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Abstract: The production and development of drug-loaded nanofibers by electrospinning are
interesting because of their use as scaffolds in drug-delivery system applications. In the present
study, Preparing the 50:50 polylactic acid: Gelatin and ZnO nanoparticles (PLA: GA: ZnO) scaffold
nanofibers for loading the anti-inflammatory drugs naproxen and meloxicam at 0.1, 0.2, and 0.3 wt.
% of each drug. The morphology results measured by scanning electron microscopy showed
significantly increased diameters by 5564427, 566+437, and 1298+723 nm for 0.1%, 0.2%, and 0.3wt.%
for naproxen, respectively compared with 3524245 nm for PLA: GA: ZnO. While the meloxicam
revealed nanofibers with smaller diameters; the respective diameters for the ratios 0.1%, 0.2%, and
0.3% were 327 + 163 nm, 312 + 156 nm, and 333 + 209 nm. Zinc oxide increases the crystal size, while
the loaded drugs improve the degree of crystallization. Consequently, the fibers turn into a low-
crystalline structure. FTIR spectroscopy results indicated no chemical interaction between the
polymers. Moreover, adding zinc oxide nanoparticles to the blend polymer fibers increased the
surface's free energy by 56.31+1.69 mJ].m-2 and reduced the contact angle to 83.16 + 2.49°. Conversely,
both naproxen and meloxicam increased the contact angle and reduced the surface's free energy,
reaching values of 116.14 + 3.48°, 114.4 + 3.43°, 37.05+1.11 mJ.m-2, and 38.78+1.16 mJ].m-2 In addition,
the drugs accelerate the thermal degradation of the polymer matrix. The maximum cumulative
release for drug samples at 21 days was 97.62+4.88%, and 93.75+4.53 % for NAP and MEL
respectively, while 87.24+4.24% for PLA: GA: ZnO. The kinetic model for samples showed the
Korsmeyer-Peppas more suitable in this study, the burst release of 60.66% and 55.67% drugs from
NAP and MEL Nano fibrous formulations was observed during the first 24 h. The diffusion
coefficient (n) values of all nanofiber samples were found to be n < 0.45, confirming that the drug
release mechanism follows Fickian diffusion. Naproxen produced a diameter of inhibition zones
(MIC) at a stuck solution (MIC1000) of 17+ 3.7 mm against S. aureus and 16+3.1 mm against E. coli,
while meloxicam showed MIC1000 of 18+3.4 mm and 17+3.7 mm against S. aureus and E. coli,
respectively. All dilution ratios of the drug solutions showed antibacterial activity. All samples
showed no cytotoxicity, with cell viability ranging from 81% to 98.5%, confirming their
biocompatibility. In addition, the naproxen showed the low half-maximal inhibitory concentration
(IC50) value indicates that the drug is effective at low concentrations. The statistical analysis of all
samples (P< 0.05)

Keywords: drug delivery; PBS solution; zinc oxide; naproxen; meloxicam; MTT assay; antibacterial
activity

1. Introduction

Electrospinning has received great attention among nanofibrous scaffolding production
methods due to its simplicity and low cost [1-4]. To design and prepare nanofibers that act as drug
delivery systems, they must have important properties such as drug loading and drug retention
efficiency. Drug release kinetics such as zero-order, first-order, Higuchi, and Korsmeyer-Peppas are
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often used to analyze the release mechanism of drugs. To date, more than 100 different polymers
have been used to produce nanofibers with different properties [5,6]. Antibacterial nanofibers are
typically produced by incorporating drugs or antibacterial agents into their structure, such as the zinc
oxide (ZnO) nanoparticles [7,8]. In addition, it increases the water uptake ability and the fibers'
hydrophilicity [9]. Use the appropriate concentration from ZnO nanoparticles, which does not exceed
2% by weight, so as not to cause clumping and prevent water absorption, in addition to enhancing
the speed of drug release and contributing to resistance to bacteria [10]. The benefit of using
nanoparticles in drug delivery is that they control the release rate and allow for the encapsulation of
hydrophobic molecules[11].The type of polymer, the properties of the drug, and the method of drug
loading result in nanofibers with a drug content as low as 60% (w/w)[12].Many biodegradable and/or
biocompatible polymers can be used to make therapeutic dressings [13-16]. Polylactic acid (PLA) is
an attractive polymer due to its biodegradability and biocompatibility and low levels of
immunogenicity [11], making it widely used in fabricating tissue-engineering materials such as
scaffolds and drug delivery systems [17-19]. Gelatin is a natural polymer derived from collagen
found in animal skin and bones. Gelatin has a high water-retention property and can completely
degrade within the body, making it an ideal substitute for the original extracellular matrix (ECM)
[20,21]. There are many biocompatible and biodegradable biomaterials, including bovine serum
albumin (BSA), gelatin, zein, polycaprolactone (PCL), polylactic acid (PLA) and chitosan used in oral
drug delivery systems [22-24]. Nonsteroidal anti-inflammatory drugs (NSAIDs) such as naproxen
and meloxicam are used as analgesic and anti-inflammatory agents that have inhibitory and
protective effects against cancer cells [25-27]. The morphology of the electrospun nanofibers is
influenced by the physical and chemical properties of the incorporated drug, especially its solubility
in the solvent used [28]. The therapeutic substance is introduced into the body through formulations
or devices known as drug delivery systems (DDS), through which the drug molecules or therapeutic
agents are loaded, improving their efficiency and safety [29]. Nanofibers are the most attractive
material for biomedical applications because they easily absorb drug molecules [30,31]. In addition,
they possess various properties, such as high mechanical properties [32,33], high porosity [34,35], and
low density [36]. All these properties make nanofibers an ideal vehicle for drug delivery [37].
Electrospinning parameters such as fiber morphology (fiber diameter), polymer concentration,
solvent type, electrical conductivity, and viscosity play an important role in drug release [38].
Heterogeneous drug distribution in the polymer matrix during the drying and storage steps results
in burst release. In contrast, uniform drug distribution in the polymer matrix results in release rates
that decrease continuously over time [39,40]. In addition, the benefits of NAP-loaded nanofibers by
electrospinning local pain treatments [41]. Meloxicam (MEL) has a crystal structure and low water
absorption. It is considered a non-steroidal anti-inflammatory that selectively prevents CYCLO-
oxygenase-2. It is usually used to treat pain or inflammation [42]. In this study, biopolymers such as
gelatin and polylactic acid were used, and the biodegradability and antibacterial ability of the
polymer fiber blend were enhanced by adding ZnO nanoparticles to form a nonwoven fiber network
to transport naproxen and meloxicam particles via drug delivery system.

2. Experimental Part

2.1. Materials and Instrumentations

Polylactic acid (PLA) powder (20-80 mesh) was obtained from BASF, Ludwigshafen, and Gelatin
(GA) 99% pure, yellow-colored powder was obtained from HIMedia Laboratories, Mumbali,
Maharashtra, India. Zinc oxide was obtained from Nanjing High Technology Nano Material Co.,
Nanjing, Jiangsu, China, with purity >99.5% and diameter <30 nm. Solvents such as dichloromethane
(DCM) with purity 99.9% and MW 84.93. Trifluoroacetic (TFA) with molar mass (M) 114,02 g/mol
and purity 299,9 % was obtained from Loba Chemie Pvt. Ltd., Mumbai, Maharashtra, India.
Phosphate-buffered saline (PBS) tablets were purchased from Medicago Inc., Quebec, Canada. Drugs
such as naproxen and meloxicam were obtained from Pioneer Pharmaceutical Co., Sulaymaniyah,
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Republic of Iraq. The morphology of the nanofibers was analyzed using field emission scanning
electron microscopy (FESEM) (MIRA3 TESCAN, France). Fourier transform infrared spectroscopy
(FT-IR) (FT-NIR, USA) was employed to determine the type of bonding between the added
nanoparticles and the polymer matrix. The agar well diffusion method evaluated the antibacterial
activity against Staphylococcus aureus (S.aureus, Gram-positive) and Escherichia coli (E.coli, Gram-
negative). The wettability of the fibers was determined by measuring the contact angle using a G10
Kruss, Germany. The ultraviolet-visible UV-visible (UV_1800, Japan) examination of the release
solutions showed the amount of adsorption obtained. MTT ASSAY was performed in vitro on the
L929/A cell line to evaluate the cytotoxicity of the samples. The nanofiber samples' crystallinity
properties were determined by X-ray diffraction (p-XRD) (Phillips, The Netherlands). The thermal
properties and thermal stability of the nanofibers were investigated by using differential scanning
calorimetry (DSC-TGA, BAHR, Germany).

2.2. Preparation of Polymer Solutions and Electrospinning Conditions

A 50:50 mixture of polylactic acid and gelatin was prepared, with the polymer concentration of
each solution being 10 wt.%. The PLA solution involved dissolving 1 g of polylactic acid in 9 g of
dichloromethane (DCM) solvent with a molar mass of 84.93 g-mol-'. The same ratios were used to
prepare the GA solution, which involved dissolving 1 g of gelatin in 9 g of trifluoroacetic acid (TFA)
solvent with a molar mass of 114.023 g-mol-'. Afterward, ZnO nanoparticles were added to the
mixture in a 50:50 ratio of 2 wt.%. The final procedure was to incorporate drugs into the PLA: GA:
ZnO mixture, where six mixtures were made, three of which included naproxen or meloxicam in the
ratios of [0.1, 0.2, and 0.3 wt.%]. All polymer blends were prepared at room temperature and mixed
using a magnetic stirrer to achieve the desired homogeneity. All the prepared blends were transferred
into a 1.0 mL syringe at a constant feeding rate of 1.0 mL/h using an MS-2200-Daiwha syringe infusion
pump. The continuously applied voltage was +16 kV, the distance between the needle and the
collector was 15 cm, and the relative humidity was not more than 40%. After completing the required
process, the synthesized nanofibers were collected at room temperature.

2.3. Cumulative drug release

Cumulative percent drug release refers to the total percentage of a drug released from a
pharmaceutical formulation over a specific time period. To prepare the phosphate buffer 0.01 M, pH
7 was achieved by immersing one tablet of phosphate-buffered saline (PBS) in 200 ml of distilled
water. 10 mg of each fiber sample was immersed in 1 ml of buffer solution for a duration ranging
from 2 to 21 days. The amount of the substance released into the buffer solution at 37 °C for each time
point was measured using a UV spectrometer (UV_1800, Japan) by determining the optical
absorbance. The release rate of the drug was calculated using the following equation [43]:

Release = Mt / Mn x100 1)

Where M: is the amount of drug released at a given time and Mh is the total amount of drug
incorporated into the nanofibers.

2.4. Swelling and Degradation

After the specified release period, the fibers previously immersed in the buffer solution were
removed, wiped with filter paper to remove the residual moisture, and weighed at room temperature.
The degree of swelling was calculated according to the following equation [44]:

Swelling ratio (%)= (Ws- Wa) / Wa x100 (2)

W is the weight of swollen nanofibers after removing excess moisture using filter paper, while
Wa is the weight of nanofibers that were dried under vacuum conditions at 50°C.

The hydrolysis of the fibers was studied by measuring the residual mass, where the swollen
nanofibers were washed with distilled water several times to remove impurities and then placed in
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a drying under vacuum conditions at 50°C. The degradation of fibers was calculated by the following
equation [45]:

Degradation % = (Wi - Wd) / Wi x100 3)

Wi, Wa represents the nanofibers' initial/original weight before immersion and subsequent oven
drying. *

2.5. Antibacterial and MTT Assays

2.5.1. Antimicrobial

The agar dilution method means that the prepared antibiotics need to be dissolved first to obtain
a stock solution and then diluted to obtain a suitable initial concentration. On the other hand, E. coli
and S. aureus were used as Gram-negative and Gram-positive bacteria, respectively. Suspensions
were prepared by growing bacterial colonies in a liquid medium and incubating them for four to
eight hours at 37°C, approximately 1 x 10* CFU/spot. A cotton swab was dipped in the suspension
and then used to wipe the surface of a Mueller Hinton (MH) agar tray. Pores of 7 mm diameter were
created using a sterile cork punch and then filled with different concentrations of sample release
solutions at 21 days (as shown in section 2.3).

To determine the minimum inhibitory concentration (MIC) by dilution methods, antibiotics are
also needed in a substance that requires preliminary dissolution to obtain a stock solution and then
dilution to obtain an appropriate starting concentration. A diluter, such as a phosphate buffer, was
used to prepare the antibiotics. The stock antibiotics solution was divided into 50%, 25%, and 12.5%
for each sample. The Petri dishes were then incubated at 37°C for 24 h are used to make working
solutions in Mueller-Hinton agar [46].

2.5.2. MTT Assay

A colorimetric assay (MTT ASSAY) was performed on mouse cells (L929) to evaluate the
cytotoxicity of the samples using the serial dilution method. The cells were seeded in 96-well plates
at a density of 1*10* cells/well, and the final volume was 200 L. The cells were treated with different
concentrations of the release solutions of the nanofiber samples and incubated for 24 hours. A 10 uL
of tetrahydroxylated MTT solution (0.5 mg/ml) was added to each well and then incubated for 3 h at
37°C. Metabolically active cells reduce tetrahydroxylated MTT tetrazolium into purple formazan
crystals. Subsequently, 100 uL of dimethyl sulfoxide DMSO was added to dissolve the crystals. The
absorbance at 570 nm was measured using a plate reader, where the absorbance value was directly
proportional to the number of viable cells.

2.6. Statistical Analysis

Statistical analysis was performed for all data, and the results are presented in the figures as
mean * standard deviation. A one-way ANOVA (Single Factor) analysis of variance was performed.
All the experimental results of solubility and single medium dissolution tests are expressed as mean
+ standard deviation and statistically compared by a two-sample t-test. Significant differences were
considered as p-value less than 0.05, while those with p-value less than 0.01 were considered highly
significant. Tukey HSD (Honestly Significant Difference) test for determination of the largest value
of the difference between two group means.

3. Results and Discussion

3.1. Surface Morphology of Nanofibers

To determine the morphology of the electrospun fibers, field emission scanning electron
microscopy (FE_SEM) analysis was performed, and the results provided images of drug-loaded
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nanofibers. The images were processed to obtain fiber diameter by using Image] (National Institute
of Health, Bethesda, MD) to determine the average diameters of at least 50 fibers. Table 1 and Figure
1 show the diameter measurements, the diameter of samples range within nanometers and 5 um
FESEM images, and their fiber distribution. Figure 1B shows an increase in fiber thickness and
viscosity with agglomeration due to the addition of ZnO [47,48]. As the ZnO nanoparticles increased,
the fiber diameter increased from 182+77 to 352+245 nm. The ZnO nanoparticles have a large surface
area, which contributes to the increase in viscosity, as it increases the rate of interaction between
solution molecules. Viscosity is an important factor in determining the shape of the resulting
nanofibers [49]. Naproxen (NAP) - loaded PLA: GA: ZnO nanofibers showed significant increases in
fiber diameters of 556+427, 566+437, and 11298+723 nm when loaded at 0.1%, 0.2%, and 0.3 wt.%,
respectively. The thickness of the fibers increases proportionally with the increase in NAP
concentration (Fig. 1c, d, e); the results are in agreement with a previous study [50].

The diameters and ranges of the blend and composite nanofibers were analyzed to determine
their structural properties, as shown in Table 1. The meloxicam (MEL)-loaded PLA: GA: ZnO
nanofibers showed thinner nanofibers with diameters of 327 + 163, 312 + 156, and 333 + 209 nm at 0.1
wt.%, 0.2 wt.%, and 0.3 wt.% MEL concentration, respectively.

The 0.2% MEL concentration revealed nanofibers with thinner thickness, indicating a larger
surface area to volume ratio and better dispersion of drug molecules within the polymer matrix
compared to other concentrations. Scanning electron microscope (SEM) images of the electrospun
fibers showed smooth and porous structures, as shown in Figure 1F. According to the FESEM images
as shown in Figure 1, we notice the discrepancy between the fiber diameters, which leads to a large
increase in the standard deviation because the solvents used are fast volatile during the
electrospinning process compared to solvents such as dimethyl formaldehyde. The velocity of
volatilization leads to an increase in jet viscosity, and these changes inhibit both bead formation and
jet thinning as well as increase the solidification rate [51].

Table 1. Diameters and ranges of blend and composite nanofibers.

Samples Nanofiber diameters (nm) Range of diameters (nm)
PLA: GA 182+77 76-315

PLA: GA: ZnO 3524245 81-1199

PLA: GA: ZnO: 0.1wt. % NAP. 5561427 86-1580

PLA: GA: ZnO: 0.2wt. % NAP. 566+437 122-1766

PLA: GA: ZnO: 0.3wt. % NAP. 1298+723 453-2951

PLA: GA: ZnO: 0.1wt. % MEL.  327+163 86-701

PLA: GA: ZnO: 0.2wt. % MEL.  312+156 81-695

PLA: GA: ZnO: 0.3wt. % MEL.  333+209 134-1193
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Figure 1. FE-SEM images of the electro spun fibers and their fiber distrbutions showing: (A) PLA: GA, (B) PLA:
GA: ZnO, (C) PLA:GA: ZnO:0.1 wt.% NAP, (D) PLA:GA: ZnO:0.2 wt.% NAP, (E) PLA:GA: Zn0O:0.3 wt.% NAP,
(F) PLA:GA: Zn0:0.1 wt.% MEL, (G) PLA:GA: Zn0O:0.2 wt.% MEL, and (H) PLA:GA: Zn0:0.3 wt.% MEL.

3.2. X-Ray Diffraction Analysis
The crystalline size of the samples was calculated using the Debye-Scherrer formula [52]:
D =k*A / B*cose 4)

Where D is the crystalline size, K is Scherrer's constant (0.98), A denotes the wavelength (A), 8
represents the full width at half maximum (FWHM), and 0 is the maximum peak angle (rad).
Bragg's equation was used to calculate the distance between the planes (d-spacing) [53]:
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N A =2d sine (5)

Where n is the deflection integer.

Crystallinity was evaluated using the Segal method, which is represented by the equation below
[54]. The method provides the percentage of crystallinity of the material by comparing the crystalline
and amorphous regions.

C (%) = (Ic / T) x 100% (6)

Where “C” expresses the relative degree of crystallinity, “I”, is the crystalline and amorphous
regions, and “Ic” is the crystalline portion [55]. Figure 2 shows the diffraction patterns of the
nanofibers loaded with drug particles. Table 2 shows the results of crystal properties, such as
interplane distance (d-spacing), full width at half maximum (FWHM), crystal size, and
crystallinity.Samples (PLA:GA) Q1, (PLA:GA :ZnO) Q2,(PLA:GA:Zn0O-0.1% NAP) Q3, and
(PLA:GA:ZnO-0.2%MEL) Q4 exhibited broad peaks at 20 = 23.17°, 22.39°, 23.18°, and 22.89°,
respectively. PLA is a semi-crystalline polymer that consists of both crystalline and amorphous
phases [56]. The broad peak at 20 = 23.17° observed upon the addition of GA to PLA indicates that
GA, as an amorphous polymer, does not affect the crystallinity of PLA [57]. The peak persisted after
the addition of ZnO nanoparticles but shifted to a lower 20 angle [58]. This shift suggests an
interaction between the ZnO particles and the polymer backbone, leading to a drop in the degree of
crystallinity. However, the crystal's size increased, as it is influenced by the full width at half-
maximum (FWHM) according to equation 4. Naproxen and meloxicam-loaded fibers showed an
increase in the FWHM to 9.38 (Q3) and 9.24 (Q4), respectively, resulting in a decrease in crystallite
size and an enhancement in the degree of crystallinity. This indicates a structural shift of the fibers
toward a more amorphous state. The decrease in crystal size indicates the physical mixing or
dissolution of the drug molecules within the polymer matrix, ensuring the effective incorporation of
the drug. The incorporation of drugs into the polymer matrix limits the recrystallization time,
resulting in the formation of amorphous emulsions or solid solutions [59]. The increase in the
evaporation rate during the electrospinning process of solvents leads to a decrease in the degree of
crystallinity. Therefore, we notice that the degree of crystallinity of sample Q2 is low even though the
ZnO nanoparticles have a wurtzite structure [60].In addition of the crystalline structure depends on
the process parameters (applied voltage and flow rate) and solvent medium (evaporation rate and
polymer—solvent interaction [61].

Table 2. Crystalline properties of nanofibers samples Q1, Q2, Q3, and Q4 for drug delivery applications.

Peak Degree of

. d-spacing FWHM . . Crystallite Structural
Sample # POS’t(f,‘)’“ 20 JA1  roThl “ySt[i/u]‘“‘ty Size [A] Observation
Semi-crystalline PLA
1 17 .84 742 23.2 11

“ 2 38 326 with gelatin added

Effect of ZnO
Q2 22.39 3.97 5.44 17.54 15 addition observed
1 .
Q3 23.18 425 938 30.92 9 Naproxen loaded;
more amorphous
Q4 22.89 388 924 28.4 9 Meloxicam loaded;

more amorphous
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Figure 2. (p-XRD) patterns of samples Q1, Q2, Q3, and Q4.

3.3. Surface Wettability

Contact angle measurements were performed to evaluate the wettability of the samples by
placing a drop of distilled water on the fiber surfaces. Contact angle analysis is a direct method to
determine the free energy of the surface of the material. Figure 3A shows the contact angles at
different time intervals (20, 40, and 60 s), while Figure 3B shows the correlation between contact angle
and surface free energy, the testing created three times for each sample. Gelatin is a hydrophilic
polymer and is in sharp contrast to polylactic acid, which is highly hydrophobic. Modifications to
both the bulk and surface properties of materials can enhance their wettability. Thus, GA has been
incorporated into PLA to improve the wettability of nanofibers [62,63]. Sample Q1, which consisted
of GA and PLA fibers, showed a low contact angle of 90.65 + 1.72°, indicating that the addition of
gelatin significantly enhanced the water absorption capacity of the fibers [64]. The combination of
these two polymers significantly improved the wettability of the fibers. Moreover, adding zinc oxide
nanoparticles to the blend polymer fibers increased the surface's free energy up to 56.31+1.69 mJ.m?2
and reduced the contact angle to 83.16 +2.49° for sample Q2, compared to sample Q1 [47]. In addition,
Zn0O nanoparticles increase the water absorption of electrospun nanofibers by forming hydrogen
bonds with water molecules [65]. Conversely, both naproxen and meloxicam increased the contact
angle and reduced the surface's free energy, reaching values of 116.14 + 3.48°, 114.4 + 3.43°, 37.05+1.11
m].m?, and 38.78+1.16 m].m?, respectively. The contact angle increases strongly with the increase in
the rate of solvent evaporation or the decrease in its boiling point, so you will find that the value of
the contact angle differs according to the type of solvent used [66]. In general, all tested samples were
hydrophilic, and the decrease in contact angle values was associated with a significant enhancement
in the drug dissolution rate [67]. The statically of the above results were Tukey HSD (P-value was
0.00116), and Tukey HSD inference was P< 0.01.
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Figure 3. Surface wettability: (A) contact angle measurements at different time intervals (20, 40, and 60 s), and
(B) the relationship between contact angle and surface free energy for samples Q1, Q2, Q3, and Q4, respectively.

3.4. Fourier Transform Infrared Analysis

Fourier transform infrared (FTIR) spectroscopy was used to investigate the interactions between
polymer blend chains, ZnO nanoparticles, and drug particles in the nanofibers. Figure 4 shows the
FTIR spectra of the samples, covering a range of 500 to 4000 cm, to determine the structural
characteristics of the nanofibers. A prominent peak was observed at 3332 cm, corresponding to the
N-H stretching vibration within the amide region. This peak confirms the presence of gelatin in the
nanofiber structure, as gelatin is a polymer rich in amino acids and contains hydroxyl groups in its
side chains, particularly observed for sample Q1. Two peaks were identified at 2964 cm™ and 1365
cm, corresponding to the bending vibrations of the asymmetric and symmetric -CHs, respectively.
In addition, the peak at 1776 cm represents the C=O bond, which indicates the presence of PLA,
which contains the characteristic of a carbonyl group. The stretching vibration peak at 1504 cm is
attributed to the amide II group of gelatin, resulting from the interference between N-H bending and
C-N stretching vibrations [68,69]. New peaks at 883 cm, 1409 cm" and 1543 cm™ appear upon the
addition of ZnO nanoparticles. In addition, several peaks observed in the 1700-600 cm™! range can be
attributed to the vibrations of C=O, C-O, C-C, and C-H bonds that are assigned to Zn-O
vibrations of ZnO nanoparticles that indicate the nanofibers are composed of PLA:
G and ZnO.The NAP peaks observed in the region of 800-1800 cm~-1 include peaks
at 1776 cm-1, indicating the C=0O (carbonyl) stretching vibration, at 1681 cm-1,
attributed to (C—C) modes of the aromatic groups, at 1367 cm—1 associated with CH3
bending vibration, and at 1193 cm~-1 indicative of the C=O stretching vibration. The
vibration modes detected at 1012 and 846 cm-1 correspond to NAP's C-O-C bonds
[50]. The FTIR spectrum of sample Q4. After adding meloxicam, it shows two
distinct peaks at 3062 cm—1 due to the stretching vibrations of N-H, and 1161 cm-1
corresponding to the S=O stretching vibrations of meloxicam [70]. The interactions
between the added ZnO nanoparticles and the drugs in the nanofibers were
analyzed, and no significant change was observed in the characteristic peaks, as

shown in Figure 4.
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Figure 4. FTIR spectra of samples Q1, Q2, Q3, and Q4 respectively.

3.5. Thermal Analysis

Figure 5A illustrates the TGA curves of samples Q1, Q2, Q3, and Q4, respectively. The PLA: GA
blend (sample Q1) exhibited a single-step weight loss within the temperature range between 273 °C
and 322 °C. Upon the addition of zinc oxide (sample Q2), the weight loss percentage increased by
4.8% compared to Q1, with four distinct stages of weight loss observed: 62-103°C, 213-278°C, 368-
455°C, and 724-865°C, respectively. The addition of ZnO nanoparticles reduced the thermal stability
of the polymer matrix, as ZnO accelerated the degradation of the PLA electrospun mat [71]. The
nanofibers (sample Q3) showed three weight-loss steps of 110-180°C, 224-267°C, and 625-778°C,
with an increased weight loss of 12.5 %, exceeding that of neat PLA: GA nanofibers. Similarly, the
nanofibers (sample Q4) exhibited three weight-loss steps of 66-143°C, 226-284°C, and 408-484°C,
with an even greater weight loss increase of 21.14% compared to neat PLA: GA nanofibers. These
findings confirm that the incorporation of NAP and MEL particles into the blend nanofibrous
structure accelerates the thermal degradation of the polymer matrix [50,70]. This result is confirmed
by prior studies of surface wettability and nanofiber surface morphology.
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Figure 5. Thermal analysis: (A) Thermogravimetric Analysis (TGA), and (B) Differential Scanning Calorimetry
(DSC): curves of samples Q1, Q2, Q3, and Q4, respectively.

Figure 5B represents the DSC thermal curves for the same samples. Endothermic peaks were
observed in the DSC curves after the addition of ZnO and drug particles. For sample Q2 (with ZnO),
the onset temperature (Tonset) was 64.56°C, with an endothermic peak temperature (Tpeak) of 75.26°C
and an enthalpy value of 645.1 J/g. For sample Q3 (with NAP), the Tonset was 117.85°C, the Tpeak was
145.37°C, and the enthalpy value was 5329 J/g. For sample Q4 (with MEL), the Tonset was 101.18°C, the
Tpeak was 110.25°C, and the enthalpy value was 2979 J/g. The presence of endothermic peaks in the
DSC curve indicates that the composite nanofibers become more degradable after the addition of
ZnO, NAP, and MEL compared to the PLA: GA nanofibers. These results are consistent with a
previous study [50,67].

3.6. Release, Swelling, and Degradation Measurements

Figure 6 shows the relationship between time and the cumulative percentage of drug release for
the nanofiber samples. Release studies were performed in phosphate buffer solution (pH = 7.2) to
maintain neutral conditions, ensuring drug solubility was not hindered. The results showed a
sustained release trend for samples Q1 and Q2, starting with an initial release phase followed by a
steady release phase. Sample Q1 of gelatin-polylactic acid nanofibers (PLA: GA nanofibers) showed
a release of 58.13%+2.90 on day 4, followed by a steady release reaching 83.64+ 4.18 % on day 14.
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Sample Q2 of ZnO nanofibers showed a more pronounced initial release, with 50.45+2.52 % of the
drug released after only 2 days of immersion. This rapid release is likely attributed to the highly
soluble ZnO particles present on the surfaces of the fibers. Zinc oxide (ZnO) nanoparticles play a
major role in drug delivery due to their important properties, such as non-toxicity, good
biocompatibility, and non-immunogenicity [72]. In addition, the ZnO nanoparticle enhances the
cumulative release of drugs [73]. The second stage was a steady continuous trend from day 14 to day
21 at 86.60+ 4.34%. Samples Q3 and Q4 showed a higher release index compared to sample Q2.
Meloxicam showed a slower increase in release, while naproxen showed a faster release because of
the hydrogen bonds of NAP dimer. A burst release followed by a steady release, the maximum
cumulative release for all samples at 21 days were 83.92+4.19%, 87.24+4.24, 97.62+4.88%, and
93.75+4.53 % for Q1, Q2, Q3, and Q4, respectively. The high standard deviation of the diameters of
the produced nanofibers, as shown in Table 1, is likely to affect the drug-release behaviors of the
fibers, which is what was obtained in a previous study on the subject [74]. The statically of the above
results were Bonferroni (P-value was 0.041) and Holm Inference was P< 0.05
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Figure 6. Cumulative release percentages of the nanofiber samples Q1, Q2, Q3, and Q4 respectively over time
(days) in PBS at pH7.2 (mean + S.D.).

The drug release process is affected by several factors, including the swelling ability of the fibers,
the solubility of the drug within the polymer matrix and release medium, and the rate of diffusion of
drug molecules from the polymer matrix into the surrounding environment [75]. The fluid absorption
ability of the electrospun nanofiber samples was evaluated using gelatin, a hydrophilic protein [76],
which enhances the water absorption properties of hydrophobic PLA.

Figure 7A indicates that the swelling index of the blend fibers reached its highest value of about
73.3£3.56 % on the eighth day. The addition of ZnO nanoparticles further improved the swelling by
increasing the water absorption of nanofibers and creating hydrogen bonds with water molecules.
The swelling index increased to 65.11+ 3.25 % on the fourth day, 72.19+ 3.52 % on the sixth day, and
72.90+3.77 % on the 21+t day. The combination of naproxen and meloxicam further enhanced the
swelling index of the fibers. The highest rates of swelling were observed for both drugs on eight days,
reaching approximately 80.75+4.04 % for naproxen and 76.90+ 3.86 % for meloxicam. Figure 7B shows
the degradation of samples Q1, Q2, Q3, and Q4 over different periods. PLA is a hydrophobic polymer,
while gelatin, as a hydrophilic polymer, allows water molecules to enter its structure, which breaks
its chains and facilitates its decomposition/degradation. For sample Q1, the degradation index
reached 46.54+2.33 % on day 2 in PBS at pH 7.2, increased to 54.70+2.73 % on day 4, and stabilized
between 60.05+3.0 to 60.72+3.03 % from day 14 to day 21. The addition of ZnO nanoparticles, with
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their high surface area and numerous active sites, enhanced the degradation process, peaking at
64.03+3.2 % on day 8 in PBS at pH 7.2. Drugs incorporated into the fibers increased degradation rates,
with naproxen-loaded fibers reaching a maximum degradation index of 76.23+3.91 % and meloxicam-
loaded fibers peaking at 74.3+3.81 %, both at day 21 in PBS at pH 7.2. Fiber degradation plays a crucial
role in the drug release process and supports extracellular matrix (ECM) regeneration, providing
sufficient space for cell proliferation [77,78].The pH of nanofibers plays an important role in the
wound healing process, as an acidic or alkaline environment can affect bacterial growth and thus the
speed of wound healing [79]. Figure 7C shows the pH values of fiber samples over several days at
room temperature RT.
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Figure 7. Variation of the (A) Swelling index, (B) degradation index, and (C) pH measured after various release

times in PBS solution at pH7.2 (mean + S.D.) for samples Q1, Q2, Q3, and Q4, respectively.

An initial decrease in the pH value of gelatin and polylactic acid nanofibers was observed,
reaching 6.6+0.137 after 4 days, likely due to acidic by-products resulting from the degradation of
polylactic acid PLA [80]. By day 6, the solution reaches a nearly neutral value (pH = 6.7+0.134),
probably due to the buffering effect of gelatin attributed to the amino acid chains and the carboxyl
group of polypeptide chains [81].

Sample Q2, which contained ZnO nanoparticles, showed a slight pH fluctuation compared to
sample Q1. The pH peaked at 6.85+0.137 on day 8, which is a favorable value for bacterial inhibition
and wound healing. It is worth noting that the optimal pH for wound healing is between 5.5 and 6.5
[82].

The drug-loaded nanofibers created a slightly more acidic environment than Q2, with the pH
values of naproxen and meloxicam-loaded fibers ranging from 6.7 to 6.8. The highest pH was
observed in the naproxen-loaded fibers, reaching 7.1+0.146 and 7.05 + 0.141 on day 8 .The statistical
swelling and degradation indexes and PH results were Tukey HSD (P-value 0.015, 0.001, and 0.0084),
and Tukey HSD inferfence were P< 0.05, P< 0.001, respectively.
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3.7. Drug Release Kinetics Models

Drug release kinetics describe the mechanism and rate of drug release from the fibers over time.
In this study, four pharmacokinetic models were employed to analyze the release profiles: the zero-
order model, the first-order model, the Higuchi model, and the Korsmeyer-Peppas model [83,84].
The zero-order and first-order models are primarily used to understand the kinetics of drug release,
while the other models help explain the underlying mechanisms of the release process [85]. The zero-
order drug release rate is based on the constant release of the drug regardless of its content and is a
function of the release time. Meanwhile, the first-order drug release rate is based on residual
concentration [86]. The Higuchi model expresses the amount of drug released from the fiber as a
function of the square root of the release time. On the other hand, the Korsmeier-Pippas model
expresses release phenomena involving diffusion or swelling [87]. The kinetic parameters were
obtained by linear regression on Microsoft Excel.

Zero order: Q=Qo- Kot 7)

First order: log Q =1logQo - k1 t / 2.303 (8)
Higuchi: log Q =1/2 log t + log KH )
Krosmeyer _ Peppas: log (M:/ M) =n log t + log KKP (10)

Where Q and Qo are the loaded drug content and drug released from nanofibers after time t,
respectively. KO, K1, KH, and KKP are the constants of the zero-order model, the first-order model,
the Higuchi model, and the Korsmeier-Pippas model, respectively. Mt/Moo represents the fraction of
the released drug at time t, and n is the diffusional coefficient. Mt is the cumulative amount of drug
released at time t, while Me is the initial loading of the drug.

Table 3 shows the pharmacokinetic parameters of drug release from the prepared nanofibers
according to different kinetic models. It is shown that all the nanofiber samples adhered to the
Korsmeier- Pippas model, based on the high coefficient of determination (R?). The R? values for Q1,
Q2, Q3, and Q4 were 0.934, 0.91, 0.96, and 0.95, respectively, with the highest values for Q3 and Q4,
indicating that these samples represent the best nanofiber formulations. The Korsmeier-Pippas
model, which explains the drug release from a polymer system [88], is in good agreement with the
polymeric system in this study. The diffusion coefficient (n) values of all nanofiber samples were
found to be n < 0.45, confirming that the drug release mechanism follows Fickian diffusion, which
indicates a diffusion-controlled mechanism [89]. Figure 8 shows fitting data to the Korsmeyer-Peppas
kinetic model for samples Q1, Q2, Q3, and Q4. All nanofibers exhibited intermittent release. The burst
release of 60.66% and 55.67% drugs from Q3 and Q4 nanofibrous formulations was observed during
the first 24 hours. This behavior could be attributed to an accumulation of NAP and MEL on the
surface of nanofibers. After that, the drug diffusion from the pores of nanofibers provides the
possibility of further release of drugs from nanofibers.

Table 3. The pharmacokinetic parameters for drug release from the prepared nanofibers and static analysis (t-

Test: Paired Two Sample for Means).

Zero Order First Order Higuchi Korsmeyer- Peppas
Samples Ko K1 Kn P-values
P i | B | ey | B | ey | B | n | KPP R
Q1 0.127 | 0.754 | 0.0035 | 0.871 | 0.12 | 0.900 | 0.395 | 1.470 | 0.934 0.003
Q2 0.119 | 0.712 | 0.0038 | 0.860 | 0.129 | 0.870 | 0.340 | 1.555 | 0.910 0.01
Q3 0.0794 | 0.734 | 0.0065 | 0.953 | 0.661 | 0.882 | 0.153 | 1.783 | 0.960 0.046
Q4 0.082 | 0.720 | 0.0043 | 0.880 | 0.162 | 0.863 | 0.165 | 1.776 | 0.95 0.048
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Figure 8. Fitting Data to the Korsmeyer-Peppas Kinetic Model for samples (A) Q1, (B) Q2, (C) Q3, and (D) Q4.

3.8. Antibacterial Activity and MTT Assays Measurements

The antibacterial activity of the drug-loaded nanofibers was evaluated using the agar well
diffusion method against two types of bacteria strains, S. aureus and E. coli. Figure 9 and Table 4 show
the inhibition zone and minimum inhibitory concentration (MIC) of the antibacterial activity of
nanofibers for samples Q1, Q2, Q3, and Q4, respectively. PLA nanofibers alone showed negligible
antibacterial activity, in contrast to gelatin, which has shown some antimicrobial properties in
previous studies [90]. The incorporation of gelatin into PLA improved the antibacterial resistance of
the fibers.

The stuck concentration release solution of PLA: GA nanofibers produced a MICio0 (1000 mg/
L) with a diameter of inhibition zone of 11+2.2 mm against Gram-negative bacteria E. coli and 13+2.5
mm against Gram-positive bacteria S. aureus. However, when the release solution was diluted to 50%
at MICso, no effect was observed against E. coli, while the inhibition zone of 11+2.3 mm was
maintained against S. aureus.
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Figure 9. Bacterial colonies on Plates of S. aureus and E.coli for Q1, Q2, Q3, and Q4 composite nanofibers .The
control samples (buffer solution) are placed in the center, first is MIC1o0, second is MICsoo, third is MICzs0, and
fourth is MICuzs.

The release solution containing ZnO nanoparticles showed stronger antibacterial resistance,
with MICio0, the an inhibition zone of 15+2.9 mm against E.coli and 16+3.2 mm against S. aureus, then
decreased for more dilution. ZnO nanoparticles are known to be non-toxic to human cells and act as
effective antibacterial agents. They interact with bacterial membranes and/or intracellular
components, causing damage to vital bacterial structures [91-95]. The addition of nanoparticles to
zinc oxide leads to the killing of bacteria in addition to the absence of toxicity [47]. The addition of


https://doi.org/10.20944/preprints202504.0491.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 April 2025

17 of 25

naproxen and meloxicam enhanced the antibacterial activity of the nanofibers. Naproxen produced
a MICio0 with a diameter of inhibition zones of 17+ 3.7 mm against S. aureus and 16+3.1 mm against
E. coli, while meloxicam showed MICio0 with a diameter of inhibition zones of 18+3.4 mm and 17+3.7
mm against S. aureus and E. coli, respectively, then reduction for more dilution. All dilution ratios of
the drug solutions showed antibacterial activity, except for MICi»s at the 12.5% dilution, which had
no effect. It was observed that increasing the dilution ratio of the sample solutions decreased their
antimicrobial activity.

Table 4. Inhibition zone and minimum inhibitory concentration (MIC) of the antibacterial activity of nanofibers
against two types of bacteria, S. aureus and E. coli. P-values less than 0.05 are considered.

Dilute MIC Inhibition zoon (mm) Inhibition zoon (mm)
Samples | concentrations (mg / L) for (S. aureus) for (E. coli)
Control sample - 0 0
Stuck MIC1o00
concentration (1000) 112221 13+2.5
50% MIC 50 0 11223
o1 (500)
o MIC 25
25% (250) 0 0
MIC 125
12.5%
5% (125) 0 0
Stuck MICio00
15+2. 16+3.2
concentration (1000) 5+2.9 6+3
50% MIC = 12424 13+2.6
(500)
Q2 MIC
o 25
25% (250) 0 0
MIC 125
12.5%
5% (125) 0 0
Stuck MICio00
16+3.1 17+3.7
concentration (1000) 6+3 +3
50% MIC = 14+2.8 1543.1
(500)
Q3 MIC 25
% 10+1. 12+2.2
25% (250) 0+1.8 2+2
MIC 125
12.5%
5% (125) 0 0
Stuck MICio00
17+3. 18+3.4
concentration (1000) 3.6 83
50% MIC 13£2.6 1542.9
(500)
Q4 MIC
25
% 11+2. 12+2.4
25% 250) 22 242
MIC 125
12.5%
5% (125) 0 0

Significant. 50%, 25%, and 12.5%: Stuck concentration diluted to 50%, 25%, and 12.5%, MIC50, MIC25, MIC12.5:
Values of MIC at 500, 250, and 125 mg/L with three times for each sample.

The cytotoxicity evaluation of nanofiber structures is crucial for their biological application. The
cell viability assay was performed using the MTT method to evaluate the cytotoxicity of the
nanofibrous release solutions. The viability of mouse 1929 cells treated with different dilution ratios
(1:160 to 1:10) of release solutions was analyzed using MTT assay; the results are shown in Figure 10
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and Table 5. A sample was considered nontoxic if the cell viability exceeded 70% unite 1:10 of dilute
ratio [96]. All samples showed no cytotoxicity, with cell viability ranging from 81% to 98.5%,
confirming their biocompatibility. In addition, the lowest viability (closer to 70%) at higher
concentrations [97].

The cytotoxicity was also evaluated using half-maximal inhibitory concentration ICso (as shown
in Figure 10B), which represents the drug concentration at which 50% of cells are killed [98]. The ICso
can be calculated by linear fitting for the curves in Figure 10A. According to the results in Table 5,
naproxen showed the lowest ICso value. A low ICso value indicates that the drug is effective at low
concentrations, resulting in minimal toxicity and fewer adverse effects [99].
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Figure 10. (A) Cell viability of Q1, Q2, Q3, Q4, and control sample on L929 cells as a function of samples dilution
ratio, (B) linear fitting of samples.

Table 5. Mean absorbance and standard deviation of (cell number per mL) were measured at a wavelength of

570 nm for samples of L929 cells at different dilution rates.

Samples
Dilution rates Q1 Q2 Q3 Q4 Control
Mean = SD Mean = SD Mean + SD Mean * SD Mean * SD

1:160 451 +11 450+ 18 438+ 11 426+ 10 461 +5
1:80 437 +5 438 +9 433 +11 416+ 5 433 +10
1:40 414+ 6 415+ 6 415+ 6 402+ 5 404 +6
1:20 406 + 10 396 +7 393+5 394+ 8 361+ 13
1:10 391+9 380+6 366 + 12 376+ 11 325+5

R2 0.984 0.993 0.96 0.987 0.990

IC 50 15.68 13.365 12.723 17.111 7.934

ICs0: Half-Maximal Inhibitory Concentration, R% Correction factor.

4. Conclusion

Composite nanofibers were successfully fabricated using the electrospinning technique from
four different polymer solutions. The nanofibers were thoroughly characterized to assess their
morphologies, crystallinity, thermal properties, contact angle, and spectral interactions. Antibacterial
activity against Staphylococcus aureus and Escherichia coli was evaluated. The cell viability assay of
mouse L929 was performed using the MTT method to evaluate the cytotoxicity of the nanofibrous
release solutions. The velocity volatilization of solvent leads to an increase in jet viscosity, and these
changes inhibit both bead formation and jet thinning as well as increase the solidification rate.
Velocity volatilization of solvent leads to decreasing crystallinity and enhancement of polymer
degradation. The ZnO nanoparticle enhances the cumulative release of drugs. It also further
improved the swelling by increasing the water absorption of nanofibers and creating hydrogen bonds
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with water molecules. Fourth kinitics release models were created as zero-order, the first-order, the
Higuchi, and the Korsmeier-Pippas models, respectively. The Korsmeier-Pippas model, which
explains the drug release from a polymer system is in good agreement with the polymeric system in
this study. Increasing the dilution ratio of the sample solutions decreased their antimicrobial activity.
All samples showed no cytotoxicity, confirming their biocompatibility. In addition, the lowest
viability (closer to 70%) at higher concentrations. The mean and standard deviation of cell viability
increased with increasing the diluted percentages. P-values for all samples less than 0.05 are
considered significant.
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