 
[5], but can be higher for Listeria, Salmonella, and E. coli and also some S. aureus strains [2, 3].

The absence of antimicrobial activity for PCL nanofibers may also indicate a very low release rate that could be associ-
ated to the polymer degradation profile and nature. PCL is quite stable polymer as it has a few numbers of ester bonds 
per monomer, which results in slower degradation and release rates [27]. Therefore, the slow degradation of PCL could 
be delaying the release of LBA, resulting in the absence of antimicrobial activity on agar assays. Similar effect was previ-
ously observed for PCL nanocapsules containing antimicrobial peptides [28].

The inhibitory activity of bare PVA hydrogels was observed against S. aureus and Bacillus subtilis through the agar well 
diffusion method, suggesting that this polymer can hinder bacterial growth [29]. In another study, PVA-based nanofibers 
intended for wound dressing reduced the number of S. aureus colonies due to the fiber structure and porosity that favor 
the process of bacteria entering the nanofiber [30]. Similarly, the inhibitory effect of control PVA nanofibers (Table S1) can 
be associated with the efficiency of bacterial removal by this material. Moreover, nanofibers loaded with LBA resulted in 
higher inhibition zones (Table S1 and Fig. S1), which could be attributed to the antimicrobial activity of LBA.

Moreover, it is worth highlighting that the distribution of compounds in the nanofiber at the time of electrospinning 
may not have been uniform, as the jet is not controllable, thus a certain area of ​​the nanofiber may have had a lower 
concentration of antimicrobial while another area may have remained with an accumulation of antimicrobial. Thus, the 
uneven distribution of the active compound possibly interfered with the antimicrobial activity.

3.3 � Antioxidant activity

The antioxidant potential of the nanofibers was evaluated by the ABTS radical scavenging activity. The formulation 
PVA15 + LBA showed higher activity among all formulations, reaching 37.6% (798.7 µM TEAC). The other nanofibers 
showed similar activity, ranging from 32.9% to 36.9%, corresponding to 690.3 and 761.2 µM TEAC, respectively (Fig. 1). 
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The LBA solution showed activity of 33.9% (715.33 µM TEAC), while control nanofibers showed no significant ABTS 
scavenging activity.

Because absorption of ABTS may occur by the large surface area of the nanofibers, these were subjected to an extrac-
tion protocol that was effective to evaluate antioxidant activity of nanofibers [19]. The high voltage used in the elec-
trospinning process can be harmful to bioactive compounds, resulting in the loss of biological activities. However, the 
antioxidant activity of LBA was maintained in the electrospun fibers, similar to that observed for PVA-based nanofibers 
containing antioxidant substances like gallic acid at 2.5 and 5%, showing 34% and 42% ABTS radical scavenging, respec-
tively [31]. In other studies, 12% PCL nanofibers containing 3% curcumin achieved a radical scavenging of 31.5% in the 
ABTS assay [32], while 15% PVA nanofibers containing 0.2% phycocyanin showed 24.68% elimination of the ABTS radi-
cal [33]. The authors suggest a possible application of those materials as active packaging with antioxidant properties.

The ABTS assay, which is widely used for determination of antioxidant activity of biological samples, involves the 
reaction between the antioxidant and ABTS radical cation (ABTS·+), through a hydrogen atom transfer reaction or single 
electron transfer reaction mechanisms [34]. In this regard, LBA is likely to act as an H donor promoting the antioxidant 
effect. The antioxidant properties of LBA-containing nanofibers may be relevant for active packaging applications, since 
lipid oxidation can cause important losses of sensorial and nutritional quality of foods and even may lead to the formation 
of toxic aldehydes. Antioxidant packaging can extend the shelf life of foods by retarding the rate of oxidation reactions [6, 
7]. Although reports correlating the ABTS activity of packaging materials with antioxidant effect in real foods are scarce, 
polyethylene terephthalate (PET) and low density polyethylene (LDPE) films containing Salvia officinalis L. and Laurus 
nobilis L. extracts with 50% ABTS scavenging caused reduction of lipid oxidation in fried potatoes [35].

3.4 � Characterization of nanofibers

Controlling the physicochemical characteristics of nanofibers is one of the main difficulties during the electrospinning 
process. The physicochemical properties of nanofibers can be influenced by a series of variables, including the polymeric 
solution (concentration effects, conductivity, solvent systems, surface tension, dielectric constant, and volatility), the 
environment, the collector (geometry and material), the applied potential (voltage, tip polarity), the feed rate, the capil-
lary tip and the distance between the tip and the collector [12]. Due to this, it is essential to characterize the physical, 
thermal, and mechanical properties of nanofibers obtained by electrospinning.

3.4.1 � Scanning electron microscopy (SEM)

The SEM images show the morphology of PVA and PCL fibers obtained by electrospinning (Fig. 2). The histograms show-
ing the distribution of fiber diameters are presented for each nanofiber (Fig. 2) and average diameters were determined 
for all nanofiber formulations (Table S2). Detailed SEM images are presented for the PVA10 + LBA nanofiber (Fig. S2), 
which was selected for cytotoxicity assays as discussed below.

The PVA and PCL fibers were uniform and well-formed structures for both control and LBA nanofibers. The mor-
phology was typical string-like. In PVA fibers, there was no formation of beads, granules, or agglomerations, showing 
uniformity along the fibers and they were essentially well-aligned fibers. The PCL ones present some agglomerations 

Fig. 1   Antioxidant activity of PVA and PCL nanofibers. The nanostructures were subjected to an extraction protocol and the antioxidant 
activity was measured by scavenging of the ABTS radical as detailed in Materials and Methods. Results are expressed as % radical scaveng-
ing (A) and Trolox equivalents (B). LBA (1.25 mg/mL) was also tested for comparison with the encapsulated form (nanofibers). Data repre-
sent mean ± standard deviation of three independent experiments
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along the fibers, less aligned fibers (some overlapping and coiled fibers), but there was no formation of beads. A 
certain roughness was observed for PCL fibers (Fig. 2). The control PVA nanofibers had a smaller average diameter 
than the PCL nanofibers, and presented better-formed fibers (Fig. 2) with a more uniform distribution and average 
diameter (Fig. 2 and Table S2).

The control PVA nanofibers had a smaller average diameter as compared with PVA-LBA fibers, indicating that the 
addition of LBA increased the average size of the fibers. As for the PCL nanofibers, the control nanofibers showed a larger 
average diameter compared to the fibers with LBA addition. Furthermore, LBA improved the appearance of the fibers, 
leaving them better distributed and aligned. However, the control PCL15 nanofiber did not show good distribution. These 
fibers showed quite a large variation in their diameter, and agglomerated and tangled fibers as well.

Fig. 2   Scanning electron microscopy images of the nanofibers (magnification 50,000×). A PVA10; B PVA15; C PVA10 + LBA; D PVA15 + LBA; 
E PCL10; F PCL15; G PCL10 + LBA; H PCL15 + LBA. The histogram images show the frequency distribution and the average diameter (nm) of 
the fibers measured using ImageJ software



Vol.:(0123456789)

Discover Nano          (2024) 19:135  | https://doi.org/10.1186/s11671-024-04084-8	 Research

The incorporation of LBA changes the ionic strength of the solution, which possibly caused changes in the diameter 
of the fibers. Another factor that affects fiber diameter is increased filler density, subjecting the jet to stronger stretching 
forces, resulting in smoother, thinner fibers. Furthermore, the formation of intermolecular hydrogen bonds of polymers 
and the repulsion between the molecules of the added compounds can also promote the formation of more uniform 
nanofibers [36, 37].

Factors such as viscosity and conductivity can affect the morphology and diameter of nanofibers. When the solvent 
does not evaporate before fiber deposition, the jets can coalesce, forming materials with different morphologies [14, 38]. 
Furthermore, smooth nanofibers are usually formed when all ingredients in the formulation have good miscibility. A good 
polymer–solvent interaction, with a balance between surface tension and the solvent evaporation rate, contributes to 
the creation of homogeneous and defect-free nanofibers. Thus, the hydrophilic character of PVA may provide improved 
compatibility with LBA, resulting in more uniform electrospun fibers.

3.4.2 � FTIR analysis

FTIR experiments were performed to determine possible polymer-LBA interactions. The FTIR results for the control 
nanofibers and nanofibers incorporating LBA are presented in Fig. 3. The wavenumber of each peak indicates the pres-
ence of a specific functional group in the sample. The FTIR spectra of PVA fibers showed typical bands at 3400–3200 cm−1 
(stretching of the O–H groups), 2905 cm−1 (asymmetric stretching of the –CH2 group), and peaks at 2939 cm−1 related 
to C–H stretching, 1420 cm−1 related to CH2 stretching, and at 1094 cm−1 due to C–O–C stretching. These results are 
consistent with those found in chitosan and PVA nanofibers [37]. FTIR spectra of PCL nanofibers showed characteristic 
PCL peaks at 2905 cm−1 (asymmetric stretching of CH2), 2860 cm−1 (symmetric stretching of CH2), 1722 cm−1 (stretching 
of the carbonyl), 1290 cm−1 (C=O and C–C stretching), 1238 cm−1 (corresponding to C–O–C asymmetric stretching) and 
1173 cm−1 (compatible with C–O–C symmetric stretching). These data are consistent with those found in nanofibers 
containing PCL [14, 39].

No relevant differences were observed between the FTIR spectra of the control nanofibers and the nanofibers con-
taining LBA. This may indicate that there is no significant chemical interaction between the additive and polymers, 
which confirms the stability of the substances with their solid dispersion. Moreover, typical stretching signals of LBA at 
2910 cm−1 (C–H), 1720 cm−1 (C=O) and 1070 cm−1 (C–O) [40], are probably overwritten by signals of the polymer matrix, 
as the relatively low concentration of the active molecule in nanofibers can prevent the identification of specific absorp-
tion bands [41].

3.4.3 � Thermogravimetric analysis (TGA)

The thermal stability of the nanofibers was evaluated using thermogravimetric analysis. TGA analyzes are essential for 
estimating the thermal stability of materials [11]. The mass loss profiles as a function of temperature of LBA nanofibers 
are shown in Fig. S3.

Fig. 3   FTIR spectra of PVA nanofibers (A) and PCL nanofibers (B)
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Thermograms for LBA-containing nanofibers show three main weight loss stages caused by water evaporation and 
thermal degradation of polymer chains. For PVA nanofibers, a first weight loss (about 10%) occurred between 60 and 
280 °C. For PCL nanofibers, a first weight loss (around 5%) occurred between 210 and 380 °C. This first stage could be 
attributed to water loss. The most significant weight loss (around 60%) for PVA occurred between 250 and 400 °C, and for 
PCL (around 85%) it occurred between 350 and 460 °C. This probably occurred due to the breakdown of polymer chain 
interactions, such as hydrogen bonds, dehydration of carbohydrates and the depolymerization process.

A third stage of weight loss was observed between 390 to 510 °C for PVA (around 20%) and between 450 to 600 °C for 
PCL (around 10%), which may be mainly associated with the degradation of polymers. For PVA, a fourth stage of weight 
loss (around 10%) was observed from 510 °C until complete decomposition. These results are consistent with those found 
by other authors for PCL and PVA nanofibers [41, 42].

3.4.4 � Differential scanning calorimetry (DSC)

DSC analysis was performed to understand the physical state of the compounds in the electrospun nanofibers. DSC 
analysis is essential for estimating possible changes in the intermolecular structure of compounds [11]. Table 2 presents 
the main thermal parameters derived from the DSC thermograms, which are displayed in Fig. S4.

A typical endothermic melting peak for PCL at around 55 °C was observed in the thermograms of control PCL10 and 
PCL15, and PCL15 + LBA nanofibers. For PCL10 + LBA nanofibers, the endothermic peak was around 60 °C, indicating that 
the PCL fibers obtained had a crystalline structure. For the control PVA10 and PVA15 nanofibers, the endothermic peak 
was 42.44 °C and 35.72 °C, respectively. These values were around 58 °C and 68 °C for the PVA10 + LBA and PVA15 + LBA 
nanofibers, respectively.

A slight variation in melting peaks (intensity and position of endothermic peaks) indicates that the solvents used in 
the formulations can affect the thermal behavior of PCL and PVA. These effects may be related to solvent properties, 
including different interactions with certain polymers and the degree of volatility. Rapid evaporation of the solvent is 
necessary for the formation of nanofibers during electrospinning, and this rate can influence polymer crystallization [14].

Furthermore, the change in the melting peak and enthalpy can be related to the plasticizing effect of the added 
compound, which increases the mobility of the polymer matrix chain. The shift of the melting peak can be related to 
the intermolecular interactions between components, where stronger interactions led to a greater shift of the melting 
peak at high temperature. Therefore, it can be suggested that the incorporation of LBA changes the ionic strength of the 
solution. Furthermore, viscosity and conductivity may also have been responsible for these changes [11, 36].

The degree of crystallinity of the control PVA10 nanofiber was 10%, changing to 4.8% with the addition of LBA. The 
same occurred with the degree of crystallinity of the PVA15 nanofiber, reduced from 35% for the control nanofiber to 
3.7% with the addition of LBA. Similar influence of LBA on the degree of crystallinity was also observed for PCL nanofib-
ers, where LBA-containing nanofibers showed lower values as compared with control nanofibers (Table 2).

The presence of some additives could reduce the space available for crystal growth, reducing the crystallinity of the 
nanofibers. Therefore, it can be suggested that LBA possibly hindered the diffusion of PVA and PCL chains and contributed 
to changes in crystallinity in the polymer. Crystallinity is also affected by the electrostatic field, the time of crystallization 

Table 2   Thermal parameters 
of PVA and PCL nanofibers 
derived from DSC 
thermograms

a Tonset = beginning of melting temperature; Tm = melting temperature; ΔHm = enthalpy of fusion; 
χc = crystallinity, calculated by χc = ΔHm/ΔHc, considering that the melting enthalpy of 100% crystalline 
PCL is 81.6 J/g and 100% crystalline PVA is 159 J/g

Formulation Thermal Parameter a

Tonset (ºC) Tm (°C) ΔHm (J/g) χc (%)

A—PVA10 (control) 42.44 57.20 15.92 10
B—PVA15 (control) 35.72 65.70 56.74 35
C—PVA10 + LBA 58.82 70.41 7.64 4.8
D—PVA15 + LBA 68.57 85.66 5.97 3.7
E—PCL10 (control) 54.90 59.00 71.70 87
F—PCL15 (control) 55.08 59.70 70.97 87
G—PCL10 + LBA 62.60 67.44 36.45 45
H—PCL15 + LBA 54.98 58.77 55.52 68
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during the flight of the jet and by the voltage applied to obtain the nanofibers, since the crystallinity can decrease as the 
voltage increases. The absence of a detectable crystalline peak for LBA in the nanofibers suggests that the substance 
was molecularly dispersed within the polymeric matrix or was present within the fibers in an amorphous state [14, 36].

3.4.5 � Mechanical properties

To verify the effects of LBA addition on the mechanical properties of the PVA and PCL electrospun nanofibers, stress–strain 
curves were obtained using a texture analyzer (Fig. S5). The values of Young’s modulus, tensile strength, and maximum 
strain (elongation at break, %) were determined (Table 3). While the Young’s modulus increased in PVA nanofibers con-
taining LBA, the values decreased from about 20 MPa to less than 10 MPa for PCL nanofibers with addition of LBA, indi-
cating a decrease in stiffness of the nanofiber mats [43]. The tensile strength increases in PVA nanofibers containing LBA, 
suggesting the segmental motions of neighboring polymer chains could be improved due to the compatibility with the 
additive. Excepting for PVA10 nanofibers, the values of elongation at break were similar among control nanofibers and 
samples with LBA (Table 3). These changes in mechanical properties can be related to the dispersion of the additive, 
since the degree of interaction between LBA molecules and polymers may influence the formation of agglomerates, 
thus affecting the nanofiber structure [44, 45]. Furthermore, the alignment of the nanofibers during the deposition on 
the collector may also have been uneven depending on the sample, resulting in a different conformation, and influenc-
ing the mechanical properties [36].

The tensile strength of low-density polyethylene (LDPE) films is about 9–10 MPa and their elongation at break is no less 
than 200%, while the elongation at break is 100% and the tensile strength of polypropylene is 31–41 MPa [46, 47]. Some 
of the PVA and PCL nanofibers showed elongation at break similar to those polymers currently used as food packaging 
materials, but lower values of tensile strength. Due to their structural features, nanofibers are not compact materials 
and may result limited mechanical and barrier properties as compared to conventional films produced by casting or 
thermal extrusion. However, the large surface area to volume ratio make nanofibers excellent platforms for delivery of 
bioactive compounds [12, 48].

In general, it is difficult to achieve all the desirable properties required for efficient packaging using a single material. 
Therefore, materials with improved features can be obtained by combination of polymers, multilayer films, and/or using 
nanocomposites [48]. These strategies can be useful for preparing packaging materials based on easily water-soluble 
polymers such as PVA. For example, active fibers with potential food packaging application can be formulated with PVA/
chitosan/cinnamaldehyde [8] and PVA/gelatin/pine honey [16], which showed improved water barrier and antioxidant 
properties. In another study, a multifunctional nanocomposite incorporating titanium dioxide and apple peel extract 
into a PVA/cellulose nanocrystal matrix was developed for food packaging applications [49]. This material provided an 
exceptional UV barrier and outstanding antioxidant and antimicrobial properties, protecting fresh samples of cherry 
tomatoes and potatoes from external influences and extending their shelf life in food packaging tests.

Table 3   Mechanical 
properties of PVA and PCL 
nanofibers

Data represent mean ± standard deviation of three independent experiments

Formulation Young’s modulus (MPa) Tensile strength (MPa) Elongation 
at break (%)

A—PVA10 (control) 22.9 ± 2.8 14.93 ± 1.88 103 ± 22
B—PVA15 (control) 12.2 ± 1.3 3.36 ± 0.84 41 ± 4
C—PVA10 + LBA 32.4 ± 3.5 5.08 ± 0.10 18 ± 6
D—PVA15 + LBA 23.4 ± 6.6 6.06 ± 2.29 39 ± 15
E—PCL10 (control) 20.7 ± 3.6 6.24 ± 0.73 42 ± 6
F—PCL15 (control) 19.9 ± 1.9 1.32 ± 0.14 138 ± 38
G—PCL10 + LBA 8.7 ± 2.2 2.79 ± 0.86 47 ± 10
H—PCL15 + LBA 4.8 ± 1.1 6.07 ± 1.16 146 ± 15
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3.5 � Toxicological assessments

The potential toxicity of nanofibers was assessed by the hemolysis test and the PVA10 + LBA was selected for further 
cytotoxicity evaluation due to some features, including antimicrobial and antioxidant activity, smaller fiber diameter and 
less polymer added to the formulation.

3.5.1 � Hemolysis assay

In vitro determination of hemolytic properties often constitutes an initial step in cytotoxicity assessments. This is a 
common and important method for preliminary evaluation of cytotoxicity of chemicals, drugs, materials and medical 
devices [50]. The nanofibers tested presented a degree of hemolysis below 2% (Fig. 4). This assay showed that PVA and 
PCL nanofibers containing LBA caused no significant lysis of erythrocytes, and could be considered as non-hemolytic 
materials. Likewise, the hemolytic activity was low for LBA and control nanofibers.

Similar results were found in other studies. PCL nanofibers incorporated with natamycin resulted in low hemolytic 
degree ranging from 1.2 to 6.5% [14]. Other nanostructures, such as PCL nanofibers containing docetaxel doped ZnO 
nanoparticles, also showed low hemolytic rates [51]. These studies reinforce the good biocompatibility, biodegradability 
and non-toxicity of nanofibers, enabling them as a suitable biomaterial.

Materials with a hemolysis percentage below 2% are considered non-hemolytic materials, while materials with a 
hemolysis rate above 5% are considered hemolytic. When the degree of hemolysis is between 2 and 5%, they are classi-
fied as slightly hemolytic. A hemolysis rate up to 5% hemolysis is considered as tolerable for biomaterials [14, 52].

3.5.2 � Toxicological assessment

The results of Ames test indicate that LBA, PVA10 and PVA10 + LBA nanofibers did not induce mutagenicity in TA98 and 
TA100 strains. Concerns regarding nanomaterial hazard potential includes the genotoxicity evaluation of the polymers 
and the encapsulated compounds [53]. Genotoxicity refers to a substance potentially harmful for the genetic material 
and may be induced, but not necessarily, by mutagenic effect [54]. Mutagenicity is a genotoxic event transmissible after 
cell replication and may involve a gene segment (point mutation) or a whole chromosome. The Ames test detect point 
mutations of exogenous substances capable of reverting mutations in histidine genes of Salmonella Typhimurium, 
restoring the ability of the bacteria to synthesize the amino acid [22].

In the range of concentrations tested, LBA caused no significant increase in the mutagenic index of TA98 and TA100 
strains, but a minor cytotoxic induction in the highest dose for TA100 (Fig. S6). Since PVA was the polymer used to 
assembly the nanofibers, the strains TA98 and TA100 were also tested in presence of extract of PVA10 nanofiber. The 
mutagenic index for all concentrations tested of PVA10 extract was similar to that observed for the negative control 
(vehicle), showing no mutagenic induction (Fig. S7). At this point, both strains were evaluated in absence of metabolic 

Fig. 4   Hemolytic activity of PVA and PCL nanofibers. Samples were incubated for 60 min with erythrocytes and released hemoglobin was 
measured at 540 nm. Triton X-100 was used as a positive control (C+) and represents 100% hemolysis. PBS was used as a negative control 
(C−) being considered 0% hemolysis. Data represent mean ± standard deviation of three independent experiments
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activation and the highest doses of LBA or PVA10 + LBA tested showed no cytotoxic induction for the Salmonella strains 
and no increase of mutagenic index.

Lastly, the extract of PVA10 + LBA nanofiber was tested for mutagenicity in TA98 and TA100 strains in presence of 
metabolic activation. Interestingly, the assembly nanofiber did not increase mutagenic index for both strains (Fig. 5). 
TA98 and TA100 strains are used to detect frameshift mutation and base pair substitution respectively, and both caries 
the plasmid pKM101 producing the enhancement of inducible mutagenesis [55]. These results give an insight into safety 
assessment of the nanofibers and its encapsulated compound for possible application in food systems regarding the 
absence of point mutation induction as evaluated by the Ames test.

Furthermore, PVA10 + LBA was tested in different models for cytotoxicity potential. In vitro cytotoxicity tests has been 
used for varied cell toxicity measurements such as cell proliferation, cell viability and cellular metabolism [56–58]. In L929 
cells, the extract of PVA10 + LBA caused no significant cytotoxicity regardless the dose, while the positive control (latex) 
highly decreased cell viability in the MTT assay (Fig. 6). The L929 is well established model for cytotoxicity evaluation (ISO 
10993-05) [23], also used for the evaluation of nanomaterials intended to controlled release [59]. The MTT test evaluates 
cell viability by the metabolization of the formazan salt by mitochondria, providing a hint of how nanofibers can affect 
cellular metabolism. Therefore, this assay clarifies that this nanofiber composition does not induce cytotoxic effect as 
evaluated by mitochondrial activity.

Further, the ability of V79 cells to proliferate in contact with PVA10 + LBA extract was tested using the colony 
formation assay. After exposure, no decrease in cell proliferation was detected in all concentrations tested (Fig. 7). 
The cell proliferation was evaluated during long-term exposure, against the 24 h of MTT method. In the evalua-
tion of cytotoxicity by metabolic systems, cells may overcome the underlying mechanisms remaining metabolically 
active. Therefore, is desirable to confirm the results using complementary methods to reach a more comprehensive 
response [60].

Fig. 5   Mutagenicity of PVA10 + LBA nanofiber extractions tested in TA98 and TA100 strains in presence of metabolic activation (+ S9). NC, 
negative control (vehicle); 6.25% to 100% (% of PVA10 + LBA extract − 50 µL/plate); PC (2-AF), positive control (100 µg/plate). Data represent 
mean ± standard deviation of three independent experiments. Mutagenicity were expressed by mutagenic index and significance calcu-
lated by one-way ANOVA Dunnett’s multiple comparison test: ***p < 0.001; ****p < 0.0001

Fig. 6   Cellular viability assay in L929 cell line. Cells were treated for 24 h with increasing concentrations of PVA10 + LBA extracts and cell 
survival was assessed by the MTT assay. Data represent mean ± standard deviation of at least three independent experiments performed in 
duplicate. P values relative to the untreated control (C−) cells were calculated using one-way ANOVA Dunnett’s multiple comparison test: 
*p < 0.05
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Another approach to detect cytotoxicity is the evaluation of potentially leachable materials, therefore diffusing 
toxic substances [61]. Moreover, the production of nanofibers may presents hazard potential during processing and 
worker exposure [57]. To evaluate the capacity of nanofibers to produce cornea damage trough diffusion of poten-
tially toxic substances, the agar diffusion cytotoxicity assay in SIRC cells was performed. The 24 h exposure to the 
negative control shows well-formed cells with high NR uptake, while the positive control shows malformed cells with 
no NR uptake in the damage zone extended above 0.5 mm in diameter (Fig. 8A, C, respectively). The PVA10 + LBA 
exposure, produced a few damaged cells around the point of contact, with a slight reduction of NR uptake (Fig. 8B), 
where damage zone is extended below 0.5 cm in diameter, indicating slight reactivity. This trace of cytotoxicity shows 
the ability of nanofibers to leach through the agar surface and affect cell viability, even resulting in low cytotoxic 
activity.

Considering that nanofibers could be commercially used as active materials, they probably have to meet regula-
tory requirements [62]. Therefore, this study followed the methods described in the ISO 10993-5:2009 Part 5, with 
minor modifications, to follow standard methods of analyses. In addition, the genotoxic compound identification 
provides a basis to understand the carcinogenicity potential. The Ames test provided a hint of non-mutagenic (non-
genotoxic) effect of the nanofiber.

Fig. 7   Colony formation assay in V79 cell line. Cells were treated for 7 days with increasing concentrations of PVA 10 + LBA extracts and cell 
survival assessed by the colony formation assay. Data represent mean ± standard deviation of three independent experiments performed 
in duplicate. P values relative to the untreated control cells (C−) were calculated using one-way ANOVA Dunnett’s multiple comparison test: 
****p < 0.0001

Fig. 8   Agar diffusion test in SIRC cells. A Cells exposed to negative control, high density polyethylene (HDPE), were cells shows a good mor-
phology and high neutral red uptake. B Exposure do PVA10 + LBA lead to decreasing of neutral red uptake, but preserved morphology, the 
damage zone is extended below 0.5 mm in diameter. C Cells exposed to positive control (Latex), showing malformed cells with no neutral 
red uptake, where the damage zone extends above 0.5  cm in diameter. Microscopy images were captured from an inverted microscopy 
using a 10× objective lens



Vol.:(0123456789)

Discover Nano          (2024) 19:135  | https://doi.org/10.1186/s11671-024-04084-8	 Research

4 � Conclusions

In the present study, PVA-LBA and PLC-LBA nanofibers were successfully obtained by electrospinning. The PVA-LBA 
nanofibers showed antimicrobial activity against S. aureus, while both PVA-LBA and PLC-LBA nanofibers presented 
antioxidant activity. The formulation PVA15 + LBA showed higher activity among all formulations, reaching 37.6% 
(798.7 µM TEAC). The average diameter increased when LBA was incorporated to PVA nanofibers, while the average 
diameter of the PCL nanofibers decreased when LBA was incorporated. The ΔHm values decreased in all formula-
tions with LBA addition, markedly from 56.7 to 5.97 J/g for PVA15 and PVA15 + LBA, respectively. The rigidity of PCL 
nanofibers decrease with addition of LBA, as the Young’s modulus decreased from about 20 MPa to less than 10 MPa. 
Excepting for PVA10 nanofibers, the values of elongation at break were similar among control nanofibers and sam-
ples with LBA. The nanofibers presented a degree of hemolysis below 2%, so it can be considered as non-hemolytic 
materials. PVA10 + LBA nanofiber caused no significant toxic effects as evaluated by several models (mutagenic-
ity assay, cell survival measurement, cell viability analysis and agar diffusion cytotoxicity test). In summary, these 
nanofibers could be used for development of active packaging due to their antimicrobial and antioxidant activities 
and non-toxic effects.
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