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Abstract: Water-soluble polymers possess great advantages in current drug delivery systems, such
as fast delivery through polymer matrix dissolution as well as promoting solid dispersion of poorly
water-soluble drugs. In this work, water-soluble polyvinyl alcohol (PVA) and polyethylene
oxide (PEO) were blended (50/50) to electrospin with and without the incorporation of a model drug,
melatonin (MLT), at various blend polymer concentrations. Results suggested that increasing blend
PVA/PEO solution concentrations, up to 7 wt%, promoted the formation of smooth and defect-free
drug-incorporating fibers with an average fiber diameter ranged from 300 to 700 nm. Mechanical
properties of the blank and MLT-loaded PVA/PEO fibers showed dependence on fiber morphologies
and fiber mat structures, due to polymer concentrations for electrospinning. Furthermore, the surface
wettability of the blend PVA/PEO fibers were investigated and further correlated with the MLT
release profile of the fibers. Results suggested that fiber mats with a more well-defined fiber
structure promoted a linear release behavior within 10 minutes in vitro. These drug-incorporated
fibers were compatible to human umbilical vein endothelial cells (HUVECs) up to 24 hours. In
general, this work demonstrated the structure-property correlations of electrospun PVA/PEO fibers
and their potential biomedical applications in fast delivery of small molecule drugs.
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1. Introduction

Topical drug delivery via mucosal membranes often requires the use of water-soluble polymers
due to their excellent mucosal adhesiveness. Upon absorption of physiological fluids, polymer matrix
swelling and molecular chain disentanglements facilitate the diffusion and dissolution of the small
molecule drugs through mucosal membranes. In addition, water-soluble polymers are particularly
useful carriers in drug delivery systems (DDS) for fast drug delivery applications of poorly
water-soluble small molecule drugs that have a short half-life time and/or with a poor solid
dispersion [1,2]. For example, drug-polymer conjugates, block copolymers, hydrogels, and other
drug-polymer complexes using synthetic and natural water-soluble polymers have been reviewed in
the context of drug delivery in pharmaceutical applications [3].

Among all current commercially available water-soluble polymers, polyvinyl alcohol (PVA) and
polyethylene oxide (PEO) have attracted much attention in fast drug delivery due to their excellent
biocompatibility [4]. Combined with their fast water dissolution rates, blend PVA/PEO polymers have
shown advantages as a polymer matrix for mucosal drug delivery in the form of oral strips [5]. In
addition, due to the semi-crystalline molecular structures of both polymers, polymeric drug carriers
using PVA/PEO are able to provide some levels of mechanical strength and flexibility for user
applications. Therefore, PVA/PEO blend-based nano- and micro-particles, fibers, films, hydrogels,
and freeze-dried scaffolds, were developed to enable controlled release of small molecule
drugs (seconds to hours) by mechanisms of polymer matrix dissolution, osmosis, ion-exchange, and
drug diffusion [6].

Electrospinning is a fiber producing technique that utilizes charged electrons, applied through an
external electric field, to move polymer liquid over a distance to a deposition collector plate [7].
During the travelling of the polymer liquid, solvent evaporates through a “whipping” process and
continuous solid fibers are produced with average fiber diameters ranging from several hundred
nanometers to a few micrometers [8]. The resulting fiber mats are able to exhibit a nonwoven and/or
an aligned fiber structure, depending on the types of the collector used. Nonetheless, electrospun
drug-containing fibers provide a high surface area to volume ratio, suitable for diffusion- and
dissolution-determined drug delivery processes. In addition, electrospun microfibers are capable of
encapsulating a large amount of drug (up to 40%) while being able to provide sustained, multi-staged,
or fast drug delivery characteristics [9-11].

Melatonin, N-acetyl-5-methoxytryptamine (Ci3sHi6N202), is a natural endocrine hormone
produced by pineal gland, which regulates sleep and other biological activities in human. Melatonin is
a small molecule (Mw = 232 g/mol) with amphiphilic nature (LogP = 1.42) allowing it to quickly pass
through the lipid bilayer of the cell membranes. Melatonin has been widely used to treat sleep
disorders through oral delivery, and it is required to reach a maximum concentration at around 50
minutes making fast release of melatonin from solid dosages a necessity. A recent study described the
uses of melatonin-loaded mesoporous silica nanoparticles coated with cellulose acetate phthalate for
fast release in oral drug delivery, and the results showed a three-stage release mechanism up to 75% of
cumulative release after 2 hours [12]. Recent studies showed that melatonin exhibited free radical
scavenging activities, and it had strong docking ability with the three proteins, 6LU7, 6MO03,
and 6W63, on COVID-19 virus, suggesting melatonin as an medical adjuvant to treat COVID-19
patients [13].
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In this work, we explore the use of blend PVA/PEO polymers through the electrospinning
process to encapsulate a model drug, melatonin (MLT), for fast drug delivery applications. In
particular, we investigated the effects of solution properties on electrospun blank and MLT-loaded
PVA/PEOQ fibers. Fiber morphology and average fiber diameter studies showed the dependence on
blend PVA/PEO concentrations. In addition, the mechanical properties of the blend PVA/PEO fibers
corresponded to the fiber morphologies and fiber mat structures. More importantly, we investigated
the dissolution properties of the electrospun blend PVA/PEO fibers. Our data suggested the fast
release of MLT from PVA/PEO fibers with a rate dependence on the blend fiber concentrations.
Furthermore, cytotoxicity studies suggested that both blank and MLT-loaded PVA/PEO fibers were
compatible to endothelial cells up to 24 hours. In general, our current study correlated the
processing-structure-property relationships of MLT-loaded electrospun blend PVA/PEO fibers with
indications on fast drug delivery for topical and/or mucosal applications.

2. Materials and methods
2.1. Materials

Polyethylene oxide (PEO) with an average molecular weight (Mw) of 900 kDa was obtained
from DuPont (Midland, MI USA). Polyvinyl alcohol (PVA), Elvanol® 71-30 (fully hydrolyzed,
viscosity of 27 ~ 33 cP using 4 wt% at 20 °C), was kindly supplied from Kuraray America Inc.
(Houston, TX USA). The viscosity data of the PVA (#341584, Mw 89,000 — 98,000, and 99+%
hydrolyzed) from Sigma-Aldrich was 11.6 — 15.4 cP using 4 wt% at 20 °C, indicating that the Mw of
the Elvanol® 71-30 was higher than that of the Sigma-Aldrich. Melatonin (MLT), 99% pure with an
average molecular weight (Mw) of 232.28 g/mol, was purchased from BeanTown Chemical (Hudson,
NH USA). Phosphate-buffered saline (PBS) buffer solution (pH ~ 7.4) was purchased from VWR
(Radnor, PA, USA). All the other chemicals were of reagent grade and used as received without
further purification.

2.2. Preparation of polymer solutions

Various concentrations of PVA/PEO blend solutions were prepared by dissolving pre-measured
amounts of PVA and PEO powders in deionized water (DI-water) using glass vials. Briefly, the total
mass of polymer powder was measured to achieve polymer concentrations of 5, 6, and 7 wt% (w/v).
The volumetric blend ratio (v/v) of PVA and PEO was 50/50 for the three polymer concentrations.
These polymer solutions were then placed in a water bath on a stirring hot plate for mixing at 80 °C
using magnetic stir bars. After complete mixing of the PVA/PEO (50/50) blend solutions at various
polymer concentrations, pre-determined amounts of melatonin powders were added to the polymer
solutions at 5% w/w loading (drug/overall solids) followed by continuous mixing for an hour. Each
solution was visually examined before characterization and electrospinning.

2.3. Solution properties measurements

Solution viscosities were measured using a US Solid rotary viscometer (USS-DVT4)
(Cleveland, OH, USA). The viscometer was first balanced and stabilized, and rotor #4 was used for
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the measurements (10* ~ 10° mPa.s). The rotor was then slowly brought down into the polymer
solutions until it reached the mark on the rotor for viscosity testing. The viscosities at various rotor
speeds were measured for each polymer solution.

The initial viscosity measurements were performed at room temperature (~ 20 °C). For viscosity
measurements at various temperatures (i.e., 30 °C, 40 °C, and 50 °C), vials of polymer solutions
were conditioned in a warm water bath for at least 30 minutes prior to viscosity measurements. Then,
the same setup as described above was used to determine the viscosity of the polymer solutions.
Results were averaged on three independent measurements (n = 3).

2.4. Electrospinning of PVA/PEO/MLT fibers

The blank and MLT-loaded PVA/PEO fibers were electrospun within 48 hours of the solution
preparation. Prior to electrospinning, polymer solution was drawn into a 3 mL Luer-Lok™ BD
syringe (Franklin Lakes, NJ, USA) that was attached to a 21 gauge blunt needle. The syringe and
needle assembly were then placed onto a NE-1000 programmable single syringe pump (Farmingdale,
NY, USA) to deliver polymer solution. During electrospinning, the applied voltages, flowrates of the
polymer solution, and the distances from the tip of the needle to the grounded stationary collector for
each sample were listed in Table 1. A total of 2 mL of the polymer solution was electrospun from all
polymer solutions, and fiber meshes were covered with aluminum foils and stored in a vacuum
desiccator prior to characterizations.

Table 1. Electrospinning parameters for blank and MLT-loaded PVA/PEO microfibers.

Distance Voltage Electric field strength Flow-rate

(cm) kV) (kV/cm) (uL/min)

Blank PVA/PEO Fibers (wt%)

5% 13 10 0.770 20

6% 13 10 0.770 20

7% 13 10 0.770 20
MLT-loaded PVA/PEO Fibers (wt%)

5% 13 10 0.770 30

6% 13 10 0.770 20

7% 13 10 0.770 25

2.5. Fiber morphologies and fiber diameter measurements

The morphologies of electrospun blank and MLT-loaded PVA/PEO fibers were evaluated by a
Hitachi TM4000Plus (Tokyo, Japan) scanning electron microscope (SEM). Circular disc punches
obtained from the fiber mesh were placed on carbon tape. SEM micrographs were acquired at 15 kV,
using a spot size 3, and a working distance of 5.5 mm.

Fiber diameters were measured using ImagelJ software (National Institutes of Health, Bethesda,
MD, USA) on the collected SEM images. 50 random measurements were taken from different fibers
in the SEM images to determine the average fibers diameter and the corresponding standard
deviations of each sample (n = 50).
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2.6. Mechanical tests

Uniaxial tensile tests were performed on a single column screw-driven Instron® 3342 universal
materials testing machine (Norwood, MA, USA) described in our previous work [14]. Briefly,
dog-bone tensile specimens of 22 mm in nominal length and 5 mm in width were prepared by
punching the electrospun fiber mats using an ODC stainless steel die (Waterloo ON, Canada)
according to ASTM standard D1708-18 [15]. The thickness of each sample at the nominal region
was measured by a digital thickness gauge (resolution = 10 um). The tensile samples were clamped
to the tester, equipped with a 100 N load cell, under 24 £ 1 °C and 45 + 5% RH in accordance with
ASTM standard D5034-21 [16]. The applied strain rate was 0.01/s on the samples. Load and
displacement data was recorded from the instrument for calculation of the stress-strain curve of each
sample. Average values for Young’s modulus (slope of the initial linear region), tensile strength (zero
slope or the highest stress), and elongation to failure (fracture strain) were determined from five
independent samples, each consisting of a stress-strain curve (n = 5).

2.7. Fiber wettability studies

Fiber wettability studies were performed using the sessile drop method followed by an image
processing technique to obtain results in average mass losses (e.g. fiber dissolution) and average
water contact angles [17]. Briefly, 7/16” diameter circular disks (4,) were taken from the blank and
MLT-loaded PVA/PEO fiber mats using a metal die. Prior to the test, the initial weight (W;) and
thickness (t;) of fiber discs were measured by a Metter Toledo AG245 analytical balance (Columbus,
OH, USA) and a digital thickness gauge (resolution = 10 um) to determine the apparent density of
the fiber mesh according to Equation (1).

1

p (mg/mm?) = e (D

In the dissolution assay, the disc samples were placed on a metal substrate for depositing of
a 4-ul water droplet at the center of the fiber mesh. The droplet dissolved the polymer fibers leaving
a hole in the middle of the fiber disc and the progress was recorded by a digital camera vertically
from the top of the fiber disc for image processing. After 5 seconds, dissolution of the fiber was
stabilized and the dissolved area (Af) was measured using Image]J software (National Institutes of
Health, Bethesda, MD, USA). The dissolved mass (Wy) and the percentage mass loss were calculated
using Equation (2) and Equation (3), respectively. Results were averaged on three independent
measurements (n = 3).

Wy (mg) = p(Ast;) 2

Wy
Mass Loss (%) = (W

1

) x 100% (3)

In the contact angle study, another camera was placed in front of the fiber disc sample to record
the initial contact angle, which was defined as the angle between the substrate and the tangent of the
droplet upon initial contact, of blank and MLT-loaded PVA/PEO fibers at various polymer
concentrations. Picture frames from the recorded videos were withdrawn for software analysis of the
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average contact angles using ImagelJ software, National Institutes of Health (Bethesda, MD, USA).
Results were averaged on three independent measurements (n = 3).

2.8. In vitro drug release studies

7/16” diameter circular disks were taken from each electrospun MLT-loaded PVA/PEO fiber
mesh using a metal die. Masses of the disc samples were measured by a Metter Toledo
AG245 (Columbus, OH, USA) analytical balance to determine the theoretical MLT loading for each
disc sample. 5-mL of PBS (pH ~ 7.3) release media were prepared for each glass vial followed by
placing them in a Thermo Scientific™ MaxQ 4450 (Waltham, MA, USA) incubator shaker
pre-warmed to 37 °C. MLT-loaded fiber samples were then placed in the vials in the incubator
shaker for in vitro sink release of MLT. At predetermined times, a 40-uL sample of the release media,
containing unknown concentration of the MLT, was removed from the corresponding vial and placed
in a 1.5-mL microcentrifuge tube.

Standard MLT solutions were prepared using serial dilation methods with concentrations
of 400, 200, 100, 50, and 25 pg/mL. Liquid specimens of the standard and unknown MLT samples
collected at various time points were analyzed using a Thermo Scientific NanoDrop™ 1000 UV-Vis
spectrophotometer (Waltham, MA, USA) at 223 and 278 nm [18]. The resulting intensities of MLT
from the unknown samples were compared to the standard MLT curves to determine the drug
concentrations of the collected liquid samples at each time point to determine the in vitro MLT
release rates. Results were averaged on three independent measurements (n = 3).

2.9. In vitro HUVEC: viability assays

Human umbilical vein endothelial cells (HUVECs) were obtained from the American Type
Culture Collection (ATCC) (Manassas, VA, USA). The cell culture media for this cell line included
vascular cell basal medium (ATCC) with endothelial cell growth kit-BBE (ATCC) supplemented
with 10% fetal bovine serum (FBS) and 1% antibiotic mixture. HUVEC cultures were incubated in a
humidified chamber with 5% COz at 37 °C followed by sub-culturing the cells in 24-well tissue
culture plates with 10,000/well density until reaching 80% confluency prior to cell viability assays.

The HUVEC: viability assays were carried out according to a method reported previously [19].
Briefly, control groups were supplemented with treatment carriers of the culture media for 24 hours
at 37 °C. In addition, the experimental groups were subjected to treatment of placing 7/16” diameter
fiber discs of the blank and MLT-loaded PVA/PEOQO fibers electrospun at various concentrations in
culture wells followed by the same culture procedures as the control groups. After 24 hours, a 10-uL
MTT reagent was added to each well of the culture followed by incubating the culture for 4 hours in
the dark in a CO:2 incubator at 37 °C. After the incubation of the cells with the MTT reagent,
a 100-uL warm detergent solution was then added to each well to lyse the cells and solubilize the
colored crystals for collection of the supernatants. The supernatants were then transferred to
a 96-well plate for optical measurements using a Beckman Coulter AD340 plate reader (Brea, CA,
USA) at 570 nm absorbance. All experiments were performed in triplicate (n = 3), and the results
were expressed as relative cell viability ratio compared to the control groups.
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2.10.  Statistical analyses

Results were expressed as average + standard deviation (SD). Statistical studies of the averages
were performed using GraphPad Prism (San Diego, CA, USA) on one-way analysis of
variance (ANOVA). Significance was accepted with P < 0.05.

3. Results and discussion
3.1. Solution properties

The average viscosities of the blank and MLT-loaded PVA/PEO solutions were measured using
a rotary viscometer at various rotational speeds (i.e., shear strain rates) and temperatures, and the
results are shown in Figure 1. The average viscosities increased when increasing PVA/PEO solution
concentrations from 5 to 7 wt% due to the enhanced frictions between the molecular chains in the
solution as a result of the applied shear strain rates. Studies suggested that the viscosities of polymer
solutions typically ranged from 0.1 — 2 Pa.s for electrospinning [20]. Our findings showed that the
average viscosities for both blank and MLT-loaded blend PVA/PEO solution at 5% and 6% polymer
concentrations were in agreement with the reported literature values for electrospinning, while the
average viscosities of the 7% groups for both blank and MLT-loaded PVA/PEO solutions were
slightly higher than the suggested values.

In addition to the dependence of average viscosities on the polymer concentrations, all samples
displayed decreases in average viscosities as the shear strain rates increased, suggesting the
shear-thinning behavior of the polymer solutions. At the molecular level, shear-thinning behavior of
the polymer solutions is considered as an effect of disentanglement of molecular chains of polymers
during flow [21]. Others reported a similar shear-thinning behavior from PEO/alginate solutions
suitable for electrospinning [22]. The disentanglement effects of the molecular chains were also
observed as temperature increased, where all samples showed lowered average viscosities at a higher
temperature. The disruptions of hydrogen bonds and intermolecular interactions were more
pronounced with the increased in thermal energy to a polymer system resulting in the reduction of
polymer solution viscosity [23].

Finally, the blank PVA/PEO solutions at various polymer concentrations exhibited higher
average viscosities than those of the MLT-loaded counterparts, suggesting minimal drug-polymer
interactions. Specifically, PEO contains ethylene linkages connecting to oxygen atoms as the
backbone, which is unable to produce dipole-dipole interactions with MLT. In contrast, PVA has
hydroxyl groups capable of forming intermolecular interactions with small molecule drugs. However,
MLT has limited molecular interaction sites due to a net charge balance between the carbonyl groups
and the neighboring amino groups [24]. Therefore, the addition of the MLT in PVA/PEO had
minimal effects in promoting the average viscosities of polymer solutions.
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Figure 1. Average viscosities of the blank and MLT-loaded PVA/PEO solutions on the
dependence of rotor speeds (i.e., shear strain rates) and temperatures, showing (a) 5 wt%,
(b) 6 wt%, and (c) 7 wt% blank PVA/PEO solutions and (d) 5 wt%, (e) 6 wt%, and (f) 7
wt% MLT-loaded PVA/PEO solutions.

3.2. Fiber morphologies and diameters

The fiber morphologies of electrospun blank and MLT-loaded PVA/PEO fibers are shown in
Figures 2. In the blank fiber groups, ultrafine fibers with a nonwoven fiber mesh structure were
observed with a more well-defined and homogeneous fiber morphologies for the 7 wt% PVA/PEO
fibers, whereas the 5 wt% and 6 wt% PVA/PEO fibers exhibited beadings and clumps due to the
instability during electrospinning. Similar phenomena of beadings in electrospun fibers were
reported when the viscosities of the solutions were low [25]. In contrast, the MLT-loaded PVA/PEO
fibers showed spraying and particles forming for the 5 wt% and 6 wt% groups, suggesting the effects
of MLT in decreasing the electrospinnability of the PVA/PEO fibers. This observation was in
agreement with the low average solution viscosities of the MLT-loaded PVA/PEO groups,
suggesting the insufficient chain entanglement in electrospinning. These defects in electrospun
MLT-loaded PVA/PEO fibers were minimized after increasing the PVA/PEO solution concentration
to 7 wt%, where smooth, defect-free, and drug-incorporated fibers were produced after
electrospinning.
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Figure 2. Scanning electron micrographs of blank PVA/PEO fibers electrospun at (a) 5
wt%, (b) 6 wt%, and (c) 7 wt% solution concentrations and MLT-loaded (5% w/w)
PVA/PEO fibers electrospun at (d) 5 wt%, (e) 6 wt%, and (f) 7 wt% solution
concentrations. Scale bar = 10 um.

Average fiber diameters of 5%, 6%, and 7% PVA/PEO blend fibers are shown in Figure 3. The
blank PVA/PEO fibers exhibited average fiber diameters in the range of 0.28 + 0.05 pum
and 0.33 = 0.05 um. The MLT-loaded fibers showed a slightly larger average fiber diameter for the 6%
and 7% formulations (i.e., 0.29 + 0.07 um and 0.31 + 0.07 um, respectively) as compared to their
counterparts. The 5% MLT-loaded PVA/PEO fibers displayed very minimal information of the fiber
structure due to the reduced electrospinnability after incorporating MLT. Therefore, average fiber
diameter data was excluded for the MLT-loaded 5% PVA/PEO fibers.

Electrospun pure PEO or PVA fibers have been reported elsewhere. Studies showed that
electrospun PEO fibers exhibited fiber diameters from 0.36 to 1.06 um at concentrations between 3
and 7 wt% [26]. Others reported the effects of molecular weight and polymer solution concentrations
on the average fiber diameters of electrospun PEO fibers [27]. At a molecular weight of 1000 kDa,
the average PEO fiber diameter increased from 206 = 35 nm to 513 + 75 nm as the polymer
concentration increased from 3 to 6 wt%.

Similarly, effects of the solution properties and electrospinning conditions were investigated
using PV A/kefiran solutions [28]. Results suggested that increasing polymer solution concentrations
from 6 to 8%, fiber morphologies improved from beaded to uniform fibers with an average fiber
diameter increased from 87 + 14 to 246 += 50 nm. Others also showed beading in lower
concentrations of PVA solutions in electrospinning, while increasing degree of polymerization of the
PVA decreased the average fiber diameter [29]. Incorporating additives had shown to improve PVA
fiber morphologies with an increased average fiber diameter [30]. This finding suggested that
additives in PVA solutions improved the electrospinnability of the PVA fibers. In general, our
findings in electrospun fiber morphologies and average fiber diameters of blend PVA/PEO fibers
were in agreement with the mentioned literature data from pure PVA and PEO fibers. Furthermore,

AIMS Bioengineering Volume 9, Issue 2, 178—196.



187

incorporating an additive (i.e., MLT) in PVA/PEO blend fiber system increased the average fiber
diameter as compared to the blank counterparts.
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Figure 3. Average fiber diameters of blank and MLT-loaded PVA/PEO fibers
electrospun at various polymer concentrations.

3.3. Mechanical properties

Uniaxial mechanical tests were conducted on dog-bone shaped PVA/PEO fiber meshes using a
constant strain rate method. Stress-strain data was calculated from the raw load-displacement data.
Representative stress-strain curves of the blank and MLT-loaded PVA/PEO fibers are shown in
Figure 4. All samples exhibited an initial linear viscoelastic region, followed by a yield
demonstrating the onset of permanent deformation of the molecular structures of the blend
polymers [31]. After the yield, stress increased minimally with the continuous applied strain on the
fiber samples (~ 100% strain). In this region, the stress-strain behavior was associated with the
unfolding of the molecular chains of semicrystalline PVA and PEO [32]. The molecular chain
unfolding process was terminated with the fracture of the molecular chain, and in a macro-scale,
representing the fracture of the fibrous membranes. The stress-strain behaviors of the PVA/PEO
fibers were in accordance with the reported literature [33].
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Figure 4. Representative stress-strain curves of (a) blank and (b) MLT-loaded PVA/PEO
fibers electrospun at various polymer concentrations.
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The average elastic moduli, shown in Figure 5(a), were 49.4 = 9.5 MPa, 66.7 + 6.4 MPa,
and 86.8 + 3.4 MPa for the 5%, 6%, and 7% blank PVA/PEO fibers, respectively. Increasing
polymer concentration in the blend fibers produced a more well-defined non-woven fibrous structure,
as shown in Figure 2, and hence, yielded a higher average elastic moduli [34]. Others reported a
decrease in average elastic moduli using the single fiber test method as the average fiber diameter
increased from several hundreds of nanometer to a few micrometers due to the increases in polymer
concentration in electrospinning, suggesting the effects of microscopic defects in fibers on the
mechanical properties [35]. Similarly, the average elastic moduli were 100.9 + 6.5 MPa, 121.1 + 6.9
MPa, and 143.6 + 3.1 MPa for the 5%, 6%, and 7% MLT-loaded PVA/PEO fibers, respectively. The
MLT-loaded PVA/PEO fibers exhibited significantly higher elastic moduli than the blank
fibers (P < 0.05). This finding suggested the role of MLT as an excipient in the fiber structure that
provided the additional stiffening mechanism in the fiber mesh [36].

The average tensile strength of the blank PVA/PEO fibers, shown in Figure 5(b), decreased
from 4.5 + 0.4 to 3.8 £ 0.1 MPa as the polymer concentration increased from 5 to 7%. Similar trends
were found on the average tensile strength of the MLT-loaded PVA/PEO fibers as the average tensile
strength decreased from 5.1 £ 0.4 to 4.5 £ 0.3 MPa when the polymer concentration increased from 5
to 7%. The decrease in average tensile strength was related to macroscopic defects, including
nonwoven fiber-fiber sliding interactions, fiber orientations, and fiber diameters [37]. More
importantly, the MLT-loaded PVA/PEO fibers exhibited a higher tensile strength than the blank
counterparts, similar to the effects in average elastic moduli.

The average elongation to failure of the blank and MLT-loaded PVA/PEO fibers, shown in
Figure 5(c), increased as the polymer concentration increased. Both blank and MLT-loaded
PVA/PEO fibers exhibited an average elongation to failure in the range of 100 to 119% with the
MLT-loaded fibers having a larger average elongation to failure than the blank counterparts.

(a) (b) (c)
< 150 8- X 150
o N c
2 100 0 a T 100
E = 4 g
g 90 2 S 50
0 5 2 -
= ) ) S

0 04 e o0

Blank  MLT-loaded Blank  MLT-loaded Blank  MLT-loaded

E3 6% B 7%

Figure 5. Mechanical properties of blank and MLT-loaded PVA/PEO electrospun fibers,
showing (a) average elastic moduli, (b) average ultimate tensile strength (UTS), and (c)
average fracture strain at various polymer concentrations.
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3.4. In vitro dissolution studies

Both PVA and PEO are water-soluble polymers and are widely used as a fast-dissolving
polymer matrix for drug carriers in oral drug delivery. To evaluate the dissolution properties of the
blend PVA/PEO fibers, we placed a 4-uL droplet on top of each fiber disc to measure the opening of
the dissolved fiber area for indications of the mass loss. Figure 6(a) shows the average percentage of
mass losses for the blank and MLT-loaded PVA/PEO fibers at various polymer concentrations.
According to the results, a general decreasing trend in the average percentage of mass loss was
obtained in both blank and MLT-loaded PVA/PEO fibers when increasing the polymer
concentrations. Studies showed that dissolution of semicrystalline polymer fibers involved in the
process of solvent penetration, crystallite transformation into amorphous domains, domain/matrix
swelling, followed by chain disentanglement (rate-limiting step) [38]. Similar to a study that the
PVA/PEO fibers dissolved instantaneously (e.g., < 1s) [39], the 4-uL droplet method used in our
work showed an average polymer dissolution of 1 ~ 1.5 wt%, resulting in an average percentage
mass losses in between 4.6 + 1.5% and 6.6 + 0.3% for blank and MLT-loaded PVA/PEO fibers. In
addition, incorporation of the MLT in the PVA/PEO fibers appeared to have minimal effects on the
average percentage of mass loss, perhaps due to the marginal water solubility of the MLT [40].

Surface wettability of the electrospun fibrous membranes has an implication on the initial
wetting of the fiber surfaces, which later triggers drug dissolution at the fiber surfaces and drug
diffusion from the fiber core. Figure 6(b) shows the average water contact angle for the blank and
MLT-loaded PVA/PEO fibers at various polymer concentrations. Increasing polymer concentration
slightly increased the average water contact angles for both the blank and MLT-loaded PVA/PEO
fibers. All fiber formulation exhibited an average water contact angle below 90°, indicating a
hydrophilic surface property. Our findings were in agreement with the literature reported values [41].
Furthermore, incorporation of the MLT in the PVA/PEO fibers appeared to slightly decrease the
average water contact angle within each fiber group, suggesting the role of hydrophilic MLT on the
promotion of the surface wettability of the fibers.
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Figure 6. In vitro dissolution studies for blank and MLT-loaded PVA/PEO electrospun
fiber mats, showing (a) average mass losses from 4-uL droplet studies and (b) average
contact angles at various polymer concentrations.
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3.5. In vitro drug release assays

In vitro drug release assays were performed using sink condition at 37 °C. Prior to measuring
the MLT concentrations of the unknown samples as results of drug release from the PVA/PEO fibers,
a MLT standard curve was established in Figure 7(a). A linear correlation of the absorption
intensities at various MLT concentrations, ranging from 400 to 25 pg/mL, was obtained with a
R-square value of 0.98. The equation of the linear curve was used to determine MLT concentrations
of the unknown samples from each time-point to determine the cumulative release curves of MLT.

The in vitro MLT release profiles from various concentrations of PVA/PEO fibers are shown in
Figure 7(b). As seen from the figure, the 5% PVA/PEO fibers exhibited a steeper initial slope as
compared to the 6% and 7% PVE/PEO fibers, demonstrating the fast release behavior within 10
minutes. The initial burst release behavior of MLT decreased as the PVA/PEO concentrations
increased in the electrospun fibers potentially due to increasing amount of the polymer matrix for the
encapsulation of MLT. This finding was in agreement with the reported literature results on the in
vitro release of rifampin from electrospun polylactic acid fibers at various concentrations [42].
Specifically, the 5% PVA/PEO reached 50% cumulative MLT release at around 3 minutes, whereas
the 6% and 7% PVA/PEO fibers required more than 6 minutes to achieve 50% MLT release. Using
one-phase association approach for the non-linear curve fit, the rate constants (K) were 0.203, 0.070,
and 0.063 for the 5%, 6%, and 7% PV A/PEOQ fibers, respectively. The 5% PVA/PEO fibers yielded a
total release of MLT of 82.9 + 2.8% at 10 minutes, whereas the 6% and 7% PVA/PEO fibers
exhibited 69.0 £ 2.4% and 60.9 + 3.8% MLT release at 10 minutes, respectively. Our results showed
that the 7% PVA/PEOQ fibers provided the most steady release rate from the sink assay, which was
the closest to the desirable zero-order release, similar to the reported MLT release profile using
cotton fiber as the carrier [43].
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Figure 7. In vitro MLT release assays, showing (a) the standard curve of the MLT and (b)
the release profiles of MLT from PVA/PEO fibers electrospun at various polymer
concentrations.
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In a study, PVA fibers were electrospun to encapsulate an antibacterial agent,
chlorhexidine (CHX), at 2 wt% loading [44]. The pristine/untreated CHX-loaded PVA fibers showed
a single step of 100% burst release in a few minutes. Others electrospun PVA fibers to incorporate
sildenafil citrate (SC), up to 5 wt% loading, and the in vitro release data demonstrated burst release
profiles in 4 minutes (i.e., ~100% release) [45]. Similar to PVA, PEO is a water-soluble polymer and
has been widely used in electrospun fibers to improve the surface wettability of the hydrophobic
fibers for modulations of the in vitro drug release rates [46,47]. In contrast to the PVA and PEO
fibers for fast drug delivery systems, most of the reported works in fast-dissolving fibers for oral
drug delivery consisted of polyvinylpyrrolidone (PVP) matrix [48,49]. However, drug-loaded PVP
fibers were often electrospun wusing an organic solvent (e.g., alcohol-based solvents,
dimethylformamide, chloroform, etc.), which raised the concerns of degrading bioactivities of the
drugs and increasing cytotoxicity on mucosal tissues due to the residual solvent in the fibers. In
general, our in vitro drug release studies demonstrated the ability to achieve fast MLT release
rate (i.e., within 10 minutes) with a zero-ordered release profile using blend PVA/PEO fibers and
DI-water as the solvent for electrospinning.

3.6. In vitro cell viability assays

The viabilities of HUVECs were evaluated by MTT assays in the presence of blank and
MLT-loaded PVA/PEO fibers, and the results are shown in Figure 8. The UV absorption of
formazan forming crystals, indicating mitochondrial function of the living cells, suggested a minimal
cytotoxicity level at 24 hours of treatment with both blank and MLT-loaded fibers as compared to
the control groups. Consequently, the electrospun PVA/PEO fibers and those with the incorporation
of MLT were compatible with HUVECs within 24 hours. Similar studies have shown compatibility
of electrospun PVA and/or PEO fibers with various cells [50-52]. In addition, studies showed that
MLT down-regulated pro-inflammatory cytokines (e.g., IL-1B and IL-6) as well as anti-inflammatory
cytokine (e.g., TNFa) and promoted angiogenesis [53]. More importantly, MLT showed
dose-dependent inhibition of the viability of HUVECs, where the viability and angiogenesis
suppression of HUVECs were associated with down-regulating of the hypoxia/HIF-10/ROS/VEGF
pathway [54]. In general, our findings showed that both blank and MLT-loaded PVA/PEO fibers
were compatible with HUVECs in vitro at 24 hours.
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Figure 8. In vitro HUVEC viability studies at 24 hours using blank and MLT-loaded
PVA/PEOQ fibers electrospun at various polymer concentrations.
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4. Conclusions

In conclusion, our study showed that electrospun MLT-loaded blend PVA/PEO (50/50) fibers at
various polymer compositions (e.g., 5%, 6%, and 7%) exhibited time-dependent release
characteristics within 10 minutes, suitable for fast drug delivery applications. The time dependent
release characteristics were associated with the dissolution rates of the PVA/PEO fiber mats.
Improving electrospinnability of the PVA/PEO solutions facilitated the fiber mat structure, where our
study showed correlations between electrospun fiber morphologies and average diameters with the
viscosities of the PVA/PEO solutions. All MLT-loaded PVA/PEO blend fibers exhibited excellent
compatibilities with HUVECs over 24 hours, suggesting the potential use of electrospun blend
PVA/PEO fibers for topical and/or mucoadhesive drug delivery.
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