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ARTICLE INFO ABSTRACT

Keywords: Electrospun fibers, often used as drug delivery systems, have two drawbacks — in the first stage of their action a

Electrospinning sudden active substance burst release occurs and they have a relatively small capacity for a drug. In this work the

I;/hcrosp‘heres fibers are modified by the addition of drug-loaded microspheres acting as micro-containers for the drug and
uspension

increasing the total drug capacity of the system. Its release from such a structure is slowed down by placing the
microspheres inside the fibers so they are covered with an outer layer of fiber-forming polymer. The work
presents a new method (microsphere suspension electrospinning) of obtaining polyvinylpyrrolidone fibers cross-
linked with UV light modified with polycaprolactone/polyethersulphone microspheres loaded with active sub-
stance — rhodamine 640 as a marker or ampicillin as a drug example. The influence of UV-cross-linking time and
the microspheres addition on the degradation, mechanical strength and transport properties of fibrous mats was
investigated. The mats were insoluble in water, in some cases mechanically stronger, their drug capacity was
increased and the burst effect was eliminated. The antibacterial properties of ampicillin-loaded mats were
confirmed. The product of proposed suspension electrospinning process has application potential as a drug de-

Drug delivery
UV-cross-linking

livery system.

1. Introduction

Electrospun fibrous mats have been studied since the beginning of
20th century in the context of their potential use as controlled drug
delivery systems. What makes them a very good candidate for this
purpose are their great specific surface area, high porosity and structure
similar to the extracellular matrix [1].

For the production of nano- and micro-thin fibers from a polymer
solution or melt, the electrospinning method is used [2]. Synthetic
polymers such as aliphatic polyesters e.g. poly(glycolic acid) (PGA),
poly(lactic acid) (PLA), their copolymer (PLGA) and polycaprolactone
(PCL), as well as hydrophilic polymers — poly(ethylene glycol) (PEG),
poly(vinyl alcohol) (PVA) or polyvinylpyrrolidone (PVP) - are
commonly used in the electrospinning process [3]. They have much
greater strength, repeatability and processing flexibility than the natural

ones, they can also help to avoid immunogenicity and pathogen trans-
mission [4]. Polymers present in drug delivery systems should be
appropriately selected for the nature of the drug used in them. For
example, hydrophilic polymers (e.g. PVA) will be suitable for delivering
water-soluble substances [5], while on the other hand, the use of hy-
drophobic polymers (e.g. PCL) delays the release of the substance, thus
prolonging the performance of the system [6]. Electrospun PVP fibers
are especially interesting in the context of drug delivery as they can be
loaded with both types of drugs. Domokos et al. used fast dissolving
properties of PVP to design orally disintegrating fibrous mats containing
carvedilol — a poorly soluble in water active substance, while other
systems were not able to provide its adequate therapeutic dose [7]. On
the other side, Maciejewska et al. used PVP fibers to design antibacterial
surfaces by functionalizing them with lysozyme — a hydrophilic anti-
microbial enzyme. The fibers were electrospun with the addition of
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benzophenone and cross-linked with ultraviolet light to reduce the sol-
ubility of the PVP (active substance carrier) in water [8]. PES-based
ultrafine fibers also have the potential to be used as a drug carrier in
drug delivery [9], e.g. for wound dressings [10].

Despite all their advantages that make electrospun fibers potentially
applicable as controlled drug delivery systems, they also have some
limitation. Microparticles and fibers designed as carriers share a com-
mon drawback — burst effect, a sudden initial uncontrolled release of the
drug [11-13]. Once the system is placed in the release medium, there is
a great ejection of the drug before the release rate reaches a stable
profile [14]. This significantly increases the concentration of the drug in
the initial phase of delivery and reduces the effective lifetime of the
system as the amount of total burst-released substance might reach up to
55 % of the total release [15]. Burst release may result in unpredictable
and undesirable effects, such as pharmacological risks, ineffective
treatment, and economic losses [1]. Due to the fact that burst release is
quick and short, most mathematical models for substance release ignore
it. A solution to the burst release problem should therefore be sought in
the appropriate modification of the drug delivery system.

Another limitation of classic electrospun fibrous mats is the rela-
tively small capacity of such a system for an active substance. The
electrospinning process usually takes several hours and produces fibers
with nanometric diameters. The resulting mats are characterized by low
weight due to the low output of the process (0.01-0.1 g/h, [16]) and
high porosity (up to 99.2 %, [17]). The amounts of drugs that could be
encapsulated in such a system are small (up to 10 mg), and the fibrous
mat becomes useful only for low-dose applications [18]. In order to
increase the capacity of the system for the drug, it is proposed, for
example, to scale-up the electrospinning process [18], increase the fiber
diameter [19] or modify fibers by in situ formation of microspheres
within electrospun mats [20].

Various modifications of the electrospinning are used and they aim
to improve the fibrous mats by giving additional properties to the fibers
and removing the above-mentioned flaws of classical technique. Post-
processing modifications can be applied to the electrospun fibers [21],
but the process itself can also be modified, for example, by changing the
shape of the electrospinning spinneret, replacing a simple single nozzle
with coaxial [6], multiaxial [22] or side-by-side ones [23]. The result of
such action is fibers with a complex multilayer structure of the core/
shell or Janus type. This changes their transport properties for immo-
bilized substances (e.g. the shell can slow drug release), mitigates the
drawbacks relative to burst release and allows the development of mats
made of polymers of two different types: hydrophilic and hydrophobic,
which also broadens the application potential [24]. For example, Mo
et al. conducted a coaxial electrospinning process with biologically
active oil as a core and PCL as a shell which allowed the drug to be
released for three days [25], and Zhao et al. developed PCL/Zein core-
shell fibers loaded with metronidazole and prolonged the drug disso-
lution time from 18 h to 72 h [26].

Another modification is the emulsion electrospinning process in
which the drug solution disperses in the form of micelles in the polymer
solution to form a stable emulsion [27]. The advantage of this method is
the minimized contact of the bioactive substance with an organic solvent
that could damage it. Moreover, it does not require the use of coaxial
electrospinning nozzle to form multilayer structures. Basar et al. fabri-
cated the fibrous mat by emulsion electrospinning of a PCL/gelatin (O/
W) emulsion with ketoprofen dispersed in oil phase. Such a system
eliminated drug burst release effect and allowed it to be sustainably
released for up to 4 days [28]. Shibata et al. improved the solubility of
poorly water-soluble probucol (PBC) by dispersing it in PVA fibers
electrospun from O/W emulsion where PBC was dissolved in ethyl ac-
etate and PVA in water. Such a system enabled controlled release of
poorly water-soluble drugs [29].

Another particularly interesting drug delivery system manufacturing
method would be the combination of the electrospinning process with
the production of drug-loaded microspheres. Such a solution would link
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the advantages of both techniques, eliminating their disadvantages. The
use of microspheres as micro-containers for the active substance would
increase the total volume of the system, while the fibers would allow it
to maintain its integral structure, eliminating the risk of sphere migra-
tion. Such solutions are currently being developed mostly for the oil/
water separation systems, such as the one proposed by Gao et al. [30].
They simultaneously electrospun polyvinylidene fluoride (PVDF) and
electrospray SiO2/PVDF microspheres to obtain the hybrid structure
described above. The system combined the flexibility of the fibers with
the hydrophobicity of the microspheres, which increased the oil
adsorption capacity. In a similar way potential fibrous wound dressing
materials can be designed [31,32]. Li et al. [31] proposed a multi-
layered fibrous mat made by spraying the silk fibroin (SF)/chitosan
(CS) microparticles onto the polycaprolactone (PCL)-polyvinyl alcohol
(PVA) fibers. The system was found to have high encapsulation rate of
bovine serum albumin (BSA) and good antibacterial effect. Gungor-
Ozkerim et al. [32] created a “sandwich system” in which an electro-
sprayed growth factor-loaded gelatin microspheres layer was placed
between two layers of electrospun fibers (PCL/PLA and PCL/gelatin).
This system remained stable for at least 2 months, prevented micro-
sphere migration, and the bioactive nature of growth factor was main-
tained. Another “sandwich system” was proposed by Nagiah et al. [33].
The results of their study show that a composite system consisting of
doxycycline hyclate-loaded poly (vinyl alcohol) microspheres sand-
wiched between poly (3-hydroxybutyric acid) electrospun fibers has an
initial burst release despite the multi-layered system. It is noteworthy
that each of the above methods assumes the formation of microspheres
and fibers independently, with subsequent combination at the collector.
This results in the entanglement of microspheres within the fiber
network, forming mixed systems. The microspheres are not immobilized
within the fiber structure, covered with an outer polymer layer. Such a
structure could potentially be achieved through a microsphere suspen-
sion electrospinning, which is currently an under-explored method. The
authors of the present study have identified a limited number of in-
vestigations that delve into the topic of the utilization of this technique
for the production of potential drug delivery systems. Xu et al. [34]
developed a biodegradable drug delivery system (electrospun poly (I-
lactic acid) fiber mats loaded with chitosan microspheres) using a sus-
pension electrospinning method. In vitro dual release showed short-
lived release of bovine serum albumin, but long-lasting release of ben-
zoins in all dual drug release systems. The diameters of both the mi-
crospheres and fibers were observed to range between 1 and 3 pm.
The aim of the presented work was to develop a new potential drug
delivery system based on water-insoluble polyvinylpyrrolidone fibers
modified with polycaprolactone (or polyethersulfone) microspheres
manufactured using a suspension electrospinning process. A series of
actions were undertaken to achieve the research objective. Firstly, it was
decided to modify PVP fibers with microspheres of diameters 10-20
times greater than fiber diameters, used as drug carriers. The intention
was to increase the capacity of the entire system for the active ingredient
and to eliminate the burst effect that normally may occur when micro-
spheres or electrospun fibers are used as individual drug systems. The
microspheres used for modification were prepared by a method
combining pulsed voltage electrospray and wet phase inversion tech-
niques, as detailed in a previous study [35]. Subsequently, in order to
stabilize the complex suspension electrospinning process, it was decided
to supply the electric charge in a pulsed manner (pulsed voltage — PV).
This unconventional method introduces two additional electric process
parameters — the duration of electric pulses and their frequency, which
significantly improves the ability to control the electrospinning process
[36,37] and in consequence the properties of the obtained fibers.
Finally, to improve the stability of the modified fibrous mats and prevent
their dissolution in water, crosslinking of PVP with ultraviolet light
using benzophenone as a photoinitiator was evaluated as a potential
solution. In accordance with the established assumptions, such a novel
modified electrospun drug delivery system would maintain its
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therapeutic potential in an aqueous environment and release the drug in
a controlled, prolonged manner which would improve its effectiveness.
To fully understand the properties and capabilities of the proposed
system, a comprehensive set of experiments were conducted, including
assessments of degradation in water and ethanol, evaluations of me-
chanical characteristics, spectrophotometric studies of marker content
and release, and examination of the antibacterial properties of the drug-
loaded mats.

2. Materials and methods
2.1. Materials

Poly(vinyl pyrrolidone) (PVP, M, = 1300 kDa, CAS Number: 9003-
39-8) was purchased from Acros Organics (Belgium), polycaprolactone
(PCL, M,y = 70 kDa, CAS Number: 24980-41-4) was purchased from
Scientific Polymer Products (USA) and polyethersulfone (PES, M,, = 42
kDa, Ultrason E2020) from BASF (Germany). Dimethylformamide
(DMF, Chempur, Poland, CAS Number: 68-12-2, >99 %) and N-methyl-
2-pyrrolidone (NMP, Chempur, Poland, CAS Number: 872-50-4, >98
%) were used as solvents for the polymers (PCL and PES respectively).
Ethanol (EtOH, Polmos, Poland, >95 %) was used as a solvent for PVP
and a PCL/PES non-solvent to induce phase separation in a precipitation
bath. Benzophenone (BP, Sigma Aldrich, CAS Number: 119-61-9, >99
%) was used as a fiber UV-cross-linking photoinitiator. Hanks' Balanced
Salt solution (HBSS) was used as a medium for cross-linked PVP mat
degradation tests. The ingredients were purchased from POCH (Poland):
sodium chloride (NaCl, CAS Number: 7647-14-5, >99.5 %), potassium
chloride (KCl, CAS Number: 7447-40-7, >99.5 %), sodium phosphate
dibasic (NagHPO4, CAS Number: 7558-79-4, >98 %), potassium phos-
phate monobasic (KHyPO4, CAS Number: 7778-77-0, >99.5 %), calcium
chloride (CaCly, CAS Number: 10043-52-4, >96 %), magnesium sulfate
heptahydrate (MgSO4-7H20, CAS Number: 10034-99-8, >99 %), sodium
bicarbonate (NaHCO3, CAS Number: 144-55-8, >99 %), glucose (CAS
Number: 50-99-7, >99.5 %), phenol (CAS Number, 108-95-2, >99 %).
Rhodamine 640 perchlorate (M, = 591.05 Da, Exciton, USA, CAS
Number: 72102-91-1) was used as a drug marker. Ampicillin sodium
salt antibiotic (CAS Number: 69-52-3) was obtained from A&A
Biotechnology (Poland). The non-pathogenic Gram positive Staphylo-
coccus aureus and Gram negative Escherichia coli bacteria (K12 DSM 423,
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from DSMZ, Germany) were chosen as a model microorganism. The
culture medium was a Tryptone Salt Broth (TSB, Sigma Aldrich). The
chemicals were used without further purification. All solutions were
prepared with MilliQ water (with a resistivity of 18.2 MQ-cm; Millipore,
USA).

2.2. Microsphere preparation

Microspheres were prepared using a method combining pulsed
voltage electrospray and wet phase inversion techniques which was
elaborated in our Laboratory [35]. The process setup scheme is shown in
Fig. 1A. In this method, the polymer solution (PCL in DMF or PES in
NMP) is pressed through a metal nozzle connected to a high pulsed
voltage. At the nozzle outlet, electrospray process occurs and micro-
droplets are formed. Then, they are collected in a well-stirred precipi-
tation bath filled with a non-solvent of the polymer. In this bath, wet
phase inversion process takes place according to the Gibbs phase rule
and solidified polymer microspheres are formed. The method can be
modified by adding various substances (e.g. drug) to the polymer solu-
tion and bath and hence immobilizing them inside the microspheres.

The following polymer solutions were prepared to manufacture mi-
crospheres: 15 % PCL in DMF and 15 % PES in NMP. In order to prepare
microspheres with an immobilized rhodamine or ampicillin, polymer
solutions containing 0.57 mg/g (marker mass/polymer mass) of
marker/ampicillin were used. The active substance was also added to
the precipitation bath in the amount of 0.1 mg/mL. The values of the
electrical parameters in the study were set as follows — electrical voltage
U = 8 kV, pulse frequency f = 60 Hz, pulse duration 7 = 6 ms. The
polymer solution was delivered to the nozzle at a flow rate of 1.5 mL/h.
After the formation of microspheres, the collecting bath content was
transferred to a falcon and centrifuged in order to remove the excess
ethanol off above the sedimented microspheres. Finally, they were dried
at room temperature for several days to take the powder form ready for
weighing and use in the next part of work. The temperature did not
exceed 25 °C and a humidity - 40 % during whole procedure. The
average diameters of the obtained microspheres were 14.38 + 6.28 ym
for PCL and 6.20 + 2.43 pm for PES.

C

high pulsed .
voltage supply Ve

" Taylor’s cone
S at the nozzle tip

qQ—I
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Fig. 1. The consecutive stages of the process of the manufacturing of polymer fibrous mats modified with microspheres. (A) Scheme of the process of microspheres
production using the method developed previously by the authors [35]. (B) Scheme of mixing microspheres with polymer solution to obtain a suspension of mi-
crospheres by the syringe coupler method proposed by Allevi, Inc. [38], image used with permission from Allevi. (C) Scheme of the microsphere suspension elec-

trospinning process on a drum collector.
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2.3. Suspension electrospinning

The syringe coupler method (Fig. 1B) was used to prepare the sus-
pension for electrospinning. 5.4 mL of the PVP solution in ethanol at the
concentration of 18.5 % with the addition of benzophenone at the
concentration of 3.75 % was placed in one syringe. 4.6 mL of the sus-
pension of PCL or PES microspheres in the amounts of 50-300 mg in
ethanol was placed in the other syringe. The syringes were connected
using a syringe coupler and their contents mixed by moving the plungers
back and forth approximately 40-50 times. In this way, a suspension of
microspheres with a concentrations of 5-30 mg/mL in a PVP solution
with a concentration of 10 % in ethanol with the addition of BP in an
amount of 2 % was obtained.

The fibrous mats without the addition of microspheres were also
electrospun for degradation tests and comparison purposes, using a PVP
solution with a concentration of 10 % in ethanol with the addition of BP
(2 %).

The electrospinning process was performed using a setup showed in
the Fig. 1C. It is comprised of a custom-built high voltage pulse gener-
ator, an infusion pump with a syringe filled with microspheres/polymer
suspension, a steel nozzle (external diameter of 0.9 mm), and a rotating
grounded aluminum drum collector (diameter 47.5 mm, width 150 mm)
placed 15 cm from the nozzle tip. The flow rate of the electrospun sus-
pension was set as 0.6 mL/h. To avoid clogging the nozzle, the fibers
were electrospun using pulsed voltage (PV) with electrical parameters —
voltage U = 8 kV, pulse frequency f = 100 Hz, pulse duration T = 8 ms.
The geometric shapes of the suspension at the end of the nozzle were
recorded. The resulting fibrous mats were being collected on a drum
collector (rotation speed 120 min V) for6h each, the total volume of the
electrospun solution was thus approximately 3.6 mL. After the process
was completed, the polymer mats were cross-linked using ultraviolet
light (365 nm). They were UV-exposed on each side for 5 min, 15 min
and 60 min and marked 2 x 5 min, 2 x 15 min, and 2 x 60 min,
respectively.

2.4. Characterization of the electrospun mats

The morphology of the polymer fibers with microspheres was
examined using digital microscope (Keyence, VHX-7000) and SEM - the
samples were coated with 10 nm thick gold layer for it. The micro-
spheres in the mats were counted and their quantity N was determined
as microspheres/mm?. The diameters of 100-200 randomly selected
fibers on a set of approximately 5-6 images for each condition were
measured using the microscope software and their average values d were
calculated. The statistical analysis of the obtained data was performed
by determining the standard deviation from the mean value (SD) and the
coefficient of variation (VC), which is represented as a percentage of the
ratio of SD to the mean diameter (d).

The degradation of the UV-cross-linked fibrous mats was investi-
gated. Samples 2 x 5min, 2 x 15 min and 2 x 60 min of 5-6 mg weight
were placed in 10 mL of HBSS solution each. The HBSS solution was
prepared according to the method given in literature [39]. It was used
because of its similar composition to blood plasma [40]. The degrada-
tion was carried out at 37 °C in a laboratory cradle with a rocking speed
of 10 cycles per minute. The influence of degradation was assessed using
scanning electron microscopy (SEM, Hitachi TM-1000) pictures of the
mats made before the process, after 6 h and after 24 h. The diameters of
50 randomly selected fibers after degradation were measured and their
average values were calculated. In addition, a long-term degradation
test was performed — a 2 x 60 min mat sample was placed in ethanol for
2 months, and then analyzed by SEM.

The mechanical properties of the fibrous mats were tested using
Zwick Roell ProLine tensile testing machine (Germany) with a solid
fixture — tensile strength and elongation at break were measured. Mats
were carefully peeled off from the aluminum collector surface and cut
into 50 x 10 mm strips with the thickness about 0.3 mm. The speed of
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tensile testing was 0.2 mm/s. Five specimens were tested for each
sample type. The mean values of mechanical parameters were deter-
mined as well as the statistical analysis of the obtained data was con-
ducted, including the determination of the standard deviation (SD) and
the coefficient of variation (VC) expressed as a percentage ratio of SD to
the mean value. The measurement setup is shown in Fig. SI1 (supporting
information). Microsoft Excel, OriginPro and GraphPad Prism software
were used to perform all calculations and analyses as well as to plot the
graphs.

2.5. Rhodamine immobilization in the mats

In order to check how the addition of microspheres increases the
capacity of the system for the active substance compared to fibers
without the addition, four types of electrospun fibrous mats with a
marker (rhodamine) were made: without microspheres with the content
of rhodamine in the electrospinning solution 0.0575 mg/mL, with
rhodamine-loaded PCL microspheres at 10 mg/mL or 20 mg/mL and
with rhodamine-loaded PES microspheres at 20 mg/mL. In each case,
the microspheres which were used, were made by the technique
described above, from a solution containing 0.1 mg/mL of rhodamine.
They were distributed in an electrospinning solution with a rhodamine
content of 0.0575 mg/mL. Two samples were taken from each mat and
UV-cross-linked 2 x 5 min and 2 x 15 min. Then 4.4-6.7 mg of material
were taken from each of them and placed in 2.40-3.65 mL of RO water,
the volume of which was adjusted so that the ratio of mat weight to this
volume remained the same in each case (5.5 mg/3 mL). Rhodamine was
released from the mat samples for 4 h using a lab shaker to agitate the
system. After this time, the rhodamine concentration in each of the so-
lutions was determined using a spectrophometric method (light wave-
length: 574 nm). The mean values of rhodamine concentration were
determined based on three tests, the standard deviation (SD) and the
coefficient of variation (VC) were determined as a part of statistical
analysis.

2.6. Study of the rhodamine transport properties of the mats

For the study of rhodamine release profile, three types of mats were
produced — with marker and no microspheres (PVP_Rod), with marker-
loaded PCL microspheres (PVP_PCL/Rod) and with marker-loaded PES
microspheres (PVP_PES/Rod). The amount of rhodamine was selected,
and the mats were suitably prepared so that marker content in each mat
(15 x 15 cm, fibers and microspheres) was ~0.6 mg. After the process
was completed, the polymer mats were cross-linked using ultraviolet
light for 2 x 5 min and 2 x 15 min. The kinetics of rhodamine release
from fibrous mats was determined using a flow spectrophometric
method (light wavelength: 574 nm). Two round samples with diameter
of 14 mm and thickness 150-300 pm each and overall weight 5.0-6.5
mg were cut from each mat and placed together in a well-stirred glass
container with 2.7-3.5 mL (V) of deionized water, the volume did not
change during the experiment. Absorbance measurements were made
every 2 min for the first 2 h, every 10 min for the next 1 h, every 30 min
for the next 2 h, and after 6, 7 and 24 h after starting the experiment. The
mean value of absorbance was determined based on a series of three
experiments per case. The rhodamine release profiles were plotted on
graphs. The transport properties of the tested mats towards rhodamine
were investigated. They can be described with a linear function fitted to
the plotted experimental points in the first stage of the substance release.
The linear fitting in OriginPro software gave the equation of the line
describing each case y = ax, where a defines the slope of the line and
thus the substance release rate.

The shape of the marker release curves from microsphere-loaded
mats allows the use of a more complex Radcliff model [41] for the
mathematical description of the release profile. According to Radcliff,
mass transfer between two phases can be generally described by Eq. (1):
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v~ -y M
dt

where: C (mg/mL) - the marker concentration in liquid outside the
material (mats), Cs — concentration of the marker inside the material
(mats) close to interphase boundary, A (cm?) - interface surface area
(total external surface area of the mats), V (cm®) - the volume of liquid
outside the material (mats). The symbol h (cm/min) designated the mass
transfer coefficient which describes the substance release rate in the first
release period before equilibrium is reached.

Taking into account the specificity of the electrospun mats, it can be
assumed that their entire volume is available for the marker, the marker
does not reabsorb inside the material and initial marker concentration in
solution is equal to 0, Eq. (1) can be supplemented with the mass con-
servation Eq. (2):

d(VyC + VcCs)

dt =0 2

where V. (cm®) — the volume of fibers.
After solving Eq. (1) in this case, the change in the marker concen-
tration in the surrounding solution is described by the Eq. (3) [42]:

—hA (%Jr%) o
C=Cg, <1 —e > 3

where: C,q (mg/mL) — equilibrium marker concentration, t (min) - time
(independent variable).

Mathematical modeling of the process of rhodamine release from
fibrous mats containing microspheres was performed with OriginPro
software. The curves were fitted to the data using the exponential fit
with the BoxLucasl mathematical model available in the program li-
brary which is described by Eq. (4):

y=ae (1 - e”’") 4)

where: a, b — Origin model equation coefficients and x — independent
variable.

After the comparison of the power exponents in Egs. (3) and (4), the
following relationship is obtained:

1 1
—hA(VO—&-VF)ot:—box 5)

Finally, after solving the Eq. (5), assuming that x = t (variable), the
expression for the coefficient h is as follows:

h=——— (6)
)

In order to determine the coefficient h, the values of b, A, Vg and V¢
must be determined.

Value of parameter b was generated by the OriginPro software using
BoxLucas1 mathematical model described by Eq. (4). An example of
fitting the exponential model curve to the experimental results in the
form of a graph with data generated by the software is shown in
Fig. SI2A, while the geometric interpretation of model parameters a and
b in Fig. SI2B (supporting information). The graphical interpretation of
the h coefficient (associated with the parameter b) is the first derivative
of the BoxLucas1 function, while the value of the parameter a corre-
sponds to the equilibrium concentration C,q determined by the software.
Interface surface area A was determined for each sample using nitrogen
adsorption—desorption isotherms (BET analysis) at liquid nitrogen
temperature using Micromeritics ASAP 2010 equipment (degassing
conditions: 30 °C, 24 h). Solution volume Vj, is selected for each sample
and varies from 2.7 to 3.5 mL. Sample volume V, was estimated from the
dimensions of the sample (cylinder of 14 mm in diameter and 0.2 mm in
height on average) and its value equals approximately 0.031 cm®. The
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standard deviation (SD) and the coefficient of variation (VC) for h values
were determined as a part of statistical analysis.

2.7. Antibacterial activity of the electrospun mats loaded with ampicillin

For the antibacterial tests three types of fibrous mats were prepared —
with no ampicillin, with ampicillin-loaded PCL microspheres and with
ampicillin-loaded PES microspheres. Two types of mats were tested —
cross-linked for 2 x 5 min and 2 x 15 min. The UV cross-linking pro-
vided sample sterilization too.

The antibacterial activity of ampicillin-loaded mats was examined
against Staphylococcus aureus (S. aureus, Gram positive) and Escherichia
coli (E. coli, Gram negative) bacteria. Fresh Tryptone Salt Broth (TSB)
medium was inoculated by bacteria and incubated overnight at 37 °C in
aerobic conditions. Bacterial cells were harvested by centrifugation and
resuspended in a TSB when the stationary phase was reached. The
bacterial suspension was then diluted to adjust the optical density at
620 nm (ODggp) to 0.75 =4 0.01 for S. aureus and 0.80 4= 0.01 for E. coli.
Mueller-Hinton agar (GMH) plates were prepared by adding microbio-
logical agar (15 g/L) to PBS medium; rectangular dishes were used.
GMH agar plates were inoculated individually with 1 mL of S. aureus or
E. coli suspension. Immediately after, the mat samples (10 x 10 mm)
were put onto the plates to check their ability to prevent bacterial
growth. Each sample contained approximately 0.003 mg of ampicillin.
The plates were incubated at 37 °C in aerobic conditions overnight to
allow the form a bacterial biofilm. To show inhibited bacterial growth
(the clear zones), plates were pictured with a camera. The results of the
study, which were obtained through three replicates of each test con-
dition, were then quantified by measuring the diameter of the inhibition
zone and calculating its area. The average values, along with standard
deviations and coefficients of variation, are presented in a bar chart for
ease of interpretation.

3. Results and discussion
3.1. Influence of UV-cross-linking on the fibrous mat degradation

The influence of the UV-cross-linking time of fibrous mats on their
structure and properties was investigated. Fig. 2 shows SEM pictures of
mats at successive stages of degradation in HBSS. Fig. 3 shows the
change in fiber diameter during degradation.

The fibrous mat retains its structure regardless of the UV-cross-
linking time (Fig. 2A, D, G), and the fiber diameters do not change
(“0” bars in Fig. 3). The addition of BP and the UV-cross-linking process
do not influence the smoothness of the fibers neither which was previ-
ously confirmed by Maciejewska et al. [8]. The mat UV-cross-linked for
2 x 5 min shows the phenomenon of formation of an outer layer (“skin”)
on the surface after 6 h (Fig. 2B) and 24 h of degradation (Fig. 2C). This
“skin” is formed on both sides of the mat (Fig. 2J). Such a skin is not
formed during the degradation of the UV-cross-linked mat 2 x 15 min
and 2 x 60 min. In both of these cases, the fibers fuse with each other,
creating irregular structures — in the case of the 2 x 15 min mat, this
effect is visible after 24 h (Fig. 2F), and in the case of the 2 x 60 min mat
also after 24 h (Fig. 2I) — marked in red circles.

UV-cross-linking of PVP fibers with benzophenone addition prevents
their degradation not only in the aquatic environment. The mat UV-
cross-linked for 2 x 60 min was placed in ethanol for 2 months. The
degradation effect is different than in the case of the aqueous solution,
there is no “skin”. The fibers are highly swelled, the mat lost its original
structure of individual, randomly arranged fibers, which stuck together,
but did not completely degrade (Fig. 2K). This seems particularly rele-
vant in view of the potential use of such fibers as a drug delivery system,
because it opens the possibility of sterilizing the material using ethyl
alcohol instead of, for example, UV radiation, which would alter the
properties of the fibers through UV-cross-linking.

With the degradation time, the mean diameters of the UV-cross-
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Fig. 2. Exemplary SEM pictures of the UV-cross-linked PVP fibers (without the addition of microspheres) at various stages of degradation in (A-J) HBSS or (K)
ethanol. (A-C) cross-linking 2 x 5 min: (A) before degradation, (B) after 6 h of degradation; (C) after 24 h. (D-F) cross-linking 2 x 15 min: (D) before degradation, (E)
after 6 h of degradation; (F) after 24 h. (G-I) cross-linking 2 x 60 min: (G) before degradation, (H) after 6 h of degradation; (I) after 24 h. (J) cross-linking 2 x 5 min
after 24 h of degradation, side section. (K) cross-linking 2 x 60 min after 2 months of degradation in ethanol.

linked fibers for 2 x 5 min and 2 x 15 min increase from 0.5 to 0.7 pm,
while UV-cross-linked fibers for 2 x 60 min do not change diameter.
Furthermore, it can be observed that the uniformity of the fibers de-
creases, as evidenced by an increase in the coefficient of variation of
diameter, which change from 13 % for non-cross-linked fibers up to 27
% for the cross-linked ones.

This effect is most likely due to the swelling of the fibers, which is
more difficult in the case of a highly UV-cross-linked fibrous mat (2 x 60
min). This property of UV-cross-linked PVP fibers is not unexpected
considering the fact that PVP is used, among others, to produce elec-
trospun fibrous hydrogels capable of absorbing high levels of water or
media uptake, spanning from 400 wt% to 1400 wt% [43].

The degradation process of the tested UV-cross-linked fibers can be

divided into several stages. In the first stage, the slow swelling of the UV-
cross-linked fibers leads to an increase in their diameters. In the second
stage, the fibers begin to dissolve and lose their original structure (they
join and fuse to form homogeneous structures on the surface, which may
eventually take the form of a layer — “skin™). Such a layer, after drying,
breaks, revealing non-degraded fibers inside (third stage).

The degradability of the UV-cross-linked PVP fibrous mats can be
controlled by selecting the cross-linking time or the appropriate amount
of benzophenone, as well as the thickness of the mat and the fiber di-
ameters [44]. Such a system requires optimization with regard to its
potential application.
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Fig. 3. Mean diameters of the UV-cross-linked PVP fibers (without the addition
of microspheres) at various stages of degradation. The coefficient of variations
of fiber mean diameter is indicated on each corresponding bar.

3.2. Microsphere suspension electrospinning feasibility

The feasibility of electrospinning of the PVP solution with PCL mi-
crospheres suspended was tested by checking their different contents in
the initial suspension until a value was reached at which electrospinning
did not proceed. The study was carried out only with PCL microspheres.
Non-cross-linked mats were used in the research. Fig. 4 presents SEM
pictures of fibers depending on the content of microspheres in the sus-
pension Q [mg/mL] with the estimated content of microspheres in the
mats N [mm’z] and fiber mean diameter d [pm].

Electrospinning of a suspension of PCL microspheres in a PVP solu-
tion is possible, but there is a limitation in the amount of microspheres at
which such a mixture is no longer electrospinnable. In the present work,
it was determined as >20 mg of microspheres per 1 mL of solution.
Below this value, for the microspheres contents of 5 mg/mL and 10 mg/
mL, electrospinning is stable and the fibers with microspheres
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(Fig. 4A-B) are collected. For the microspheres content of 20 mg/mL,
the resulting mat contains the most microspheres, according to pre-
dictions (Fig. 4C). The 30 mg/mL microspheres content turned out to be
too high - fibers are not formed on the collector. Solvent evaporates too
quickly, polymer clogs the nozzle in the case. It was therefore decided to
conduct electrospinning with a microspheres content of 20 mg/mL
because of the high content of microspheres in the mat and that
potentially increases its volume, which is the main goal of our work.

The microspheres in the fibers are mostly centrally located and
covered with a polymer (like in core/shell fiber type), as can be seen in
the SEM photos in Fig. 4D-E, and confirmed by optical microscope
studies, due to the fact that PVP fibers are transparent (Fig. 4F). This
fiber structure (microspheres covered by the outer polymer layer) is
desirable in drug delivery systems as it can limit the burst effect [22]. It
was noticed that the amount of microspheres added did not affect the
diameter of the fibers.

3.3. Mechanical properties

Mechanical properties of mats depending on the content of micro-
spheres, their type and cross-linking time were investigated. The results
in the form of graphs showing tensile strength and elongation at break
are summarized in Fig. 5.

UV-cross-linking improves the mechanical strength of fibers without
microspheres (red bars, Fig. 5) — tensile strength is increased from about
0.2 MPa to 0.25 MPa, while elongation at break from 10 % up to 25-35
% (depending on cross-linking time). Interestingly, the longer the cross-
linking time, the lower the fiber strength for both types of fibers — those
without the addition of microspheres and those containing PCL or PES
microspheres. The values of the variation coefficients of the relevant
parameters serve as an indication of the accuracy of the measurement
method employed, and if they surpass 10-15 %, they can be understood
as an indication of the inhomogeneity of the fibrous mats.

The phenomenon of improving the mechanical strength of PVP fibers
UV-cross-linked with benzophenone was also noted by Maciejewska
et al. [8] who explained it by the cross-linking mechanism. Benzophe-
none is a photoactive molecule which, after absorption of a UV photon
with a wavelength of 250-365 nm, is excited and produces a ketyl

L x500  200um

Fig. 4. (A-C) Exemplary SEM pictures (magnification 500x) of PCL microsphere-loaded PVP fibers depending on the content of microspheres in the suspension Q
[mg/mL]: (A) 5 mg/mL, (B) 10 mg/mL, (C) 20 mg/mL. (D-E) Exemplary SEM pictures of fibers with PCL microspheres, magnification (D) 2500x, (E) 8000x. (F)
Exemplary optical microscope picture of PVP fibers with PCL microspheres, magnification 2500x.
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Fig. 5. Mechanical properties of UV-cross-linked microsphere-loaded PVP
fibrous mats depending on the quantity and type of microspheres and cross-
linking time: (A) tensile strength, (B) elongation at break. The coefficient of
variations of mechanical parameters is indicated on each corresponding bar.

radical that affects the PVP molecule [45,46], see Fig. 6. The C—H bond
in the CHy group adjacent to nitrogen is the weakest bond in lactams and
N-alkylamides [47], therefore generation of a macroradical occurs on
this group in PVP monomer. There are two potential sites for radical
formation - one C atom in the lactam ring (4) and one C atom in the
polymer chain (5) (Fig. 6). Abstraction of H atoms from the N adjacent
carbon is achieved by the ketyl radicals. An aliphatic carbon-centered
radical is formed (reaction (I) in Fig. 6) [45] as well as an alkyl
radical which in the presence of oxygen is immediately oxidized to a
peroxy radical transforming subsequently into pyrrolidone hydroper-
oxide (reaction (II) in Fig. 6) [46]. Ultimately, all the radicals that are
generated recombine with each other to form a polymer net based on
different cross-linking bonds (Fig. 6). The resulting covalent bonds in-
crease the crowding of the molecules and shorten the distance between
the atoms, thus tightening the polymer net. Such action makes the
tensile strength and elongation at break of cross-linked fibers greater
than that of non-cross-linked fibers. However, the longer the cross-
linking time is, the more free radicals and more bonds in the polymer
mesh are formed. Its elasticity decreases, and the more and more dense
structure becomes prone to breaking.

The mechanical properties of fibrous mats change when the fibers
are electrospun with the addition of microspheres. In the case of PCL
microspheres, a decrease in their strength can be noticed compared to
pure PVP fibers (blue bars, Fig. 5) — both for the content of microspheres
of 10 mg/mL and 20 mg/mL, but the addition of a larger amount im-
proves the mechanical properties, especially for a short cross-linking
time (2 x 5 min). The addition of PES microspheres increases the me-
chanical strength of mats in relation to both pure PVP fibers and those
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with the addition of PCL — again especially for a short cross-linking time.
A similar phenomenon of increasing the mechanical strength of fibers
after adding microspheres was previously noted by Balzamo et al. [20].

Different properties of fibrous mats with the addition of PCL and PES
may result from differences in the size of the microspheres. PES micro-
spheres have more than twice smaller diameters than PCL ones (14.38
=+ 6.28 pm for PCL and 6.20 + 2.43 pum for PES) [35]. As a result, in the
case of PCL microspheres in the fibrous net, there are more places where
one microsphere is at the interface of two (or more) fibers, which
obviously weakens the entire structure.

The microspheres are firmly attached to the fibers which can be
observed in SEM pictures (Fig. 4E-F). During the strength tests and
application of stress, the fibers elongate, change diameter, and align
along the direction of the force while the microspheres maintain their
shape and resist the tensile stress by holding the fibers. In addition, there
is a high probability that during cross-linking with ultraviolet light, in
the structure of microsphere-forming polymers free radicals may be
formed too — both PCL and PES may undergo such a reaction [48,49].
These radicals can increase the strength of the polymer net by formation
of the bonds between the fibers and the microspheres. This results in a
higher stress required to rupture modified fibers.

Extending the cross-linking time of fibers makes them much less
flexible (which is reflected in the elongation at break parameter,
Fig. 5B), and thus much less mechanically resistant. There are no sig-
nificant differences between the strength of UV-cross-linked fibers for 2
x 15 min and 2 x 60 min. Due to this, it was decided to reject the 2 x 60
min UV-cross-linked samples in the course of further research.

3.4. Rhodamine immobilization in the mats

In Fig. 7 a bar graph is presented showing the equilibrium concen-
tration of rhodamine in solution after the release from PVP fibers UV-
cross-linked for 2 x 5 and 2 x 15 min depending on the content of
microspheres in the fibers and type of microspheres.

Fig. 7 shows that the addition of microspheres increases the drug
capacity of the electrospun fibrous mat. Increased content of PCL mi-
crospheres from 10 mg/mL to 20 mg/mL increases the concentration of
released rhodamine from about 0.0017 mg/mL to 0.0024 mg/mL for a 2
x 5 min sample. The addition of PES microspheres in the amount of 20
mg/mL does not cause the same increase in the capacity of the mat for
the drug as the addition of PCL microspheres in this amount for the 2 x
5 min sample. This is due to the greater interface surface area of the PCL-
microsphere-loaded fibers (10.20 + 0.40 m2/g) which is almost two
times larger than the surface of PES-microsphere-loaded ones (5.17 +
0.10 m?/g), see Table 1. Fig. 7 also shows that the extended cross-linking
time reduces the amount of rhodamine released from the microsphere-
loaded fibers, confirming that UV radiation may have an effect on the
marker content of the system. The process of UV-cross-linking with
benzophenone resulted in the loss of the pink color of mats visible with
the unaided eye, which was reflected in the determination of the amount
of released rhodamine using the spectrophometric method.

In the current study, the diameters of the microspheres are signifi-
cantly larger in comparison to the diameters of the fibers (up to 20
times), which serves as a contributing factor to the augmented capacity
of the system for the active ingredient. Other systems, as previously
documented in the literature, have employed microspheres with di-
ameters that range from

1-3 pm [31,34], 36-39 pm [32] or 10-100 pm [33], however, none
of the studies has evaluated the extent to which the total volume of the
system has increased. The capacity of the proposed system for the active
substance can be controlled by selecting the type, size and concentration
of microspheres. The amount of the active substance should be selected
depending on its specific therapeutic dose and individual needs.
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Fig. 6. Reaction mechanism of the formation of cross-linking bonds of PVP.
Photocatalytic formation of free radicals and PVP hydroperoxide species [45,46].
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The controlled substance release is an important ability of the fibrous
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polycaprolactone/polyethersulfone with a specific focus on the kinetics
of the release process during the first stage. Fig. 8 contains the plots
showing the rhodamine release profiles from different fibrous mats over
the period of 24 h. The curves are divided into three groups differing in
colors, red for samples of rhodamine-loaded PVP fibers without micro-
spheres, blue for PCL/Rod-loaded fibers and green for PES/Rod-loaded
ones. The bar plot in Fig. 8 the values of transport coefficient h deter-
mined with OriginLab software using Eq. (4).

For UV-cross-linked PVP electrospun fibers, the burst effect occur-
ring at the beginning of the release process is clearly visible in the
rhodamine release profiles of PVP_Rod mats without the addition of
microspheres (Fig. 8A). It is characterized by a very rapid increase in the
marker concentration above the equilibrium concentration reached
later. For the 2 x 5 min UV-cross-linked fibers, the rhodamine concen-
tration after burst release is about 0.33 mg/mL, and then it drops to 0.20
mg/mL in the equilibrium state. In the case of a 2 x 15 UV-cross-linked
sample, this difference is smaller, and the mentioned concentrations are
0.14 mg/mL and 0.9 mg/mL, respectively. The decrease in this con-
centration is certainly not related to the adsorption of rhodamine in the
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measuring system, because appropriate tests were carried out before
starting the experiments and such a problem was eliminated. This
decrease may be the result of the cross-linking blocking the rapid release
of substances from the fibers. In a highly cross-linked fibrous mat, the
distances between the polymer chains are smaller according to the cross-
linking mechanism described before. In such a case, the relatively large
rhodamine molecule (591.06 g/mol) may have difficulty diffusing out-
ward from the densely packed polymer net. The reduction of burst effect
from cross-linked fibrous mats was also observed by Zhang et al. [50]
who electrospun of polyvinyl alcohol/collagen fibers. They eliminated
the burst effect of salicylic acid release after 4 h of UV-cross-linking.
Burst release occurs in the first 30 min of the experiment and the
close-up of this period is shown in Fig. 8C. Fitting the model of the
straight line to the experimental points allows one to obtain the value of
the slopes, which explicitly determines the speed of the ongoing process.
For fibers without microspheres cross-linked longer, the burst effect is
lower, the slope of the line is more than twice as low (a = 0.649 for
PVP_Rod_2 x 5 and o = 0.296 for PVP_Rod_2 x 15). The modification of
the fibers by the addition of microspheres resulted in a slower release of
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Fig. 8. Rhodamine release profiles from UV-cross-linked PVP fibrous mats. (A) Full release profile from fibers without microspheres — PVP_Rod (rhodamine
encapsulated directly in the fibers). (B) Full release profile from fibers with the addition of rhodamine-loaded PCL (PVP_PCL/Rod) or PES (PVP_PES/Rod) micro-
spheres with model curves fitted to experimental. (C) Close-up of the first release period of the first 30 min from all samples with linear model fit with the formula y
= ax, the equations of fitted functions are given in the graph. (D) The values of the transport coefficient h for UV-cross-linked PVP fibrous mats with the PCL or PES
microspheres depending on the cross-linking time. The coefficient of variations of h are indicated on each corresponding bar as well as in Table 1.
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the substance in the first period. The a coefficients for PCL-microsphere-
loaded fibers (blue points in Fig. 8C) are an order of magnitude lower
than those for mats without microspheres. In this case also a longer
cross-linking time causes an almost two-fold decrease in the substance
release rate (0« = 0.074 for PVP_PCL/Rod_2 x 5 and a = 0.045 for
PVP_PCL/Rod_2 x 15). A similar phenomenon is observed for fibers
containing PES microspheres. Both for the cross-linking time of 2 x 5
min and 2 x 15 min, the slope coefficients of the straight line are lower
than for analogous nonwovens without microspheres. On the other
hand, increase of the cross-linking time causes an eightfold decrease in
the release rate (o« = 0.335 for PVP_PES/Rod_2 x 5 and a = 0.041 for
PVP_PES/Rod 2 x 15).

No burst effect was observed in the rhodamine release profiles from
mats with microspheres (Fig. 8B) — it was effectively eliminated by using
fibers modified in the proposed manner. The release profiles of such
microsphere-loaded fibers show that it proceeds in two steps in some
cases. This may be due to the fact that the fibers swell slightly when
submerged in water, which was previously observed as an increase in
their diameter during degradation studies (Fig. 3). Moreover, the fiber/
microsphere structure is specific. Rhodamine is not only enclosed in
microspheres — at the stage of preparing the mixture for electrospinning
(Fig. 1B) some of the rhodamine penetrates from the microspheres into
the PVP solution. Thus, it is first released from the polymer shell
covering the microsphere, and only later the substance enclosed inside
the microspheres reaches the solution.

In previously reported studies [31-33], drug-loaded microspheres
were incorporated into polymer fiber networks at different stages of the
manufacturing process (“sandwich” system). Each of these systems was
designed for different potential applications. Initial measurements of the
concentration of the substance in solution were carried out only after 3
to 4 h, and, moreover, the authors did not take samples very often,
which is necessary to accurately determine the kinetics of the release
profile of the active substance.

Xu et al. [34] developed a biodegradable system for the delivery of
two drugs by suspension electrospinning, in which the release of the
active ingredient is based on a biodegradation process. The authors
found that the burst effect was eliminated by coating the microspheres
with an outer layer of a fibrous polymer, given that microsphere di-
ameters were comparable to the fiber diameters. However, the results
presented in the publication do not clearly indicate the elimination of
the burst effect, as the authors included the results of measurements
carried out only after 1 h, without thoroughly investigating the kinetics
of the substance release during the first stage of the process.

On the other hand, S. Park et al. [51] showed that core/shell fibers
with monolithic PCL coating, compared to PVP/PCL coated fibers,
showed a reduced burst effect followed by prolonged sustained release
of the drug substance. Da Silva et al. [52] found that monolithic PVA
fibers showed burst release, while core-shell fibers composed of PLA and
PVA were characterized by controlled albumin release. In the case of
presented system — fibrous mats modified with PCL/PES microspheres
with diameters up to 20 times larger than the fiber diameters — the burst
effect does not occur either. It leads to supposition that it exhibit a
structure similar to that observed in above studies — microspheres are
covered with an outer PVP layer which delays the release of the sub-
stance. As such, the solution electrospinning technique employed in this
study can be considered an alternative to more complex core/shell
electrospinning systems, showcasing its potential as a competitive
method in the field. However, further characterization of the structure of
the fabricated systems would be necessary to confirm these conclusions.

Due to the absence of burst effect, the rhodamine release curves from
mats with microspheres can be described by an exponential function
(Eq. (4)). Relevant calculations were carried out, and an exemplary
result is shown in Fig. SI2 (Supporting Information), the table with the
results of the mathematical analysis is included. The values of the co-
efficients of determination R? for each sample are above 0.9 (Table 1),
the fit is therefore very good. For each case, parameter b was determined
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from Eq. (4), and then using Eq. (6), the transport coefficient h was
determined for each case. The results are shown in the Table 1 together
with BET surface area and at the bar graph in Fig. 8D.

The value of the coefficient h obtained for the PVP/PES Rod_2 x 5
min mats is the greatest (26.58 x 107° cm/min + 11 %) and clearly
exceeds the others by more than four times. For both samples UV-cross-
linked for 2 x 15 min (PVP_PCL/Rod_2 x 15 and PVP_PES/Rod_2 x 15)
the h values are similar (respectively, 6.43 x 107® cm/min + 8 % and
5.69 x 10~° cm/min & 18 %). The PVP_PCL/Rod 2 x 5 sample differs
from the others (h = 2.32 x 10~° cm/min =+ 17 %) which is due to the
more than twice the interface surface area of this sample compared to
the others (the value of this surface is in the denominator in the Eq. (6)).
The explanation of such a large surface development in this specific case
requires further research.

The applied method of mathematical description of substance release
was previously proposed by Grzeczkowicz et al. [42] to model kinetics of
the release of vitamin B12 from microcapsules using the transport co-
efficients h. For synthetic porous membranes, the value of h was three
orders of magnitude greater than those observed in this work for UV-
cross-linked microsphere-loaded fibers, although the materials tested
in the cited work had a much greater thickness (182-272 pm) compared
to the fibers and microspheres (1-15 pm). The release rate was mainly
influenced by the porous structure of membranes which the UV-cross-
linked PVP fibers do not have. A marked slowdown in the substance
release is beneficial from the point of view of drug delivery systems, and
it occurs even for a marker with a molecular weight twice as low
(rhodamine: 591 g/mol, vitamin B12: 1355 g/mol). Besides, Grzeczko-
wicz et al. approximated the interface by the size of the total geometric
area of all microspheres and no real specific surface area was used.

3.6. Antibacterial properties

UV-cross-linked microsphere-loaded fibrous PVP mats with
enhanced capacity for active substance may be useful e.g. for wound
dressing applications regarding the need to maintain sterility at the
wound site. In that frame, we loaded such mats with ampicillin and
performed an agar diffusion inhibitory growth test to characterize their
antimicrobial activity. The tests were carried out with the sample 2 x 5
min and 2 x 15 min samples with drug-loaded PCL or PES microspheres.
Each sample was deposited on the surface of nutrient agar plate previ-
ously inoculated with E. coli or S. aureus at a concentration of 108 CFU/
mL and incubated for 24 h. Fig. 9 illustrates the results of the antibac-
terial properties study.

The studies presented in this work (Fig. 9) show that mats modified
with both PCL and PES microspheres exhibit antibacterial activity, but it
is much higher when exposed to S. aureus bacteria. Moreover, fibers with
PCL microspheres have stronger bactericidal effect — a much larger clear
zone is observed (Fig. 9B). On the other hand, prolonged crosslinking
time results in a reduced clear zone, especially for fibers with PES mi-
crospheres. Both of these observations are consistent with the results of
the research on the capacity of the systems for the active substance
(Fig. 7). UV-treated PVP fibers without microspheres and without drug
show no bactericidal activity, which confirms that no toxic substances
are formed during UV-cross-linking and that the benzophenone used is
also non-toxic. The bar chart in Fig. 9C presents the results of the
inhibitory zone area measurements obtained from images of Petri
dishes, in which the antibacterial properties of the modified mats were
tested. The results are based on three replicate experiments and are
presented with the mean values, standard deviation and coefficient of
variation being depicted. The results of the antibacterial activity, as
observed in the photos, are reflected in the chart. A trend can be iden-
tified, wherein an increase in the duration of cross-linking results in a
decrease in the antibacterial activity of the mats. There is a slight dif-
ference in the activity between PCL and PES-loaded mats. However, the
sample containing PES microspheres and cross-linked for 2 x 15 min
(for both E. coli and S. aureus) deviates notably from the others. Further
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Fig. 9. Bacteriostatic tests of UV-cross-linked PVP fibrous mats with ampicillin-loaded microspheres on nutrient agar plates covered with (A) E. coli and (B) S. aureus
biofilms after 24 h of material treatment. (C) Bar chart showing average inhibition zone areas [cm?] based on images of Petri dishes from three test replicates. The

coefficient of variations is indicated on each corresponding bar.

research is necessary to fully understand this phenomenon. Addition-
ally, it can be noted that the zones of inhibited growth for S. aureus are
significantly larger in comparison to those observed for E. coli.

Li et al. [31] report that the systems they developed (electrospun
silk/PCL/PVA fibers with drug-filled silk/chitosan microspheres applied
to their surface) showed excellent antimicrobial activity with 93.18 %
and 97.15 % inhibition of E. coli and S. aureus, respectively, however,
they used a different method to determine the antibacterial properties of
fibrous mats. A similar test using nutrient agar plates coated with bac-
teria was conducted by Nagarajan et al. [53], who investigated the
antibacterial properties of chemically crosslinked gelatin fibers loaded
with chlorhexidine acetate. They obtained inhibition zone diameters of
2.7 4 0.3 cm? for E. coli bacteria, similar to those obtained in presented
study. They also tested Gram-positive bacteria, Staphylococcus
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epidermidis (the same genus as in this work) and they report an inhibition
zone diameter of 2.7 4+ 0.3 cmz, 20 times less than in the case of
ampicillin-loaded microsphere-modified fibrous mats, probably due to a
stronger activity of ampicillin against the microorganisms. The reported
bactericidal activity of this loaded electrospun mat is quite promising, as
it demonstrated the ability to remove a significant number of colony-
forming units within a small area, as determined by standardized con-
tact tests (minimum 107 CFU of bacteria killed which corresponds to an
area of 0.5 cm?) [54]. The tests conducted evidenced that the integrity of
the drug had not been affected during microsphere preparation and
electrospinning process. Hence, the proposed fibrous mats could serve as
controlled drug delivery systems.
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4. Conclusions

All the assumed goals of the work have been achieved. The appli-
cation of the microsphere suspension electrospinning method, incorpo-
rating the unconventional utilization of pulsed voltage, made it possible
to manufacture electrospun PVP fibers modified with drug-loaded PCL
(or PES) microspheres of a structure meeting a set of specific re-
quirements. As expected, the addition of microspheres to electrospun
fibers increases the capacity of the entire system for the drug and
eliminates the undesirable burst effect. In addition, it was found that the
amount and type of microspheres used in the electrospun mats notably
affect their mechanical properties, increasing their strength, and up-
grade the release profile of the active substance. As assumed, UV-
crosslinking of modified electrospun mats (using benzophenone as
photoinitiator) results in water- and ethanol-insoluble fibers, making
them more flexible in terms of potential applications. It was also found
that the time of UV-crosslinking remarkably impacts the properties of
such mats, including degradation rate, mechanical strength and trans-
port properties. Both electrospun mats with PCL and PES microspheres
exhibit good antibacterial properties. The presented method of fiber mat
manufacturing is highly versatile — allowing for a wide range of modi-
fications to be made with respect to potential applications, such as the
size and porosity of microspheres, the polymers used, the concentration
of the cross-linking agent, and the duration of cross-linking, etc.
Therefore, it can be concluded that the presented electrospun mat based
on UV-crosslinked polyvinylpyrrolidone (PVP) fibers modified with
polycaprolactone (PCL) or polyethersulfone (PES) microspheres dem-
onstrates great potential as a drug delivery system.
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