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Electrospinning is one of the most widely used techniques for the fabrication of nano/microparticles
and nano/microfibers, induced by a high voltage applied to the drug-loaded solution. The modification
of environmental conditions, solution properties or operation parameters results in different fiber
properties, thus enabling the fine-tuning of functionality-related characteristics of the final product.
The latter includes the alteration of the rate and extent of the solubility of drugs, hence the rapid or
prolonged onset of absorption.

This Special Issue serves to highlight and capture the contemporary progress of electrospinning
techniques, with particular attention to their further pharmaceutical application as conventional and
novel drug delivery systems or for tissue regeneration purposes. It comprises a series of 12 research
articles and one review, illustrating the versatile researches and teams from 13 different countries,
making profound contributions to the field.

Palo et al. investigated a combined technique for the fabrication of bi-layered carriers from a
blend of polyvinyl alcohol (PVA) and sodium alginate (SA). The bi-layered carriers were prepared
by solvent casting in combination with two surface modification approaches, electrospinning or
three-dimensional (3D) printing. An initial inkjet printing trial for the incorporation of bioactive
substances for drug delivery purposes was performed. The solvent cast (SC) film served as a robust
base layer. The bi-layered carriers with electrospun nanofibers (NFs) as the surface layer showed
improved physical durability and decreased adhesiveness compared to the SC film and bi-layered
carriers with a patterned three-dimensional (3D) printed layer. The bi-layered carriers presented
favorable properties for dermal use with minimal tissue damage. In addition, electrospun NFs on SC
films (bi-layered SC/NF carrier) provided the best physical structure for cell adhesion, and proliferation
as the highest cell viability was measured compared to the SC film and the carrier with a patterned 3D
printed layer (bi-layered SC/3D carrier) [1].

Cherwin et al. developed a novel oxygen therapeutic made from a pectin-based hydrogel
microcapsule carrier mimicking red blood cells. The study focused on three main criteria for
developing the oxygen therapeutic to mimic red blood cells: Size (5–10 μm), morphology (biconcave
shape), and functionality (encapsulation of oxygen carriers; e.g., hemoglobin (Hb)). The hydrogel
carriers were generated via the electrospraying of the pectin-based solution into an oligochitosan
crosslinking solution using an electrospinning setup. The pectin-based solution was investigated
first to develop the simplest possible formulation for electrospray. The production process of the
hydrogel microcapsules was also optimized. The microcapsule with the desired morphology and
size was successfully prepared under the optimized condition. The encapsulation of Hb into the
microcapsule did not adversely affect the microcapsule preparation process, and the encapsulation
efficiency remained high (99.99%). The produced hydrogel microcapsule system offers a promising
alternative for creating a novel oxygen therapeutic [2].

Pharmaceutics 2020, 12, 5; doi:10.3390/pharmaceutics12010005 www.mdpi.com/journal/pharmaceutics1
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Unalan et al. prepared antibacterial poly(ε-caprolactone) (PCL)-gelatin (GEL) electrospun
nanofiber mats containing clove essential oil (CLV) using glacial acetic acid (GAA) solvent. The addition
of CLV increased the fiber diameter from 241± 96 nm to 305± 82 nm. Along with the increase of the CLV
content of nanofibers, the wettability of PCL-GEL nanofiber mats was also increased. Fourier-transform
infrared spectroscopy (FTIR) analysis confirmed the presence of CLV, and the actual content of CLV was
determined by gas chromatography–mass spectrometry (GC-MS). It was confirmed that the CLV-loaded
PCL-GEL nanofiber mats did not have cytotoxic effects on normal human dermal fibroblast (NHDF)
cells, while the fibers exhibited antibacterial activity against Staphylococcus aureus and Escherichia coli.
Consequently, PCL-GEL/CLV nanofiber mats can be potential candidates for antibiotic-free wound
healing applications [3].

Viet Nguyen et al. developed novel amphiphilic electrospun nanofibers (NFs) loaded with
haemanthamine (HAE), phosphatidylcholine (PC), and polyvinylpyrrolidone (PVP), intended for
a stabilizing platform of self-assembled liposomes of the active agent. The NFs were fabricated
with a solvent-based electrospinning method. The HAE-loaded fibers showed a nanoscale size
ranging from 197 nm to 534 nm. The liposomes with a diameter between 63 nm and 401 nm were
spontaneously formed as the NFs were exposed to water. HAE dispersed inside liposomes showed a
tri-modal dissolution behavior. Amphiphilic NFs loaded with HAE are an alternative approach for the
formulation of a liposomal drug delivery system and stabilization of the liposomes of the chemically
instable and poorly water-soluble alkaloid [4].

Hakkarainen et al. investigated nozzleless ultrasound-enhanced electrospinning (USES) as a
means to generate nanofibrous drug delivery systems (DDSs) for pharmaceutical and biomedical
applications. Traditional electrospinning (TES) equipped with a conventional spinneret was used as
a reference method. High-molecular polyethylene oxide (PEO) and chitosan were used as carrier
polymers and theophylline anhydrate as a water-soluble model drug. The nanofibers were electrospun
with the diluted mixture (7:3) of aqueous acetic acid (90% v/v) and formic acid solution (90% v/v) (with
a total solid content of 3% w/v). The fiber diameter and morphology of the nanofibrous DDSs were
modulated by varying ultrasonic parameters in the USES process (i.e., frequency, pulse repetition
frequency, and cycles per pulse). The authors found that the USES technology produced nanofibers
with a higher fiber diameter (402 ± 127 nm) than TES (77 ± 21 nm). An increase in burst count in USES
increased the fiber diameter (555 ± 265 nm) and the variation in fiber size. The slight-to-moderate
changes in a solid state (crystallinity) were detected in comparison to the nanofibers generated by
TES and USES. In conclusion, USES provides a promising alternative for aqueous-based fabrication of
nanofibrous DDSs for various pharmaceutical and biomedical applications [5].

Paaver et al. investigated and monitored the wetting and dissolution properties of Piroxicam
(PRX)-loaded polymeric nanofibers in situ and determined the solid-state of the drug during
dissolution. Hydroxypropyl methylcellulose (HPMC) and polydextrose (PD) were used as carrier
polymers for electrospinning (ES). The initial-stage dissolution of the nanofibers was monitored in
situ with three-dimensional white light microscopic interferometry (SWLI) and high-resolution optical
microscopy. They confirmed that PRX recrystallizes in a microcrystalline form immediately after
wetting of nanofibers, which could lead to enhanced dissolution of the drug. Initiation of crystal
formation was detected by SWLI, indicating that PRX was partially released from the nanofibers, and
the solid-state form of PRX changed from amorphous to crystalline. The amount, shape, and size of
the PRX crystals depended on the carrier polymer used in the nanofibers and the pH of the dissolution
media. The PRX-loaded nanofibers exhibited a quasi-dynamic dissolution via recrystallization. SWLI
enabled a rapid, non-contacting, and non-destructive method for in situ monitoring of the early-stage
dissolution of nanofibers and regional mapping of crystalline changes during wetting [6].

Preem et al. tested and compared different drug release model systems for electrospun
chloramphenicol (CAM)-loaded nanofiber (polycaprolactone (PCL)) and microfiber (PCL in
combination with polyethylene oxide) mats with different drug release profiles. The CAM release
and its antibacterial effects in disc diffusion assay were assessed by bacterial bioreporters. The release
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into buffer solution showed larger differences in the drug release rate between differently designed
mats compared to the hydrogel release tests. The UV imaging method provided an insight into the
interactions with an agarose hydrogel mimicking wound tissue, thus providing information about
early drug release from the mat. Bacterial bioreporters showed clear correlations between the drug
release into gel and antibacterial activity of the electrospun CAM-loaded mats [7].

Zupančič et al. investigated the effect of electrospinning on the viability of bacteria incorporated
into nanofibers. The morphology, zeta potential, hydrophobicity, average cell mass, and growth
characteristics of nine different species of Lactobacillus and one of Lactococcus were characterized. The
electrospinning of polymer solutions containing ~10 log colony forming units (CFU)/mL of lactic
acid bacteria enabled the successful incorporation of all bacterial species tested, from the smallest
(0.74 μm; Lactococcus lactis) to the largest (10.82 μm; Lactobacillus delbrueckii ssp. bulgaricus), into
poly(ethylene oxide) nanofibers with an average diameter of ~100 nm. All of these lactobacilli were
viable after incorporation into nanofibers, with 0 to 3 log CFU/mg loss in viability, depending on the
species. Viability correlated with the hydrophobicity and extreme length of lactic acid bacteria, whereas
a horizontal or vertical electrospinning set-up did not have any role. Therefore, electrospinning
represents a promising method for the incorporation of lactic acid bacteria into solid delivery systems,
while drying the bacterial dispersion at the same time [8].

Sipos et al. formulated aceclofenac-loaded poly(vinyl-pyrrolidone)-based nanofibers by
electrospinning to obtain drug-loaded orally disintegrating webs to enhance the solubility
and dissolution rate of the poorly soluble anti-inflammatory active that belongs to the
Biopharmaceutical Classification System (BCS) Class-II. Triethanolamine-containing ternary composite
of aceclofenac-poly(vinylpyrrolidone) nanofibers was formulated to exert the synergistic effect on the
drug-dissolution improvement. The nanofibrous formulations had diameters in the range of a few
hundred nanometers. FT-IR spectra and DSC thermograms indicated the amorphization of aceclofenac,
which resulted in a rapid release of the active substance. The characteristics of the selected ternary
fiber composition (10 mg/g aceclofenac, 1% w/w triethanolamine, 15% w/w PVPK90) were found to be
suitable for obtaining orally dissolving webs of fast dissolution and potential oral absorption [9].

Vass et al. developed a processable, electrospun formulation of a model biopharmaceutical drug,
β-galactosidase. They demonstrated that higher production rates of drug-loaded fibers could be
achieved by using high-speed electrospinning compared to traditional electrospinning techniques. An
aqueous solution of 7.6 w/w% polyvinyl alcohol, 0.6 w/w% polyethylene oxide, 9.9 w/w% mannitol, and
5.4 w/w% β-galactosidase was successfully electrospun with a 30 mL/h feeding rate, which is about
30 times higher than the feeding rate usually attained with single-needle electrospinning. According
to X-ray diffraction measurements, each component was in an amorphous state in the fibers, except
the mannitol, which was crystalline (δ-polymorph). The presence of crystalline mannitol and the low
water content enabled appropriate grinding of the fibrous sample without secondary drying. The
ground powder was mixed with commonly used tabletting excipients and was successfully directly
compressed. β-galactosidase remained stable in the course of the whole processing and after one year
of storage at room temperature in the tablets. The results demonstrate that high-speed electrospinning
is a viable alternative to traditional biopharmaceutical drying methods, especially for heat-sensitive
molecules, and further processing of electrospun fibers to tablets can be successfully achieved [10].

Dwivedi et al. designed a nanocomposite carrier using Poly(d,l-lactide-co-glycolide)
(PLGA)/gelatin polymer solutions for the simultaneous release of recombinant human epidermal
growth factor (rhEGF) and gentamicin sulfate at the wound site to hasten the process of diabetic wound
healing and inactivation of bacterial growth. The bacterial inhibition percentage and detailed in vivo
biocompatibility for wound healing efficiency was performed on diabetic C57BL6 mice with dorsal
wounds. The scaffolds exhibited excellent wound healing and continuous proliferation of cells for
12 days, thus providing a promising means for the rapid healing of diabetic wounds and ulcers [11].

Pisani et al. studied electrospun nanofibers as antibiotic release devices for preventing bacteria
biofilm formation after surgical operation. In their work gentamicin sulfate (GS) was loaded into
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polylactide-co-polycaprolactone (PLA-PCL) electrospun nanofibers; quantification and in vitro drug
release profiles in static and dynamic conditions were investigated. The kinetics of the GS release from
nanofibers was studied using mathematical models. A preliminary microbiological test was carried
out towards Staphylococcus aureus and Escherichia coli bacteria. The prolonged effect of the antibiotic at
the site of action can reduce administration frequency and improve patient compliance [12].

Pant et al. summarized that electrospinning has emerged as a potential technique for producing
nanofibers. The use of electrospun nanofibers in drug delivery has increased rapidly over recent
years due to their valuable properties, which include a large surface area, high porosity, small pore
size, superior mechanical properties, and ease of surface modification. A drug-loaded nanofiber
membrane can be prepared via electrospinning using a model drug and polymer solution; however,
the release of the drug from the nanofiber membrane in a safe and controlled way is challenging as a
result of the initial burst release. Employing a core-sheath design provides a promising solution for
controlling the initial burst release. This paper summarizes the physical phenomena, the effects of
various parameters in coaxial electrospinning, and the usefulness of core-sheath nanofibers in drug
delivery. It also highlights the future challenges involved in utilizing core-sheath nanofibers for drug
delivery applications [13].

All the articles presented in this Special Issue represent a small fraction of the great research interest
in the field of nanofibrous system applications as drug delivery bases or for tissue engineering purposes.
Their diverse and tunable features enable a wide variety of use, which opens a new dimension in the
case of their feasible scaling-up.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Economics (BME), Műegyetem rakpart 3, H-1111 Budapest, Hungary

3 Oral Solids Development, Janssen R&D, Turnhoutseweg 30, 2340 Beerse, Belgium
* Correspondence: ehirsch@oct.bme.hu; Tel.: +36-1463-2254

Received: 29 May 2019; Accepted: 9 July 2019; Published: 11 July 2019

Abstract: The aims of this work were to develop a processable, electrospun formulation of a
model biopharmaceutical drug, β-galactosidase, and to demonstrate that higher production rates of
biopharmaceutical-containing fibers can be achieved by using high-speed electrospinning compared
to traditional electrospinning techniques. An aqueous solution of 7.6 w/w% polyvinyl alcohol,
0.6 w/w% polyethylene oxide, 9.9 w/w% mannitol, and 5.4 w/w% β-galactosidase was successfully
electrospun with a 30 mL/h feeding rate, which is about 30 times higher than the feeding rate usually
attained with single-needle electrospinning. According to X-ray diffraction measurements, polyvinyl
alcohol, polyethylene oxide, and β-galactosidase were in an amorphous state in the fibers, whereas
mannitol was crystalline (δ-polymorph). The presence of crystalline mannitol and the low water
content enabled appropriate grinding of the fibrous sample without secondary drying. The ground
powder was mixed with excipients commonly used during the preparation of pharmaceutical tablets
and was successfully compressed into tablets. β-galactosidase remained stable during each of the
processing steps (electrospinning, grinding, and tableting) and after one year of storage at room
temperature in the tablets. The obtained results demonstrate that high-speed electrospinning is
a viable alternative to traditional biopharmaceutical drying methods, especially for heat sensitive
molecules, and tablet formulation is achievable from the electrospun material prepared this way.

Keywords: electrospinning; scale-up; processability; biopharmaceuticals; oral dosage form; grinding

1. Introduction

Biotechnology-based medicinal products have exhibited spectacular growth over the past decade
and are presently one of the most rapidly expanding segments of the pharmaceutical industry [1]. A
significant challenge is maintaining the activity of biopharmaceuticals, like proteins and other biologics,
during storage, shipping, and upon administration. In liquid dosage forms, biopharmaceuticals
often show instability due to being prone to physical and chemical degradation [2]. Therefore,
retaining the initial activity of biopharmaceuticals during product development is a cornerstone in their
commercialization. The elimination of water from the formulations not only improves the stability
of the biopharmaceuticals, but has additional benefits, like reduced transportation costs and easier
handling and storage [3]. However, biopharmaceuticals are usually very sensitive to water removal
due to their structural complexity. This poses a great challenge to finding a cost-effective drying
method that is capable of dehydrating the molecule without inducing degradation, and which can
produce a powder suitable for oral downstream processing (e.g., tableting).
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Currently, the most widely used drying technologies employed to obtain solid biopharmaceuticals
are freeze drying and spray drying, despite their disadvantages. Besides being a highly energy-
and time-intensive batch process, freeze drying exposes biopharmaceuticals to freezing stresses that
can cause degradation. On the contrary, spray drying can be operated continuously and is more
economical, but the high drying temperature applied during the process can induce inactivation of
heat-sensitive biomolecules [4,5]. Electrospinning (ES) is a novel and efficient continuous drying
technology providing rapid and gentle drying at an ambient temperature. ES is a fiber production
method based on the effect of a high voltage on highly viscous polymer solutions. The technology
generates a dried product by elongation (due to the electrostatic forces) of the liquid feed into ultra-fine
(generally < 10 μm [6]) jets, resulting in a large surface area that enables near-instantaneous drying
at room temperature. Over the past years, a large number of papers have been published about
the application of electrospinning for the solid formulation of various biopharmaceuticals, such as
enzymes, peptides, proteins (e.g., monoclonal antibodies), oligonucleotides, and probiotics [7–15],
showing the high interest in the application of ES for biopharmaceuticals. In order for ES to be applied
for industrial use, it is necessary to scale-up the technology to achieve adequate production rates
and develop downstream processing steps, e.g., milling for conversion of the produced fibers into
powders suitable for powder filling (oral capsules and parenteral applications) and tableting (oral
dosage forms).

The laboratory-scale electrospinning device with a single needle has a rather low (0.01–2 g dry
product per hour) productivity [14]. The scale-up of the technology is challenging, but a device has
already been developed that uses high-speed electrospinning and is compatible with the requirements
of the pharmaceutical industry [16]. With this method, productivity can be significantly increased
by combining electrostatic [17] and high-speed rotational [18] jet generation and fiber elongation
(Figure 1).

 
Figure 1. Schematic representation of high-speed electrospinning.

Another great challenge in addition to process scalability is achieving appropriate downstream
processability of the electrospun fibers [19,20]. In this respect, the friability/grindability of the fibers
and the properties (e.g., flowability) of the ground fibrous powder are also critical. A recent study by
Hirsch et al. [21] evaluated the effect of various sugars and sugar alcohols on fiber friability in placebo
fibers based on polyvinyl alcohol (PVA) and polyethylene oxide (PEO). They found mannitol to be
the best friability increasing excipient due to its high crystallinity and the low moisture content in
the fibrous samples. Mannitol-containing PVA- and PEO-based fibers were grindable directly after
electrospinning, and there was no need for post-drying of the samples.

According to the authors’ best knowledge, there has been no attempt to develop grindable, and
thus downstream processable, electrospun formulations of biopharmaceuticals. Therefore, the aim of
this work was twofold: to develop grindable fibers containing a model biopharmaceutical produced
by high-speed electrospinning and to produce a stable, solid oral formulation from the ground fibrous
powder. Oral administration of biopharmaceuticals has many advantages, especially when targeted
delivery to the colon is needed. The advantages include a high local concentration of the therapeutic
agent, smaller dose, and reduced risk of drug interactions, besides limited or no systemic exposure to
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the biopharmaceutical, which is usually associated with toxicity and serious adverse effects, including
immunogenetic responses and hypersensitivity reactions [11].

The model biopharmaceutical in the present work was a protein-type drug, β-galactosidase
(lactase), which is an enzyme widely used as a drug for the treatment of lactose intolerance. It is estimated
that about 70% of adults worldwide are not able to digest lactose due to the insufficient production
of β-galactosidase in the colon, which brings on gastrointestinal symptoms when dairy products are
consumed [22]. Structurally, β-galactosidase is a multidomain monomeric glycoprotein, which has
been shown to inactivate during spray drying without excipients, due to surface denaturation [23].
Aggregation of the enzyme has also been observed during the storage of a freeze-dried formulation
of β-galactosidase [24]. An earlier study demonstrated that the enzyme remained stable during
electrospinning and storage [15].

2. Materials and Methods

2.1. Materials

Polyvinyl alcohol (PVA, Mw: 130,000, 86.7–88.7 mol% hydrolysis) purchased from Sigma-Aldrich
(Merck, Darmstadt, Germany) and polyethylene oxide (PEO, Mw: 2 M) supplied by Colorcon (Dartford,
UK) were used as polymer matrices. Mannitol (Mannogem EZ, SPI Pharma, Wilmington, DE, USA)
was used as a grindable additive during electrospinning. Powder of β-galactosidase (opti-lactase
A-100) from Aspergillus oryzae was kindly provided by Optiferm GmbH (Oy-Mittelberg, Germany; min.
100,000 FCC Unit/g). O-nitrophenyl-β-D-galactopyranoside (ONPG) was obtained from Carbosynth
(Compton, UK). Microcrystalline cellulose (MCC) (Vivapur 200) was purchased from JRS Pharma
(Rosenberg, Germany). Crospovidone was obtained from BASF (Ludwigshafen, Germany). Mannitol
(Pearlitol 400DC) used as a tableting excipient was a kind gift from Roquette Pharma (Lestrem, France).
The water used was from a Millipore Milli-Q ultrapure water system.

2.2. Scaled-Up Electrospinning of β-Galactosidase

The scaled-up electrospinning experiments were performed using a lab-scale high-speed
electrostatic spinning (HSES) setup (Figure 1) consisting of a circular-shaped, stainless steel spinneret
connected to a high-speed motor [16]. The rotational speed of the spinneret equipped with orifices
(number of orifices: 8, diameter of the orifices: 330μm, diameter of the spinneret 34 mm), combined with
the effect of the electrical field, allowed increased productivity. PVA and PEO were added to purified
water and the mixture was dissolved under heating (40 ◦C) and stirring (600 rpm). After complete
dissolution, the solution was cooled down to room temperature and mannitol and β-galactosidase
were added to the mixture, which was stirred (600 rpm) without heating until complete dissolution.
The enzyme-containing polymer solution was fed with an SEP-10 S Plus syringe pump (Viltechmeda
Ltd., Vilnius, Lithuania) with a 30 mL/h feeding rate. The rotational speed of the spinneret was fixed at
8000 rpm. The applied voltage was 37 kV during the experiments using a high-voltage power supply
(Unitronik Ltd., Nagykanizsa, Hungary). A vertical drying air flow (2 bar) and the electrostatic forces
directed the fibers to the grounded metal collector covered with aluminum foil, which was placed at
a fixed distance (35 cm) from the spinneret. The experiments were performed at room temperature
(25 ◦C).

2.3. Scanning Electron Microscopy

The morphology of the electrospun samples was studied by a JEOL 6380LVa-(JEOL, Tokyo, Japan)
type scanning electron microscope in a high vacuum. Conductive double-sided carbon adhesive tape
was used to fix the samples, which were subsequently sputtered by gold using ion sputtering (JEOL
1200, JEOL, Tokyo, Japan). A 15 kV accelerating voltage and 10 mm working distance were used
during the measurements.
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2.4. Determination of Residual Water Content

The residual water content of the samples was measured right after the electrospinning process
using a Sartorius MA40 moisture balance (Göttingen, Germany). The residual water content was
determined based on the moisture loss of approximately 0.1 g sample after 10 min at 105 ◦C.

2.5. Grinding/Milling of the Electrospun Material

To assess the friability of the produced fibers, the electrospun enzyme-containing material was
pushed through a sieve with a 0.8 mm hole size to make it suitable for blending with excipients. This
kind of milling is conceptually similar to oscillatory or conical milling (both methods produce powder
by pushing the material through a sieve) with respect to the achieved powder properties.

2.6. Modulated Differential Scanning Calorimetry (DSC)

Modulated differential scanning calorimetry (DSC) measurements were carried out using a DSC3+
(Mettler Toledo AG, Switzerland) DSC machine in TOPEM® mode (sample weight was 5–15 mg,
pierced pan, nitrogen flush, 50 mL/min). The instrument applies stochastic temperature modulation
superimposed on the underlying heating rate. A 1 ◦C/min overall heating rate and 1 ◦C pulse height
(which means that the temperature was modulated by ±0.5 ◦C) were used during the measurements.
The pulse width (the frequency of the modulation) was fluctuating randomly between 15 and 30 s. The
temperature was increased from 0 ◦C to 200 ◦C.

2.7. X-ray Powder Diffraction (XRPD)

A PANalytical X’pert Pro MDP X-ray diffractometer (Almelo, The Netherlands) using Cu-Kα

radiation (1.506 Å) and an Ni filter was used to study the X-ray powder diffraction patterns of the
samples. The applied voltage and the current were 40 kV and 30 mA, respectively. The reference and
the fibrous samples were analyzed between 2 θ angles of 4◦ and 42◦, in reflection mode with a step size
of 0.0167◦.

2.8. FTIR Measurement

Fourier-transform infrared (FTIR) spectra were collected using a Bruker Tensor 37-type FTIR
spectrometer equipped with a DTGS detector (Bruker Corporation, Billerica, MA, USA). The samples
were ground with KBr and cold-pressed (200 bars) into discs. The measurement was carried out in
transmission mode, at a scanning range of 400–4000 cm−1 with a resolution of 4 cm−1.

2.9. Raman Mapping

For Raman mapping, the ground fibrous sample was compressed slightly to gain a flat surface of
the material. Spectrum collection was carried out using a Labram-type Raman instrument (Horiba
Jobin–Yvon, Kyoto, Japan) coupled with an external 532 nm Nd:YAG laser source and Olympus BX-40
optical microscope. A 100× objective (laser spot size: ~2 μm) was employed in the high-resolution
measurements. Raman photons were dispersed with a 950 groove/mm grating monochromator,
directing them to the CCD detector. The spectral range of 390–1500 cm−1 with a 1 cm−1 resolution was
measured. A 1 μm step size in both directions was used and the collected map consisted of 31 × 31
points. The spectrum acquisition length was 30 s and it was accumulated two times in each mapping
point. The classical least squares (CLS) method using the spectra of the reference substances was
applied to evaluate the data.

2.10. Tablet Preparation

Standard convex-shaped tablets were prepared from powder composed of the ground
enzyme-loaded electrospun material mixed with different excipients (MCC, mannitol, crospovidone)

9



Pharmaceutics 2019, 11, 329

on a CPR-6 eccentric tablet press (Dott Bonapace, Limbiate, Italy) equipped with 14 mm concave
punches using manual powder filling.

2.11. Determination of Enzyme Activity

The activity of β-galactosidase was determined with ONPG as the substrate. ONPG is a colorless
substance, which is cleaved by β-galactosidase to galactose (colorless) and o-nitrophenol (ONP, yellow,
if pH ≥ 9) (Figure 2). The amount of ONP can be measured spectrophotometrically (at 420 nm, based on
a previously created calibration (data not shown)). A total of 1.5 mL of a 6 M ONPG solution in 0.1 M
acetate buffer (pH = 4.8) was pipetted to 0.1 mL of 10−3 g/L aqueous enzyme solution, preincubated
to 55 ◦C. After running the reaction for 10 min at 55 ◦C, it was stopped by adding 1 mL of 1 M
Na2CO3 solution to the reaction mixture. The solution was left to cool to room temperature and the
absorbance of the sample was measured using a UV/V is spectrophotometer (Pharmacia Ultraspec III,
Cambridge, UK). A stable enzyme formulation (over the course of the experiments) was measured in
parallel to each fibrous enzyme-containing sample to serve as a reference. Experiments were conducted
in quadruplicate.

Figure 2. Enzymatic hydrolysis of O-nitrophenyl-β-D-galactopyranoside (ONPG) by
β-galactosidase [20].

2.12. Storage Stability Test

For storage stability testing, the reference enzyme formulation and the prepared enzyme-loaded
tablets were kept in locked glass vials at 4 ◦C and 25 ◦C. The activity of β-galactosidase in the tablets
was measured after 1, 3, 6, and 12 months of storage.

3. Results and Discussion

3.1. High-Speed Electrospinning of β-Galactosidase

The broadly applied single-needle electrospinning is not capable of the mass production of fibers,
and therefore, its productivity is far from the needs of commercial pharmaceutical manufacturing. In
this research, HSES was used to increase the throughput of the technology. Based on the results of our
previous study [21] on placebo systems, a matrix solution composed of 7.65 w/w% PVA, 0.57 w/w%
PEO, and 15.30 w/w% mannitol was selected for the experiments with β-galactosidase to achieve a
grindable fibrous product.

The placebo system was supplemented with β-galactosidase powder so that the enzyme would
be 20 w/w% of the solid product (Table 1).

10



Pharmaceutics 2019, 11, 329

Table 1. Composition of the PVA-based electrospinning solutions of β-galactosidase.

Material

Amount (g) Concentration (w/w%)
Ratio of Components in the

Solid Product (%)

Original Optimized Original Optimized Original Optimized

PVA 130,000 1.000 1.000 7.2 7.6 26.0 32.5
PEO 2M 0.075 0.075 0.5 0.6 2.0 2.4
Mannitol 2.000 1.300 14.4 9.9 52.0 42.3

β-galactosidase 0.770 0.700 5.6 5.4 20.0 22.8
Water 10.00 10.00 72.2 76.5 - -

Even though it was possible to obtain enzyme-containing fibers by electrospinning of this solution,
the high solid content caused premature drying of the material, which resulted in blocking of the
spinneret and it needed to be cleaned regularly during the electrospinning process. To address this
problem, the amount of mannitol in the system was reduced so that, together with β-galactosidase, their
amount would equal the amount of mannitol in the placebo system (Table 1). Electrospinning could be
performed seamlessly using the optimized solution composition, which suggests that decreasing the
amount of mannitol in the matrix leads to a better processability. However, in our earlier study, it was
shown that when the sugar alcohol content in the fibers was decreased below a critical concentration,
fiber grindability deteriorated [21]. Due to this, the mannitol amount was not decreased further in the
present work.

The feeding rate used in the electrospinning experiment with the optimized composition was
30 mL/h, which is about 30 times higher than what is achievable with single-needle electrospinning for
aqueous solutions [21]. The obtained fibrous mat was easily removable from the aluminum foil used
on the collector (Figure S1). The product was examined by means of SEM. The fibrous nature of the
produced β-galactosidase-containing sample can be seen in Figure 3A. Bead-free fibers were obtained
with diameters around 1–5 μm, but submicronic fibers were also observable.

Figure 3. Scanning electron microscope images of β-galactosidase containing polyvinyl alcohol
(PVA)-based fibers after electrospinning (A) and grinding (B) (at 1000-fold magnification).

3.2. Processing of the β-Galactosidase-Containing Fibers

Processability of the formed fibers (e.g., milling, powder properties, etc.) is critical in the
development of solid pharmaceutical products. The produced enzyme-containing fibers collected in
the form of a fibrous mat were not suitable for conventional tablet production. Therefore, the collected
mat needed to be ground to a powder before further processing. Grindability of the fibrous mats from
the two matrix compositions containing β-galactosidase was evaluated right after electrospinning
by pushing the material through a sieve with a pestle. The friability of the enzyme-containing fibers
was sufficient without secondary drying, and the grinding of the mat resulted in a fibrous powder
(Figure S1). It was noticed, however, that the fibers with the optimized matrix composition were
slightly less friable than the fibers with the original composition. This suggests that less mannitol in
the fibers results in decreased grindability, which is in line with our previous findings [21]. Further
examinations were only carried out on the fibers with an optimized composition.
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The morphology of the enzyme-loaded fibrous powder was studied with SEM (Figure 3B). It
can be seen that the fibrous structure of the electrospun material was preserved during the grinding
process and the diameter of the fibers was unchanged. However, grinding reduced the length of the
fibers, resulting in a powder with improved flowability compared to the original unground material.

3.3. Characterization of the Fibers

In order to reveal the physical state of the different materials in the fibers, DSC, XRPD, and
Raman examinations were carried out. The reference PEO and PVA are semi-crystalline polymers
(glass transition temperature of PVA could be detected at 46.1 ◦C), which was confirmed by the DSC
(Figure 4) measurement. The reference β-galactosidase powder did not show any significant peak
(except for water loss). The reference δ-mannitol had a sharp melting peak at 165.9 ◦C, even though
other researchers detected two peaks (the first belonging to the melting of the δ polymorph, followed by
the fast recrystallization to the more stable β polymorph, with a second melting peak) [25,26]. Similarly,
the fibrous material had two endothermic peaks at 148.8 ◦C and 160.8 ◦C, which probably belong to
mannitol. During the DSC run, a melting point depression was seen (165.9 ◦C→ 148.8 ◦C) due to
the submicronic mannitol crystals with a large specific surface [27], which was probably followed by
recrystallization to a more stable form and the melting of it [25,26]. Based on these results, it can be
concluded that all fiber components are amorphous except mannitol.

Figure 4. Differential scanning calorimetry (DSC) thermograms of δ-mannitol, β-galactosidase,
polyethylene oxide (PEO), polyvinyl alcohol (PVA), the physical mixture of the fiber components, and
the ground electrospun PVA + PEO +mannitol + β-galactosidase (high-speed electrostatic spinning
(HSES) fibers).

In order to confirm the results obtained by DSC, XRPD measurements were performed. According
to the diffractograms, only mannitol was crystalline in the fibers, showing the characteristic peaks
of the δ-polymorph. This polymorph of mannitol has been shown to be the least stable at ambient
conditions [28] and it can transform into the α- or β-polymorph [26], which can be found in the
physical mixture of the electrospinning matrix and β-galactosidase (Figure 5). During drying (e.g.,
spray drying), the formation of α- and β-mannitol is expected [29]. However, in the fibers, δ-mannitol
can be found, which might be ascribed to the even faster drying with ES (and therefore, no possibility
for rearrangement into a stable form) or to the presence of the other substances.
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Figure 5. X-ray powder diffraction (XRPD) patterns of β-galactosidase; polyvinyl alcohol (PVA);
polyethylene oxide (PEO); δ-mannitol; α, β-mannitol; the physical mixture of PVA, PEO, α, β-mannitol,
and β-galactosidase; and the ground electrospun PVA + PEO +mannitol + β-galactosidase.

To evaluate the molecular interactions, FTIR spectroscopy was applied on the samples (Figure 6).
PVA and mannitol molecules contain free hydroxyl groups (which can act as potential proton donors for
hydrogen bonding) and β-galactosidase possesses numerous different groups that can act as potential
proton donors or receptors. Therefore, hydrogen bonding might occur in the fibers. Characteristic
absorption peaks of β-galactosidase are at 3298 cm−1 due to OH stretching and at 2939 cm−1 due to CH
stretching. The absorption bands at 1651 cm−1 indicate the CONH vibration, and the 1541 cm−1 peak is
the NH bending vibration of the β-galactosidase structure [30]. These peaks indicate the protein nature
of β-galactosidase. PVA has a broad absorption band from OH at 3319 cm−1, bands from stretching
vibrations of CH2/CH groups at 2941/2910 cm−1 and from C=O at 1736 cm−1 (characteristic of the
carbonyl group of polyvinyl acetate), together with deformation bands of CH2/CH at 1437/1375 cm−1,
and CO stretching vibrations at 1096 cm−1 and 1261 cm−1 [31]. Characteristic absorption bands of
PEO include the band at 2893 cm-1 due to symmetric and antisymmetric CH stretching, and bands at
1468 cm−1 (asymmetric CH2 bending) and 846 cm−1 (CH2 rocking). The band in PEO at 1104 cm−1

indicates asymmetric COC stretching [32]. Mannitol showed the characteristic peaks of the OH
group at 3289 cm−1 and the CH stretching at 2936 cm−1. Multiple characteristic absorption bands
of δ-mannitol can be observed in the 500–1500 cm−1 region, which can also be seen in the spectrum
of the electrospun sample, indicating the presence of the crystalline δ polymorph in the fibers [25].
The characteristic bands of β-galactosidase, PVA, and PEO either disappeared or appeared shifted in
the spectrum of the HSES fibers, indicating molecular interaction (presumably hydrogen bonding)
between the components.

Figure 6. Fourier-transform infrared (FTIR) spectra of β-galactosidase, polyvinyl alcohol (PVA),
polyethylene oxide (PEO), δ-mannitol, and the ground electrospun PVA + PEO + mannitol +
β-galactosidase.
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The local distribution of the components in the ground fibers was analyzed by Raman mapping.
For accurate dosing, homogeneity of the enzyme in the formulation is required. According to the
Raman chemical map (Figure 7A), β-galactosidase seems to be uniformly distributed in the ground
fibers as very small differences in color are seen.

Figure 7. (A) Homogeneity study of β-galactosidase in the electrospun fibers by Raman mapping; (B)
Raman spectra of the ground electrospun fibers and δ-mannitol (characteristic peaks marked with *).

The Raman mapping results also confirmed that the electrospun fibers mainly contained δ-mannitol.
The characteristic peaks of the δ polymorph are shown in Figure 7B and these are in good agreement
with data reported by others in the literature [33,34]. The ground electrospun fibers were reanalyzed
by DSC, XRPD, and Raman after one year of storage at 4 ◦C. Even though the δ-polymorph is the
least stable among the mannitol polymorphs, no recrystallization was observed in the fibers after this
extended storage.

It has been previously shown that sugars and sugar alcohols can interact with water vapor
and they have different water sorption capacities based on their physical state [35,36]. Amorphous
sugars tend to absorb large amounts of water into their bulk structure, whereas crystalline sugars
interact with water based on surface adsorption only. Water can act as a plasticizer in electrospun
fibers and consequently, the water content of the electrospun materials influences their grindability
significantly. It has been shown that a water content below 8% ensures acceptable grindability of
sugar-containing fibers [21]. It was also shown that the physical state of excipients could impact the
grindability, with crystalline mannitol eliminating the need for post-drying. The water content of the
β-galactosidase-containing fibrous sample measured by the loss on drying (LOD) method was 6.0%.
Presumably, this relatively low water content is due to the crystalline nature of mannitol in the fibers.

3.4. Tableting and Long-Term Stability Study of the Tablets

As the marketable final form of a lactase enzyme is preferably a tablet, the purpose of this study
was not only to investigate the processability of enzyme-containing electrospun fibers, but also to
produce tablets without losing the achieved advantages (i.e., activity preserved after processing). The
fibrous powder was mixed with MCC, mannitol, and crospovidone, and the powder mixture was
subsequently tableted (Figure S2). The main compression force was ~8 kN in this experiment. The
composition of the produced tablets can be found in Table 2.

Table 2. Composition of the produced tablets.

Ingredients Amount (mg)/Tablet Amount (%)/Tablet

MCC 200 150 30
Mannitol 150 30

Crospovidone 50 10
Fibrous powder 150 30∑

500 100
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Enzyme activity was measured after HSES, grinding, and tableting to assess the effect of the
processing steps on β-galactosidase. The activity of a stable enzyme formulation was measured
parallel to each sample to serve as a reference. The results are depicted in Figure 8. No significant
difference can be seen between the activity of the reference enzyme and the electrospun and processed
β-galactosidase, which suggests that the drying conditions with HSES are so gentle temperature wise
that no degradation of this protein-type drug is seen.

Figure 8. Enzyme activity of β-galactosidase in the fibers after high-speed electrostatic spinning (HSES),
after grinding, after tableting, and the one-year stability result of the tablets (stored at 4 ◦C and room
temperature).

Ensuring long-term stability of biopharmaceutical products is one of the main challenges in their
pharmaceutical use and new formulations thus need to stabilize biopharmaceuticals to maintain their
activity during storage. The storage stability of the electrospun and tableted β-galactosidase was
compared with a reference enzyme formulation. The tablets of electrospun β-galactosidase were kept
at 4 ◦C and room temperature and their activity were measured after 1 month, 3 months, 6 months,
and 1 year. The periodic activity measurements showed that the enzyme remained stable in the tablets
at both 4 ◦C and 25 ◦C, even after one year of storage (Figure 8). This result shows that the processable
matrix containing PVA, PEO, and mannitol is suitable for stabilizing β-galactosidase in the long term.

4. Conclusions

The present work demonstrated that HSES is a feasible technology for producing
biopharmaceutical-containing, processable fibers. A PVA-PEO-mannitol matrix was used to incorporate
a model protein-type drug, β-galactosidase. A feeding rate of 30 mL/h was achieved in the experiments,
which is 30 times higher than what is achievable for aqueous systems using single-needle ES. The
produced fibrous mat was easily removed from the collector and it was found to be grindable
without the need for a post-drying step, which simplifies downstream processing. All excipients
were in an amorphous state in the fibers, except mannitol. The low water content and the crystalline
mannitol in the fibrous sample could be the reason for the adequate grindability. The ground fibrous
powder was mixed with tableting excipients and was successfully tableted. No decrease in enzyme
activity was observed after either of the processing steps (electrospinning, grinding, and tableting).
Besides, β-galactosidase remained stable in the tablets after one year of storage both at 4 ◦C and room
temperature. In conclusion, the gentle drying by HSES and the processability of the applied matrix
enabled the production of a final dosage form for the easy oral administration of this model protein
without decreasing its activity.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/7/329/s1,
Figure S1. Electrospun sample removal from the collector and grinding process. Figure S2. Tablets prepared from
ground fibrous enzyme-containing powder, MCC, mannitol, and crospovidone.
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21. Hirsch, E.; Vass, P.; Démuth, B.; Pethő, Z.; Bitay, E.; Andersen, S.K.; Vigh, T.; Verreck, G.; Molnár, K.;
Nagy, Z.K.; et al. Electrospinning scale-up and formulation development of PVA nanofibers aiming oral
delivery of biopharmaceuticals. Express Polym. Lett. 2019, 13, 590–603. [CrossRef]

22. Ugidos-Rodríguez, S.; Matallana-González, M.C.; Sánchez-Mata, M.C. Lactose malabsorption and intolerance:
A review. Food Funct. 2018, 9, 4056–4068. [CrossRef] [PubMed]

23. Branchu, S.; Forbes, R.T.; York, P.; Petrén, S.; Nyqvist, H.; Camber, O. Hydroxypropyl-β-cyclodextrin inhibits
spray-drying-induced inactivation of β-galactosidase. J. Pharm. Sci. 1999, 88, 905–911. [CrossRef] [PubMed]

24. Yoshioka, S.; Aso, Y.; Izutsu, K.I.; Terao, T. Aggregates Formed During Storage of Galactosidase in Solution
and in the Freeze-Dried State. Pharm. Res. 1993, 10, 687–691. [CrossRef] [PubMed]

25. Burger, A.; Henck, J.-O.; Hetz, S.; Rollinger, J.M.; Weissnicht, A.A.; Stöttner, H. Energy/Temperature Diagram
and Compression Behavior of the Polymorphs of d-Mannitol. J. Pharm. Sci. 2000, 89, 457–468. [CrossRef]

26. Hao, H.; Su, W.; Barrett, M.; Caron, V.; Healy, A.-M.; Glennon, B. A Calibration-Free Application of Raman
Spectroscopy to the Monitoring of Mannitol Crystallization and Its Polymorphic Transformation. Org.
Process Res. Dev. 2010, 14, 1209–1214. [CrossRef]

27. Sun, C.Q.; Wang, Y.; Tay, B.K.; Li, S.; Huang, H.; Zhang, Y.B. Correlation between the Melting Point of a
Nanosolid and the Cohesive Energy of a Surface Atom. J. Phys. Chem. B 2002, 106, 10701–10705. [CrossRef]

28. Cares-Pacheco, M.G.; Vaca-Medina, G.; Calvet, R.; Espitalier, F.; Letourneau, J.J.; Rouilly, A.; Rodier, E.
Physicochemical characterization of d-mannitol polymorphs: The challenging surface energy determination
by inverse gas chromatography in the infinite dilution region. Int. J. Pharm. 2014, 475, 69–81. [CrossRef]
[PubMed]

29. Lee, Y.Y.; Wu, J.X.; Yang, M.; Young, P.M.; van den Berg, F.; Rantanen, J. Particle size dependence of
polymorphism in spray-dried mannitol. Eur. J. Pharm. Sci. 2011, 44, 41–48. [CrossRef]

30. Barth, A. Infrared spectroscopy of proteins. Biochim. Biophys. Acta 2007, 1767, 1073–1101. [CrossRef]
31. Sun, X.-Z.; Williams, G.R.; Hou, X.-X.; Zhu, L.-M. Electrospun curcumin-loaded fibers with potential

biomedical applications. Carbohydr. Polym. 2013, 94, 147–153. [CrossRef]
32. Wen, S.J.; Richardson, T.J.; Ghantous, D.I.; Striebel, K.A.; Ross, P.N.; Cairns, E.J. FTIR characterization of

PEO+LiN(CF3SO2)2 electrolytes. J. Electroanal. Chem. 1996, 408, 113–118. [CrossRef]
33. Cornel, J.; Kidambi, P.; Mazzotti, M. Precipitation and Transformation of the Three Polymorphs ofd-Mannitol.

Ind. Eng. Chem. Res. 2010, 49, 5854–5862. [CrossRef]
34. De Beer, T.R.M.; Allesø, M.; Goethals, F.; Coppens, A.; Vander Heyden, Y.; Lopez De Diego, H.; Rantanen, J.;

Verpoort, F.; Vervaet, C.; Remon, J.P.; et al. Implementation of a Process Analytical Technology System in a
Freeze-Drying Process Using Raman Spectroscopy for In-Line Process Monitoring. Anal. Chem. 2007, 79,
7992–8003. [CrossRef] [PubMed]

35. Hancock, B.C.; Shamblin, S.L. Water vapour sorption by pharmaceutical sugars. Pharm. Sci. Technol. Today
1998, 1, 345–351. [CrossRef]

36. Burnett, D.J.; Thielmann, F.; Booth, J. Determining the critical relative humidity for moisture-induced phase
transitions. Int. J. Pharm. 2004, 287, 123–133. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

17



pharmaceutics

Article

Comparison of Traditional and Ultrasound-Enhanced
Electrospinning in Fabricating Nanofibrous Drug
Delivery Systems

Enni Hakkarainen 1,†, Arle Kõrkjas 2,†, Ivo Laidmäe 2,3, Andres Lust 2, Kristian Semjonov 2,

Karin Kogermann 2, Heikki J. Nieminen 4,5, Ari Salmi 4, Ossi Korhonen 1, Edward Haeggström 4

and Jyrki Heinämäki 2,*

1 School of Pharmacy, University of Eastern Finland, 70210 Kuopio, Finland;
hakkarainen.enni@gmail.com (E.H.); ossi.korhonen@uef.fi (O.K.)

2 Institute of Pharmacy, Faculty of Medicine, University of Tartu, 50411 Tartu, Estonia;
arle.korkjas@ut.ee (A.K.); ivo.laidmae@ut.ee (I.L.); andres.lust@ut.ee (A.L.);
kristian.semjonov@gmail.com (K.S.); kkogermann@gmail.com (K.K.)

3 Department of Immunology, Institute of Biomedicine and Translational Medicine, University of Tartu,
50411 Tartu, Estonia

4 Electronics Research Laboratory, Department of Physics, University of Helsinki, 00014 Helsinki, Finland;
heikki.j.nieminen@aalto.fi (H.J.N.); ari.salmi@helsinki.fi (A.S.); edward.haeggstrom@helsinki.fi (E.H.)

5 Medical Ultrasonics Laboratory, Department of Neuroscience and Biomedical Engineering, Aalto University,
02150 Espoo, Finland

* Correspondence: jyrki.heinamaki@ut.ee; Tel.: +372-7375281
† These authors contributed equally to this work.

Received: 31 August 2019; Accepted: 23 September 2019; Published: 26 September 2019

Abstract: We investigated nozzleless ultrasound-enhanced electrospinning (USES) as means to
generate nanofibrous drug delivery systems (DDSs) for pharmaceutical and biomedical applications.
Traditional electrospinning (TES) equipped with a conventional spinneret was used as a reference
method. High-molecular polyethylene oxide (PEO) and chitosan were used as carrier polymers and
theophylline anhydrate as a water-soluble model drug. The nanofibers were electrospun with the
diluted mixture (7:3) of aqueous acetic acid (90% v/v) and formic acid solution (90% v/v) (with a
total solid content of 3% w/v). The fiber diameter and morphology of the nanofibrous DDSs were
modulated by varying ultrasonic parameters in the USES process (i.e., frequency, pulse repetition
frequency and cycles per pulse). We found that the USES technology produced nanofibers with
higher fiber diameter (402 ± 127 nm) than TES (77 ± 21 nm). An increase of a burst count in USES
increased the fiber diameter (555 ± 265 nm) and the variation in fiber size. The slight-to-moderate
changes in a solid state (crystallinity) were detected when compared the nanofibers generated by TES
and USES. In conclusion, USES provides a promising alternative for aqueous-based fabrication of
nanofibrous DDSs for pharmaceutical and biomedical applications.

Keywords: nanotechnology; nanofibers; traditional electrospinning; ultrasound-enhanced electrospinning;
drug delivery system

1. Introduction

Electrospinning (ES) is a method for fabricating polymeric nanofibrous constructs, which
have potential applications in pharmaceutical and biomedical fields. Nanofibers are typically
tenth-to-hundred nanometers thick, they feature large outer surface, substantial surface- area-to-volume
ratio, and high porosity (nanomats). This makes these fibers interesting for drug delivery and tissue
engineering applications [1–3]. To date, nanofibers have found use, e.g., in formulation of poorly

Pharmaceutics 2019, 11, 495; doi:10.3390/pharmaceutics11100495 www.mdpi.com/journal/pharmaceutics18
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water-soluble drugs, fabrication of novel drug delivery systems (DDSs), supporting wound healing as
wound dressings or artificial skin substitutes, and as scaffolds in tissue engineering [3–5].

ES has been applied as a manufacturing method in the clothing, electronics and optical industries,
and during the past twenty years it has gained increasing interest in the pharmaceutical and biomedical
industries. In traditional ES (TES), a polymer solution is first translated via a capillary tube to a
spinneret and then spun towards a grounded collector plate or roll using a high-voltage electron field
between the spinneret and collector [6,7]. The major limitations associated with the use of a simple
single-fluid TES are blockage of a spinneret (nozzle) system, hazards related to the use of organic
solvents (including residual solvent in the nanofibers), and long processing times. More recently,
modified two-fluid and tri-fluid coaxial ES methods have been introduced to advance ES of even
complicated nanostructures [8]. The clogging phenomena associated with ES can be eliminated by
using such modified coaxial ES and concentric needle spinneret [8]. The morphology and diameter of
TES nanofibers depend on the intrinsic properties of the solution, the type of polymer, conformation of
the polymer chain, the viscosity, elasticity, electric conductivity, as well as the polarity and surface
tension of the solvent [1–4]. In recent years, interest has been focused on developing nozzleless ES
technologies to avoid the above-mentioned challenges related to TES.

Ultrasound-enhanced ES (USES) provides an orifice-free ES technique that employs ultrasound
(US) to create nanofibers [9]. In this technique, high-intensity focused US bursts generate a liquid
protrusion with a Taylor cone from the surface of an electrospinning solution (Figure 1). When the
drug-polymer solution is charged with high negative voltage, a nanofiber jet is generated from the tip
of the protrusion and this jet is led to an electrically grounded collector residing at a constant distance
from the fountain [10]. The USES have some advantages over TES: the blockage of a spinneret system
and the inclusion of hazardous organic solvents can be avoided with USES. In a USES setup, there is no
nozzle that may clog and the evaporation of solvent is more efficient than in a TES setup. With USES,
the evaporation of solvent is advanced by using a high-intensity focused US. A travelling US wave
generates acoustic streaming inside the solution and induces thermal effect (heating) on the surface of the
liquid, thus advancing the evaporation of the solvent. The generation of a liquid protrusion with a Taylor
cone can be modified by changing US frequency, pulse repetition frequency and cycles per pulse [9,10].

Figure 1. (A) Schematic diagram of the ultrasound-enhanced electrospinning (USES) setup, (B) photograph
of the USES system and process environment (including a humidity cabinet), and (C) close-up
photograph on the formation of nanofibers in a USES process.
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In the present study, we compared the TES and USES techniques as means to fabricate drug-loaded
polymeric nanofibers and we investigated the physicochemical and pharmaceutical properties of the
produced nanofibers/nanofibrous DDSs. The influence of these two nanofabrication processes on the
fiber formation, geometric fiber properties, surface morphology and physical solid-state properties
of nanoconstructs were investigated. Special attention was paid to the formation and physical
characterization of the drug-loaded nanofibers generated by the USES method.

2. Materials and Methods

2.1. Materials

Theophylline anhydrate (CAS No. 58-55-9; chemical purity ≥ 99%; Sigma-Aldrich Inc., Saint Louis,
MO, U.S.A) was used as a water-soluble model drug. Polyethylene oxide, PEO (CAS No. 25322-68-3;
Product No. 189456; average molecular weight 900,000 Da) and chitosan (CAS No. 9012-76-4; Product
No. 448877; medium molecular weight grade) (Sigma-Aldrich Inc., Saint Louis, MO, U.S.A) were
investigated as carrier polymers in both TES and USES nanofabrication. The diluted mixture (7:3) of
aqueous acetic acid (CAS No. 64-19-7; chemical purity 99.9%) (90% v/v) and formic acid (CAS No.
64-18-6; chemical purity ≥ 98%; Ph. Eur., Strasbourg, France) solution (90% v/v) (with a total solid
content of 3% w/v) was used as a solvent system for ES.

2.2. Fabrication of Nanoconstructs

The composition of the electrospun nanofibers is shown in Table 1. The nanofibers were generated
in a TES (ESR-200Rseries, eS-robot®, NanoNC, Seoul, Korea) and in a custom-made in-house USES
method. The USES method is described in detail in [8]. In brief, the USES setup features a vessel
containing a spinning solution, a US generator and a transducer, a membrane system between the
bottom of the vessel and the US transducer, a high-voltage electrode, and a grounded collector plate.

Table 1. Composition (% w/w) of nanofibers generated by traditional electrospinning (TES) (I) and
ultrasound-enhanced electrospinning (USES) (II–IV.)

Formulation/Ingredient I II III IV

Chitosan 43.5 43.5 34.8 40
Polyethylene oxide (PEO) 43.5 43.5 52.2 60

Theophylline 13.0 13.0 13.0 0

To modulate the fiber diameter, specific US parameters (frequency, pulse repetition frequency
and cycles per pulse) were exploited in an ES process. Table 2 lists the process parameters applied to
fabricate TES and USES nanofibers.

Table 2. Process parameters applied in the traditional electrospinning (TES) (I) and ultrasound-enhanced
electrospinning (USES) (II–IV) of nanofibers.

Formulation/Parameter I II III IV

Voltage (kV) 11.5–14.0 16.0 16.0 14.0–16.0
Voltage of collector (kV) NA −5.0 −5.0 −5.0

Distance (cm) 15.0 17.0 17.0 17.0
Pumping rate (mL/h) 0.3 0.8 0.6 0.6

Amplitude (mV) NA 250 240 200–240
Frequency (MHz) NA 2.06 2.06 2.06

Burst count (Cycles) NA 1000 1000 1000
Burst rate (Hz) NA 70 70 70

Humidity (RH%) 18 19 24 30

NA = not applicable.
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2.3. Characterization of Nanofibers

The nanofibrous samples were stored in a zip-lock plastic bag in ambient room temperature
(22 ± 2 ◦C) prior to characterization. Scanning electron microscopy, SEM (Zeiss EVO MA15, Jena,
Germany) and optical microscopy were applied to study fiber size distribution and morphology
of nanofibers. The samples were coated with a platinum layer (6 nm) prior to imaging with SEM.
Three SEM images of each sample were taken using three different magnifications (400×, 2000–2500×
and 10,000×). ImageJ software Version 1.51K was used to measure the diameter of nanofibers. Statistical
evaluation (t-test) was made using Microsoft Excel 2016 (Microsoft Corp., Albuquerque, NM, USA).

Physical solid-state and thermal properties were investigated by means of Fourier Transform
Infrared (FTIR) spectroscopy (IRPrestige 21, Shimadzu corporation, Kyoto, Japan) with a single
reflection attenuated total reflection (ATR) crystal (Specac Ltd., Orpington, UK), X-ray diffraction, XRD
(Bruker D8 Advance diffractometer, Bruker AXS GmbH, Karlsruhe, Germany), and differential scanning
calorimetry, DSC (DSC 4000, Perkin Elmer Ltd., Shelton, CT, USA). XRD and FTIR spectroscopy results
were normalized and scaled. In all DSC experiments, the sample size was 3–6 mg. The samples were
first cooled down and kept at 0 ◦C for three minutes, and then heated to 350 ◦C at a rate of 10 ◦C/min.
The samples were then cooled to 0 ◦C (10 ◦C/min) and then heated to 350 ◦C (10 ◦C/min). The DSC
thermogram for PEO was obtained by heating the sample from 30 ◦C to 170 ◦C with a heating rate
of 10 ◦C/min. For solid-state characterization, the corresponding binary or ternary physical mixtures
(PMs) were prepared manually with a mortar and pestle, and they were used as reference samples for
the nanofibrous samples.

3. Results and Discussion

3.1. Topographical and Fiber Size Comparison of Nanoconstructs

Figure 2 illustrates the topography (surface morphology) of the polymeric nanofibrous constructs
generated by TES (A, B) and USES (C, D). Figure 3 shows the comparison of the average diameter of
individual nanofibers produced by TES and USES. With all fiber compositions tested, TES produced
thinner and more uniform-by-size polymeric nanofibers in comparison with those generated by the
nozzle-free USES technique. The diameter of nanofibers produced by TES was 77 ± 21 nm, and the
diameter of the corresponding nanofibers generated by USES were 402 ± 127 nm (with a burst count
of 400 cycles) and 555 ± 265 nm (with a burst count of 700 cycles). Statistically significant difference
(p< 0.001) was shown between the fiber diameter of nanofibers obtained with TES and the nanofibers
generated with USES. This difference in fiber size could be explained by the fact that the USES is a
multivariate process involving an open vessel and more critical process parameters (including US
parameters) to be controlled than in the TES. The sensitivity of the polymer solution to US and the
variations in distance between the surface of the ES solution and the collector plate could be potential
reasons for these differences. In aqueous polymer solution ES, the process and ambient parameters
such as conductivity, applied voltage, relative humidity, and the distance between a nozzle tip and
collector plate could affect the diameter of nanofibers (i.e., increasing the level of these parameters
leads to generation of thinner fibers) [4]. However, in fabricating nanofibers for pharmaceutical and
biomedical applications, having nanofibers as small as possible is not of intrinsic value in itself and
is not necessarily an ultimate goal. For example, in wound healing and many tissue engineering
applications, a fiber size close to the micron-scale is considered beneficial in terms of cell adhesion and
proliferation [11].
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Figure 2. Scanning electron microscopy (SEM) images of traditional electrospun (TES) and
ultrasound-enhanced electrospun (USES) nanofibers. (A,B) TES nanofibers (magnification 2500×
and 10,000×); (C,D) USES nanofibers (2500× and 10,000×).

Figure 3. Average diameter (mean ± SD) of traditional electrospun (TES) and ultrasound-enhanced
electrospun (USES) nanofibers. The fiber size analysis is based on three SEM images, and the total
number of analyzed individual nanofibers was n = 100 (with USES 700 cycles n = 53). The number of
cycles in the USES process (US signal) refers to pulse duration.

With USES, the fiber diameter can be modulated by changing the burst count (cycles per US pulse=
duty factor). As seen in Figure 3, changing a burst count from 400 to 700 cycles generated nanofibers
with the average diameter of 402 nm and 555 nm, respectively (the other critical US parameters,
i.e., frequency and pulse repetition frequency, were kept constant). The statistical analysis showed that
the diameters of USES nanofibers generated with the two burst count cycles were different (p < 0.001).
In the TES, solutions with high conductivity and high surface tension require high voltages and the
change in applied voltage (electric field) has only a minor effect on fiber diameter of the nanofibers [4].
Therefore, the process flexibility of USES (i.e., the dynamic modulation of fiber size) is an advantage
over TES. The use of higher voltages in the TES increases also the risk of “bead” formation (= defects)
in the nanofibrous mats due to the instability of a Taylor cone [4]. As seen in Figure 2, the USES
nanofibrous constructs can be generated without signs of “beads” in the final nanofibrous mat. This is
advantageous since the formation of “beads” is considered to be a sign of improper ES process.
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3.2. Characterization of Nanoconstructs

3.2.1. X-Ray Diffraction

The carrier polymer PEO has two typical diffraction peaks (2θ) at 19◦ and 23◦ [12]. As seen in
Figure 4, both characteristic diffraction peaks of PEO are visible in the XRD patterns of the PEO powder
and in the PM, thus revealing the semi-crystalline nature of PEO. According to the literature, crystalline
theophylline gives several characteristic reflections at diffraction angles (2θ) at 7.2◦, 12.6◦, 14.3◦, 24.1◦,
25.6◦, 26.4◦ and 29.4◦ [13]. The major reflection (2θ) is located at 12.6◦. Crystalline chitosan has also
two characteristic reflections (2θ) at approximately 10◦ and 20◦ [14].

Figure 4. Normalized X-ray diffraction (XRD) patterns of pure materials, physical mixture (PM) of drug
and carrier materials, and nanofibers generated with traditional electrospinning, TES (formulation F-I),
and ultrasound-enhanced electrospinning, USES (F-II, F-III). Key: CHI = Chitosan, PEO = Polyethylene
oxide, TPH = Theophylline anhydrate form II.

The XRD patterns for the nanofibers produced by TES and USES appear nearly identical, and
the characteristic diffraction peaks for the three pure materials can be distinguished (Figure 4). Both
carrier polymers PEO and chitosan preserved their semi-crystallinity and crystallinity, respectively.
We found differences between the diffraction patterns of nanofibrous samples fabricated by these two
methods. As seen in Figure 4, nanofibers produced with TES displayed a slightly shifted diffraction
peak at 6.6◦ 2θwhich suggests a solid-state change in theophylline. We also found that this reflection
and the characteristic peak of theophylline (at 7.2◦ 2θ) are absent in the XRD patterns of nanofibers
generated by USES. Moreover, the other characteristic reflection (2θ) of theophylline at 12.8◦ 2θ is
not distinguished in the XRD patterns of nanofibers (a new reflection shows less intensity and it is
shifted to 13.5◦ 2θ). Therefore, it is evident that solid-state (crystallinity) changes in theophylline have
taken place during the TES and USES nanofabrication. It is possible that in addition to an amorphous
form, theophylline monohydrate or metastable theophylline or even the mixture of different forms
may appear during or immediately after ES. Furthermore, all diffraction peaks in the XRD pattern of
the nanofibers generated by USES appear weaker and less sharp than the corresponding reflections of
the XRD pattern for the nanofibers produced by TES (Figure 4). This can be seen with the diffraction
reflection (2θ) 19.2◦ which originates from PEO. With nanofibers generated by USES, the diffraction
reflections (2θ) characteristic to semi-crystalline PEO at 19.2◦ and 23.3◦ are seen as slightly weaker
than those in the XRD pattern of PM (Figure 4). These differences in the XRD patterns reveal that there
is a difference in the crystallinity of nanofibers fabricated with the different methods. Application
of high-intensity focused US in the USES process affects the solid-state properties of the nanofibers
resulting in more amorphous (less ordered) nanostructures than those obtained with TES.
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3.2.2. Differential Scanning Calorimetry

The thermal behavior (DSC thermograms) of the pure materials, PM, and nanofibers produced
by TES and USES are shown in 5 and 6. As seen in Figure 5, the melting endotherms for PEO and
theophylline are at 70 ◦C and at 270 ◦C, respectively. The characteristic melting endotherm of PEO is
seen in the DSC thermograms of PM (Figure 5) and in the thermograms of nanofibers generated by TES
and USES (Figure 6). Chitosan as a pure material exhibited a broad endothermic event at 40–120 ◦C
(due to water evaporation) and an exothermic event at 300 ◦C (chemical degradation) [15]. The melting
of theophylline cannot be seen in the DSC thermograms of PMs and nanofibers due to the melting of
polymer at lower temperatures and subsequent dissolution of theophylline in the molten polymer
(PEO, chitosan). Hence, the DSC results cannot reveal whether theophylline exists in a crystalline form
or an amorphous form in the nanofibers generated by TES or USES. However, the XRD patterns shown
previously confirmed the solid-state of the drug (crystalline form rather than amorphous form) in the
nanofibers generated by USES.

Figure 5. Differential scanning calorimetry (DSC) thermograms of pure materials and physical mixture
(PM) of drug and carrier materials. For PEO, CHI, and PM, only the first heating is presented. Key:
CHI = Chitosan, PEO = Polyethylene oxide, TPH = Theophylline.

Figure 6. Differential scanning calorimetry (DSC) thermograms of nanofibers generated with traditional
electrospinning, TES (formulation F-I) and ultrasound-enhanced electrospinning, USES (F-II, F-III).
For F-I and F-II only the first heating is presented. Key: CHI = Chitosan, PEO = Polyethylene oxide,
TPH = Theophylline.

The DSC profiles of drug-loaded nanofibers generated by TES or USES were nearly identical
suggesting that applying focused high-intensity US in the USES process does not significantly affect
the solid-state properties of the nanofibers (Figure 6). As shown in Figure 6, the lower peak height of a
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characteristic melting endotherm for PEO at 70 ◦C indicates lower enthalpy of transition (ΔH) with
the nanofibers produced by TES than that of the fibers produced by USES. In the DSC thermograms
of nanofibers generated by both TES and USES, a small exothermic event at 270 ◦C is seen, which is
probably caused by the chemical decomposition of chitosan.

In the cooling phase, only the crystallization of PEO is observed in the DSC thermogram of the
F-III nanofibers generated by USES (Figure 6). During re-heating of the sample (F-III), the thermal
event (melting endotherm) of PEO is seen. Chitosan decomposed during the first heating but the
fate of theophylline is not clear. No visible thermal events nor signals were detected in the DSC
thermogram of pure theophylline after the first heating and no decomposition during heating nor
any solidification during the cooling (Figure 5). The relatively small amount of theophylline (13%)
in the PM and nanofibers may explain why the melting of theophylline is not recognized in the DSC
thermograms of PM or nanofibers, but it cannot account for the lack of thermic events during the
cooling phase or in the second heating of pure theophylline. Crystallization of theophylline during the
DSC cooling phase has been reported previously [13,16].

3.2.3. Fourier Transform Infrared (FTIR) Spectroscopy

Figure 7 shows FTIR spectra for the pure materials, a physical mixture (PM) and the nanofibers
produced by TES and USES. No significant changes in chemical structure of the materials were found
in the nanofibers generated with TES or the USES nanofabrication process. The characteristic peaks for
theophylline were identified in both TES (F-I) and USES (F-II, III) nanofibrous constructs. The FTIR
spectra were close to identical for both types of nanofibers. A characteristic peak of PEO at 2875 cm−1

presents the stretching of C–H [17]. It can be observed in all FTIR spectra except in the spectrum for
chitosan and theophylline (Figure 7). The characteristic absorption peaks of the theophylline spectrum
at 1665–1550 cm−1 are derived from C–C and C–N bonds [18]. We found small and characteristic
absorption peaks for chitosan (as a pure material) and a peak with a higher intensity for the PM in the
same spectral region (Figure 7). This specific peak (1658 cm−1) is partially visible in the FTIR spectra of
the nanofibers produced by TES (F-I) and USES (F-II, III). The intensity of the characteristic peak of
theophylline at 1658 cm–1 for nanofibrous samples (F-II, F-III), however, is smaller than that observed
in the FTIR spectra of PM or pure theophylline powder.
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Figure 7. Normalized FTIR spectra for pure materials, the physical mixture (PM) of drug and
carrier materials, and nanofibers generated with traditional electrospinning, TES (formulation F-I)
and ultrasound-enhanced electrospinning, USES (F-II, F-III and F-IV). Key: CHI = Chitosan, PEO =
Polyethylene oxide, TPH = Theophylline.

25



Pharmaceutics 2019, 11, 495

4. Conclusions

We compared traditional electrospinning (TES) and nozzleless ultrasound-enhanced electrospinning
(USES) as methods to fabricate nanofibrous polymeric drug delivery systems (DDSs). The physicochemical
and pharmaceutical properties of the nanofibrous DDSs were studied. Both methods can be applied
for aqueous-based fabrication of non-woven DDSs using PEO and chitosan as carrier polymers.
With USES, the evaporation of solvent is advanced by using a high-intensity focused US enabling
acoustic streaming and thermal effect inside the solution. Therefore, USES is associated with more
pronounced process-induced solid-state changes of the materials compared to those induced by TES.
Nanofibers generated by USES are amorphous, whereas the nanofibers produced by TES are less
prone to being amorphous. The controlled phase transformation of higher-energy amorphous form
is especially poorly applicable for water-soluble drugs. Further research is needed to discover all
potential strengths and limitations of USES in fabricating nanofibrous DDSs.
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Abstract: Lactic acid bacteria can have beneficial health effects and be used for the treatment of various
diseases. However, there remains the challenge of encapsulating probiotics into delivery systems with a
high viability and encapsulation efficacy. The electrospinning of bacteria is a novel and little-studied
method, and further investigation of its promising potential is needed. Here, the morphology, zeta
potential, hydrophobicity, average cell mass, and growth characteristics of nine different species of
Lactobacillus and one of Lactococcus are characterized. The electrospinning of polymer solutions containing
~10 log colony forming units (CFU)/mL lactic acid bacteria enabled the successful incorporation of all
bacterial species tested, from the smallest (0.74 μm; Lactococcus lactis) to the largest (10.82 μm; Lactobacillus
delbrueckii ssp. bulgaricus), into poly(ethylene oxide) nanofibers with an average diameter of ~100 nm.
All of these lactobacilli were viable after incorporation into nanofibers, with 0 to 3 log CFU/mg loss in
viability, depending on the species. Viability correlated with the hydrophobicity and extreme length
of lactic acid bacteria, whereas a horizonal or vertical electrospinning set-up did not have any role.
Therefore, electrospinning represents a promising method for the incorporation of lactic acid bacteria
into solid delivery systems, while drying the bacterial dispersion at the same time.

Keywords: nanotechnology; biotechnology; probiotics; Lactobacillus; Lactococcus; electrospinning;
nanofibers; drying; local delivery; viability

1. Introduction

Probiotics are living microbes that have beneficial health effects when administered to a host in a
sufficient quantity. They most often belong to the very diverse genus of Lactobacillus, which includes a
large number of species with a “generally recognized as safe” or “qualified presumption of safety”
status [1,2]. In 2015, 175 genomes of lactobacilli were included in a comparative taxonomic study [2].
These are non-spore-forming rods or coccobacilli that are characterized by low genomic guanine
and cytosine contents, the production of lactic acid, and complex nutritional requirements. They are
aero-tolerant or anaerobic, aciduric, or acidophilic [1]. Lactobacillus spp. are particularly important
in human nutrition and are also considered to be important cell factories in biotechnology, for the
production of valuable chemicals. They have also been tested in several clinical trials to evaluate their
efficiency for the treatment of a wide spectrum of diseases [1,3].

Lactobacillus probiotics are usually administered orally for the treatment of intestinal diseases,
such as acute gastroenteritis [4], necrotizing enterocolitis [5], antibiotic-associated diarrhea [6], and
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inflammatory bowel disease [7], among others. Moreover, these probiotics have also shown promising
potential for the treatment of extra-intestinal diseases, including urinary tract infections, periodontal
disease, and bacterial vaginosis [8,9]. However, for such diseases, topical administration of the
lactobacilli would appear advisable, to promote their higher efficiency.

For example, the vagina is densely colonized by microbiota (107–108 colony-forming units [CFU]/g
vaginal fluid) [10,11]. Among the distinct ecological environments of the human body, the vaginal
microbiota is the least diverse [12], where bacteria from the genus Lactobacillus predominate in the majority
of healthy women (> 70%) [10,11]. A healthy vaginal microbiota includes from four to 12 different
species [13], and the species that dominate individual microbiota include Lactobacillus crispatus, Lactobacillus
jensenii, Lactobacillus gasseri, and Lactobacillus iners [11,14]. Their use for re-establishing the dominance of
lactobacilli in vaginal dysbiosis (e.g., bacterial vaginosis and vaginal candidiasis) is therefore rational, and
might even be the most justified among the different applications of these probiotics.

For successful treatments, probiotics need to be incorporated into patient-friendly delivery systems
with large numbers of incorporated probiotics, which need to remain stable and survive for prolonged
periods during storage [8]. Liquid and semi-solid dosage forms (e.g., hydrogels [15,16]) can have shorter
residence times at the local site [10] and issues regarding probiotic stability compared to solid dosage forms.
For preparations of these forms, different encapsulation and drying techniques have been used, including
microencapsulation, emulsification, coacervation, spray drying, and lyophilization [17,18]. The main
drawbacks of these techniques are the use of organic solvents and high temperatures [17]. Electrospinning
represents a promising method for the incorporation of probiotics into nanofibers, allowing drying of the
bacteria and preparation of a solid delivery system in a single step [19], and thereby offering considerable
advantages over techniques such as microencapsulation and lyophilization.

Electrospinning is an established technique used to produce fibers with small diameters, in the
range of several nanometers to micrometers, which are often called nanofibers. The manufacturing
process is based on the drying of a thin liquid jet that is formed from a drop of polymer solution in a
strong electric field [20]. The use of nanofibers has been suggested for several biomedical applications,
including wound dressing, drug delivery, and tissue engineering [20]. Of these, drug delivery is the
most promising, whereby its advantages include high drug loading, a high incorporation efficiency, the
simultaneous delivery of diverse therapeutics, an increased surface area, a good mechanical resistance,
an enhanced distribution at mucosal surfaces, ease of operation, and cost effectiveness [20–22].

To date, there have only been a few studies on the electrospinning of probiotics [23–28].
Bifidobacterium animalis subsp. lactis Bb12 has been incorporated into poly(vinyl alcohol) nanofibers [24].
Among the lactobacilli, Lactobacillus acidophilus was incorporated into poly(vinyl alcohol) and poly(vinyl
pyrrolidone) nanofibers [25], and into agrowaste-based nanofibers [23]. Lb. gasseri was incorporated
into poly(vinyl alcohol) nanofibers [28] and Lb. rhamnosus into poly(vinyl alcohol) and sodium
alginate-based nanofibers [27]. Recently, we optimized the incorporation of Lactobacillus plantarum
into poly(ethylene oxide) (PEO) nanofibers, and confirmed that their viability can be improved by the
addition of lyoprotectants, such as trehalose [26].

Lactobacilli-containing nanofibers represent an innovative delivery system that would be
particularly appropriate for topical administration. Due to scarce data on the influence of electrospinning
on the viability of different Lactobacillus species, in the present study, we incorporated nine different
species from the genus Lactobacillus and one from the genus Lactococcus into PEO nanofibers and
assessed their viabilities following their incorporation, as a single study. To explain the higher
susceptibilities of some strains to electrospinning, the morphology, zeta potential, hydrophobicity,
average mass of bacterial cells, and growth characteristics of these 10 strains were also characterized.

2. Materials and Methods

2.1. Materials

Poly(ethylene oxide) (Mw, 900 kDa) and chloramphenicol were obtained from Sigma Aldrich
(Steinheim, Germany). Phosphate-buffered saline (pH 7.4; osmolality: 280–315 mOsm/kg) was sourced
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from Gibco (Life Technologies, Carlsbad, CA, USA). De Man, Rogosa and Sharpe (MRS) and M-17 media
for culturing the Lactobacillus spp. and L. lactis, respectively, were obtained from Merck (Darmstadt,
Germany). Water, buffers, and growth media were sterilized by autoclaving at 2 bar and 121 ◦C for
20 min.

2.2. Bacterial Strains and Culturing Conditions

The Lactobacillus strains were grown at 37 ◦C in MRS medium without aeration. L. lactis MG1363
was grown at 30 ◦C in M-17 medium supplemented with 0.5% glucose (GM-17), without aeration
(Table 1). For long-term storage, the bacterial strains were kept frozen at −80 ◦C in their corresponding
growth medium with 20% (v/v) glycerol. For each experiment, fresh bacteria cultures were cultivated.
Frozen cultures were first transferred onto an appropriate growth medium agar plate and incubated for
2 days at 37 ◦C (Lactobacillus spp.) or 30 ◦C (L. lactis). A single bacteria colony was picked, inoculated
into 10 mL of the appropriate medium, and incubated at 37 ◦C or 30 ◦C for 24 h. Overnight cultures
were diluted in fresh medium (1:100, v/v) and grown until a stationary growth phase was reached (as
determined from the growth curves; see below). The cultures were centrifuged at 5000× g for 10 min
(Sorvall Lynx 4000; ThermoFisher Scientific, Waltham, MA, USA). The cells were then washed twice
with phosphate-buffered saline and resuspended in an appropriate volume of water.

Table 1. Bacterial strains used in this study, and some of their properties.

Strain Source Fermentation Type Genome Size [bp] Reference

Lactobacillus sp.

Lb. acidophilus ATCC 4356 Infant feces Homofermentative 1956.699 [29]

Lb. delbrueckii ssp. bulgaricus ATCC 11842 Yoghurt Homofermentative 1864.998 [30]

Lb. casei ATCC 393 Cheese Facultative heterofermentative 2924.929 [31]

Lb. gasseri ATCC 33323 Human isolate Homofermentative 1894.360 [32]

Lb. paracasei ATCC 25302 Milk product Facultative heterofermentative 2991.737 NCBI

Lb. plantarum ATCC 8014 n/a Facultative heterofermentative 3254.764 NCBI

Lb. reuteri ATCC 55730 Breast milk Heterofermentative 2036.000 [33]

Lb. rhamnosus ATCC 53103 Human intestine Homofermentative 3005.051 [34]

Lb. salivarius ATCC 11741 Infant feces Homofermentative 1956.699 NCBI

Lactococcus sp.

Lactococcus lactis ssp. cremoris MG1363 Cheese Homofermentative 2529.478 [35]

n/a: not available, NCBI: National Center for Biotechnology Information, ATCC: American Type Culture Collection.

2.3. Characterization of Bacterial Strains

2.3.1. Determination of Cell Surface Charge of the Bacteria

The cell-surface net charge of the bacteria (as represented by the zeta potential) was determined by
laser Doppler micro-electrophoresis (Zetasizer Nano ZS; Malvern Instruments, Malvern, UK). Bacteria
dispersions in 0.9% (m/v) NaCl with a concentration of 10.3 log CFU/mL were 200-fold diluted with
deionized water, put into plastic cuvettes, and covered with the Zeta Dip Cell. The measurements of
zeta potential were performed at 25 ◦C using an He-Ne laser, with a wavelength of 633 nm and the
backscatter detector at the scattering angle of 173◦. The electrophoretic mobilities measured for the
bacterial cells in the applied electric field were employed to automatically calculate their zeta potential
using the Smoluchowski approximation of the Henry equation. At least three measurements were
performed for each bacterial strain.

2.3.2. Determination of Cell Surface Hydrophobicity of the Bacteria

The hydrophobicity of the bacteria was determined according to the method of Perez et al. [36], with
some modifications. Cultures of the strains were harvested in the stationary phase by centrifugation at
12,000× g for 5 min at 4 ◦C, washed twice with 50 mM K2HPO4 (pH 6.5) buffer, and finally resuspended
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in the same buffer. The cell suspensions were adjusted to an absorbance at 560 nm (A560) of 0.5. Three
milliliters of bacterial suspensions was added to 0.6 mL n-hexadecane, vortexed for 120 s, and left for
30 min at room temperature, to allow separation of the two phases. The aqueous phase was carefully
removed and A560 was measured using a spectrophotometer (Lambda Bio+; Perkin Elmer, Weltham,
MA, USA). The decrease in the absorbance of the aqueous phase was taken as the measure of the cell
surface hydrophobicity (H%), which was calculated as in Equation (1):

H% = [(A0-A)/A0] × 100 (1)

where A0 and A are the absorbances before and after extraction with n-hexadecane, respectively.

2.3.3. Determination of Mass of the Bacterial Cells

Bacterial dispersions in water with known numbers of cells and known dispersion volumes were
frozen at −80 ◦C for 24 h, and then lyophilized (Beta 1-8K; Martin Christ, Osterode am Harz, Germany).
The first drying phase (Tshelf = −5 ◦C; P = 0.63 mbar) was performed for 24 h, and the second drying
phase (Tshelf = 20 ◦C) for 1 h. The lyophilizates obtained were weighed.

2.3.4. Growth Curves of Lactobacillus spp. and L. lactis

Overnight cultures of Lactobacillus spp. and L. lactis MG1363 were diluted (1:100) in 200 μL fresh
MRS or GM-17 growth medium, respectively, in 96-well microplates. The plates were sealed with
sealing film and incubated in a microplate reader (Sunrise; Tecan, Salzburg, Austria) at 37 ◦C (or 30 ◦C
for L. lactis) for 24 h. A595 was measured every 2 min. The plates were shaken for 10 s before each
measurement. Each culture was grown in quadruplicate. The growth rates and lag phases of the
growth curves were analyzed using the DMFit 3.5 software and the model of Baranyi and Roberts [37].

2.4. Preparation of Polymer Solutions with the Bacteria

Overnight cultures of bacteria were diluted (1:100) in 500 mL fresh medium and grown to an
optical density at 600 nm (OD600) of 2.50 to 3.00. The cultures were centrifuged at 5000× g for 10 min,
and washed twice with phosphate-buffered saline. To obtain 4% (w/v) PEO bacterial dispersions, the
cells were dispersed in an appropriate volume of deionized water. PEO was added to the bacterial
dispersions with 10.6 ± 0.8 log CFU/mL in deionized water, and stirred at room temperature for 4 h.

2.5. Rheological Characterization of Polymer Solutions with the Bacteria

Rotational and oscillatory tests of PEO solutions with the bacteria were performed using a
rheometer (Physica MCR 301; Anton Paar, Graz, Austria) with a cone-plate measuring system (CP50-2;
cone radius, 24.981 mm; cone angle, 2.001◦) at a constant temperature of 25.0 ± 0.1 ◦C, as previously
described [27,28]. The zero-gap was set to 0.209 mm. The shear rate during the rotational tests ranged
from 1 /s to 100 /s, and the viscosity (η) was calculated as η = τc/

.
γ, where τc is the shear stress and

.
γ is

the shear rate. The relative viscosity was calculated as the viscosity of the PEO solutions with bacteria,
divided by the viscosity of the PEO solution, at a shear rate of 1 /s. Oscillatory tests were performed at
a frequency from 0.2 /s to 100 /s, and an amplitude of 1%, which was within the linear viscoelastic
region determined in prior amplitude-sweep experiments, to define the phase shift angle (δ). The
storage (G′) and loss modulus (G”) were calculated as in Equations (2) and (3), respectively:

G′ = (τa/γa) × cosδ (2)

G” = (τa/γa) × sinδ (3)

where τa is the shear stress and γa is the deformation. The damping factor was calculated as tanδ =
G”/G’.
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2.6. Preparation of Bacteria-Loaded Nanofibers by Electrospinning

The bacterial dispersions in 4% (m/v) PEO solutions were transferred into a 5 mL syringe fitted
with a metallic needle of a 1 mm inner diameter and located horizontally on a syringe pump (model
R-99E; RazelTM, Linari Engineering, Valpiana, Italy). The electrode of a high-voltage power supply
(model HVG-P60-R-EU; Linari Engineering, Valpiana, Italy) was clamped onto the metallic needle, and
the collector was grounded and covered with a piece of aluminum foil. The process was set to a flow
rate of 0.4 mL/h, voltage of 15 kV, and nozzle-to-collector distance of 15 cm. Additionally, PEO solution
with Lb. delbrueckii ssp. bulgaricus was electrospun in a vertical electrospinning set-up employing the
same equipment and conditions as used for the horizontal electrospinning.

2.7. Characterization of Nanofibers Loaded with the Bacteria

2.7.1. Morphology of the Bacterial Cells and Nanofibers

Three microliters of each bacterial dispersion was pipetted onto a metal stub and air dried, and the
nanofiber mats were attached to metal stubs with double-sided conductive tape. The samples were not
coated prior to the imaging under scanning electron microscopy (Supra 35 VP; Carl Zeiss, Oberkochen,
Jena, Germany), which was operated at an acceleration voltage of 1 kV, with a secondary detector. The
length and width of at least 30 randomly selected bacteria and the diameters of 50 randomly selected
nanofibers (as parts not containing any bacteria) were measured using the ImageJ 1.51j8 software
(National Institutes of Health, Bethesda, MD, USA).

2.7.2. Viability of the Bacteria

The viability of the bacterial cells in the PEO solutions was determined prior to the electrospinning
and after their incorporation into the nanofibers. The number of viable suspended bacteria in a known
volume of bacterial dispersion was determined using the drop plate method [38]. Eight ten-fold
serial dilutions of bacterial cells in PEO solutions were prepared using 50 mM phosphate buffer at
pH 7.4, with each dilution in a final volume of 1 mL. Ten microliters of each dilution was pipetted
onto agar plates as five replicates, and after incubation, the dilution that contained 3 to 30 colonies per
single drop was counted, and replicates were averaged. These data were expressed as CFU/mL and
were converted into log CFU/mL. The viability of the bacteria incorporated into the nanofibers was
determined by dissolving a known mass of nanofibers in 50 mM phosphate buffer, with a pH of 7.4.
Bacterial diluting and counting were performed as described above; here, the data were expressed
as CFU/mg nanofibers, and were converted to log CFU/mg. The experimental bacteria loading was
compared to the theoretical bacteria loading. The theoretical bacteria loading (CFU/mg) was calculated
as the number of bacterial cells in the polymer solution (CFU) per dry weight of polymer and bacterial
cells, in 1 mL dispersion. The dry weight of PEO was assumed to be 4 mg, while the dry weight of
1 × 1010 bacterial cells was determined as described in Section 2.3.3, and is shown in Table 2.

2.8. Statistics

The effects of hydrophobicity on the viability of the bacteria were analyzed by applying
Mann–Whitney nonparametric tests (*, p < 0.05), using the GraphPad Prism 5.00 software. All of the
data are presented as means ± standard deviation (SD).

3. Results

3.1. Physical Characteristics of the Lactobacillus spp. and L. lactis

The physical properties of the lactic acid bacteria (e.g., size, charge, and hydrophobicity) were
hypothesized to affect their viability after incorporation into the nanofibers. Despite the wealth of
information on lactic acid bacteria available, studies that compare physical properties and growth
characteristics of multiple lactic acid bacteria are scarce; these were therefore determined in the present

32



Pharmaceutics 2019, 11, 483

study for the selected pool of lactobacilli and L. lactis (Table 2, Figure 1). The lactobacilli differed little
in terms of their average cell width. Two species had average cell lengths >2 μm, namely Lb. gasseri
(4.68 μm) and Lb. delbrueckii ssp. bulgaricus (10.82 μm). The zeta potentials of the different species
were comparable, at around −10 mV. The exceptions here were Lactobacillus casei and Lactobacillus
rhamnosus, with zeta potentials of ~0 mV, and Lactobacillus paracasei, with the lowest zeta potential
(−23.9 mV). There were considerable differences in the cell hydrophobicities, allowing division of
the bacterial species into two groups: bacteria with a lower hydrophobicity (<40%; hydrophilic) and
bacteria with a higher hydrophobicity (>70%; hydrophobic). Differences in mass (dry weight) of the
bacteria might be attributed to the production of exopolysaccharides that differ among these different
species. Exopolysaccharides can remain attached to bacteria, despite the washing step. The highest
mass was determined for Lb. rhamnosus ATCC 53103 and Lb. delbrueckii ssp. bulgaricus ATCC 11842,
which are known producers of exopolysaccharides [39,40].

Table 2. Selected physical characteristics of the bacterial species used in this study.

Bacteria Species
Average Cell
Width [μm]

Average Cell
Length [μm]

Zeta Potential
[mV]

Hydrophobicity
[%]

Mass of 1 × 1010

Bacterial Cells [mg]

Lb. acidophilus 0.56 ± 0.04 1.28 ± 0.26 −9.1 ± 5.0 78.6 ± 1.0 0.65

Lb. delbrueckii ssp. bulgaricus 0.51 ± 0.07 10.82 ± 3.31 −9.4 ± 5.5 28.5 ± 3.9 9.14

Lb. casei 0.58 ± 0.06 1.54 ± 0.36 −0.4 ± 5.5 11.3 ± 0.5 4.22

Lb. gasseri 0.65 ± 0.07 4.68 ± 1.43 −7.9 ± 4.6 92.5 ± 2.1 5.59

Lb. paracasei 0.68 ± 0.09 2.05 ± 0.49 −23.9 ± 4.4 36.4 ± 4.8 2.13

Lb. plantarum 0.52 ± 0.04 1.33 ± 0.29 −12.7 ± 4.0 74.2 ± 2.3 0.54

Lb. reuteri 0.72 ± 0.08 1.43 ± 0.37 −13.7 ± 5.7 71.9 ± 5.8 1.04

Lb. rhamnosus 0.64 ± 0.08 2.16 ± 0.51 −3.9 ± 4.4 31.5 ± 7.7 16.31

Lb. salivarius 0.70 ± 0.07 1.39 ± 0.31 −11.7 ± 4.6 90.1 ± 1.3 1.92

L. lactis 0.53 ± 0.05 0.74 ± 0.18 −12.8 ± 5.5 24.2 ± 6.3 0.48

3.2. Growth Characteristics of the Lactobacillus spp. and L. lactis

Apart from their physical properties, the bacteria also differed in their growth characteristics
when cultured under the same conditions (Figure 1). Lactobacillus salivarius was the fastest growing
Lactobacillus spp., with a growth rate of ~0.3 /h. Lb. plantarum and Lactobacillus reuteri had a growth rate
of ~0.2 /h, while the majority of strains grew at growth rates of 0.1 /h to 0.2 /h. The slowest growers
were Lb. delbrueckii ssp. bulgaricus and Lb. casei, with growth rates just above 0.05 /h. These last two and
Lb. paracasei also had the longest lag times (>5 h), while the rest of the bacteria had lag times of <3 h.

 
Figure 1. Representative growth curves of the Lactobacillus spp. and L. lactis.
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3.3. Viscosity of Polymer Solutions with the Dispersed Bacteria

The dispersions of the bacteria in 4% (m/v) PEO solution increased the viscosity in comparison
to 4% (m/v) PEO solution without the bacteria (Figure 2). The viscosity at the low shear rate (1 /s) of
the PEO solution was 1.36 Pas. PEO solutions with Lb. rhamnosus and Lb. salivarius had the highest
viscosities, with 2.8-fold and 2.5-fold increases, respectively, compared to the PEO solution without
these bacteria. Conversely, Lb. casei and Lb. plantarum had the lowest viscosities among these bacterial
dispersions, with only a 1.3-fold increase (Figure 2a). The PEO solutions and all of the PEO solutions
with dispersed bacteria showed shear-thinning behavior, which was similar for all of the samples
tested, with the exception of the PEO solution with Lb. rhamnosus, where the viscosity decreased
more rapidly through an increase in the shear rate (Figure 2b). For all of the dispersions tested,
the loss modulus dominated over the storage modulus (Figure 2c), and consequently, the damping
factor (tan δ), as the ratio between the loss and storage modulus was >1 at all of the tested angular
frequencies (Figure 2d). Therefore, in these viscoelastic dispersions, the viscous portion prevailed
over the elastic one. All of these dispersions were comparable, with the exception of the PEO solution
with Lb. rhamnosus, where the storage modulus was a lot higher (Figure 2c) and the damping factor
was lower (Figure 2d). This might be attributed to the production of exopolysaccharides and the
pronounced growth of Lb. rhamnosus as chains, as seen in Figure 3. Viscosity did not correlate with
zeta potential or bacterial hydrophobicity.

Figure 2. Rheological characterization of 4% (m/v) poly(ethylene oxide) (PEO) solutions without bacteria
and with the dispersed Lactobacillus spp. or L. lactis. (a) Relative viscosity, as the ratio of the viscosity of
the PEO dispersions with bacteria to that of the PEO solution, at a 1 /s shear rate. (b) Viscosity of the
dispersions as a function of the shear rate. (c) Storage (G’) and loss (G”) moduli, and (d) tan δ as a
function of the angular frequency.
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Figure 3. Scanning electron microscopy images of the lactic acid bacteria air dried from the water
dispersion (columns 1, 3; under high and low magnification, respectively) and bacteria-loaded
nanofibers (columns 2, 4; under high and low magnification, respectively). The numbers given in
column 4 indicate the average nanofiber diameters.
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3.4. Morphology of Nanofibers with the Bacteria

Under scanning electron microscopy, the thin nanofibers with a thickness of ~100 nm showed
local thickenings in the shape of the bacteria, which confirmed the effective incorporation of all of these
bacterial species into nanofibers (Figure 3). During SEM analysis, we did not observe any bacteria,
which were not incorporated into nanofibers. The nanofiber polymer coating of the bacterial cells was
thin, homogenous, and showed no cracks. Single or dividing cells were oriented along the nanofibers
and evenly distributed over the nanofiber mats. These mostly retained their shape, compared to the
bacteria before the incorporation; however, in some cases, the flattening of cells was seen (Figure 3).
The diameters of the nanofibers with the incorporated bacteria in regions without the bacteria varied
slightly among these different strains (Table 3). However, these differences did not correlate with the
viscosities of the bacterial/PEO dispersions.

Table 3. Growth rates and lag times of the Lactobacillus spp. and L. lactis determined from their
growth curves.

Bacterial Species Growth Rate [/h] Lag Time [h]

Lb. acidophilus 0.158 ± 0.005 2.31 ± 0.09

Lb. bulgaricus 0.066 ± 0.001 8.14 ± 0.15

Lb. casei 0.116 ± 0.002 3.41 ± 0.07

Lb. gasseri 0.118 ± 0.004 1.60 ± 0.15

Lb. paracasei 0.102 ± 0.010 5.50 ± 0.23

Lb. plantarum 0.199 ± 0.002 2.52 ± 0.21

Lb. reuteri 0.193 ± 0.009 1.82 ± 0.51

Lb. rhamnosus 0.125 ± 0.001 1.92 ± 0.34

Lb. salivarius 0.297 ± 0.028 1.11 ± 0.08

L. lactis 0.326 ± 0.013 0.84 ± 0.07

3.5. Viability of the Different Lactic Acid Bacteria after Electrospinning

All of the bacterial species were viable following their incorporation into the nanofibers. For five
species (Lb. acidophilus, Lb. gasseri, Lb. reuteri, Lb. salivarius, and L. lactis), the survival decreased by
<1 log unit, indicating a high viability. Four species (Lb. casei, Lb. paracasei, Lb. plantarum, and Lb.
rhamnosus) showed a decreased survival of between 1 and 2 log units. The worst survival was for Lb.
delbrueckii ssp. bulgaricus, with more than a 2 log decrease in viability (Table 4).

Table 4. Viability of the lactic acid bacteria in PEO solution before and after their incorporation
into nanofibers.

Bacterial Species
Theoretical Bacteria

Loading (log CFU/mg)
Experimental Bacteria
Loading (log CFU/mg)

Decrease in Viability
(log CFU/mg)

Lb. acidophilus 9.89 ± 0.18 9.18 ± 0.21 0.71
Lb. bulgaricus 8.74 ± 0.15 5.91 ± 0.15 2.83
Lb. casei 8.85 ± 0.21 7.33 ± 0.19 1.52
Lb. gasseri 9.30 ± 0.18 9.20 ± 0.11 0.09
Lb. paracasei 9.53 ± 0.12 8.02 ± 0.18 1.51
Lb. plantarum 9.99 ± 0.06 8.70 ± 0.38 1.29
Lb. reuteri 9.76 ± 0.13 9.32 ± 0.04 0.44
Lb. rhamnosus 8.55 ± 0.13 7.41 ± 0.16 1.14
Lb. salivarius 9.21 ± 0.06 6.75 ± 0.07 0.73
L. lactis 9.06 ± 0.14 8.19 ± 0.33 0.87
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Interestingly, the loss of viability correlated with the hydrophobicity of the bacterial cells.
The hydrophilic bacteria showed significantly higher decreases in viability than the hydrophobic
bacteria (Figure 4). This suggests that hydrophobic molecules at the bacterial surface (e.g., including
exopolysaccharides) offer better protection for the bacteria during their incorporation into nanofibers.
There were no correlations between the loss of viability and viscosity of dispersion or zeta potential
of cells.

Figure 4. Bacterial cells with a lower hydrophobicity (< 40%, hydrophilic, black circles) showed larger
decreases in viability after incorporation into nanofibers, in comparison to bacterial cells with a higher
hydrophobicity (> 70%, hydrophobic, red diamonds). The horizontal lines indicate the means. *, p <
0.05 (Mann–Whitney tests).

In general, the width or length of the cells did not correlate with the viability of the bacteria.
However, for Lb. delbrueckii ssp. bulgaricus in particular, the loss of viability might also be correlated
with the bacterial cell size, as these bacteria had by far the longest cells and by far the highest decrease
in viability. To exclude any influence of the direction of the electrospinning and possible losses of
bacteria during the electrospinning due to the gravitational force, horizontal electrospinning was
replaced with vertical electrospinning. The survivals here were not significantly different (Figure 5),
which suggests that the direction of electrospinning has no major role in the bacterial viability.

Figure 5. Theoretical and experimental loading of Lb. delbrueckii ssp. bulgaricus in nanofibers using
either horizontal or vertical electrospinning.

4. Discussion

The scope of the use of probiotics can be widened by the introduction of novel delivery systems.
The incorporation of probiotics into nanofibers is an emerging approach for the delivery of probiotics
to body sites that require their controlled and/or sustained release. We and others have recently
demonstrated the effective incorporation of lactic acid bacteria into nanofibers, and have shown that
these incorporated bacteria retain their viability. However, previous studies have been limited to
just five species of lactic acid bacteria: Lb. acidophilus, Lb. gasseri Lb. plantarum, Lb. rhamnosus, and
Bifidobacterium animalis [19,23–28]. Different species of lactic acid bacteria can differ considerably in
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their properties and therapeutic effects, and therefore, it is crucial to strengthen our knowledge of the
behavior of the different lactic acid bacteria during electrospinning.

We effectively incorporated nine taxonomically different species of the genus Lactobacillus and
one species of the genus Lactococcus into PEO nanofibers, and have thus considerably increased our
knowledge of the number of lactic acid bacteria that can be delivered using electrospun nanofibers. The
dispersions of these bacteria in 4% (m/v) PEO solution had different rheological properties. A higher
viscosity was attributed to the production of exopolysaccharides or to the pronounced chain growth
phenotype. Although the bacteria in the PEO solution affected the viscosity, there was no need to
change the process parameters during the electrospinning of the previously optimized electrospinning
of PEO solutions without the bacteria, which enabled the production of smooth PEO nanofibers in
a continuous process [26]. The previously reported mean diameter of PEO nanofibers without the
incorporated bacteria was 135 ± 25 nm [26], which was similar to Lb. rhamnosus-loaded nanofibers
here, whereas the other nanofibes were a little smaller, with the lowest mean diameter of 91 ± 19 nm
for Lb. plantarum-loaded nanofibers. In line with previous studies, the addition of the bacteria to the
PEO solutions did not only changed the viscosity, but also the dispersion conductivity. A prominent
influence of conductivity over viscosity might lead to the decreased nanofiber diameters seen for the
bacteria-loaded nanofibers [19,26].

While observing the bacteria-loaded nanofibers using scanning electron microscopy, we could
clearly distinguish incorporated cells in nanofibers. Thus, electrospinning provided complete
incorporation of the bacteria, even for the strain with the largest cells among those studied here
(i.e., Lb. delbrueckii ssp. bulgaricus; cell length, 10.82 μm). As observed previously [26], although
the morphology of the bacterial cells in the nanofibers was similar to their morphology obtained
after air-drying the bacterial dispersions, some of the cells were flattened due to their drying and
dehydration, or to the mechanical stress they had undergone [41].

All of these species of lactic acid bacteria that were incorporated survived the electrospinning;
however, the theoretical and experimental bacterial loading differed. The electrospinning process
results in a high incorporation efficiency of drugs [42] or bacteria [19] and here, the difference between
both loadings was probably due to the decrease of bacterial viability. There were no correlations
between the growth characteristics, viscosity of the dispersion, or zeta potential of the lactic acid
bacteria and their survival. On the other hand, the decrease in viability of the bacteria in the nanofibers
correlated with the hydrophobicities of the cells. Hydrophobicity depends on the surface structures
of the bacterial cells, such as lipoteichoic acid, S-layer proteins, outer membrane proteins and lipids,
surface fibrils, and various fimbriae or core oligosaccharides [43]. Considerable differences among the
surface properties of lactic acid bacteria were also seen in our previous study [44]. We hypothesize that
the hydrophobic surface offers better protection from the hydrophilic solution in which the bacteria
are dispersed.

Another possible predictor of bacterial viability in these nanofibers is their extreme morphology.
Lb. delbrueckii ssp. bulgaricus had by far the largest cells and the lowest viability, as the only species with
a >2 log unit decrease in viability. This might be a consequence of the large bacteria surface per cell. The
viability was not affected by the direction of electrospinning, which thus excluded gravitational effects.

To summarize, while the electrospinning process is feasible regardless of the species of lactic acid
bacteria used, the prediction of viability is challenging and will require the testing of individual strains.

5. Conclusions

In the present study, we incorporated a range of safe lactic acid bacteria into PEO-based nanofibers,
several of which are confirmed probiotics. All of the lactic acid bacteria remained viable after their
incorporation into the nanofibers using an electrospinning procedure appropriate for PEO solutions,
without the need for additional optimization. However, the survival of these lactic acid bacteria
differed across two log units, and despite the determination of the physical and growth characteristics
and the viscosities of the bacterial dispersions, no clear relationships were seen between the survival
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and the parameters measured. This suggests that the prediction of bacterial survival during the
electrospinning process is challenging, and that the formulation of each particular bacterial strain
will need to be optimized separately. The exceptions are the cell hydrophobicity and the extreme
morphological characteristics of the bacteria (e.g., greatest size for Lb. delbrueckii ssp. bulgaricus), which
offer some indications in terms of bacterial survival after their incorporation into nanofibers. The
developed nanofiber-based delivery systems could be useful for the delivery of lactic acid bacteria to
mucosal surfaces, such as oral, nasal, or vaginal surfaces.
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Abstract: The advent and growth of resistance phenomena to antibiotics has reached critical levels,
invalidating the action of a majority of antibiotic drugs currently used in the clinical field. Several
innovative techniques, such as the nanotechnology, can be applied for creating innovative drug
delivery systems designed to modify drug release itself and/or drug administration route; moreover,
they have proved suitable for overcoming the phenomenon of antibiotic resistance. Electrospun
nanofibers, due to their useful structural properties, are showing promising results as antibiotic release
devices for preventing bacteria biofilm formation after surgical operation and for limiting resistance
phenomena. In this work gentamicin sulfate (GS) was loaded into polylactide-co-polycaprolactone
(PLA-PCL) electrospun nanofibers; quantification and in vitro drug release profiles in static and
dynamic conditions were investigated; GS kinetic release from nanofibers was studied using
mathematical models. A preliminary microbiological test was carried out towards Staphylococcus
aureus and Escherichia coli bacteria.

Keywords: electrospinning; gentamicin sulfate; polylactide-co-polycaprolactone; drug release kinetics

1. Introduction

Electrospinning is a straightforward method of producing polymeric matrices made of ultrafine
entangled polymeric fibers with micro- to nano-meter range diameters and controlled surface
morphology. The ultrafine fibers are generated by application of a strong electric field on a polymer
solution or melt; fibers are stretched and collected on a metallic surface (plate or mandrel). During fiber
formation, solvent must evaporate in order to achieve dry and homogeneous fibers. Electrospinning
process parameters have been extensively studied and reviewed in the literature in the recent years [1,2].

In these years, the electrospinning technique raised tremendous interest in the pharmaceutical field,
as an emerging processing technique of drug delivery systems. Different kinds of drug delivery systems
have been investigated to improve the therapeutic effect and to reduce the toxicity of conventional
dosage forms. Nanoscale formulations, such as liposomes, polymeric micelles, complexes, and
nanofibers, attracted special attention during the last decade. Compared with other formulations,
electrospinning affords great flexibility in selecting and combining materials and drugs. Drug molecule
encapsulation into electrospun polymer nanofibers, promotes intimate drug to polymer contact,
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also modifying drug apparent solubility [3–11]. As far as electrospun materials are concerned, the
ability of reaching high encapsulation efficiencies, simultaneous delivery of diverse drugs, and drug
release modification are recognized as significant advantages. Moreover, the electrospinning process
itself has notable advantages, such as ease of operation, cost-effectiveness, reproducibility, and easy
up-scalability [1,12,13]. The use of electrospun nanofibers as drug carriers is promising in diverse
pathologies, such as postoperative local chemotherapy administration wound dressing [14,15].

Several studies can be found in the literature concerning drug release from drug loaded electrospun
matrices, either reporting drug release behavior or drug release kinetic evaluation. The latter is an
important parameter to be investigated since drug release kinetic gives an indication of drug release
mechanism. While a zero-order kinetic with constant release rate is preferred, drug release from
polymeric drug delivery systems, such as electrospun nanofibers, in many cases shows initial burst
release followed by a more controlled release of the drug over a longer duration.

The behavior depends on the drug dispersion state in the polymer fibers (i.e., molecular dispersion
(obtained starting from drug/polymer solution) or solid dispersion (obtained starting from a drug
suspension into polymer solution)). Therefore, in order to attain successful encapsulation of a drug
into the electrospun nanofibers, the physicochemical properties of polymers, as well as their interaction
with the drug molecules, must be precisely considered, as they significantly affect drug-encapsulation
efficiency, drug distribution inside the fibers, and, ultimately, drug release from the nanofibers.

Various carrier materials, including natural and synthetic (biodegradable and non-degradable)
polymers and a blend of both, were used and are being studied for electrospinning. The drugs
investigated for electrospinning belong to different therapeutic classes, such as anticancer drugs,
antibiotics and anti-infective, proteins, cardiovascular, DNA, and RNA [9,16–25].

The aim of this work was to prepare electrospun matrices loaded with GS and to in vitro evaluate
the drug kinetic profile and its microbiologic activity. In vitro release profiles were attained through
conventional static in vitro release test, and through an innovative dynamic bioreactor system that
was tested in this work and compared to the conventional in vitro drug release test. The data were
elaborated by kinetic release equation models [26]. The GS-loaded electrospun matrices could be used
for local controlled drug delivery for treating infected skin and gum or during bone surgery in order to
prevent or arrest infection.

Rationale for GS local administration resides in its poor oral bioavailability, and the high
occurrence of side effects, such as ototoxicity and toxicity in the kidney, when the drug is administered
by intravenous or intramuscular routes, which are the preferential administration routes for Gentamicin.
Moreover, topical administration of GS is required with infected burns, excoriations, acne, and impetigo,
and in these cases local delivery through a polymer nano-fibrous matrix promoting controlled drug
release and prolonged therapeutic effect could be of interest.

2. Materials

Copolymer poly-l-lactide-poly-ε-caprolactone (PLA-PCL) 70:30 molar ratio (Resomer LC 703
S – Mw 160,000 Da), freely soluble in methylene chloride (MC), soluble in N,N-dimethylformamide
(DMF), was obtained from Evonik Industries (Evonik Nutrition and Care GmbH, 64275 Damstadt,
Germany). Analytical grade MC and DMF were supplied by Carlo Erba, with no further purification.
Gentamicin sulfate, GS (Gentamicin C1, C21H43N5O7, Mw 477.6 g/mol, Gentamicin C2, C20H41N5O7,
Mw 463.6 g/mol, Gentamicin C1a, C19H39N5O7, Mw 449.5 g/mol), water solubility 100 mg/mL, insoluble
in MC, slightly soluble in DMF (1% w/w), and ninhydrin (NH), Mw 178,14 g/mol; purity grade ≥ 95%
were from Sigma Aldrich, Milano, Italy.
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3. Methods

3.1. Preparation of Polymeric Electrospun Fibers Loaded with GS

GS powder (3.3% w/w) was first dissolved in DMF and then it was added to PLA-PCL solution
(20% w/w, solubilized in MC) and maintained under magnetic stirring at 300 rpm for 2 h, until formation
of creaming homogeneous yellowish system. The final PLA-PCL/GS solution, whose composition was
1% w/w GS and 14% w/w PLA-PCL, was sonicated to eliminate air bubbles.

The polymer solubility in MC:DMF 70:30 ratio was previously evaluated. The process parameter,
set up in a previous work of the research group, were as follows: flow rate 1 mL/h, voltage 20 k/V,
needle Gauge 18 [27]. A metallic plate collector covered with aluminum foil was used for avoiding
any fiber damage during recovering; syringe distance from collector plate was maintained at 15 cm.
The electrospinning process was performed at room temperature (25 ◦C) and controlled humidity
value (~50%). Electrospinning time was 30 min in order to achieve nanofiber matrices with suitable
GS loading.

3.2. UV Quantification of GS

GS quantification was carried out by NH test. Briefly, NH test is a colorimetric assay for
quantitative assessment of GS. It is based on the reaction of NH with the primary and secondary
gentamicin amino groups leading to the formation of purple compound. The color intensity is directly
proportional to gentamicin concentration [28,29]. GS was extracted from electrospun matrices (either
the whole matrices or their portions) with the following protocol.

For GS recovery, the whole electrospun matrix was solubilized in 3 mL MC and then Phosphate
Buffer Saline PBS (4 mL, pH 7.4) were added for extracting GS. The system was maintained under
magnetic stirring at 1000 rpm for 1 h to promote GS extraction. The MC/PBS mixture were centrifuged
(16,000 rpm, 10 min) in order to separate organic and aqueous phases and recover GS in the aqueous
phase. The extraction of GS in the aqueous phase was guarantee by the high affinity of gentamicin for
aqueous phase, the poor solubility of PLA-PCL in the aqueous phase, and the partial miscibility organic
(MC) and aqueous phases (PBS). After centrifugation, the supernatant containing GS was recovered,
and GS quantified by NH assay. A schematic representation of extraction protocol is represented in
Figure 1. The extraction protocol was validated and extraction yield was confirmed to be 95 ± 3.0%.

 
Figure 1. Schematic representation of Gentamicin (GS) extraction from polylactide-co-polycaprolactone
(PLA-PCL) electrospun matrices.

A total of 500 μL of NH solution (5 mg/mL concentration), previously solubilized in PBS was
added to 500 μL of supernatant. The final solution was vortexed to ensure complete mixing and
subsequently heated to 95 ◦C for 15 min in order to induce reaction between gentamicin and NH
molecules. After 15 min, the solution was stored in water/ice bath for 10 min to stop the reaction. Each
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sample was analyzed at UV spectrophotometer at 418 nm wavelength, using quartz cuvettes (UV-1601,
UV-visible spectrophotometer, Shimadzu, ON, Canada).

PBS solution containing 1% w/w GS and placebo electrospun matrices were used as controls. All
samples underwent the same extraction protocol as GS electrospun matrices before analysis with
NH assay.

A six-points calibration curve was obtained with GS standard solutions at concentrations between
0.001 and 0.5 mg/mL. The instrument was calibrated using a blank made of 500 μL of NH solution
(0.5% w/v) added to 500 μL of PBS at pH 7.4.

In order to evaluate drug loading uniformity, all electrospun matrices were cut in a spherical mold.
The spherical mold was chosen because when electrospun fibers are collected on a plate collector, they
form a circular film that widens as long as fiber deposition is prolonged over time. The reduction
and/or prevention in further deposition of fibers could be due to the forming of insulator layer, which
depend on electrospun membrane thickness. The mechanism of fiber formation makes that the core of
circular film is made of fibers collected from the beginning of the process, while the crown of circular
film is made of fiber later collected. Considering no significant differences of drug loading between the
core and crown section, it is reasonable to postulate that GS feeding solution was stable during the
electrospinning process.

GS extraction and quantification were performed following the protocol reported above. Each
electrospun matrix, whose diameter was 7 ± 0.5 cm, was cut in two concentric parts as shown in
Figure 2. Part 1 (identified as crown) having 1.75 cm external circle radius, and part 2 (identified as
core) having 3.5 cm diameter. GS was extracted, and in both electrospun matrix molds was quantified.

 
Figure 2. Representation of the two cut concentric portions of electrospun matrices: (1) crown, (2) core.

Each analysis was performed in triplicate, and average values and standard deviations (sd) were
calculated. The reference for GS content percentage determination was the theoretical amount of GS
loaded in the matrix calculated as follows:

GS content (%) =mg GS in matrix/mg GS in the electrospun polymer solution × 100

3.3. Morphology Characterization by Scanning Electron Microscopy (SEM)

SEM analysis was carried out on placebo and GS-loaded electrospun matrices in order to
characterize their morphology in term of nanofiber size, shape, and orientation. Zeiss EVO MA10
apparatus (Carl Zeiss, Oberkochen, Germany) was used with 5000×magnification. Nanofiber size was
determined by digital elaboration of SEM images with ImageJ software (National Institutes of Health
(NIH) open source image processing program).

3.4. In Vitro GS Release Test

In vitro drug release tests were performed at 37 ◦C, both in static and dynamic conditions, in
order to evaluate how medium flow rate and its direction affect drug release profile. The tests were
carried out on both the whole electrospun matrices and on portions of the electrospun matrices that
were cut as explained above.
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3.4.1. In Vitro GS Release Test in Static Conditions

Each sample was placed in Erlenmeyer flasks and soaked in 10 mL of PBS (pH 7.4) at 37 ◦C in a
thermostatic chamber. Medium was withdrawn (1 mL) at scheduled times up to GS complete release;
PBS was restored with fresh buffer at each withdrawal.

3.4.2. In Vitro GS Release Test in Dynamic Conditions

In vitro release tests in dynamic conditions were performed using IVTech Livebox1 (LB1) and
Livebox2 (LB2) combined with a peristaltic pump (IPC4 - ISMATEC), as shown in Figure 3. IVTech
LiveBox 1 is a bioreactor made of a transparent silicon cell with a capacity of 1.5 mL and tangential
flow perfusion of the incubation medium, (Figure 3A). The cell is delimitated both on the upper side
and on the lower side by little glass disks (Ø 20 mm), and the locking system guarantees closure and
endurance during the test. IVTech LiveBox2 (LB2) has the same structural characteristics of LB1 but
with vertical perfusion flow configuration (down–top), (Figure 3B).

 
Figure 3. (A) Live Box1 (from IVTech website); (B) Live Box 2 (from IVTech website); (C) IVTech live
Box 1 and scheme and flow configuration: Tangential Flow (TF) and Vertical Perfusion Flow (VPF); and
(D) IVTech system equipped with pump and tubing systems.

The PBS buffer (10 mL, pH 7.4) was continuously recirculated from the reservoir vial (see Figure 3C)
at two different flow rates: 0.3 mL/min and 0.6 mL/min maintaining temperature at 37 ◦C. IVTech
LiveBox has peculiar characteristics; the sample is in contact with a small volume of incubation medium
simulating the most physiologic condition of implantation into the human body. The flow through the
cell creates dynamic conditions; the flow rate can be selected in the range 0.1–0.4 mL/min for LiveBox 1
(TF), and up to 0.5 mL/min in apical or basal compartments for LiveBox 2 (VPF). Flow direction can be
either tangential or vertical perfusion.

In vitro release test was performed on small portions of electrospun matrix sections (1 and 2)
because of the limited IVTech LiveBox chamber size. The final data were expressed as averages of the
two small parts. All data were normalized against their weight in order to make them comparable
with data obtained for whole matrices.

3.4.3. Kinetic Release Equations

Most common kinetic profiles considered to describe drug release are zero-order, first-order,
Higuchi model, or Korsmeyer-Peppas [27–31]. The in vitro release data were elaborated using the
following kinetic release equation models:

Zero-order model
Qt = Q0 + K0t (1)
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where Qt is the amount of drug determined in the incubation medium at the fixed times, t is the time
spans, and K0 is the zero-order release constant expressed in units of concentration/time. The model fits
drug release from dosage forms that do not disaggregate and where drug release rate is independent
of its concentration. The model is used to describe drug dissolution from several types of modified
release pharmaceutical dosage forms.

First-order release model
Log Qt = LogQ0 − k1 t/2.303 (2)

where Qt and Q0 are the amounts of drug released at time t and at time zero respectively, K1 is the first
order release constant, and t is time. Drug release rate depends on its concentration; this model can be
used to describe drug dissolution in pharmaceutical dosage forms containing water-soluble drugs in
porous matrices.

Higuchi model
Q = KH t1/2 (3)

Equation (3) represent the simplified Higuchi model where Q is the amount of drug released in
time t and KH is the Higuchi dissolution constant. The amount of drug released in the fixed time spans,
represented as function of the square root of time, fits a straight line.

The Higuchi model is suitable as model for drug release from thin films, containing finely
dispersed drugs into perfect sink conditions; this model suggests that drug release is by diffusion, and
it takes into account matrix porosity and tortuosity. The premise of the kinetic model is that perfect
sink conditions are attained in the release environment.

Korsmeyer-Peppas model
Mt/M = k tn (4)

where Mt and M are the amount of drug at time t and loaded into the drug delivery system respectively,
k is the kinetic constant related to the delivery system and encapsulated substance properties. n is
release exponent and depends on the type of transport, geometry, and polydispersity of solute; it
illustrates the solute transport mechanism as follows: (i) n < 0.5 corresponds to a pseudo-Fickian
behavior of diffusion; (ii) n = 0.5 suggests Fickian behaviour; (iii) 0.5 < n < 1 indicates an anomalous
diffusion; (iv) n = 1 shows non-Fickian diffusion. The amount of drug released in the fixed time spans
is represented on a log–log basis.

3.5. In Vitro Degradation Study: Mass Loss Analysis

Degradation study, evaluated on gravimetric basis: mass loss % (ML %) in the dissolution medium,
was monitored on a parallel set of samples along all in vitro release test times, and it was determined
with the following protocol. The initial mass of the matrix (M0) was determined by weighing the
lyophilized samples with an analytical balance (Mettler Toledo, AG245 mod, Milano, Italy) before
being subjected to in vitro degradation tests (time zero).

The samples were incubated in PBS pH 7.4 at 37 ◦C, the same conditions as for the in vitro
release test were followed. Each sample was taken from the buffer, at the sampling times fixed for
the degradation test (3, 5, 14, 21, and 28 days), it was washed with distilled water to remove the
water-soluble oligomers that can form due to copolymer degradation, and lyophilized (Lio 5P) at
−48 ◦C at 0.4 mbar for 12 h to eliminate all water traces. The lyophilized samples were subsequently
weighed (Mx). Mass loss was calculated using the following equation:

Mass Loss (%) =M0 −Mx/M0 × 100
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3.6. Antibacterial Activity Measurements

The antimicrobial activity of GS-loaded electrospun matrices (EL-GS) was evaluated against the
following reference bacterial strains: Staphylococcus aureus ATCC 6538 and Escherichia coli ATCC 10356.
Before testing, bacteria were grown overnight in Tryptone Soya Broth (TSA, Oxoid, Basingstoke, UK)
at 37 ◦C. The cultures were centrifuged at 224 g for 20 min, in order to separate the microorganisms
from the culture broth, and then washed with purified water. Washed cells were further suspended
in Dulbecco’s PBS (phosphate buffered saline, Sigma-Aldrich, Milan, Italy) and optical density (OD)
was adjusted to 0.3, corresponding approximately to 1 × 108 colony forming units (CFU)/mL at
650 nm wavelength.

The antimicrobial activity was evaluated in the presence of the EL-GS, or a placebo to be used as a
control. Viable microbial counts were evaluated after contact for scheduled time with EL-GS and with
placebo samples (electrospun matrices without GS); bacterial colonies were enumerated in TSA after
incubation at 37 ◦C for 24 h. The microbicidal effect (ME value) was calculated for each test organisms
and contact times according to the following Equation [32]:

ME = log Nc − log Nd (5)

where Nc is the number of CFU of the control microbial suspension and Nd is the number of CFU of
the microbial suspension in presence of patches.

4. Results

4.1. Preparation of Polymeric Electrospun Fibers Loaded with GS

The GS-loaded electrospun matrices, obtained after 30 min electrospinning, were round matrices
whose diameter was 7 ± 0.5 cm and with average weight value of 58 ± 2.9 mg, as determined on six
replications obtained in the same experimental conditions reported in the method section.

4.2. UV Quantification of GS

The results of GS quantification in the whole electrospun matrices are reported in Figure 4.

Figure 4. GS quantification in electrospun PLA-PCL matrices. The figure refers to GS amount in the
whole electrospun matrix.

The amount of GS experimentally determined in the electrospun matrices, expressed as relative
mass ratio of the loaded drug to the fiber, was 6.8 w/w%, and corresponded to the GS theoretically
calculated amount. Slight loss of GS micrograms was due to the cleaning step during the electrospinning
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process. The results of GS determination in the matrix’s portions are reported in Figure 5. GS content
result was uniform compared to weight, in the two sections considered. This confirmed GS was
uniformly dispersed in the polymer solution during the electrospinning process.

 
Figure 5. GS quantification in matrices portions.

4.3. Morphologic Characterization

Data obtained by SEM analysis (Figure 5) showed that fibers morphologies were unchanged
after GS addition in polymeric solution. The fibers were in a 700–800 nm range dimension with a
smooth surface. No evidence of GS crystals, either on nanofibers surface (Figure 6A,B) or in the
electrospun matrices (Figure 6C,D), was highlighted by SEM analysis. Electrospun matrix thickness,
as measured by SEM analysis on six replications, resulted to be significantly greater for core portion,
41.81 ± 0.21 μm, with respect to external portion that was 28.61 ± 1.02 μm. The result was due to the
electrospinning process on a plane collector and without any restriction, which led to the accumulation
of fibers, starting from the collector central part and enlarging the radius as long as conductivity
changed as a function of fiber deposition on the collector. As 30 min was fixed as the electrospinning
time, this caused the fabrication of matrices with different thickness, decreasing from core to edges.
Fibers entanglement, size, and shape did not change in the two different portions analyzed, while fiber
density was greater in the electrospun matrices’ central portions.

Figure 6. Scanning Electron Microscopy (SEM) images of (A) PLA-PCL electrospun matrices
(magnification 5.04 KX); (B) PLA-PCL/GS electrospun matrices (magnification 5.04 KX); (C) orthogonal
section of electrospun matrices portion 1 (external edge) (magnification 2.05 KX); and (D) orthogonal
section of electrospun matrix portion 2 (core) (magnification 2.59 KX).
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4.4. GS In Vitro Release in Static and Dynamic Conditions

GS in vitro release profiles obtained either in static or dynamic condition tests were collected in
Figure 7, showing that electrospun nanofibers significantly slowed down GS release with respect to
drug pristine dissolution profile (Figure 7, orange curve).

 
Figure 7. GS in vitro release profiles as tested in static and dynamic conditions: (A) GS release in the
first 48 h test; and (B) in vitro release profiles at GS release completion.

GS release from the electrospun matrices, tested in static conditions, was completed in 624 h
(26 days). No differences were highlighted between testing the whole electrospun matrices or a portion
of them (data not reported), corroborating that GS was uniformly distributed in the electrospun matrix.
Moreover, since GS solubility in water is 100 mg/mL, the in vitro release test on the electrospun matrices
was conducted always in sink conditions. For these reasons, the different matrix thicknesses did not
play a significant role in GS release. GS release profiles in dynamic conditions using IVTech bioreactors
(LB1 and LB2) were reported in Figure 7.

Drug release in dynamic conditions, as expected, was significantly faster with respect to drug
release rate in static conditions. In the first 24 h of testing, drug release was faster with LB2 bioreactor,
which means that orthogonal flow, independently from flow rate, promoted drug release. However,
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drug release profiles after the first 24 h showed that the higher flow rate (0.6 mL/min) significantly sped
up drug release and the higher flow rates (0.6mL/min) corresponded to significantly faster drug release
with both types of flows tested (tangential for orthogonal flow). Moreover, flow direction did not
seem to significantly affect the GS release profile when lower the flow rate was applied (0.3 mL/min);
however, in this case, complete GS release was achieved in 288 h, both using LB1 and LB2 bioreactors.

Drug burst release (drug released in the first 8 h test) was highlighted in all the in vitro release
conditions tested, and it increased by incrementing dissolution medium flow rate and changing from
tangential to vertical perfusion flow direction. The results are consistent with GS high water solubility
that makes drug release highly sensitive to environmental conditions.

The in vitro release data were elaborated by kinetic release equation models and results are
reported in Tables 1 and 2.

Table 1. Kinetic model elaboration of GS release from EL matrices incubated in static conditions in (pH
7.4) at 37 ◦C.

Models Intercept Slope R2

Zero-order 0.02 1 0.94

First-order −1.76 1.2 × 10−2 0.93

Higuchi 0.01 2.5 × 10−3 0.97

Korsmeyer-Peppas −1.88 2.3 × 10−1 0.77

Table 2. Kinetic model elaboration of GS release from electrospun matrices incubated in dynamic
conditions in PBS (pH 7.4) at 37 ◦C.

TF-LB1 Bioreactor VPF – LB2 Bioreactor

Flow Rate
(mL/min)

0.3 0.6 0.3 0.6

Intercept Slope R2 Intercept Slope R2 Intercept Slope R2 Intercept Slope R2

Zero order 0.01 0.0001 0.77 0.01 0.0003 0.85 0.02 −7 × 10−5 0.77 0.03 −7 × 10−5 0.85

First order −2.03 0.003 0.63 −1.51 0.003 0.78 −1.59 1.4 × 10−3 0.82 −1.59 −1.3 × 10−3 0.84

Higuchi 0.007 0.0015 0.90 0.023 0.004 0.93 0.03 −1.1 × 10−3 0.98 0.03 −1.1 × 10−3 0.98

Korsmeyer-Peppas −2.15 0.25 0.87 −1.56 0.17 0.83 −1.55 −8.86 × 10−2 0.82 −15,505 −9 × 10−2 0.96

Electrospun matrices showed drug release was regulated from the Higuchi kinetic model, both
in dynamic and static conditions. The Korsmeyer-Peppas slope exponent (n) was between 0.1 and
0.25, which confirms that the pseudo-Fickian diffusional mechanism controlled the GS release from
electrospun nanofibers in all the conditions analyzed.

4.5. In Vitro Degradation Test: Mass Loss Analysis

The mass loss results in the 28 days, corresponding to in vitro release test, are reported in Figure 8.
They show that matrices’ mass loss reached 12% after 28 days incubation in simulated physiologic
conditions. The results were consistent with data discussed by the authors in a previously published
work [27] on PLA-PCL placebo electrospun matrices, showing GS-loaded PLA-PCL electrospun
matrices are stable in the 28 days incubation in the simulated physiologic conditions tested.
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Figure 8. GS-loaded electrospun matrices’ mass loss percentage in simulated physiologic conditions
(PBS, pH 7.4).

4.6. Antibacterial Activity Measurements

The results of antibacterial activity measurements are reported in Table 3, they show the
antimicrobial activity obtained against both S. aureus and E. coli. In particular, the values of ME were
sufficiently high to reach a full antimicrobial effect at the concentrations investigated, comparable to
the action of a disinfectant (ME ≥ 4) [32,33].

Table 3. Antibacterial activity of EL-GS evaluated against S. aureus and E. coli.

Sample Code Contact Time (h) Microbicide Effect (ME) vs. S. aureus Microbicide Effet (ME) vs. E. coli

EL-GS * 1.0 3.79 5.86

EL-GS 6.0 7.21 8.04

EL-GS 24 10.15 10.37

EL-GS 48 10.48 10.69

EL 1.0 1.0 1.0

EL ** 6.0 1.0 1.0

EL 24 0 0

EL 48 0 0

* EL-GS: Electrospun matrices loaded with GS; ** EL: placebo electrospun matrices.

CEN EN 13697 reports ME should be tested after 15 min of contact for disinfectant antibacterial
activity determination. Here an antibiotic drug embedded in a polymer matrix was tested; therefore,
in a different situation, slightly different time parameters were set (1 h) in order to consider GS release
rate from the electrospun matrices.

The antimicrobial effect, being significant after 1 h of contact, increased with time consistently
with GS release from the electrospun matrices. Placebo polymeric electrospun matrices show null
antimicrobial effect against both microbial strains tested. Considering that in 48 h the EL-GS released
about 27.7% GS in the same conditions (see Figure 7B, GS release in static conditions), it can be
hypothesized that the antibacterial activity could prolong with time.

5. Discussion

In this work GS was solubilized in DMF, and the mixture solvent system (MC:DMF 70:30) aided
the physical stabilization of GS in the polymer solution during the electrospinning process. GS
concentration in the final solvent mixture, hence the amount of GS loaded into the electrospun matrices,
was strictly dependent on GS solubility in the solvents used. In this experimental condition, uniform

52



Pharmaceutics 2019, 11, 161

distribution of GS inside the electrospun mats was obtained, permitting an accurate dosage of GS, and
no crystals were observed by SEM analysis of the electrospun matrices.

GS-loaded electrospun matrices were recently investigated by Coimbra and coll [24], demonstrating
the interest in GS local delivery by polymer electrospun matrices. The authors loaded GS into
electrospun matrices, starting from a suspension or an emulsion; in all cases, they highlighted similar
drug release profiles with great burst release.

The results of the present experimental work highlighted that GS release rate from the electrospun
matrices was slowed down with respect to in vitro dissolution of GS powder. Attention was focused on
the different in vitro release tests performed, in static conditions and dynamic conditions, and results
highlighted that medium flow rate significantly affects drug release rate. This could be explained by a
higher differential between drug concentration at the stationary state surrounding the matrices surface
and bulk drug concentration, when in vitro release test was carried out in dynamic conditions. The
hypothesis was confirmed by high evidence of the phenomenon at the beginning of in vitro release
test. Moreover, GS release followed a Higuchi kinetic model, typical of diffusion through porous thin
films. The result is consistent with the low values of polymer mass loss obtained, demonstrating that
degradation of the PLA-PCL electrospun matrix was not involved in GS release electrospun matrices.

6. Conclusions

The results indicate that there is a good and suitable chance for the future use of electrospun
nanofibers as carriers for antibiotics. The electrospun matrices could be applied on severe burns, in
order to prevent infections after its implantation into gingival cavities for local infection treatment,
or after tooth explant. The advantage is the ability to reach high antibiotic concentrations at the site
of action, in the meantime avoiding high system concentrations, thus reducing the drug side effects.
Moreover, the prolonged effect of antibiotic at the site of action can reduce administration frequency
and improve patient compliance. As far as GS is concerned, further studies should be conducted to
ascertain how to reduce GS burst release from the electrospun matrices, meanwhile rendering drug
release more independent from environmental conditions.
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Abstract: New strategies are continuously sought for the treatment of skin and wound infections
due to increased problems with non-healing wounds. Electrospun nanofiber mats with antibacterial
agents as drug delivery systems provide opportunities for the eradication of bacterial infections
as well as wound healing. Antibacterial activities of such mats are directly linked with their
drug release behavior. Traditional pharmacopoeial drug release testing settings are not always
suitable for analyzing the release behavior of fiber mats intended for the local drug delivery.
We tested and compared different drug release model systems for the previously characterized
electrospun chloramphenicol (CAM)-loaded nanofiber (polycaprolactone (PCL)) and microfiber (PCL
in combination with polyethylene oxide) mats with different drug release profiles. Drug release
into buffer solution and hydrogel was investigated and drug concentration was determined using
either high-performance liquid chromatography, ultraviolet-visible spectrophotometry, or ultraviolet
(UV) imaging. The CAM release and its antibacterial effects in disc diffusion assay were assessed by
bacterial bioreporters. All tested model systems enabled to study the drug release from electrospun
mats. It was found that the release into buffer solution showed larger differences in the drug release
rate between differently designed mats compared to the hydrogel release tests. The UV imaging
method provided an insight into the interactions with an agarose hydrogel mimicking wound tissue,
thus giving us information about early drug release from the mat. Bacterial bioreporters showed
clear correlations between the drug release into gel and antibacterial activity of the electrospun
CAM-loaded mats.

Keywords: antibacterial activity; bacterial bioreporters; drug release; electrospinning; microfibers;
nanofibers; UV imaging

1. Introduction

Electrospinning is a highly versatile and robust technique that allows production of fibers with
diameters from several nanometers to tens of micrometers [1]. Drug-loaded electrospun nanofiber
mats have been studied intensively and show potential as drug delivery systems (DDSs) [2] and tissue
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engineering scaffolds [3,4] due to several advantages, such as huge specific surface area, porosity
and the possibility to modify the drug release kinetics [5–7]. Compared to other delivery systems,
nano- and microfiber mats enable control and tuning of the drug release kinetics [8] and, hence, design
the mats with desired properties [9,10]. For example, for local antibiotic delivery, the desired drug
release needs to follow two steps: initial fast release followed by the slow zero-order kinetics over a
longer period of time [11]. Novel strategies for attaining sustained release have been proposed, for
example via the formation of core-shell structures [12,13], beads [14], or modification of nanofiber mat
thickness [15]. The drug release process is affected by several factors, such as the physicochemical
properties of the drug and carrier polymer, the structural characteristics of the material system, release
environment, and the possible interactions between these factors [16]. It is known that drug release
from electrospun fiber mats may vary depending on the material properties and the structure of the
mats [9,15,17,18].

Despite the substantial body of literature on electrospun fiber mats and their characterization, there
is no standard method for the analysis of drug release from fiber mats. Traditional pharmacopoeial
drug dissolution tests have been found useful for the analysis of nanofibers incorporated into capsules
or pressed into a tablet [19,20]. However, when electrospun nanofiber mats are intended for the
local delivery of drug, e.g., wound therapy, the amount of available liquid is low. Thus, mimicking
the actual biorelevant conditions in vitro may be challenging using standardized dissolution testing
conditions. Researchers have used methods where the amount of dissolution medium is much reduced
and size of the sample is close to the actual size of the nanofiber mat used in vivo [18,21–23]. Samples
are typically collected at predetermined time intervals and analyzed by ultraviolet-visible (UV-VIS)
spectrophotometry or high performance liquid chromatography (HPLC).

The biorelevant conditions applied for the drug release studies depend on the exact problem and
site of application, and may vary. Hydrogels have been widely used as DDSs for topical applications;
however, hydrogels may also provide for a simplistic wound model onto which drug may be released
followed by drug diffusion into the hydrogel matrix. Diffusion is one of the major transport mechanisms
in the wound [16,24], although swelling and erosion may also play a role depending on the formulation.
For some electrospun nanofibers, the release rate has also been explained by desorption of the embedded
drug from nanopores in the fibers or from the outer surface of the fibers in contact with the water
bath [25]. In addition to the actual testing, simulations have been performed and models proposed
that enable prediction of the drug release behavior of the electrospun fiber mats [16,26]. These models
enable the design of mats with certain structures in order to achieve a desired drug release kinetics [12].

Recently, a fully automated fiber-optics based dissolution testing systems for in situ monitoring of
drug release from electrospun fiber mats was proposed [27]. The direct ultraviolet (UV) measurement
of dissolved drug within dissolution medium provided the dissolution profile in real-time. UV imaging
technology has emerged in pharmaceutical analysis [28]. It has found use for the characterization
of different pharmaceutical dosage forms, including monitoring drug release from capsules [29],
patches [30], and hydrogels [31,32]. Spatially resolved absorbance values are measured facilitating
monitoring of concentrations and concentration gradients by UV imaging, and thereby providing the
potential for new insights to the drug dissolution and release processes through real-time monitoring
of swelling, precipitation, diffusion, and partitioning phenomena [31,33,34]. Drug release from
electrospun fiber mats into hydrogel system has not been investigated before and was of interest within
the present study.

In addition to using physical methods in drug release studies, genetically engineered whole-cell
bioreporters enable to obtain valuable information during drug release studies. A few of the main
advantages of using bioreporters are that they provide physiologically relevant data by measuring only
biologically available fraction of the chemical. A typical bioreporter consists of a biological recognition
element (i.e., sensor), a transducer, and a reporter protein. Test chemical binds to the sensor element, a
transducer initiates the production of the reporter protein, and a signal is produced [35,36]. In parallel
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to the drug release information, such methods give direct information about the bioactivity of the
developed antimicrobial DDSs.

The aim of the current study was to test and compare different drug release model systems for the
characterization of electrospun nano- and microfiber antibacterial drug-loaded mats. We studied two
different polymeric compositions—polycaprolactone (PCL) alone or in combination with polyethylene
oxide (PEO)—with the model antibacterial drug chloramphenicol (CAM). Interestingly, we have
previously shown that although these fiber mats with different carrier polymers have different drug
release behavior according to the dissolution test results, their antibacterial activity was rather similar in
a disc diffusion assay [22]. Therefore, in order to understand drug release from electrospun polymeric
fiber mats better, novel characterization methods were acquired in order to elucidate and rationalize
drug release behavior. In the current study, the drug release from electrospun fiber mats into buffer
solution and agar hydrogel was investigated using HPLC, UV-VIS spectrophotometry, and bacterial
bioreporters responding to the antibacterial drug CAM. UV imaging was used for the first time to
monitor real-time the drug release and diffusion from electrospun fiber mats into agarose hydrogel.
Antibacterial activity testing of the CAM containing fiber mats was performed using disc diffusion
assay in order to shed light on the correlation between the drug release and antibacterial activity and,
hence, the intended use of electrospun mats as local antibacterial DDSs for wound infections.

2. Materials and Methods

2.1. Materials, Bacteria and Release Media

Drugs, polymers, supplies. The antibacterial agent chloramphenicol (CAM) was used as a model
active pharmaceutical ingredient. CAM, hydrophobic carrier polymer polycaprolactone (PCL, Mw ≈
80,000), hydrophilic carrier polymer polyethylene oxide (PEO) (Mw ≈ 900,000), and all analytical grade
reagents were purchased from Sigma-Aldrich Inc. (Darmstadt, Germany). Ampicillin sodium salt
and anhydrous d-glucose used for the bacterial bioreporter preparation were obtained from Carl Roth
GmbH + Co. (Karsruhe, Germany) and Fisher Scientific (Waltham, MA, USA), respectively. Type I
agarose was purchased from Sigma-Aldrich (St. Louis, MO, USA). Agar hydrogel was prepared using
Lennox lysogeny broth (LB) agar (Difco Laboratories, Detroit, MI, USA). FavorPrep Plasmid DNA
Extraction Mini Kit and FavorPrep(TM) GEL/PCR Purification Mini Kit was purchased from Favorgen
Biotech Corp. (Changzhi Township, Pingtung, Taiwan).

Bacteria. Bacteria (Staphylococcus aureus DSM No.: 2569) were obtained from Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures. Escherichia coli MG1655 strain [37]
was used for biosensor construction. Cloning was performed in E. coli strain DH5α [38].

Buffers and agarose hydrogel for drug release testing by UV imaging. For the preparation of the
phosphate buffer solution used as a dissolution medium, sodium dihydrogen phosphate dihydrate
(NaH2PO4 · 2H2O, Merck, Darmstadt, Germany) was dissolved in distilled water. The pH of the
solution (67 mM phosphate buffer) was adjusted to pH 7.40 using 5M sodium hydroxide solution.
The 0.5% (w/V) agarose hydrogel was prepared by dissolving type I agarose in an appropriate volume
of phosphate buffer kept at 98 ◦C for 45 min in a water bath. The gels were cast in the quartz cells,
and allowed to settle for 30 min prior to commencing the release experiments.

Buffers and agar hydrogels for drug release and antibacterial activity testing. Drug release studies
were conducted using phosphate buffered saline (1x PBS). Lennox lysogeny broth (LB) agar with a
concentration of 1.5% (w/V) (S. aureous) and MOPS minimal medium [39] with 1.5% (w/V) agar (E. coli)
were used for drug diffusion and antibacterial activity testing with bacteria.

2.2. Preparation and Characterization Methods

Preparation of electrospinning solutions and fiber mats. Fiber mats were prepared using an ESR200RD
robotized electrospinning system (NanoNC, Seoul, Republic of Korea). Fiber mats with different
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compositions were prepared in order to provide different drug release kinetics. The exact compositions
of the solutions used for electrospinning and electrospinning conditions are shown in Table 1.

Table 1. Composition of the electrospun formulations and electrospinning parameters.

Formulations Materials/Polymer Materials/Solvent
Distance

(cm)
Flow Rate

(ml/h)
Applied

Voltage (kV)

PCL PCL 12.5% (w/V),
CONTROL

Chloroform:methanol
(3:1 V/V) 14 1.0 9

PCL/CAM PCL 12.5% (w/V) + CAM
(4% w/w, solid state)

Chloroform:methanol
(3:1 V/V) 14 1.0 9

PCL/PEO PCL 10% + PEO 2% (w/V),
CONTROL

Chloroform:methanol
(3:1 V/V) 17 2.5 12

PCL/PEO/CAM
PCL 10% (w/V) + PEO 2%

(w/V) + CAM (4% w/w,
solid state)

Chloroform:methanol
(3:1 V/V) 17 2.5 12

Key: CAM, chloramphenicol; CONTROL, formulation without CAM; PCL, polycaprolactone; PEO,
polyethylene oxide.

A mixture of chloroform:methanol (3:1) (V/V) was used as a solvent system for the preparation
of PCL and PCL/PEO systems, and a total of 10 mL was electrospun using rotation (20 rpm) and
moving stage (speed 25 mm/min, distance 140 mm). For the preparation of the electrospinning
solution, the polymers were dissolved in the solvent system under stirring overnight. The desired
CAM concentration in the fibers was 4% (dry solid state %) and CAM was added together with the
polymer into the solvent system immediately after the preparation. The electrospun fiber mats were
collected onto aluminum foil and put into ziploc bags. The samples were kept in a desiccator at 0%
relative humidity above silica gel to avoid humidity induced changes in the mats.

Morphology and solid state characterization of electrospun fiber mats. Morphology and diameter of
electrospun fiber mats were investigated using scanning electron microscopy (SEM). Samples were
mounted on aluminum stubs and magnetron-sputter coated with 3 nm gold layer in argon atmosphere
prior to microscopy. Solid state characterization of the electrospun fiber mats and drug-loaded fiber
mats was performed as described previously using attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy (IRPrestige-21 spectrophotometer (Shimadzu Corp., Kyoto, Japan)
with Specac Golden Gate Single Reflection ATR crystal (Specac Ltd., Orpington, UK) and verified with
X-ray diffraction (XRD) (D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany) [22]. The thickness of
the fiber mats was verified using a Precision-Micrometer 533.501 (Scala Messzeuge GmbH, Dettingen,
Germany) with the resolution of 0.01 mm. The thickness of the mats was 0.07 ± 0.01 mm for the PCL
fiber (0.05 ± 0.01 mm with CAM) and 0.08 ± 0.01 mm for the PCL/PEO fiber (0.08 ± 0.01 mm with
CAM) mats.

Drug loading and distribution in fiber mats. High performance liquid chromatography (HPLC)
(Shimadzu Prominence HPLC with LC20, PDA detector SPD-M2QA, controlled by LC Solution software
(1.21 SP1 Shimadzu); Shimadzu Europa GmbH, Duisburg, Germany) was used to determine the CAM
concentration in the electrospun fiber mats and to evaluate its distribution uniformity throughout the
fiber mats. Analyses were performed according to the official European Pharmacopoeia method for
a related substance CAM sodium succinate. Briefly, CAM-loaded fiber samples were cut into 1 cm2

pieces, weighed, and dissolved in chloroform and methanol (3:1 V/V). The HPLC measurements were
performed using an octadecylsilyl column (Phenomenex, Luna C18(2), 250 × 4.6 mm, 5 μm). The flow
rate was 1.0 mL/min, and injection volume was 20 μL. The mobile phase consisted of 2% phosphoric
acid R, methanol R and water R in the volume ratio 5:40:55. A wavelength of 275 nm was used.
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2.3. Drug Release Studies

2.3.1. Drug Release Testing into Buffer Solution and Agar Hydrogel by UV-VIS Spectrophotometry
and HPLC

Drug release to buffer solution and agar hydrogel was investigated using UV-VIS
spectrophotometry and HPLC, respectively.

Release to phosphate buffer solution: The in vitro drug release of CAM from electrospun PCL and
PCL/PEO fiber mats was carried out as described previously [22]; however, a more frequent sampling
protocol was used. Briefly, 4 cm2 samples (N = 3) cut from the mats were weighed and placed into
20 mL of 1× PBS (pH 7.4) at 37 ◦C in 50 mL plastic tubes. The tubes were put into a dissolution
apparatus vessel (Dissolution system 2100, Distek Inc., North Brunswick, NJ, USA) containing water
maintained at 37 ◦C using rotation (paddle system, 100 rpm). Aliquots of 2 mL were removed and
replaced with the same amount of 1× PBS at set time points. The aliquots were analyzed using
UV-spectrophotometry (Shimadzu UV-1800, Shimadzu Europa GmbH, Duisburg, Germany) at 278 nm.

Release to agar hydrogel: The amount of drug released into agar plates was investigated by sampling
different zones of the agar (illustrated with a figure in Section 3.4). Pieces of fiber mat (PCL/CAM and
PCL/PEO/CAM fiber mat discs, with a diameter of 1 cm) were weighed, put onto pre-warmed LB agar
plates, kept at 37 ◦C, and removed at set time points. Zones of the agar were cut out, the agar sample
was put into ethanol (96%) and sonicated for 15 min. This extraction process was repeated twice and
the obtained ethanol solutions were combined. The vials with ethanol solutions were left under a fume
hood without caps, for the ethanol to evaporate. The residues left in the vials were dissolved in 1.5
mL of ethanol (96%) and the amount of CAM analyzed with HPLC. In the present study, the limit of
detection for CAM was 1 μg/mL. Triplicate measurements were performed. The extraction efficacy
was tested separately confirming that two times extraction resulted in 100% efficacy (Appendix A,
Table A1).

2.3.2. UV Imaging for Drug Release Monitoring in Hydrogel

Complementary to the traditional HPLC method, an Actipix D200 Large Area Imager (Paraytec
Ltd., York, England) controlled by Actipix D200 acquisition software ver. 3.1.7.4 was used to image the
release of CAM from PCL and PCL/PEO fiber mats. These experiments were performed in a heating
cabinet from Edmund Bühler TH30 (Bodelshausen, Germany) set to 37 ◦C. Imaging was performed at
four alternating wavelengths: 525 nm, 280 nm, 255 nm, and 214 nm. Images for each wavelength were
recorded at a frequency of 0.125 s−1 for the release experiments as well as the standard curve. The
imaging area (28 × 28 mm2; pixel size 13.8 μm2) encompassed three quartz cells (Pion Inc., UK; 62
mm × 4 mm × 7 mm (L × H ×W)), allowing three measurements to be performed simultaneously.
The fibers were cut to fit the inner dimensions of the quartz cells (7.0 mm in width and 4.0 mm in
height). The fibers were positioned perpendicular to the imaging direction in contact with the agarose
gel. The fibers were backed by silicone plugs to ensure good contact with the gel and correct alignment.
Parafilm was used to seal the quartz cells preventing evaporation of water from the gels. The release of
CAM from the fibers was imaged for 3 h at 37 ◦C. Each imaging experiment allowed measurements of
two CAM-containing fibers and one blank fiber (control). The positioning of the fibers in the imaging
system (top, middle or bottom row) was randomized.

Standard Curve for quantification by UV imaging. A CAM stock solution (5 mM) in phosphate buffer
was used to make the dilutions for the standard curve in 0.5% (w/V) agarose gel. These were made
by mixing 1.5 mL 1% (w/V) agarose in phosphate buffer with a defined volume of CAM solution and
phosphate buffer to obtain 3 mL of the mixture. The 1% (w/V) agarose solution and the phosphate
buffer were both heated in water bath (98 ◦C) to facilitate mixing leading to a homogeneous mixture.
The gels were cast in the quartz cells, and allowed to settle for 30 min prior to the experiments. As
reference, a 0.5% (w/V) agarose gel in phosphate buffer without CAM was used.
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2.4. Antibacterial Activity Studies—Drug Release and Effect on Bacterial Growth

2.4.1. Antibacterial Activity Testing

The antibacterial activity of released CAM on agar plates was investigated at different time points
mimicking the drug diffusion tests into agarose hydrogel during UV imaging studies. Overnight
culture (20 h) of S. aureus DSM No.: 2569 was grown from DMSO stock (100 uL to 3 mL of LB).
Preparation of all bacterial DMSO stocks used in the present study is described in Appendix B. The
culture was diluted to optical density (OD) 0.05 in LB and 100 μL was plated onto pre-warmed LB agar
plates (1.5% (w/V)). PCL/CAM and PCL/PEO/CAM fiber discs, and a positive CAM filter paper control
were applied onto each plate. At specific time points, the discs were removed and the LB plates were
incubated at 37 ◦C for 24 h prior to measurement of the inhibition zones.

2.4.2. Bioreporter Plasmid and Strain Preparation

All cloning was performed using CPEC cloning method [40]. Plasmid vector backbone was
low-copy pSC101 plasmid. Timer reporter gene in plasmid pSC101-Ptet-Timer [41] was replaced with
two fluorescent reporter genes GFPmut2 [42] and mScarlet-I [43]. In order to increase the expression of
the green fluorescence protein (GFP) during antibiotic stress additional stress-inducible dnaK1 promoter
(PdnaK1) originating from E. coli MG1655 genomic DNA was added upstream of the tet-promoter
(Ptet). In addition, kanamycin resistance gene kanR was replaced with ampicillin resistance gene ampR.
In order to reduce the expression of ampR resulting from reverse direction transcription initiation from
PdnaK1, additional rrnB T2 terminator was added between ampR and PdnaK1.

In order to construct the ribosomal stalling reporter plasmid pSC101-CAM-bioreporter
transcription attenuation-based regulatory trpL2Ala region together with a terminator and constitutive
T5 promoter from plasmid, pRFPCER-TrpL2A [44] was inserted between GFPmut2 and mScarlet-I
ribosomal binding site. mRNA from the reporter gene mScarlet-I, and therefore, red fluorescence is
only produced when ribosomal stalling occurs, e.g., due to CAM presence (Appendix C).

CPEC products were transformed into E. coli DH5α and plasmids were purified using FavorPrep
Plasmid DNA Extraction Mini Kit. All plasmids were verified by sequencing. Purified bioreporter
plasmid pSC101-CAM-bioreporter was transformed into E. coli MG1655 chemical competent cells via
heat shock. The transformants were selected on ampicillin (100 μg/mL) containing LB-agar plates
after overnight incubation. The full nucleotide sequence of the pSC101-CAM-bioreporter plasmid is
provided as Supplementary Materials in GeneBank (gb) file format.

2.4.3. Bioreporter Disc Diffusion Assay

For bacterial bioreporter disc diffusion assay agar plates with defined MOPS minimal medium [39]
supplemented with 0.4% (w/V) glucose as the carbon source and 1.5% (w/V) agar were prepared in
sterile conditions by measuring 20 mL of warm agar medium per plate, and plates were dried for 30
min under laminar flow hood.

Bioreporter strain DMSO stock was thawed, diluted 20× into sterile 1× PBS and 75 μL was
plated on each minimal plate. A sterile cotton bud dipped into 1× PBS was used to spread the cells
evenly. Plates were left to incubate at 37 ◦C for 10 h. After incubation, the weighted fiber mats
(PCL/PEO/CAM and PCL/CAM) were added to each plate. Individual plates were first scanned with
the Amersham Typhoon scanner (GE Healthcare Europe GmbH, Freiburg, Germany) (pixel size 100
μm; green fluorescence: 488 nm laser, 525BP20 filter, PMT voltage 352V; red fluorescence: 532 nm laser,
570BP20 filter, PMT voltage 621V) after adding the mats and re-scanned every hour for 6 h. Scan time
for each plate was approximately 6 min. The plates were incubated at 37 ◦C between the scans.

2.5. Data Analysis

Data are given as average ± standard deviation (SD), unless stated otherwise. Data were analyzed
and figures plotted using MS Excel 2017 and/or 2016, GraphPad Prism 7 ver. 7.04 or OriginPro 8.5.
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Statistical analysis was performed by two-tailed Student’s t-test assuming unequal variances (p < 0.05)
where applicable.

The SDI Data analysis software ver. 2.0.60624 (Paraytec Ltd., York, England) was used to analyze
the recordings made on the Actipix D200 system. The CAM molar absorption coefficient determined
from the standard curve was used to calculate CAM concentrations in the gels. The analysis was
performed at 255 nm, because the linear range of the standard curve covered the absorbance values
encountered in the release experiments in contrast to 280 nm. A 6.25 mm wide zone starting from
the fiber-gel interface protruding into the gel in the CAM transport direction was defined. For each
pixel column, the absorbance was averaged, converted to concentration and plotted as a function of
distance from the fiber mat to attain concentration-distance profiles. From the concentration-distance
profiles, the area under curve (AUC) was calculated to determine the total amount of CAM released
from the fibers.

The inhibition zones free of bacterial growth (diameters, mm) were determined using ImageJ
software [45] program version 1.52n. Tests were run at least in triplicate. ImageJ software was also
used for obtaining numerical values of fluorescent zones from disc diffusion assay images. Green
and red fluorescence images were analyzed separately. 0.8 mm wide lines were chosen as regions of
interest for analysis. The 1.5 cm long line was drawn starting from the fiber mat and plot profiles of
grey values for these regions were recorded.

3. Results and Discussion

3.1. Preparation and Characterization of Electrospun Fiber Mats

In order to test the suitability of the UV imaging technique and different drug release model
systems for monitoring drug release from electrospun fiber mats, different mats were electrospun by
varying the polymers (hydrophilic PEO vs. hydrophobic PCL) and incorporating the antibacterial drug
CAM into the fibers (Table 1). The preparation and morphological and physicochemical characterization
of these electrospun antibacterial CAM-loaded fibers has been performed previously [22]. As shown
previously, the prepared PCL and PCL/CAM mats consisted of nanofibers within the average size
range from 370 to 496 nm (SD ± 339 nm), whereas PCL/PEO and PCL/PEO/CAM mats were in the
micrometer size range with an average diameter of 2.9 μm (SD ± 1.1 μm). Solid state transformation
from crystalline CAM to amorphous CAM was confirmed with drug-loaded electrospun fiber mats
(data not shown). In agreement with previous findings [22], CAM was homogeneously distributed
within the electrospun fiber mats (data not shown) and CAM content matched with the theoretical
values (Table 2).

Table 2. Average CAM concentrations within the electrospun fiber mats (N = 3–7). Formulation
compositions and electrospinning parameters are shown in Table 1.

Electrospun Fiber Formulations Theoretical CAM Content/% Measured CAM Content/% ± SD

PCL/CAM 4 4.0 ± 0.2

PCL/PEO/CAM 4 3.8 ± 0.3

Key: CAM, chloramphenicol; SD, standard deviation.

3.2. Drug Release into Buffer Measured by UV-VIS Spectrophotometry

Initially, traditional dissolution testing into buffer solution was performed and CAM concentrations
were determined using UV-VIS spectrophotometry. The PCL/CAM and PCL/PEO/CAM mats are
different in terms of their wettability and swelling properties. PCL/PEO/CAM mats are more hydrophilic
and swell when exposed to an aqueous medium [22]. The PCL/CAM mats are more hydrophobic,
although the presence of CAM tends to increase the wetting of the mat and provide access for the
buffer to enter the fibers. Thus, PCL/CAM fiber mats provided the expected and desired prolonged
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CAM release whilst PCL/PEO/CAM mats due to the hydrophilic nature of PEO exhibited a faster drug
release in buffer solution (Figure 1).

Figure 1. Relative release of CAM from PCL/PEO/CAM (�) and PCL/CAM (�) fiber mats into phosphate
buffered saline at pH 7.40 and 37 ◦C. Data are averages ± SD of at least triplicate samples. Analyses
performed using UV-VIS spectrophotometry (reference is made to Table 1 for fiber composition and
preparation conditions).

Frequent sampling revealed a significant CAM burst release (up to 15 min of release testing) from
both fiber mats. There were only minor differences in triplicate measurements and in the behavior
of the fiber mats verifying the reproducibility of the measurements. In a recent study, the free drug
(terbinafine hydrochloride) on the surface of fibers was removed after rinsing in distilled water and
the amount of released drug quantified in a wound dressing-skin model utilizing filter paper as a
matrix [21]. The rinsing procedure most likely removed the drug burst release. In the present study,
no pretreatment of the mats was performed and the mats were analyzed directly. It is likely that if
burst released amounts were removed the drug release would be even more different between the
mats and most of CAM would be removed from PCL/PEO/CAM fibers mats during the pretreatment.
For understanding drug release and in vivo activity relationships, the mats should not be pretreated;
however, such pretreatment might be important if in vitro tests are performed to illustrate only the
differences between the fiber mats in respect of their prolonged drug release.

3.3. Antibacterial Activity of Electrospun Fiber Mats

Despite the different morphologies and behavior (e.g., swelling, drug release into buffer),
statistically significant differences in the inhibition zones on agar plate between the PCL/CAM
and PCL/PEO/CAM fiber mats were not observed during previous antibacterial activity testing [22].
In the present study, it was of interest to investigate further how the drug is released from the
electrospun mat into a gel which more closely resembles the wound matrix (e.g., agar and agarose
hydrogels) and how this translates into antibacterial effect. Hydrogels have more similar hydrodynamic
conditions to wound tissue as compared to aqueous solutions and thus provide more biorelevant
testing option. We developed a modified disc diffusion assay, where the mats were physically removed
from the surface of the solid growth medium at specified time points and the antibacterial effect of
the released drug on model bacteria S. aureus DSM No.: 2569 was determined by measuring the size
of the inhibition zones after 24 h. The faster CAM release from PCL/PEO/CAM mats compared to
the PCL/CAM mats observed in buffer solution (Figure 1) correlated with larger inhibition zones
(Figure 2). The differences were larger at the earlier time points. Control filter paper impregnated with
CAM confirmed that the wetting of the sample is the major triggering factor for further drug release
and diffusion.
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Figure 2. Inhibition zone diameters measured after 24 h on agar plates. X-axis indicates exposure time
of discs (PCL/PEO/CAM or PCL/CAM fiber mats) onto the hydrogel. S. aureus DSM No.: 2569 was used
for the study. Filter paper wetted with CAM solution and dried (same CAM concentration) served as
a control. Key: CAM, chloramphenicol; PCL, polycaprolactone; PEO, polyethylene oxide. Data are
averages ± SD of at least triplicate samples.

3.4. Drug Release into Agar Hydrogel Measured by HPLC

The extent of CAM release from the mats and diffusion into the agar hydrogel was quantified
using HPLC upon extraction of CAM from the agar hydrogel. The agar on the plates was divided into
five concentric circular zones (Figure 3A) and the CAM concentration in each zone was determined.
The experimental design is detailed in the Materials and Methods and Appendix A (Tables A1 and A2).
The amount of drug released from electrospun mats to the agar plates at different time points at 37 ◦C
is summarized in Figure 3.

Figure 3. (A) Schematic illustrating the division of the agar plate into zones. Zones 1-5 are numbered
starting from the inner circle. Zone diameters: 1.0 cm, 3.0 cm, 4.4 cm, 5.8 cm, and 8.6 cm. Concentrations
of released CAM (detection limit of 1 μg/mL) from PCL/PEO/CAM (B) and PCL/CAM fiber mats (C)
into 1.5% (w/V) agar hydrogel at 37 ◦C in different time points (1 min, 30 min, 180 min) and into
different zones (1–4). Error bars represent standard deviation, N = 3. Key: CAM, chloramphenicol;
PCL, polycaprolactone; PEO, polyethylene oxide.

The drug diffusion patterns for PCL/CAM and PCL/PEO/CAM fiber mats were qualitatively
similar (Figure 3). These findings are consistent with the disc diffusion assay results (see for Figure 2).
It is clear that most of the drug is present in the 1 cm diameter section (zone 1) right below the fiber
mat at the early time points of the release experiment. As time passed, less drug was recovered in
the inner circle (zone 1) and relatively more in zone 2 (larger circle around the mat). CAM release
from PCL/PEO/CAM fiber mat was fast followed by slower diffusion further into the agar hydrogel
(Figure 3B). Interestingly, after 120 min, the drug was not detectable in the 3rd zone. After 24 h
(1440 min), the CAM had reached the outer circle (Appendix A, Table A2). PCL/CAM fiber mats on
the other hand showed that less drug was released within the same time period compared to the
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PCL/PEO/CAM fiber mat (Figure 3C). The CAM concentration distribution differences are visible in
Figure 3, mainly for zone 1 but to some extent also for zone 2. This may explain why it is not always
possible to detect differences in the inhibition zones between different fiber mats in a disc diffusion
assay although the drug may be released differently from the delivery vehicle and, therefore, lead to
different antibacterial efficacy in vivo [46].

3.5. Detecting CAM Release into Agar Hydrogel with Bioreporter Strain

In addition to chemical and physical methods for determining the CAM concentrations during the
release, it is also possible to use bacterial bioassays. Hence, simultaneously to the antibacterial effects,
the drug release can be monitored. We genetically engineered reporter bacteria (E. coli MG1655) to
produce dose-dependent quantifiable green and red fluorescent signals in the presence of antibacterial
drug CAM. The CAM-bioreporter has GFP as a control protein for expression and a red mScarlet-I as a
reporter protein. Exact working mechanism of the bacterial bioreporter is provided in Appendix C. In the
presence of CAM GFP signal (green) will be reduced due to protein synthesis inhibition, and mScarlet-I
signal (red) will increase due to transcription continuation as a result of ribosomal stalling in the
transcription attenuation system. Therefore, the CAM release and diffusion can be illustrated in different
time points (selected time points 60, 180, and 360 min) using fluorescence data (Figure 4).

Figure 4. (A,B). Shows the analyzed region of interest (0.8 mm × 1.5 cm) of bioreporter chloramphenicol
(CAM)-containing fiber disc diffusion assay from green fluorescence (A) and red fluorescence (B) scan
images. Green fluorescence images in different time points (60 min and 180 min) allow estimating
bacterial growth inhibition due to CAM released from PCL/PEO/CAM and PCL/CAM fiber mats (C).
Combined green and red fluorescent figures at 6 h reveal the fluorescence levels that can be correlated
with the released CAM from PCL/PEO/CAM (D) and PCL/CAM fiber mats (E). Data are presented
as average of three experiments (± SD). Key: CAM, chloramphenicol; PCL, polycaprolactone; PEO,
polyethylene oxide.
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It is clearly seen that bacterial growth is inhibited close to the fiber mats (inhibition zones
surrounding the mats) where CAM concentrations are the highest, which matches with the agar
diffusion test results (Figures 2 and 3). Fluorescent bacteria surrounding the inhibition zones reveal
the distance from the mat where the CAM levels above the minimum inhibitory concentration (MIC)
can still be detected. Compared to the agar hydrogel diffusion tests (Figures 2 and 3), bacterial
bioreporter study results on agar hydrogel did not reveal large differences between the PCL/CAM
and PCL/PEO/CAM fiber mats with the respect of released drug amounts and its effect on bacteria
(Figure 4C). Growth inhibition was very slightly more pronounced in PCL/PEO/CAM fiber mat (fast
release) after 60 min of incubation; however, this difference was statistically insignificant and disappears
in later time points (180 min). In later time points (6 h) red fluorescence detected from bacteria enabled
determining the CAM concentrations even below MIC (in sub-MIC concentrations) (Figure 4D,E).
After 6 h of incubation, the peak of the reporter protein signal is located further (approximately
0.75 cm) from the mat in case of PCL/PEO/CAM fiber mat (fast release) (Figure 4D) compared from
PCL/CAM fiber mat (slow release; located approximately 0.60 cm) (Figure 4E). This indicates that
effective CAM concentration was achieved on larger area (at a further distance from the fiber mat)
with PCL/PEO/CAM fiber mat, although the difference between the two fiber mats was minor. Most
likely, this is due to the fact that most of the differences between the two different electrospun fiber
mats can only be seen in early time points which cannot be distinguished using fluorescent bacteria in
these settings.

3.6. Drug Release into Agarose Hydrogel Using UV Imaging

The assessment of CAM release by cutting of zones from agar plates followed by extraction and
analysis of the drug is both a destructive and laborious sampling procedure. The fast release of CAM
cannot be monitored using bioreporter bacteria that require time for growth and detectable signal
production. Therefore, UV imaging was investigated as a potentially less labor intensive and more
robust (reproducible/repeatable) approach for monitoring CAM release from the electrospun fiber
mats. An additional benefit of the non-intrusive imaging method is the high spatial as well as temporal
resolution offered. Due to a lack of transparency of the agar plates used in antibacterial activity tests,
a hydrogel matrix based on agarose was applied instead. Moreover, the Actipix D200 Large Area
Imager allowed imaging of three samples in parallel enabling comparison. Images visualizing the
release and diffusion of CAM at different time points are shown in Figure 5A.

Diffusion into the viscous agarose hydrogel resembles the conditions encountered both during
in vitro disc diffusion testing (agar hydrogel) as well as in vivo where the drug has to be released from
the electrospun fiber and diffuse into the wound. The UV imaging results reveal that PCL/CAM
fibers provide slower drug release into the gel whereas PCL/PEO/CAM fibers release the drug faster
(Figure 5A). The concentration-distance profiles shown in Figure 5B,C correspond to the images in
Figure 5A. In addition, the average amount of CAM released was quantified based on the UV images
(Figure 6). When comparing the two mats, differences were observed with respect to the total amount
of released drug mainly at the early time points (Figure 6).
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Figure 5. (A) Representative images of CAM release from fibers and diffusion into 0.5% (w/V) agarose
hydrogel at 37 ◦C. Top is PCL/PEO/CAM, middle is PCL/CAM and bottom is PCL/Blank fibers (control).
The zone used for the quantification of the CAM absorbance is shown in the middle row at 30 min.
Representative concentration-distance profiles for PCL/PEO/CAM (B) and PCL/CAM (C) fibers diffusing
into 0.5% (w/V) agarose hydrogel at 37 ◦C. The red, black and blue line is for 0 min (immediately
after starting the experiment), 30 min and 180 min, respectively. Key: CAM, chloramphenicol; PCL,
polycaprolactone; PEO, polyethylene oxide.

Figure 6. Amount of CAM released from PCL/PEO/CAM (�) and PCL/CAM (�) fiber mats into 0.5%
(w/V) agarose hydrogel at 37 ◦C based on UV imaging experiment data. Error bars represent one standard
deviation, N = 5. Key: CAM, chloramphenicol; PCL, polycaprolactone; PEO, polyethylene oxide.

Only slight differences between the PCL/CAM and PCL/PEO/CAM fiber mats with respect to
their drug release behavior were detected in average drug release profiles, although these were not
statistically significant and can be considered as more of a tendency.

3.7. Comparison between Different Drug Release Model Systems

Irrespective of the in vitro release model system (testing approach) employed, the release of CAM
was found to be faster from the PCL/PEO fiber mats as compared to the PCL fiber mats (Figure 7).
However, the extent to which the release differed tended to vary between the model systems.
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Figure 7. Amount of CAM released from PCL/PEO/CAM and PCL/CAM fiber mats into phosphate
buffered saline at pH 7.40 and 37 ◦C and 1.5% (w/V) agar hydrogel at 37 ◦C and 0.5% (w/V) agarose
hydrogel at 37 ◦C. Data are averages ± SD of at least triplicate samples. Analyzes performed using
UV-VIS spectrophotometry (CAM concentration in a buffer solution), HPLC (CAM concentration
extracted from hydrogel) and UV imaging (CAM concentration within hydrogel) (reference is made
to Table 1 for fiber composition and preparation conditions). Key: CAM, chloramphenicol; PCL,
polycaprolactone; PEO, polyethylene oxide.

Drug release into buffer revealed that after 30 min the PCL/PEO/CAM fibers had released nearly
all CAM into the buffer, whereas only a minor amount (approximately 30%) of drug was released from
PCL/CAM fiber mats (Figure 7). When the CAM release into hydrogel was monitored by agar disc
diffusion and extraction method, the amount of CAM released from PCL/PEO/CAM fiber mat after
30 min was approximately 70% and the released CAM amount from PCL/CAM mat was similarly
approximately 30% (with huge variability between 17–48% for individual PCL/CAM fiber mats). UV
imaging, however, showed that the differences with respect to the amount of drug released into the
agarose hydrogel between PCL/CAM and PCL/PEO/CAM fiber mats after 30 min were less pronounced
as compared to the differences in CAM release into buffer (Figure 7). It was also seen that much less
CAM was released and diffused to the region of analysis from both fiber mats (approximately 9% and
8% for PCL/PEO/CAM and PCL/CAM fiber mats, respectively) within the same time period. Most
likely, less CAM is released from the fiber mats into the hydrogel according to the UV imaging due to
the different geometries of the setup. In the UV imaging setup, diffusion is limited to one direction
perpendicular to the mat, whereas diffusion in the agar setup may occur in three dimensions. The latter
will favor a relatively larger release of CAM. We believe that the concentration may be more likely
to build up at the interface in the UV imaging setup. As might be expected due to the similarity of
the release matrices (hydrogel), the UV imaging drug release and diffusion profiles matched more
with the drug release into agar hydrogel extraction (Figures 3–5) than release and dissolution into
buffer test (Figure 1). The contact and/or of the mats with the hydrogels may be different between
the agar and agarose hydrogels. It is not known whether the agar hydrogel may contain components
interacting, and thereby facilitating the release of CAM. Similarly to UV imaging, less pronounced
differences between the two different electrospun CAM-loaded fiber mats were also observed with
bacterial bioreporters (Figure 4C). It is due to the fact that the drug has to diffuse away from the
mat before it will be detected (UV imaging and bacterial bioreporters), whereas in the agar hydrogel
extraction method, the area under the fiber mat will be included into the total released and detected
drug amount.

The differences with respect to CAM release from the mats observed using the in vitro release
testing model systems are related to the different properties of the release media (volume, agitation, and
viscosity), its capability to penetrate into the fiber mat, the sample size of fiber mats, effect of shaking,
and geometry of the setup. It is believed that drug diffusion and wetting of the samples were the
rate-limiting steps for the drug release from fiber mat into agar and agarose hydrogels. The release into
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buffer solution, however, was more affected by the hydrodynamics of the buffer measurements. For
the different fiber mats agitation led to increased erosion and/or disintegration of the PCL/PEO/CAM
fiber mats as compared to the PCL/CAM fiber mats.

In terms of repeatability the model systems and analytical methods were all comparable. It can
be seen that larger variations in drug release between replicates were detected for PCL/CAM fiber
mats compared to PCL/PEO/CAM fiber mats. This was seen with both drug release model systems
(buffer vs. hydrogel) as well as different techniques (UV-VIS spectrophotometry, HPLC, UV imaging,
and bacterial bioreporters). This might be explained by the different wettability of the PCL/CAM
fiber mats compared to PCL/PEO/CAM fiber mats as discussed previously for PCL and PCL-drug
loaded fiber mats [15]. The hydrophilicity of the PCL/PEO/CAM fiber mats makes them wet more
homogeneously, whereas for PCL/CAM fiber mats the sample-to-sample variations in wettability may
also cause variability in the drug release behavior.

Compared to agar diffusion assay (extraction of CAM from hydrogel), the UV imaging was easier
to conduct. Although for both these methods the size of sample, the release environment (hydrogel) and
static conditions resembled the in vitro antibacterial activity testing conditions. Bacterial bioreporter
study enabled to monitor the CAM release into agar hydrogel during diffusion in later time points
where even sub-MIC concentration of CAM was determined based on the green and red fluorescence
intensity. The method has the advantage of revealing the released antibacterial drug effect directly
on bacteria.

For polymer fiber mats as wound matrices it is favorable to have the burst effect. The extent
of the burst release is often associated with device geometry, surface characteristics of host material,
heterogeneous distribution of drug within the polymer matrix, intrinsic dissolution rate of drug, and
heterogeneity of matrices [16]. From the drug release experiments we see that the burst release is
smaller with the hydrogels for hydrophilic PCL/PEO/CAM and hydrophobic PCL/CAM fiber mats
compared to the buffer solution (Figure 7). Larger differences in the burst release between the samples
were observed with hydrophobic PCL/CAM fiber mats (Figure 7). For the drug release to occur from
the PCL fiber mat, the medium needs to penetrate into the electrospun fiber mat to cause the diffusion
of the drug to the exterior. Initially, the diffusion is affected by the electrospun mat composition and
the fiber characteristics, as for PCL/PEO/CAM fiber mats the release was also affected by swelling
and dissolution of PEO. As a second step, the diffusion further into the wound and reaction with the
surrounding tissue and environment is important [47]. It is clear that the buffer release method shows
higher burst release as compared to the in vitro antibacterial activity testing. Sadri et al. have measured
tetracycline release in a dialysis bag mimicking the human skin-like conditions and shown that the
burst release effect is reduced most likely due to the diffusion through the bag, which modified the
release [48]. The gels in vitro and the wound tissue in vivo can be envisioned to provide a diffusion
barrier or matrix minimizing burst release effects. Local transport mechanisms determine the volume
in which the drug is distributed; thus, understanding these mechanisms is essential for optimizing the
effectiveness of local delivery [47]. The in vitro methods that enable to most closely mimic the in vivo
conditions are likely to enable accurate predictions of the drug release and transport in the wound
environment. Moreover, it is important to understand the effect on bacteria. Therefore, the response of
the bacteria to the active antibiotic concentration has to be measured directly. Here, we have shown
that genetically engineered bioreporter systems can be used for this purpose.

4. Summary and Conclusions

All tested drug release model systems enabled to study the drug release from electrospun fiber
mats. UV imaging provided faster, non-intrusive real-time information on chloramphenicol (CAM)
release and diffusion with higher spatial and temporal resolution as compared to the release methods
relying on release from fiber mats directly into buffer solution as well as to the agar plates followed by
destructive sampling. The data were similar in terms of sensitivity in detecting differences between
the electrospun fiber mat compositions in comparison to the more laborious drug release testing
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setups. Furthermore, the UV imaging and release into hydrogel method appeared to mimic the
in vitro antibacterial activity testing conditions to a large degree, while release into buffer solution
overestimated the burst release effects.

Advanced antibacterial disc diffusion assays enabled to distinguish small differences in the
antibacterial activity of the differently designed electrospun fiber mats, these slight differences were
also visualized using UV imaging as well as modified drug release and diffusion into hydrogel model
systems. These results suggest that diffusional resistance to drug release observed in the hydrogel
based systems may emulate the in vivo conditions of the wound matrix.
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Appendix A. Drug Release Into Agar Hydrogel

Table A1. Confirmation of extraction efficacy.

mg/Samples % Extracted

0.119 66.6% E1 1x extraction
0.122 68.2% E2
0.119 66.6% E3

67.1%

0.186 103.9% E1 2x extraction
0.191 106.8% E2
0.177 98.9% E3

103.2%

Two times extraction used in the present study provides approximately 100% efficacy.

Table A2. Percentage of total amount of drug CAM recovered from all sections on the agar plate.
The release of CAM into agar hydrogel was monitored from PCL/PEO/CAM fiber mats.

Zone 5 min 10 min 15 min 30 min 60 min 120 min 1440 min

1 86.8 80.6 78.1 88.5 66.6 62.6 11.8
2 13.2 19.4 21.9 11.5 33.4 37.4 54.6
3 0.0 0.0 0.0 0.0 0.0 0.0 26.9
4 0.0 0.0 0.0 0.0 0.0 0.0 6.3
5 0.0 0.0 0.0 0.0 0.0 0.0 0.4
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Appendix B

DMSO stocks preparation. Overnight culture was diluted 100 times into fresh LB medium (100 μL
on bacteria in 10 mL medium) and grown aerobically at 37 ◦C to an OD of 0.8–1 (OD600), cultures
were chilled on ice and dimethylsulfoxide (DMSO) was added to a final concentration of 8%. 120 μL of
suspension was added to PCR tubes and frozen in liquid nitrogen. The tubes were stored at −80 ◦C
and used within 6 months.

Appendix C

Bacterial bioreporters. Bacterial bioreporters are genetically engineered cells, which will produce
a measurable signal in response to some chemical or physical environmental change [36]. In the
present study, bacteria were developed to report the presence of antibacterial drug CAM by producing
fluorescent proteins. Schematics explaining the working principle of bacterial bioreporters are provided
in Figure A1.

Our developed CAM-bioreporter has GFP as a control protein for expression and a red mScarlet-I
as a reporter protein. When there is no CAM present, only GFP (green) signal is produced by bacteria
(Figure A2).

Bacteria exhibit fast translation and green protein production. In the presence of CAM GFP signal
(green) will be reduced due to protein synthesis inhibition, and reporter protein mScarlet-I signal (red)
will increase due to transcription continuation as a result of ribosomal stalling in the transcription
attenuation system.

Figure A1. Schematics about bacterial bioreporter system working principle. Key: CAM—
chloramphenicol; GFP—green fluorescent protein; mRNA—messenger RNA; 30S/50S—ribosomal
subunits; RNA pol—RNA polymerase; PdnaK1 and Ptet—transcription promoters.
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Figure A2. Simplified schematics about bacterial bioreporter system working principle.
Key: CAM—chloramphenicol.
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Abstract: We investigated and monitored in situ the wetting and dissolution properties of polymeric
nanofibers and determined the solid-state of a drug during dissolution. Piroxicam (PRX) was used
as a low-dose and poorly-soluble model drug, and hydroxypropyl methylcellulose (HPMC) and
polydextrose (PD) were used as carrier polymers for electrospinning (ES). The initial-stage dissolution
of the nanofibers was monitored in situ with three-dimensional white light microscopic interferometry
(SWLI) and high-resolution optical microscopy. The physical solid-state characterization of nanofibers
was performed with Raman spectroscopy, X-ray powder diffraction (XRPD), and scanning electron
microscopy (SEM). We showed that PRX recrystallizes in a microcrystalline form immediately after
wetting of nanofibers, which could lead to enhanced dissolution of drug. Initiation of crystal
formation was detected by SWLI, indicating: (1) that PRX was partially released from the nanofibers,
and (2) that the solid-state form of PRX changed from amorphous to crystalline. The amount,
shape, and size of the PRX crystals depended on the carrier polymer used in the nanofibers and
dissolution media (pH). In conclusion, the present nanofibers loaded with PRX exhibit a quasi-dynamic
dissolution via recrystallization. SWLI enables a rapid, non-contacting, and non-destructive method
for in situ monitoring the early-stage dissolution of nanofibers and regional mapping of crystalline
changes (re-crystallization) during wetting. Such analysis is crucial because the wetting and
dissolution of nanofibers can greatly influence the performance of nanofibrous drug delivery systems
in pharmaceutical and biomedical applications.

Keywords: wetting; in situ drug release; nanofibers; electrospinning; poorly water-soluble drug;
piroxicam; hydroxypropyl methyl cellulose; polydextrose; scanning white light interferometry

1. Introduction

In recent years, advanced polymeric nanofibrous drug delivery systems (DDSs) have been of
increasing use in pharmaceutical and biomedical applications. Such systems include oral dispersible
thin films, ophthalmic preparations, multifunctional wound dressings, and implanted DDSs [1–3].
These hybrid polymer nanofibers hold great promise with respect to drug therapy and tissue engineering
in both human and veterinary medicine. Nanofibers have a unique capability to modify material
properties, which could have a paramount effect on drug delivery performance. They possess
fiber structure dimensions at the nanoscale and a large outer surface-to-volume ratio, enabling
multiple alternatives in drug delivery. The conversion of polymer solutions to nanofibers by solution
electrospinning (ES) is affected by material, process, and ambient parameters [3–5]. The geometric and
physicochemical properties of nanofibers depend, for example, on the nature of the solution, polymer
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type, polymer chain conformation, viscosity, elasticity, and electrical conductivity, as well as on solvent
polarity and surface tension [4,5]. These structural fiber properties in turn can have a great impact
on the dissolution and drug release of fibers [6–11]. To date, however, our understanding on the
dissolution (drug release) behavior of polymeric nanofibers and related physicochemical mechanisms
is still limited. This is partially due to the fact that the nanofibers are challenging samples for analysis
due to their nanoscale size and brittleness.

In the state-of-the art literature there are many examples of how the geometric nanofiber properties
(size, size distribution, surface morphology, orientation) and porosity can greatly affect the dissolution
(drug release) and therapeutic efficiency of nanofibrous DDSs [6,12–14]. With poorly water-soluble
drugs, the limitations in drug release of the nanofibrous DDSs can delay the onset of drug action, cause
poor oral bioavailability, and ultimately decrease therapeutic effect. The geometric nanofiber properties
can be governed by the adjustment and control of the critical material, process, and environmental
parameters in an ES process [5,15,16]. Lately, increasing interest has been focused on developing ES
processes which could produce drug-loaded nanofibers of a specific quality and with reproducible
drug release. Due to the nanoscale size, controlling the quality and performance of such nanofibers is
still challenging. Consequently, the mechanisms of drug release associated with such novel polymeric
nanofibrous DDSs remain poorly understood.

Scanning white light microscopic interferometry (SWLI) is a high-depth resolution imaging
technique suitable for determining the geometric properties (i.e., fiber shape, diameter, and length),
porosity, and surface topography of nanofibrous DDSs [17]. Three-dimensional (3D) SWLI permits
rapid, non-contacting and non-destructive imaging of nanofibrous samples, since it requires neither
sample preparation nor modification. Recently, we applied SWLI and high-resolution scanning
electron microscopy (SEM) equipped with a customized measurement program for 3D surface
topography analysis of non-woven nanofibrous mats [17]. In pharmaceutical research, the use of
SWLI for investigating and non-contact imaging of the manufacturing processes and final products
is still limited. Sandler et al. and Genina et al. used SWLI to image 3D printed multi-layered
DDSs [18,19]. Hanhijärvi et al. applied SWLI to investigate the film surface properties of hydroxypropyl
methylcellulose (HPMC)-coated tablets [20], while O’Bryan et al. used it to image 3D printed microgels
intended for bioprinting applications [21]. Recently, Wickström et al. applied SWLI to characterize the
surface texture and surface roughness of antibiotic-loaded fiber-reinforced composite implants [22].

The aim of the present study was to provide insight into the wetting and early-stage dissolution of
drug loaded polymeric nanofibers. To gain an understanding of such phenomena, we monitored in situ
the wetting and drug release of fibers loaded with a poorly water-soluble drug (piroxicam, PRX), and
determined the solid-state of the drug during dissolution. Two hydrophilic polymers were investigated
in nanofibers: hydroxypropyl methylcellulose (HPMC) intended for the sustained drug release and
polydextrose (PD) intended for the immediate drug release of a poorly water-soluble drug [23,24]. We
combined SWLI and high-resolution optical microscopy to image PRX-loaded nanofibers in contact
with an aqueous medium, and the physical appearance and solid-state changes of nanofibers were
verified with scanning electron microscopy (SEM), Raman spectroscopy, and X-ray diffraction (XRD),
respectively. To our knowledge, this is the first time when such imaging and solid-state analyses are
applied in a complimentary fashion to investigate the dissolution of polymeric nanofibers.

2. Materials and Methods

2.1. Materials

Commercially available cellulose ether, hydroxypropyl methylcellulose, HPMC (Methocel K100M
premium CR, Colorcon Ltd., Dartford, Kent, UK), and polydextrose, PD (STA-LITE L90, 70% aqueous
solution of PD, Tate & Lyle Netherlands B.V., Koog Aan De Zaan, KA, Netherlands) (Figure 1) were used
as carrier polymers for the ES of nanofibers. The organic solvents were 1,1,1,3,3,3-hexa-fluoro-2-propanol
(HFIP) (≥99.0%) (Sigma-Aldrich C.C., St. Louis, MO, USA) and methanol (Lach-Ner, s.r.o., Neratovice,
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Czech Republic). Anhydrous piroxicam, (PRX, pure form I, PRXAH I, Letco Medical, Inc., N Livonia,
MI, USA) was selected as a model drug for a low-dose poorly water-soluble active substance in
nanofibers. In the wetting and dissolution experiments, purified water, hydrochloric acid buffer
solution, USP 28 (pH 1.2), and phosphate buffer solution (pH 7.2) were used as dissolution media. The
materials for the preparation of buffer solutions were of analytical grade and purchased from Lach-Ner,
s.r.o., Neratovice, Czech Republic.

(A) (B) 

Figure 1. Structural formula of (A) hydroxypropyl methylcellulose (HPMC) and (B) polydextrose (PD).

2.2. Preparation of Fiber Mats

The carrier polymer (HPMC) and model drug (PRX) were first manually dry mixed with a mortar
and pestle at three different ratios (1:1, 1:2, and 1:4). Next, the pre-mixtures were dissolved in organic
solvent to obtain the 0.8% (w/V) solution of HPMC in HFIP as described in our previous study [16].
With PD, the aqueous solution of PD (70%) alone or the mixture of the aqueous solution of PD (70%)
and methanol (5:1) were used for ES. The amount of PRX in the 70% aqueous solution of PD (0.75 mL)
used for ES was 20 mg, and 0.75 mL contained 530 mg PD. The drug-loaded nanofibers were fabricated
with an in-house ES set-up equipped with a syringe system, automatic syringe pump, spinneret,
high-voltage power supply, and a grounded collector plate. The high-voltage power supply system
was a Gamma (Gamma High Voltage Research, Model ES3OP-10W/DAM, Ormond Beach, FL, USA).
For HPMC solutions, the ES distance and voltage between the spinneret and the collector plate were
8.0 cm and 7 kV, respectively. The pump rate of the automatic syringe pump (KdScientific, Model No:
KDS-250-CE, Geneq Inc, Montreal, Quebec, Canada) was 1.0 mL/h. For PD solutions, the ES distance,
voltage, and pump rate were 17 cm, 14 kV, and 2.0 mL/h, respectively. The prepared fibers were stored
in desiccators (above silica gel, with relative humidity (RH) of 0%) at ambient room temperature
(21 ± 2 ◦C) and in a refrigerator (6 ± 2 ◦C/RH 0%) prior to use.

2.3. Physical Appearance and Solid-State Characterization

The size and surface morphology of fibers were investigated with scanning electron microscopy,
SEM (Helios NanoLab 600, FEI Company, Hillsboro, OR, USA). The samples were coated with a 3-nm
gold layer in an argon atmosphere using a magnetron sputter prior to SEM imaging. Solid-state
characterization of the starting materials and the electrospun fibers were carried out with X-ray
diffraction, XRD (D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany), and Raman spectroscopy
(B&W Tek Inc., Newark, DE, USA). In XRD, Cu Kα1 radiation (λ= 1.5418 Å, 40 kV, and 40 mA) was
used, and data were collected in the range of 5◦ and 35◦ 2θ with a step size of 0.2◦ 2θ. The brittleness
of the fibrous mats was detected by visual inspection and manual palpation with tweezers.

2.4. In Situ Wetting and Dissolution Tests of Fibers

For in-situ wetting tests, we applied the fiber mats as such and the tablets compressed from these
fibers. The initial-stage dissolution of the fiber mats were monitored by a high-resolution optical
microscopy (Microscope Leica DMLB equipped with the Leica Germany 5.0× and L50×/0.50 objectives
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and Canon Power Shot 550 digital camera). A standardized drop (50 μL) of aqueous dissolution media
was gently placed in contact with a fiber mat at room temperature (21 ± 2 ◦C), and the dissolution was
monitored by taking micrographs at regular intervals.

Pieces of a fiber mat were manually compressed into small flat-faced tablets (discs) with a
miniaturized press (Specac Ltd., Orpington BR5 3FQ, UK) intended for preparing sample discs
for infrared (IR) spectroscopy analysis. The compression pressure was 196 MPa (2t/cm2) and the
compression time was 5 s. The tablets (discs) were 12.7 mm in diameter and 0.8–1.0 mm in thickness.
For in situ initial-stage dissolution experiments, one micro-pipette drop of purified water (2 μL) was
gently placed onto the surface of fibrous tablets at room temperature (21 ± 2 ◦C). The contact point of
the drop onto the tablet surface was kept as constant as possible.

The wetting and early-stage dissolution of fibrous tablets were monitored in situ with an in-house
3D scanning white light microscopic interferometry (SWLI). In SWLI, a light beam passes through an
interferometric objective (Nikon, Michelson type, magnification 120×) containing a beam splitter that
reflects half the incident beam onto a reference surface and passes the other half onto the test surface
(Figure 2). Light reflected from the test and reference surfaces recombines and interferes to form an
interferogram. The working principle and structure of SWLI is described elsewhere. For details see
Kassamakov et al. [25,26], Hanhijärvi et al. [20], and Paaver et al. [17]. In the present study, we obtained
three-dimensional (3D) images featuring 29 nm × 29 nm active pixel size from a 55 × 40 μm2 area. The
time period of 10 min prior to a subsequent drop was required for the complete SWLI analysis of
the tablets. Purified water (pH 5.6) and the USP 28 buffer solutions (hydrochloric acid buffer pH 1.2
and phosphate buffer solution pH 7.2) were used as dissolution media. The total number of optical
microscopy and SWLI images taken on the course of the in situ dissolution experiments was over 500
(including short video-clips). The number of samples was 3–6 in each analysis.

Figure 2. Schematic diagram of scanning white light interferometer (SWLI) and the experimental setup
for the in situ wetting and early-stage dissolution of nanofibers.

A high-resolution scanning electron microscope (SEM) (Helios NanoLab 600, FEI Company,
Hillsboro, OR, USA) was used as a reference method to the SWLI. A software-based measurement
function xT Microscope Control (FEI) was used to measure the horizontal dimensions of the nanofibers.
Samples were mounted on aluminum stubs with silver paint and were magnetron-sputter coated with
a 3-nm gold layer in an argon atmosphere prior to microscopy. ImageJ (vers. 1.50i) was used for fiber
size distribution analysis.

2.5. Dissolution Test

The in vitro dissolution tests of the electrospun nanofiber mats and the pure PRX powder samples
were performed using an USP dissolution apparatus I (basket method) in a semi-automated dissolution
system (Termostat-Sotax AT7, Sotax AG, Aesch, Switzerland). The concentration of PRX in the
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dissolution medium was measured at 354 nm by using a UV-VIS spectrophotometer (Ultrospec III,
Biochrom Ltd, Cambourne, Cambridge, UK). The dissolution medium was 900 mL of purified water
(pH 5.6) and buffer solution (pH 1.2 or pH 7.2) maintained at 37 ± 0.5 ◦C as described in the USP 28.
The basket rotation speed was 50 rpm. The amount of PRX in the powder and nanofiber samples used
in the dissolution test was 20 mg. Six parallel tests were performed for each sample.

3. Results and Discussion

3.1. Physical Appearance of Nanofibers

The ES of PRX-loaded fibers with both HPMC and PD polymers resulted in yellowish and white
thin fiber mats with a porous internal structure, respectively (Figure 3). HPMC generated fibrous
mats with a nanoscale fiber diameter ranging from 100 nm to 400 nm and uniform fiber thickness
(Figure 3A,B,E). With PD, we found that due to the hygroscopic nature of PD, the ES of PRX-loaded
fibers was possible only in precisely controlled and optimized temperature and humidity conditions
(below 30 ◦C and 40% RH). The PD fiber mat consisted of individual short fibers reaching micron size
and a large spread in diameters (Figure 3C,D,F). The diameter of these fibers ranged from 400 nm to
5 μm, and the corresponding fiber mats were brittle (based on palpation with tweezers). A number of
spherical beads were observed (SEM) in the electrospun PD fiber mats (Figure 3C). This was due to the
high surface tension and low viscosity of the solution. The fiber mats prepared from the mixtures of an
aqueous PD solution and methanol, were smaller in diameter, more uniform in radial size, and less
brittle (based on visual inspection and palpation with tweezers). The thickness of an entire PD fiber
mat ranged from few microns to several tens microns (SWLI).

 

 

 

Figure 3. SEM images of piroxicam (PRX)-loaded hydroxypropyl methylcellulose (HPMC) (A,B)
nanofibers and polydextrose (PD) (C,D) fibers. Magnification of SEM: 5000× (A), 10000× (B), 600×
(C), and 5000× (D). (E) Fiber size distribution of the PRX-loaded HPMC nanofibers; (F) Fiber size
distribution of the PRX-loaded PD fibers.
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3.2. Physical Solid-State Properties of Nanofibers

Recently, we reported that the electrospun HPMC nanofibers loaded with PRX are amorphous,
and they remain as an amorphous form during a short storage period [16]. In the present study,
we found that the ES of PD fibers loaded with PRX did not generate the corresponding amorphous
structure, or the produced PRX amorphous structure was very unstable and immediately recrystallized
as also discussed previously [27]. The solid-state properties of the electrospun PD fibers loaded with
PRX were investigated immediately after the preparation and after a 1-month short-term storage at 0%
RH and low temperature (6 ◦C). As seen in Figure 4 (I), the XRD patterns of electrospun fiber mats
showed an amorphous halo together with the characteristic crystalline reflections of PRX anhydrate
form I (PRXAH I) immediately after preparation. The XRD and Raman spectroscopy results (Figure 4
(II)) confirmed that PRX (PRXAH I) had lost some of its crystallinity during ES, but did not stay
amorphous. No other crystalline reflections (XRD) or spectral features (Raman) characteristic to the
known anhydrous PRX solid-state forms were observed in XRD diffractograms or Raman spectra.

Figure 4. XRD patterns (I) and Raman spectra (II) of piroxicam (PRX)-loaded polydextrose (PD) fibers.
Key: (A) PRX anhydrate form I (PRXAH I); (B) Fibers immediately after preparation; (C) Fibers stored
for 30 days at 0% room humidity (RH) and low temperature (6 ◦C).

3.3. In Situ Wetting and Initial Dissolution of Fibers

Figures 5 and 6 show the high-resolution optical microscopy and SWLI results on the initial
stages of the release and dissolution of PRX from the HPMC and PD fiber mats. Since PRX was
completely dissolved in the HPMC solution, it is evident that the drug is homogeneously dispersed
within nanofibers after ES, and hence the release would be uniform from fiber mats. Figure 5A
shows a time-lapse-like snapshot from a high-resolution optical microscope of what happens to
the PRX-loaded HPMC nanofiber mats during wetting and initial-stage dissolution. As shown in
Figure 5A, the polymeric HPMC-PRX nanofibers dissolved within 1–5 s in the aqueous dissolution
media used. According to the literature, PRX exists in an amorphous form in electrospun HPMC
nanofibers [16,17,28,29], and the amorphous state of PRX hastened the onset of wetting and premature
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drug release. In our study, in situ wetting and dissolution monitoring indicated that PRX recrystallizes
in a microcrystalline form immediately after wetting and release from the HPMC nanofibers. The PRX
microcrystals ranging from 0.2 μm to 12 μm in size were formed after the addition of a standardized
drop (50 μL) of purified water, hydrochloric acid (pH 1.2) or phosphate buffer (pH 7.2) solutions
onto the HPMC nanofiber mats (Figure 5A,C). The recrystallization of PRX was associated with the
formation of larger clusters of microcrystals.

Figure 5. (A) Three phases identified in the release and crystallization of piroxicam (PRX) from
hydroxylpropyl methylcellulose (HPMC) nanofibers. High-resolution light microscopy image
(magnification 50×) validates the results obtained with SWLI (shown in Figure 6): I. PRX embedded in
the nanofibers. II. Crystallization inside or on the nanofibers. III. Recrystallization of PRX. The large
arrow indicates the propagation direction of the water front. Magnification 50×. (B) Representative
micrograph on the initial dissolution of PRX–loaded polydextrose (PD) fibers. Visible crystals of
PRX evident (highlighted with a black arrow) inside a red circle. Magnification 50×. (C) The PRX
crystals visible at 30 s after wetting of nanofibers (HPMC:PRX 1:4) by placing a small drop of different
dissolution media onto the surface of the fibrous sample: (C1) hydrochloric acid buffer solution pH 1.2;
(C2) purified water, p.w. (pH 5.6); (C3) phosphate buffer solution pH 7.2 (22 ± 2 ◦C). Magnification 50×.

The overall initial-stage dissolution behavior of freely water-soluble PD fibers loaded with PRX
was similar, but faster than that observed with the corresponding HPMC nanofibers. As seen in
Figure 5B, individual PRX crystals entrapped inside the PD fibers, and the release and dissolution of
PRX from the PD fibers progressed via crystal formation. The rapid dissolution of a carrier polymer
(PD) fostered the dissolution of PRX. The number and size of the PRX crystals differed from those
observed with HPMC nanofibers. With PD, the number of crystals detected was smaller and the
size of the crystals slightly larger (ranging from 0.3 μm to 15 μm) than with the HPMC nanofibers.
The PRX crystals were located (clustered) inside the PD fibers (Figure 5B), which evidently could
advance the dissolution of PRX since PD is a freely water-soluble carrier material. Consequently, this
is an interesting approach to use freely water-soluble carrier polymer in electrospun fibers for the
improvement of drug dissolution rate. The dissolution behavior of both types of drug-loaded fibers
was verified with an established in vitro dissolution test (USP), and the results are shown in the next
section (Figures 7–9).

Figure 5C illustrates the status of the HPMC:PRX (1:4) nanofibers at 30 s after wetting the surface
of a thin nanofibers sample layer by a small drop (2 μL) of different dissolution media (hydrochloric
acid buffer solution at pH 1.2, purified water, or phosphate buffer solution at pH 7.2). The number,
shape, and size of the PRX crystals depended on the pH of the dissolution media used. With all
dissolution media, the dissolution of nanofibers occurred via immediate crystal formation of PRX
(i.e., recrystallization to microcrystals). Rapid changes in the solubility of PRX were also observed
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with a high-resolution optical microscope. The largest PRX microcrystals and clusters (ranging from
few micrometers up to 10 μm) were present with phosphate buffer solution at pH 7.2 (Figure 5C3)
and the smallest (0.2–1 μm in size) with hydrochloric acid buffer solution at pH 1.2 (Figure 5C1). It
is evident that the recrystallization of PRX associated with the dissolution of HPMC nanofibers is
dependent on both the pH and viscosity of dissolution media (in the microenvironment of dissolving
nanofibers). Based on our findings, the lower pH of the dissolution media (pH 1.2) induces PRX to
recrystallize into small 0.2–1 μm microcrystals in the vicinity of dissolving HPMC nanofibers. In
addition, the subsequent formation of microcrystalline clusters occurred slower than that observed
with the corresponding nanofibers in the higher pH of dissolution media (pH 7.2). The release of drug
from nanofiber mat is shown to be also dependent on the mat thickness [30]. In the present study, the
thickness of the HPMC fiber mat was in the range of 2–3 μm (measured by SEM and SWLI).

The SWLI images on the surface of the tablets compressed from the drug-loaded HPMC nanofibers
are presented in Figure 6. Figure 6A shows a SWLI image of a tablet surface, where individual fibers
are visible: A(I) initial state of tablet (magnification 30×) and A(II) after wetting with 2 μL of water and
evaporating for 1 min. In the initial stage, the tablet surface is flat and there is no crystal formation
visible. This indicates that PRX is located in nanofibers and most likely is still amorphous. Point A(II)
is the first wetting point after adding 2 μL of water and evaporating for 1 min. Figure 6B illustrates
the surface of the same tablet after wetting with another 2 μL of water and evaporating for 10 min.
Initiation of crystal formation is visible indicating that PRX is partially released from the nanofibers (as
seen in Figure 6B). This indicates also that the solid-state form of PRX has changed from amorphous to
crystalline form. In contact with water, PRX anhydrate form I transfers to PRX monohydrate before
dissolving [27]. It is obvious that PRX monohydrate crystals are visible in SWLI images (Figure 6B,C).
Figure 6C shows that the surface of the same tablet after the identical wetting procedure applied to the
same spot for a third time. The release of PRX and crystallization occur rapidly, and most likely the
crystals of PRX monohydrate are instantly formed in the vicinity of nanofibers. This in turn leads to
the retarded quasi-dynamic dissolution of PRX. The present finding is in good agreement with our
previous study describing the dissolution behavior of PRX anhydrate and monohydrate forms [31].

In summary, the three phases of the initial-stage dissolution of PRX-loaded HPMC nanofibers
were observed with the present compressed tablets and with the corresponding free nanofiber mats
studied by SWLI and high-resolution optical microscopy, respectively. These phases are as follows (as
shown in Figures 5 and 6): (A) PRX is embedded in the nanofibers (in an amorphous state confirmed
by our earlier study [16]), and all nanofibers are intact prior to the water front moving into them; (B)
Crystallization of PRX starts inside the nanofibers; (C) Recrystallization of PRX is finalized after drug
release from nanofibers.

 
Figure 6. Time-lapse of wetting induced piroxicam (PRX) crystallization on the fixed surface of the
tablet consisting of PRX-loaded hydroxypropyl methylcellulose (HPMC) nanofibers. The PRX release
is visualized by scanning white light interferometry (SWLI). Key: (A-I) Initial state of the tablet; (A-II)
After wetting with 2 μL of water and evaporating for 1 min; (B) After wetting a second time with 2 μL
of water and evaporating for 10 min; (C) After wetting a third time with 2 μL water and evaporating
for 10 min. The scale for height differences is changed according to changes in surface altitude (A—0
to 8 μm; C—0 to 90 μm). The diameter and thickness of tablet (disc) are 12.7 mm and 0.8–1.0 mm,
respectively. Magnification 30×.
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3.4. Dissolution of Fibers

Figures 7–9 show the early-phase dissolution curves for the PRX anhydrate form I (PRXAH I) in a
powder form, the PRX-loaded HPMC nanofibers, and PRX-loaded PD fibers. PRXAH I in a powder
form exhibited clearly a longer lag-time in the early-phase dissolution than that observed with the
drug-loaded HPMC or PD fiber mats. The early-phase dissolution of PRX anhydrous form I powder
was also dependent on the dissolution media used (the amount of PRX dissolved in purified water
within the first 15 min was only less than 3%). The present results are also supported by the results on
the dissolution behavior of PRX obtained in our previous study [31].

As shown in Figures 7 and 8, the HPMC nanofibers accelerated the immediate dissolution of PRX
compared to that obtained with pure PRX anhydrous form I in a powder form. With the drug-loaded
HPMC nanofibers, the early-phase dissolution of PRX was fast within the first 3 min followed by a
sustained-release phase (Figures 7 and 8). This accelerated dissolution is obviously due to an immediate
release of amorphous PRX from the surface of nanofibers and formation of PRX microcrystals in the
vicinity of nanofibers (as shown in Figure 5A). The initial drug release from the HPMC nanofibers
depended on the dissolution medium, and this finding was in line with the optical microscopy images
on the dissolution of HPMC nanofiber mats shown in Figure 5C. The subsequent sustained dissolution
phase of PRX observed with the HPMC nanofibers (Figures 7 and 8) is most likely partially due to the
gel formation of HPMC as the nanofibers are dissolved, thus forming a hydrophilic gel barrier for the
release of drug.

Figure 7. Early-phase dissolution of piroxicam (PRX)-loaded hydroxypropyl methylcellulose (HPMC)
nanofibers freely set into the dissolution baskets (n = 6). The ratio of a carrier polymer (HPMC) and
PRX is 1:1 in the nanofibers. Key: black curve—PRX anhydrate form I (PRXAH I) in a powder form;
blue curve—HPMC:PRX nanofibers 1:1; Δ—purified water; �—pH 7.2; �—pH 1.2. Standard deviation
(SD) in each time point is less than 0.5%.

Figure 8. Early-phase dissolution of piroxicam (PRX)-loaded hydroxypropyl methylcellulose (HPMC)
nanofibers freely set into the dissolution baskets (n = 6). The ratio of a carrier polymer (HPMC) and
PRX is 1:4 in the nanofibers. Key: black curve—PRX anhydrate form I (PRXAH I) in a powder form;
red curve—HPMC: PRX nanofibers 1:4; Δ—purified water; �—pH 7.2; �—pH 1.2. Standard deviation
(SD) in each time point is less than 0.5%.
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With the drug-loaded PD fibers, the initial-stage dissolution of PRX within the first 3 min was
somewhat slower than that obtained with the PRX-loaded HPMC nanofibers (Figure 9). This is
obviously due to the crystalline state PRX in the PD fibers, thus resulting in a short delay in the onset
of dissolution. In spite of a 3-min lag-time, over 70% of PRX was dissolved within 15 min in acidic
dissolution medium (pH 1.2) when formulated as PD fibers. The use of methanol as a co-solvent for ES
slightly improved the dissolution of PRX from the PD fibers compared to the corresponding fibers
electrospun with pure aqueous solution of PD (i.e., without any organic solvent component) (Figure 9).

Figure 9. Early-phase dissolution of piroxicam (PRX)-loaded polydextrose (PD) fibers freely set into the
dissolution baskets (n = 6). Key: red curve—the fibers containing PRX anhydrate form I (PRX AH I) and
PD (electrospun from water solution); blue curve—the fibers containing PRXAH I and PD (electrospun
from a water-in-methanol 5:1 solution); Δ—purified water; �—pH 7.2; �—pH 1.2. Standard deviation
(SD) in each time point is less than 1.4%.

4. Conclusions

A solution electrospinning (ES) can be used to prepare composite hydroxypropyl methyl cellulose
(HPMC) and polydextrose (PD) nanofibers loaded with piroxicam (PRX). The wetting and early-phase
dissolution of PRX from these fiber mats are accelerated compared to PRX anhydrate form I in a powder
form. With PRX-loaded HPMC nanofiber mats, the dissolution of drug progressed via immediate
wetting of the polymeric matrix followed by a lucid recrystallization and dissolution of the drug.
A poorly water-soluble PRX recrystallizes in a microcrystalline form after wetting of nanofiber mats,
and the further dissolution of PRX is dependent on the pH of the dissolution media. The accelerated
dissolution of PRX from freely water-soluble PD nanofibers occurs also via immediate microcrystals
formation after wetting. We propose that the present electrospun nanofibers mats loaded with PRX
exhibit a quasi-dynamic dissolution behavior. SWLI provides rapid non-contacting and non-destructive
in situ monitoring of early-stage dissolution of nanofibers and regional mapping of crystalline changes
(re-crystallization) during wetting.
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Abstract: Aceclofenac-loaded poly(vinyl-pyrrolidone)-based nanofiber formulations were prepared
by electrospinning to obtain drug-loaded orally disintegrating webs to enhance the solubility and
dissolution rate of the poorly soluble anti-inflammatory active that belongs to the BCS Class-II.
Triethanolamine-containing ternary composite of aceclofenac-poly(vinyl-pyrrolidone) nanofibers
were formulated to exert the synergistic effect on the drug-dissolution improvement. The composition
and the electrospinning parameters were changed to select the fibrous sample of optimum fiber
characteristics. To determine the morphology of the nanofibers, scanning electron microscopy was
used. Fourier transform infrared spectroscopy (FT-IR), and differential scanning calorimetry (DSC)
were applied for the solid-state characterization of the samples, while the drug release profile was
followed by the in vitro dissolution test. The nanofibrous formulations had diameters in the range
of few hundred nanometers. FT-IR spectra and DSC thermograms indicated the amorphization
of aceclofenac, which resulted in a rapid release of the active substance. The characteristics of the
selected ternary fiber composition (10 mg/g aceclofenac, 1% w/w triethanolamine, 15% w/w PVPK90)
were found to be suitable for obtaining orally dissolving webs of fast dissolution and potential
oral absorption.

Keywords: aceclofenac; nanofiber; electrospinning; scanning electron microscopy; fourier transform
infrared spectroscopy; differential scanning calorimetry

1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are often used in the therapy of osteoarthritis
and rheumatoid arthritis for pain relief and to reduce inflammation. NSAIDs inhibit both isoforms of
cyclooxygenase enzyme (COX), but their analgesic and anti-inflammatory effects are due to inhibition
of COX-2 [1]. The adverse effects such as gastrointestinal bleeding and ulcer, stroke, heart attacks are
primarily caused by the inhibition of COX-1 [2,3]. The risk of side effects increases with high doses and
long duration of systemic exposure to NSAIDs [4].

Aceclofenac is a potent NSAID with significant anti-inflammatory and analgesic properties. Its
effect is achieved by inhibiting the production of inflammatory mediators including prostaglandin E2
(PGE2), tumor necrosis factors (TNF) and different interleukins (IL1-β, IL-2) [5,6]. Aceclofenac also has
chondroprotective effects by the synthesis of glycosaminoglycan [6–8]. It is reported to be more potent or
at least to have similar anti-inflammatory effects than conventional NSAIDs in double-bind studies [9,10].
Aceclofenac has a better gastric tolerance, explained by its higher selectivity towards COX-2 than
COX-1, which explains its safety compared to traditional NSAIDs and COX-2 selective inhibitors [1,6,8].
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The drug is practically insoluble in water, belongs to the Biopharmaceutical Classification System (BCS)
Class II. [6] After oral administration aceclofenac is well absorbed, however, its bioavailability is reduced
due to high first pass metabolism and poor aqueous solubility of the drug [6,8].

There are numerous technological methods to increase the bioavailability of a drug. For BCS class
II drugs, this can be achieved by enhancing the dissolution of the poorly water-soluble active substance
by reducing particle size, preparation of water-soluble complexes, using surfactant systems, liposomes,
and formulation of solid dispersions [11]. Among the different kinds of solid dispersion strategies
new type of solid dispersions, typically ternary or quaternary systems, with one or two additives
(such as surfactants and other polymeric excipients) that, together with the drug and host polymer, are
combined to exert a synergistic effect on drug-dissolution improvement. The polymer-based solid
dispersions are amorphous composites [12].

The oral bioavailability of aceclofenac could be enhanced using chitosan cocrystals trapped into
the alginate matrix as a supersaturated drug delivery system (SDDS) or using polymeric microspheres,
which can act as delivery systems for sustained drug release [13–16]. The production of nanocrystals
using the surface solid dispersion technique is also an appropriate method to improve the dissolution
rate of aceclofenac [17,18]. Triethanolamine was also used to prepare aceclofenac salt to improve
the solubility [19]. In order to minimize the gastrointestinal side effects and to attain controlled
release delivery of the drug, the development of starch-blended Ca2+-Zn2+-alginate microparticles and
aceclofenac-loaded interpenetrating network (IPN) nanocomposites were also described [20,21].

Nowadays nanotechnology is an evolving area for the development of drug delivery systems with
dimensions between 1–100 nm [22]. Nano-carriers have high surface area to volume ratio, can reduce
the side effects of conventional pharmaceuticals and they are successful carriers for insoluble active
ingredients [23]. Core/shell nanoscale particles were prepared with a modified coaxial electrospraying
process in which a very thin shell layer was employed to give very rapid dissolution of a poorly water
soluble helicid [24]. Nanofiber-based drug delivery systems own their high drug uptake due to their
large surface area and porosity, but they are also able to simultaneously deliver more than one drug or
can be used as transdermal drug delivery systems, as well [25].

These nanofibers can be successfully used to prepare orally dissolving webs, an innovative group
of drug delivery systems with several advantages over existing oral formulations such as:

- rapid disintegration and high dissolution rate in the oral cavity due to the large surface area,
- no need of water for administration; this could be an advantage in geriatrics, pediatrics, but also

for dysphagic patients or patients who are unable to swallow tablets and capsules or a large
amount of water,

- precise dosage administration in each film,
- rapid absorption from the highly vascularized buccal mucosa—drugs are absorbed directly to the

superior vena cava, entering into the systemic circulation without pre-systemic metabolism,
- increase in bioavailability and rapid onset of action by avoiding the first-pass hepatic metabolism,

while the dose can be reduced, which can lead to a reduction of side effects [26,27].

The nanofibrous formulations enable sustained drug release, as well. Aceclofenac/pantoprazole
loaded zein/eudragit S 100 nanofibers were developed using a single nozzle electrospinning process
to obtain the sustained release of both the drugs up to 8 h to reduce the gastrointestinal side-effect
of aceclofenac [28]. In contrast to the combined formulation, our concept was to enhance the
bioavailability and reduce the gastrointestinal side effect of aceclofenac with orally dissolving
nanofibrous webs, which can provide fast buccal absorption of active. The present study aimed
to formulate and characterize aceclofenac-loaded nanofiber-based orally dissolving webs from
triethanolamine-containing polyvinylpyrrolidone (PVP) by electrospinning. The morphology, thermal
properties, drug content and drug release profile of the ternary systems were analyzed in order to
select the right polymer and active substance concentrations concerning the properties of potential
orally dissolving webs.
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2. Materials and Methods

2.1. Materials

The active pharmaceutical, aceclofenac (Figure 1a) was provided by Richter Gedeon Plc. (Budapest,
Hungary). For the preparation of the viscous polymeric solutions, poly(vinyl-pyrrolidone) (PVP K90,
Kollidon K90, Figure 1b) was used, which was obtained from Sigma Aldrich (Merck, Darmstadt,
Germany). Triethanolamine (trolamine) and ethanol were from Molar Chemicals (Budapest, Hungary).
Ultrapure, distilled water was prepared in-house by a MilliQ water purification system. Potassium
dihydrogen phosphate and disodium hydrogen phosphate (Merck KGaA, Darmstadt, Germany) were
employed for the preparation of the phosphate buffer solution (1 M, pH 6.8) used for the in vitro
dissolution study.

 
Figure 1. Chemical structures of (a) aceclofenac and (b) polyvinylpyrrolidone (PVP).

2.2. Methods

2.2.1. Preparation of PVP Solutions Containing Aceclofenac

The active substance was dissolved in a solvent mixture consisting of ethanol and distilled water
in a ratio of 75:25 (w/w), obtaining a final concentration of 10 mg/g. Trolamine and PVP was dissolved
in the obtained solution (amounts described in Table 1) under magnetic stirring until a clear gel was
obtained (700 rpm, 1 h with an Ikamag RET magnetic stirrer).

Table 1. Composition of viscous polymeric solutions used for the preparation of nanofibers, diameters
of the obtained fibers and estimation of the glass transition temperatures.

Sample No.
Aceclofenac

Concentration (mg/g)
PVP Concentration

(w/w%)
Trolamine

Concentration (w/w%)
Diameters

(nm)
Predicted
Tgmix (◦C)

N1 10 13 1 435 ± 159 139.7
N2 10 15 1 596 ± 215 143.6
N3 10 17 1 1046 ± 113 147.1
N4 10 13 3 757 ± 157 89.9
N5 10 15 3 786 ± 322 * 97.9
N6 10 17 3 812 ± 244 * 104.5

* The average diameters were determined from the fibrous elements of the sample, bias.

2.2.2. Electrospinning Process

The resulting gel was transferred into a 1 mL plastic syringe equipped with a metallic needle
(22G–0.7 mm inner diameter). The needle to the collector distance was 10, 12.5 and 15 cm, while the
applied voltage was examined at 14, 15 and 16 kV. For the final formulation, the distance between
the spinneret and the collector was set to 12.5 cm and the applied voltage to 15 kV, the flow rate was
set at 0.1 μL/s. The nanofibers were obtained using the eSpin Cube device (SpinSplit Ltd., Budapest,
Hungary), equipped with an NT-35 high voltage DC supply (Unitronik Ltd., Nagykanizsa, Hungary)
and collected on a vertically-positioned, grounded aluminum plate covered with parchment paper.
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2.2.3. Scanning Electron Microscopic Analysis (SEM)

The morphology of the nanofibers was investigated with a scanning electron microscope (SEM).
The samples were fixed by a double-sided carbon adhesive tape and then coated by a sputtered gold
conductive layer (JEOL JFC-1200 Fine Coater, JEOL Ltd., Tokyo, Japan). SEM images were taken
with a JEOL JSM-6380LA scanning electron microscope (JEOL Ltd., Tokyo, Japan) at 500×, 1500× and
5000×magnifications.

The diameters of the fibers were measured with the aid of the ImageJ software (US National
Institutes of Health, Bethesda, MD, USA) and the average fiber diameter was calculated based on 50
different randomly selected individual filaments at 5000×magnification.

2.2.4. Fourier-Transform Infrared (FT-IR) Spectroscopy

Physicochemical properties of the nanofibers were studied using the Jasco FT/IR-4200
spectrophotometer equipped with the Jasco ATR PRO470-H single reflection accessory (Jasco
Corporation, Tokyo, Japan). The measurements were accomplished in the absorbance mode, and
spectra were collected over a wavenumber range of 4000 and 400 cm−1. 100 scans were performed at a
resolution of 4 cm−1.

2.2.5. Differential Scanning Calorimetry (DSC)

Thermograms of aceclofenac, PVP, physical mixture and nanofibers with and without the drug
were recorded on a Shimadzu DSC-60 type of thermal analyzer (Shimadzu Corporation, Kyoto, Japan).
Samples were accurately weighted in aluminium pans, sealed and scanned from 27 to 250 ◦C under air
atmosphere with a rate of 10 ◦C/min. Al2O3 was used as reference.

2.2.6. Determination of Drug Content of Aceclofenac-Loaded Nanofibers

The absorbance of samples was measured on 277 nm absorption band of aceclofenac using the
Shimadzu UV-1601PC UV spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The stock
solution was prepared by dissolving 10 mg aceclofenac in 10 mL ethanol, then diluting 1 mL to 50 mL
with distilled water, resulting in a final concentration of 20 μg/mL. The drug content was measured
by following the absorbance of the solution prepared by dissolving the nanofibers in the same way.
Samples were assayed from three consecutive electrospinning runs (n = 3).

2.2.7. In Vitro Drug Dissolution Test

Small volume dissolution tests were performed in an in-house assembled dissolution setup, as
described in our earlier publication [29]. In order to demonstrate the small-volume dissolution in the
oral cavity, dissolution tests of aceclofenac-loaded nanofibers were investigated in 20 mL of dissolution
medium, at 37.0± 1 ◦C. As dissolution medium phosphate buffer (pH 6.8, 1 M, Ph. Eur. 8) was prepared.
Aceclofenac samples (around 3 mg) and N2 fiber samples (corresponding to 3 mg aceclofenac, around
50 mg nanofiber, each) were put into six test tubes equipped with a magnetic stirring bar. The stir
rate was set to 200 rpm. The dissolution was followed for 30 min. At predetermined time points
(1 min, 3 min, 5 min, 10 min, 15 min, 30 min), 1 mL samples were withdrawn and filtered through
a 10 μm Whatman filter. 300 μL sample was diluted to 3.0 mL with dissolution media. Aceclofenac
concentration was determined spectrophotometrically at 277 nm.

3. Results and Discussion

3.1. Morphology of the Aceclofenac-Loaded Nanofibers

Morphology of the obtained nanofibers were examined by SEM. Figure 2 represents the SEM images
of samples with 13%, 15% and 17% PVP content with different trolamine proportions, with 12.5 cm
emitter to collector distance.
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Figure 2. SEM morphology of different samples at 1500×magnification.

When compared to the 1% trolamine content, on the images of samples with 3% trolamine,
the deterioration of nanofibers can be observed, which could be the consequence of the plasticization
effect of higher trolamine content. The latter is in good agreement with the results of the authors’
previous works [29,30], where the film formation occurred as a result of the glassy-to-rubbery transition
of the polymeric carriers. The moisture absorbed from the environment acts also as a plasticizer
leading to a significant decrease of the Tg of the fiber-forming polymers. Among the samples with 1%
trolamine content, the fibers with 15% PVP content proved to be the most suitable for their intended
use. The obtained fibers presented diameters from approximately 200 to 800 nanometers with an
average of 596 ± 215 nm, with smooth, uniform surfaces. Thus, the composition N2 was used for
further studies. Along with the increase of the trolamine concentration the nanofiber structure was
shifted to film formation, depending on the polymer-trolamine ratio of the composite fibers. This
phenomenon was visualized on the SEM photos (Figure 2, 3% trolamine-containing samples) and can
be explained by the enhanced molecular mobility of the plasticized fibers and thus the decreased inner
cohesion within the polymeric chains.

3.2. FT-IR Analysis

FT-IR spectra of the components and aceclofenac-loaded nanofibers are represented in Figure 3.
In accordance with earlier reports, the IR spectrum of pure aceclofenac shows characteristic peaks
at around 3318 cm−1 (Figure 3A), which can be attributed to the secondary amine N-H stretching or
carboxylic acid band (O-H stretching), two ketone bands at around 1714 and 1770 cm−1 and multiple
phenyl ring bands in the fingerprint region (Figure 3B) [31]. In the case of the fiber-forming polymer,
PVP presents a strong absorption peak at 1650 cm−1, characteristic for the carbonyl group (C=O
stretching). The band at 1419 cm−1 is the –CH2 bending vibration, while the band at 1285 cm−1 is
usually assigned to the C-N stretching vibrations [32]. The IR spectrum of trolamine displays a broad
absorption peak at around 3330 cm−1, which corresponds to O-H stretching, while those at 2817, 2874
and 2947 cm−1, respectively are assigned to fundamental vibrations of the CH bond. IR spectrum of
the nanofibrous sample displays the abovementioned characteristic bonds of both PVP and trolamine,
however, none of the absorption peaks of aceclofenac is clearly distinguishable. The latter could
refer to that the dissolved initially crystalline aceclofenac remained amorphous in the nanofibrous
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formulation. On the other hand, in the region of 1500–500 cm−1 (fingerprint region) the characteristic
peaks of trolamine can be identified (882, 909, 1032 and 1071 cm−1, respectively).

Figure 3. Expanded FT-IR spectra (A) 4000–2000 cm−1; (B) 2000–400 cm−1) of individual components
and the nanofibrous formulation (composition N2: 10 mg/g aceclofenac, 15 w/w% PVP, 1 w/w% trolamine
in ethanol:water 75:25 w/w%).

3.3. DSC Measurements

Figure 4 shows the DSC curves of aceclofenac, PVP, physical mixture, neat fiber and
aceclofenac-loaded nanofiber.

Figure 4. Differential scanning calorimetry (DSC)thermograms of the (A) nanofibrous formulation
(composition N2 of polymeric solution: 10 mg/g aceclofenac, 15 w/w% PVP, 1 w/w% trolamine in
ethanol:water 75:25 w/w%); (B) neat fiber; (C) physical mixture (same amount of PVP and aceclofenac
as in composition N2); (D) PVP and (E) aceclofenac.

The thermogram of aceclofenac presents a sharp endotherm peak at 154.49 ◦C, indicating its
melting point. The melting-point depression of aceclofenac (approximately 133.6 ◦C) can be observed
in the physical mixture (see green insert) showing the effect of the adsorption of PVP and trolamine
on the surface of aceclofenac and consequently modifying its thermal properties. The small peak
intensity of the aceclofenac melting endotherm refers to its proportion in the physical mixture. On the
curves of aceclofenac-loaded nanofibers, there is a lack of melting endotherm, probably due to the
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amorphization of aceclofenac. Broad endothermic peaks below 100 ◦C on the thermograms of neat,
placebo fibers and aceclofenac-loaded fibers can be associated with the moisture content of the prepared
samples. The increased moisture content of the fibrous samples is associated with their larger surface
area compared to the powder substances; thus, they are prone to absorb more water. Based on
the extent of the peaks, it can be concluded, that the increased hygroscopicity of the fibers, on the
one hand, can have a significant impact on the dissolution improvement of the active, but on the
other hand it could initiate a glassy-to-rubbery transition of the PVP, thus destroying the fibrous
structure. Similar pseudopolymorphism of the fiber-base polymer composite can be seen in the
authors’ previous stability studies of papaverine hydrochloride-loaded electrospun nanofibrous buccal
sheets [30]. The glass transition temperature of PVP K90 denoted by an endothermic change in the
baseline thermal profiles (see blue insert) of reversible heat flow was 179 ◦C [33], which can be more
sensitively detected at 5 ◦C/min heating rate. The presence of solvent residues (e.g., water) and other
excipients, like the solubilizing agent trolamine, decreased the glass transition temperature (indicated
with black arrow) and thus modifying the glassy-to-rubbery transition of the fibrous polymeric carriers.
The estimated glass transition temperature of ternary fibers (Tgmix) calculated based on the Fox equation
(Equation (1), [34]) are as follows

1/Tgmix = (w1/Tg1) +( w2/Tg2) (1)

where w =weight fraction of components, Tg = glass transition temperature of the components.
The predicted glass transition temperature of various fibers, calculated by Equation (1), together

with the average diameters, are summarized in Table 1. The presence of low molecular weight additive,
trolamine lowers the Tg of the ternary composite fibers and consequently increases their free volumes.
The average diameters of the different composite nanofibers (see Table 1) indicated that along with the
increase of the polymer concentration, the obtained fiber diameter also increased at a given plasticizer
content of the initial polymer solution. The increased free volume of the fibers results in enhanced
water absorption, which enables further lowering of the Tgmix and showing rubbery properties at
lower temperatures by creating ribbon-like fibers.

3.4. Determination of Drug Content of Aceclofenac-Loaded Nanofibers

In order to confirm the presence of the active in the prepared nanofibers, comparative UV
spectra were recorded for ethanolic solutions of neat aceclofenac and the nanofibrous web obtained
from composition N2 (Figure 5). The obtained spectra are similar, except the low UV region, where
the solution obtained from the nanofibrous formulation displays a higher absorption due to the
matrix components. For both spectra, λmax values were recorded at 277 nm (i.e., the expected UV
maximum for aceclofenac). Based on the UV spectrometric measurements, the nanofibrous webs
contain 5.77 ± 0.12 w/w% aceclofenac, which corresponds to 98.19 ± 2.04% of the theoretical aceclofenac
content (5.88 w/w%)
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Figure 5. Comparative UV spectra recorded of ethanolic solutions of-red trace-the nanofibrous
formulation (composition N2 of polymeric solution: 10 mg/g aceclofenac, 15 w/w% PVP, 1 w/w%
trolamine in ethanol:water 75:25 w/w%); black trace–neat aceclofenac.

3.5. Dissolution Measurements of the Nanofibers

Figure 6 illustrates the obtained comparative dissolution profiles of the drug-loaded nanofibers
(composition N2 of polymeric solution) and neat aceclofenac. As it can be observed, drug release is
spontaneous from the nanofibrous webs and complete even at the first minute of the low volume
dissolution test. Although, around 90% of the selected dose of the pure active substance dissolves
throughout the dissolution test, the dissolution rate is slower in comparison to the nanofibrous
formulation (51% and 85% at 1 min and 3 min, respectively). The faster dissolution rate of the fibrous
formulation can be explained by the increased specific surface area of the nanofibers, the amorphous
state of the active and the highly hydrophilic nature of the fiber-forming polymer.

 
Figure 6. Dissolution profile of aceclofenac-loaded nanofibers (composition N2 of polymeric solution:
10 mg/g aceclofenac, 15 w/w% PVP, 1 w/w% trolamine in ethanol:water 75:25 w/w%) and pure active
substance (average of three measurements ± SD).
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4. Conclusions

This study demonstrated that the nanofiber forming process is influenced by multiple parameters
such as the composition of the aceclofenac-containing viscous solution and the electrospinning
parameters. The SEM studies confirmed the nanofibrous structure, while the FT-IR and DSC tests
can indicate that the originally crystalline aceclofenac was in the amorphous form in the nanofibrous
formulations. Upon exposure to aqueous media, dissolution is believed to generate a supersaturated
state due to the amorphous state of the drug. The dissolution of the polymer matrix was fast
and complete. The selected composition of the triethanolamine-aceclofenac-poly(vinyl-pyrrolidone)
ternary composite resulted in an amorphous drug-loaded electrospun nanofibrous structure of fast
and complete dissolution in aqueous media. Based on the results the formulated aceclofenac-loaded
orally dissolving webs provide a promising alternative in the therapy of osteoarthritis and rheumatoid
arthritis with an enhanced rate and extent of absorption due to the improved wettability and dissolution
rate thus providing smaller effective doses and causing fewer potential side effects.
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Abstract: Haemanthamine (HAE) has been proven as a potential anticancer agent. However, the
therapeutic use of this plant-origin alkaloid to date is limited due to the chemical instability and
poorly water-soluble characteristics of the agent. To overcome these challenges, we developed
novel amphiphilic electrospun nanofibers (NFs) loaded with HAE, phosphatidylcholine (PC) and
polyvinylpyrrolidone (PVP), and intended for a stabilizing platform (template) of self-assembled
liposomes of the active agent. The NFs were fabricated with a solvent-based electrospinning
method. The chemical structure of HAE and the geometric properties, molecular interactions
and physical solid-state properties of the NFs were investigated using nuclear magnetic resonance
(NMR) spectroscopy, scanning electron microscopy (SEM), photon correlation spectroscopy (PCS),
Fourier transform infrared (FTIR) spectroscopy, X-ray powder diffraction (XRPD) and differential
scanning calorimetry (DSC), respectively. An in-house dialysis-based dissolution method was used
to investigate the drug release in vitro. The HAE-loaded fibers showed a nanoscale size ranging from
197 nm to 534 nm. The liposomes with a diameter between 63 nm and 401 nm were spontaneously
formed as the NFs were exposed to water. HAE dispersed inside liposomes showed a tri-modal
dissolution behavior. In conclusion, the present amphiphilic NFs loaded with HAE are an alternative
approach for the formulation of a liposomal drug delivery system and stabilization of the liposomes
of the present alkaloid.

Keywords: haemanthamine; plant-origin alkaloid; electrospinning; amphiphilic nanofibers;
self-assembled liposomes; physical solid-state properties; drug release

1. Introduction

Today, nanoscale drug delivery systems (DDSs) provide a novel alternative for conventional
therapeutic approaches for potential new drugs of plant origin, or for established synthetized drugs
which have been forgotten due to their challenging properties. Compared to the conventional dosage
forms, nanotechnology-based DDSs enable the enhancement of biological activity, reduce therapeutic
dose, reduce side-effects, deliver active ingredients to the desired target and improve physicochemical
stability. The common problems associated with the potential active agents of plant origin, e.g.,
poor water-solubility, physicochemical stability, permeability, safety and efficiency of challenging
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drug molecules, can be solved when these are formulated into nanoscale DDSs, such as liposomes,
nanoparticles, dendrimers, nanocapsules, ethosomes and polymersomes [1].

Haemanthamine (HAE; Figure 1) is a crinine-type alkaloid isolated from the plant of the
family Amaryllidaceae [2]. HAE is reported to have many prominent bioactivities (potential
therapeutic effects), including neuromuscular transmission, antimalarial, antioxidant, anticonvulsant,
butyrylcholinesterase-inhibitory activity, antiviral and anticancer activity [2,3]. Numerous studies
have shown that HAE has a strong cytotoxic activity being effective against human melanoma
(SK-MEL-28), human lung carcinoma (A549), human T lymphoblast leukemia (MOLT-4), human
esophageal squamous carcinoma (OE21), mouse melanoma (B16-F10), human hepatocellular carcinoma
(HepG2), human brain glioma (Hs683), human breast adenocarcinoma (MCF-7) and human acute T
cell leukemia (Jurkat) [2–5]. Havelek et al. [2] reported that the treatment of accumulating cells at G1
and G2 stages suppressed cell viability and mitochondrial membrane potential, increased apoptosis
through cell cycle progressions and slowed down proliferation. According to Pellegrino et al. [6], HAE
suppressed the growth of cancer cells by binding at the A-site of the large ribosomal subunit and,
consequently, activating a p53-dependent antitumoral nucleolar stress response [6].

  

 
Figure 1. The chemical structure of (A) haemanthamine (HAE), (B) polyvinylpyrrolidone (PVP) and
(C) phosphatidylcholine (PC).

From the pharmaceutical formulation point of view, HAE is a very challenging plant-origin
active agent since it is a large molecule agent, chemically instable (acid-labile) and poorly soluble in
water. We believe that this a major reason for the absence of the relevant formulation and clinical
studies in the current literature associated with the present potentially anti-cancer drug. Our scientific
hypothesis is that the development of an advanced nanoscale DDS for HAE would enhance the
physicochemical stability and drug delivery of the present anticancer drug candidate, and ultimately
enable effective therapy.

The drug-loaded liposomes made of lipid bilayer vesicles have been widely used as nanoscale
DDSs for, e.g., combating multi-drug resistance, targeting anticancer drug, vaccine and protein
delivery, developing long-term circulating DDSs and enhancing gene therapy [7]. However, the
well-known limitation associated with the formulation and use of pharmaceutical liposomes is their
limited physical stability under storage. Yu and coworkers [8] introduced amphiphilic electrospun
nanofibers (NFs) intended for a stabilizing platform of the self-assembled liposomes. The NFs were
composed of hydrophilic polyvinylpyrrolidone (PVP) and phosphatidylcholine (PC) (Figure 1), and
the corresponding self-assembled PC liposomes were spontaneously formed as the NFs were exposed
to water. The present approach has major advantages over the conventional fabrication methods
of liposomes since no heating, cooling, agitating, sonicating or sterilizing phases are needed in a
fabrication process, and the liposomes can be stored as an “inactive” solid form in the nanofibrous
platform prior to use [8]. The study published by Yu et al. [8] inspired us to make attempts to develop
such stabilized nanoscale DDSs also for HAE. Our study was conducted to further develop the pioneer
work of Yu and co-workers, and to extend the use of such amphiphilic nanofibers in the field of
Pharmacy. To date, such amphiphilic nanofibers have not been used as DDSs and as a formulation
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strategy for active pharmaceutical ingredients. The loading of a high-molecule active agent in such
nanofibers to maintain the formation of self-assembled liposomes is a paramount challenge.

In the recent years, the interest in the development of nanofibrous DDSs for therapeutic small
molecules and large molecules (biologicals) has been greatly increased [9]. Electrospinning (ES) is
the technique of choice for preparing composite nanomaterials and nanofibrous DDSs. ES is a rapid,
continuous and low-cost fabrication method that can be readily scaled-up to large-scale production.
The active agents (including the challenging plant-origin molecular solids) can be loaded in the
electrospun NFs resulting in the desirable properties of the NFs, including a thin diameter, uniform
structure, high surface area and porosity [9–11]. In spite of well-known advantages, however, the use
of ES and its modifications (coaxial and melt ES) in the pharmaceutical formulation development is
still rather limited.

The main objectives of the present study were (1) to formulate novel amphiphilic electrospun
NFs for HAE, and to use such nanofibrous platforms as a solid template for self-assembled liposomes
of HAE, and (2) to investigate the formation, drug-polymer interactions and physical solid-state
properties of the abovementioned nanofibrous templates and self-assembled liposomes. The present
novel nanoformulation could be applicable for anticancer drug therapy and for administering via
a parenteral route. The nanoscale solid template and self-assembled liposomes could provide an
alternative formulation strategy for HAE, thus enabling to enhance the chemical stability and antitumor
efficacy of this plant-origin alkaloid.

2. Materials and Methods

2.1. Materials

HAE (a white, crystalline powder, purity NLT 95%) was isolated from Zephyranthes ajax Hort.
belonging to the family Amaryllidaceae in the Hue University of Medicine and Pharmacy, Hue City,
Vietnam. PVP (Kollidon 90F K90) was obtained from BASF SE, Germany. Soybean PC (Lipoid S-100)
was obtained from Lipoid GmbH, Ludwigshafen, Germany. Ethanol, methanol and acetonitrile were
purchased from Merck GmbH, Germany. Purified water (HPLC grade) was used as an aqueous
media. Sodium dodecylsulphate, sodium phosphate and ammonium acetate were purchased from
Sigma-Aldrich C.C., St. Louis, MO, USA.

2.2. NMR Structure Analysis

Nuclear magnetic resonance (NMR) spectra of HAE were obtained with a Bruker Avance 500
NMR spectrometer (1H NMR for 500 MHz, 13C NMR for 125 MHz) (Bruker BioSpin Corporation,
Billerica, MA, USA), with tetramethylsilane (TMS) as an internal reference.

2.3. Fabrication of Amphiphilic Nanofibers

For preparing the solutions for ES, soybean PC (0.15 g) was first dissolved in ethanol and stirred
in a magnetic stirrer for one hour. Subsequently, PVP (0.30 g) was added in the solution and stirred for
at least 17 h in a magnetic stirrer at an ambient room temperature (22 ± 2 ◦C). Finally, HAE (21.0 mg)
was added and stirred for 6 h to form the solution for fabricating the amphiphilic NFs. The present
solution consisted of soybean PC and PVP at a weight ratio of 1:2. In addition, we tested the ES of
amphiphilic NFs with the solution consisting of soybean PC and PVP at a weight ratio of 1:4.

The amphiphilic NFs intended for a solid template for self-assembled liposomes were fabricated
with an ESR200RD robotized ES and electrospraying system (NanoNC Co. Ltd., Seoul, Korea).
The robotized ES system was composed of a programmable syringe pump, a special 2.5 mL syringe
(spinneret) equipped with a metal 25G needle, a high-voltage power supply (Model HV30) and
a collector plate covered with aluminum foil (Figure 2). The flow rate of the solution was set at
1.0 mL/h, and the operating voltage between the spinneret and the grounded collector plate was set at
10 kV. The distance between the needle tip and the collector plate was approximately 12 cm. The ES
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experiments were carried out at an ambient room temperature (22 ± 2 ◦C) and a relative humidity
(RH) of 18–20%. The fiber samples were stored in a zip-lock plastic bag in a refrigerator (3–8 ◦C) prior
to analysis.

 

Figure 2. The electrospinning (ES) setup for generating nanofibrous templates for self-assembled
liposomes of HAE. Key: (A) A robotized ES system; (B) programmable syringe pump; (C) polymer
solution; (D) spinneret (a needle system); (E) high-voltage power supply; (F) collector plate.

2.4. The Geometric Properties and Surface Morphology of NFs

A digital microscope (CETI, Medline Scientific Limited, Chalgrove Oxon, UK) and a high-resolution
SEM (NanoSEM 450, FEI Corp., Hillsboro, OR, USA) were used for investigating the physical appearance,
geometric properties (diameter and shape) and surface morphology of the nanofibrous templates,
respectively. The SEM experiments were conducted as described in our previous study, with slight
modifications [12,13]. For SEM, the NF samples were attached onto aluminum stubs and coated with a
3 nm gold layer with a magnetron sputter. The SEM diameter of NFs was measured with ImageJ 1.50b
software (National Institutes of Health, Rockville Pike, Bethesda, MD, USA). The measurements were
performed for at least 100 individual NFs (n = 100).

2.5. Optical Microscopy of Self-Assembled Liposomes

For assessing the spontaneous formation of self-assembled liposomes, 1.0 mL of distilled water
was added onto the pre-weighted sample (100 mg) of HAE-loaded NFs. The mixture was then
gently manually shaken for about 1–2 min at an ambient room temperature (22 ± 2 ◦C) to obtain a
homogenous dispersion. The dispersion was equilibrated for at least 10 min for forming the liposomes
by self-deposition. The sample dilution was required for acquiring proper images. Then, the formation
of the self-assembled liposomes was verified and imaged with an optical microscope CETI MAGTEX
(Medline Scientific Limited, Chalgrove Oxon, UK).

2.6. Photon Correlation Spectroscopy (PCS)

Photon correlation spectroscopy (PCS instrument Nicomp submicron particle analyzer model 380,
Nicomp Inst Corp, Santa Barbara, CA, USA) was used for measuring the size and size distribution of
liposomes. The nanofibrous template was first wetted by adding 5.0 mL of distilled water onto the
pre-weighted sample (100 mg) of NFs (as optimized earlier in our laboratory). After hydration of NFs,
the dispersion with self-assembled liposomes was ultra-centrifuged in a Beckman Optima LE-80K
ultracentrifuge (Beckman Coulter Inc., Fullerton, CA, USA) using a SW55 rotor at 50,000 rpm (at 4 ◦C
for 1 h). The supernatant containing polymer (PVP) was discarded. The PCS analysis was performed
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as described by Ingebrigtsen and Brandl, with slight modifications [14]. The specific dilution of the
initial dispersion was prepared for the PCS analysis (50× dilution in distilled water).

2.7. Fourier Transform Infrared Spectroscopy

For verifying drug-polymer interactions of NFs, a Fourier transform infrared (FTIR) spectroscope
(IRPrestige-21, Shimadzu Corp., Kyoto, Japan) and Single Reflection ATR crystal (Specac Ltd.,
Orpington, UK) were used for the HAE, PC and PVP powders, as well as for the electrospun
NFs. The analytical range was from 550 cm−1 to 4000 cm−1 and spectra (n = 3) were normalized
and scaled.

2.8. X-ray Powder Diffraction (XRPD)

The pure materials were studied by XRPD using the Bruker D8 Advance diffractometer (Karlsruhe,
Germany) with a Vario1 focusing primary monochromator (the wavelength of Cu K-alpha 1 radiation
= 1.5406 Å), two 2.5 Soller slits and a LynxEye line-detector. For HAE powder, a scanning step of
0.0173◦2θ from 5 to 40◦2θ and a total counting time of 324 s per step was used. The electrospun NFs
were measured with a Goebel mirror (the wavelength of Cu K-alpha radiation = 1.39222Å), two 2.5◦
Soller slits and a LynxEye line-detector. For NFs, a scanning step of 0.0194◦2θ from 5 to 35◦2θ and a
total counting time of 328 s per step was used.

2.9. Differential Scanning Calorimetry (DSC)

The thermal properties of PVP, PC, HAE and NFs were studied with a PerkinElmer DSC 4000
differential scanning calorimeter (PerkinElmer Ltd., Shelton, CT, USA). The calorimeter was calibrated
using indium as a standard. Samples were analyzed under dry nitrogen purge in crimped aluminum
pans with 2 pinholes in a lid. The weight of the samples was approximately 3.0 mg. The heating rate
was 20 ◦C/min, and the range for the temperature heating was between 30 ◦C and 215 ◦C. Each DSC
run was carried out in triplicate.

2.10. In Vitro Drug Release

Drug release studies were conducted in a dialysis bag (molecular weight cut off 10 kDa,
Membrane-Cel, Viskase, Inc., Chicago, IL, USA) with 20.0 mg of HAE-loaded NFs re-dispersed
in 2.0 mL of phosphate buffered saline (PBS), pH 6.8, as release media. The control sample consisted of
1.0 mL HAE aqueous solution (1 mg/mL) and 1.0 mL of PBS which was placed inside dialysis bags.
The dialysis bag was placed in a 50 mL tube containing 20 mL of PBS, pH 6.8. The tube was capped
and placed in a dissolution apparatus vessel (Dissolution system 2100, Distek Inc., North Brunswick
Township, NJ, USA) with paddles rotating at 100 rpm and maintained at 37 ◦C. At predetermined time
points, 1.0 mL of sample was collected and replaced with a fresh media after sampling. The drug
(HAE) content of samples was determined with high-performance liquid chromatography, HPLC
(Shimadzu Corporation, Kyoto, Japan) equipped with a Luna C18 25 cm × 4.6 cm, 5 mm C18 analytic
column (Phenomenex Inc., Torrance, CA, USA). The HPLC method is described in more detail in the
literature [15]. The mobile phase consisted of a solvent A: solvent B mixture (60:40, volume ratio).
Solvent A was a 7 mM sodium dodecylsulphate, 25 mM sodium phosphate and 1 mM ammonium
acetate solution in a water:acetonitrile mixture (33:67, volume ratio), and solvent B was methanol.
The flow rate was 1.0 mL/min and the detector was set at a wavelength of 293 nm.

3. Results and Discussion

The grand idea of the present molecular self-assembly strategy is that the active-loaded amphiphilic
nanofibrous matrix could serve as a solid template for “inactivate” liposomes under storage, and for
the on-demand liposome preparation (“activation”) the present template could be exposed to a small
amount of water for spontaneous formation of the liposomes. To date, the formulation of liposomes
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has encountered a challenge related to the limited physical stability of the final products under storage.
The present self-assembled nanofibrous templates introduced by Yu et al. [8] inspired us to utilize such
strategy in our study, and it could be a promising approach to resolve this bottleneck in pharmaceutical
nanoformulation. To our best knowledge, this area is under researched to date, and would need true
attempts to incorporate a therapeutic agent into the amphiphilic NFs to form self-assembled liposomes.

3.1. NMR Spectroscopy Analysis of HAE

Since the plant-origin active agent used in our study (HAE) was isolated from Zephyranthes ajax
Hort. belonging to the family Amaryllidaceae in Vietnam, the chemical structure of the present alkaloid
was verified by means of NMR spectroscopy. The results are summarized in Figure 3 and in the
text below.

Figure 3. Chemical structure (NMR) of HAE.

Haemanthamine (HAE): Colorless crystal; 1H NMR (500 MHz, CDCl3): 6.41 (1H, d, J = 10.5 Hz,
H-1), 6.35 (1H, dd, J = 10.5, 5.0 Hz, H-2), 3.86 (1H, m, H-3), 2.11 (1H, ddd, J = 13.5, 13.5, 4.0 Hz, H-4),
2.01 (1H, dd, J = 13.5, 4.5 Hz, H-4), 4.32 (1H, d, J = 16.5 Hz, H-6); 3.68 (1H, d, J = 16.5 Hz, H-6), 6.47 (1H,
s, H-7), 6.82 (1H, s, H-10), 3.97 (1H, brd, J = 4.0 Hz, H-11), 3.35 (1H, dd, J = 13.5, 6.5 Hz, H-12), 3.22
(1H, dd, J = 13.5, 3.5 Hz, H-12), 5.88 (1H, d, J = 4.5 Hz, –OCH2O–), 3.35 (1H, s, –OCH3); 13C NMR (125
MHz, CDCl3): 127.4 (C-1), 126.9 (C-2), 72.8 (C-3), 28.3 (C-4), 62.7 (C-5), 63.6 (C-6), 132.0 (C-6a), 106.9
(C-7), 146.2 (C-8),146.5 (C-9), 103.3 (C-10), 135.4 (C-10a), 50.1 (C-10b), 80.2 (C-11), 61.4 (C-12), 100.8
(–OCH2O–), 56.7 (–OCH3). The present NMR spectroscopy results obtained with HAE agreed well
with the previous studies on the corresponding plant-origin alkaloid [16,17].

3.2. SEM Analysis of Amphiphilic NFs and Templates

Figure 4 shows the representative SEM images of the HAE powder and the individual amphiphilic
NFs of HAE as a solid nanofibrous template for self-assembled liposomes. The isolated and milled
HAE powder consisted of large irregular particles with a particle size ranging from some tenths of
micrometers to several hundred micrometers (Figure 4A). We found that combining HAE and soybean
PC with the ES carrier polymer PVP did not impair the performance of an ES process and the formation
of NFs. The ES solutions containing HAE, soybean PC and PVP generated continuous elongated NFs
with a smooth surface and uniform diameter (Figure 4B,C). The topography of the nanofibrous solid
templates exhibited a non-woven and loosely packed platform with randomly oriented individual NFs.
The external pore size of the present amphiphilic nanofibrous templates ranged from few micrometers
to ten micrometers. Our results are in agreement with those reported by Yu et al. [8] suggesting that
the amphiphilic NFs intended for the solid templates for self-assembled liposomes can be fabricated
by means of ES.
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(A) (B) 
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Figure 4. The SEMs of an isolated and milled HAE powder (A) and the amphiphilic electrospun NFs
(B,C) used as a solid template for the self-assembled liposomes. Scale bar 200 μm (A) and 2.0 μm (B,C).

In our study, the fiber diameter of amphiphilic NFs measured on the SEM micrographs was 392 ±
66 nm (n = 100) (Figure 4). The diameter of individual NFs ranged from 197 nm to 534 nm. Yu and
coworkers [8] reported that the average fiber diameter of the corresponding amphiphilic NFs (without
HAE) ranged from 580 nm to 1250 nm, and the size of the NFs can be tailored by varying the content
of PC in the NFs. According to Yu et al. [8], the average diameter of NFs fabricated from pure PVP was
910 ± 110 nm, and there was a significant decrease in the average fiber diameters as the PC content in
the NFs was increased (580 ± 90 nm at 33.3% w/w of PC). However, as the PC content was increased to
50% (w/w), the average diameter of NFs was significantly increased to 1010 ± 110 nm. The presence of
PC, as a zwitterionic surfactant, changes the surface tension and viscosity of the PVP solution, thus
affecting the morphology and diameter of the NFs [8].

It is well known that PVP is a good carrier polymer for ES to generate NFs. When adding
to PVP solutions, it is evident that PC causes electrostatic hydrophobic interactions with PVP [8].
These molecular-level interactions change the conformation of a PVP chain and PVP–PVP molecular
interactions resulting in decreasing entanglements and viscosity [8,18,19]. Taking advantage of the
optimal formulation of Yu and coworkers’ study, we carried out the ES of amphiphilic NFs with the
same ratio of PC and PVP (1:2 w/w) for HAE. As shown in Figure 4, the diameter of amphiphilic NFs in
our study was much smaller than that obtained by Yu and coworkers (without HAE). Comparing to Yu
and coworkers’ study [8], our study involves some differences such as the grade of PVP (in our study
K90), organic solvent, polymer concentration and air humidity, which could explain these differences.
According to the literature, the changes in the abovementioned variables most likely affect (decrease)
the viscosity of the ES solution and modify solvent evaporation, thus contributing a decrease in a fiber
diameter [20,21].

3.3. Optical Microscopy of Self-Assembled Liposomes

The fate of the self-assembled liposomes in water was monitored by taking optical micrographs at
regular intervals after exposing an amphiphilic nanofibrous template to the drop of purified water.
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As shown in Figure 5, the liposomes were spontaneously formed (self-assembled) in water within few
seconds. It was not possible to measure the size of the present self-assembled liposomes of soybean
PC and HAE with optical microscopy due to their nanoscale size. The soybean PC releases from the
amphiphilic nanofibrous PVP matrix (template) in contact with water and this results in the instant
formation of the individual or co-aggregated vesicles (while PVP dissolves in water). Yu et al. [8]
reported that PC molecules after releasing from the PVP nanofibrous matrix tend to co-aggregate
in water, and the formation of liposomes is dependent on the location of original NFs in the matrix
template. These are also in line with our findings. The optical microscopy images obtained in our study
suggest that the molecular self-assembly strategy is applicable in the nanoformulation of a plant-origin
alkaloid (HAE), and verify the formation of liposomes in water as intended.

  

 

Figure 5. The optical microscopy images (A–C) and the PCS size and size distribution (D) of the
self-assembled liposomes in purified water. The liposomes consisting of soybean PC and HAE are
spontaneously dispersed from the electrospun amphiphilic nanofibrous template. Due to the limited
magnification (50×) of an optical microscope, only the liposomes composed of large vesicles can be
seen. Some selected clusters of liposomes are indicated by white arrows. Scale bar 20 μm with 20× (A),
and 40× (B,C).

3.4. Particle Size Analysis of Self-Assembled Liposomes

To verify the molecular self-assembly process, the size and size distribution of the soybean PC
and HAE containing liposomes was analyzed with PCS. The liposomes exhibited a bi-modal size
distribution (Figure 5D). The average diameters of the self-assembled liposomes instantly formed from
the hydrated amphiphilic nanofibrous templates of two populations were 63 ± 70 nm (10.3%) and
401 ± 64 nm (89.7%), respectively, with the polydispersity index (PDI) at 0.474. This suggests that in
situ formation of liposomes occurred as intended. Yu et al. [8] investigated the hydrodynamic diameter
and size distribution of the self-assembled liposomes by static and dynamic light scattering (SDLS),
and the average vesicle size and PDI ranged from 64 nm to 369 nm and from 0.182 to 0.299, respectively.
Our results with the present drug-loaded self-assembled liposomes are in good agreement with the
results reported in the literature with non-drug-containing corresponding liposomes [8].
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3.5. Physical Solid-State Properties

Physical solid-state analysis was conducted in order to verify potential process-induced solid-state
transformations and molecular drug-polymer interactions on the course of the ES of amphiphilic NFs.
The XRPD patterns, FTIR spectra and DSC thermograms of HAE (as a powder form) and HAE-loaded
amphiphilic electrospun NFs are shown in Figure 6. The XRPD pattern of a pure active agent (HAE)
exhibits numerous distinct reflections characteristics to its crystalline nature. The most predominant
diffraction peaks of HAE are shown at 12.2, 12.6, 13.8, 16.1, 17.6, 19.6, 20.2, 21.1, 22.6, 23.8 and 27.8◦2θ
(Figure 6A). The XRPD pattern for the HAE-loaded electrospun NFs with two broad amorphous halos
indicates most likely an amorphous state of the amphiphilic NFs (Figure 6A). However, the low drug
loading in the NFs (approximately 4.5% w/w) challenges the interpretation of the present XRPD results
on the solid state of HAE in the NFs. Since it is generally known that a high-energetic amorphous
state fosters the dissolution of the material to water, this finding supports the molecular self-assemble
strategy applied for the present nanoformulations of HAE. Our results are also in a good agreement
with the findings reported by Yu at al. [8]. They found that the electrospun amphiphilic NFs of soybean
PC and PVP (without HAE) are amorphous (XRD), but increasing the amount of PC in the NFs resulted
in obvious phase separation (i.e., PC separates out from the PVP matrix template). The amorphous
halos observed in the XRPD pattern of amphiphilic NFs are most likely contributed by PVP (Figure 6A).

 

 
Figure 6. The XRPD patterns (A), FTIR spectra (B) and DSC thermographs (C) of HAE (as a powder
form) and HAE-loaded amphiphilic electrospun NFs.

FTIR vibrational spectroscopy is a powerful tool for detecting the process-induced phase transitions
and molecular drug-polymer interactions in the solvent-based manufacturing processes. Figure 6B
shows the FTIR spectra of electrospun amphiphilic NFs loaded with HAE and pure materials (HAE,
PC, PVP) in a powder form. The FTIR spectrum of HAE shows the distinct peaks in the region of C–H
aromatic and aliphatic vibrations ranging from 3051 to 2810 cm−1 (Figure 6B). The peaks of the N–H,
C–N and C–O groups of HAE were shown at 1475, 1225 and 1053 cm−1. The FTIR spectrum of soybean
PC shows four bands with corresponding distinct peaks at 2945, 2916, 2847 and 1450 cm−1. This finding
is also in a good agreement with Yu et al. [8], suggesting the presence of antisymmetric CH3 stretching,
antisymmetric CH2, symmetric CH2 and CH2 scissoring, respectively. The characteristic band with
a single peak at 961 cm−1 corresponds to the N+ (CH3)3 stretching vibration (Figure 6B). The two
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distinct peaks at 1232 and 1056 cm−1 are in the region of the antisymmetric and symmetric PO2
−

stretching vibrations [22]. The FTIR spectrum for PVP shows distinct peaks at 2900, 1643 and 1261
cm−1, representing antisymmetric CH3 stretching, C=O amide stretching and C–N stretching vibration,
respectively (Figure 6B).

Only small changes in the FTIR spectra of the HAE-loaded amphiphilic NFs compared to the
spectra of pure materials were found (Figure 6B). The FTIR spectrum for the HAE-loaded NFs exhibited
the weak absorbance bands characteristics to HAE and excipients (soybean PC, PVP), thus suggesting
the absence of molecular interaction between the three materials used in a solvent-based ES. On the
other hand, the concentration of HAE in the NFs is low, thus leading to some challenges to distinguish
the characteristic peaks of the active agent.

DSC was used as a complementary method to verify the drug-excipient compatibility and
interactions in the present amphiphilic NFs. The DSC thermogram of HAE showed a single sharp
melting endotherm at 205.4 ◦C (Figure 6C). This is also in a good agreement with the characteristic
melting point of HAE (206 ◦C) reported in the literature [23]. The DSC thermograms for PVP K90 and
soybean PC showed a broad endotherm from 50 ◦C to 120 ◦C (due to dehydration) and multiple small
endothermal events (peaks) ranging from 140 ◦C to 210 ◦C, respectively. These multiple fluctuating
endothermal peaks for PC can be attributed to the heat-induced movement of polar moieties and
the presence of unsaturated bonds, thus resulting in a phase transition from a gel state to a liquid
crystal state [24,25]. The DSC thermogram of HAE-loaded amphiphilic NFs showed the characteristic
endothermal curve of PVP (ranging from 40 ◦C to 110 ◦C), and the absence of the characteristic peak
for the melting point of HAE (Figure 6C). Hence, the DSC results suggest that HAE is most likely in
an amorphous form in the NFs. The excipients (PVP, PC), however, melt at lower temperatures, and
consequently, HAE could dissolve in this melt, thus making it difficult to fully confirm the amorphous
state of HAE. Moreover, there are no signs of significant interactions or incompatibilities between HAE
and excipients, and the thermograms do not show any signs of chemical decomposition of HAE.

3.6. In Vitro Drug Release

The cumulative dissolution profiles of HAE as a powder and loaded in the amphiphilic electrospun
NFs are shown in Figure 7. The theoretical amount of HAE in the solid nanofibers sample applied
in the dissolution test was 0.89 mg (respective to 100% in the dissolution study). With HAE as a
powder, approximately 50% of active ingredient dissolved within the first 2 h and over 80% of HAE
dissolved within the next 16 h (after 18 h the dissolution reached the plateau). The release of HAE
from the amphiphilic electrospun NFs and self-assembled liposomes occurred in three phases: More
than 50% of HAE released within the first 2 h, approximately 80% released within the next 2 h, and
the rest of the active agent (100%) released within 30 h (Figure 7). The initial burst release of the
drug-loaded amphiphilic nanofibers could be attributed to the surface or near-surface distribution of
HAE in the nanofibers and the physical solid state of HAE in the nanofibrous templates. The XRPD
results (Figure 6A) suggested that HAE is distributed in an amorphous form in the electrospun
nanofibers, thus showing the success of the strategy. In the last phase of the dissolution, a steady-state
release pattern was observed obviously due to the drug release from the self-assembled liposomes.
Khan and coworkers reported the disintegration and diffusion-controlled mechanism associated with
the active release from the nanofibers loaded with oregano essential oil [26]. According to Yu and
coworkers, when the amphiphilic NFs are exposed to water, the PC molecules (attached in the PVP
chains) are hydrated and concentrated within the nanofibrous network [8]. This results in swelling
of the nanofibrous template. The self-assembled liposomes are formed as hydrated PC molecules
form co-aggregates, thus entrapping water inside the vesicles. In the final stage, the self-assembled
liposomes are released in the dissolution medium [8]. Our dissolution study is only indicative to
compare the dissolution properties of HAE and the present amphiphilic nanofibrous templates loaded
with the active agent. More research is needed to gain an understanding of the self-assembly of
liposomes in the aqueous media and actual release of the active agent from the formed liposomes.
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Figure 7. The in vitro dissolution profiles of HAE (as a powder form; a dotted red curve) and
HAE-loaded amphiphilic electrospun NFs (a continuous green curve) (n = 3).

4. Conclusions

The therapeutic use of a plant-origin alkaloid, haemanthamine (HAE), is limited due to the
formulation challenges associated with the complex molecular structure and physicochemical properties
of the present active agent. We showed that HAE can be formulated to amphiphilic nanofibers
(NFs) by solvent-based electrospinning (ES). The amphiphilic NFs provide a solid template for
self-assembled liposomes intended to be spontaneously dispersed when the template is exposed to
water. The spontaneous formation of self-assembled HAE containing liposomes in water can be
proven. The present amphiphilic NFs loaded with HAE are an alternative approach for the formulation
of a liposomal drug delivery system and for stabilization of the liposomes of the present alkaloid.
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Abstract: The goal of this research was to develop a novel oxygen therapeutic made from a pectin-based
hydrogel microcapsule carrier mimicking red blood cells. The study focused on three main criteria for
developing the oxygen therapeutic to mimic red blood cells: size (5–10 μm), morphology (biconcave
shape), and functionality (encapsulation of oxygen carriers; e.g., hemoglobin (Hb)). The hydrogel
carriers were generated via the electrospraying of the pectin-based solution into an oligochitosan
crosslinking solution using an electrospinning setup. The pectin-based solution was investigated
first to develop the simplest possible formulation for electrospray. Then, Design-Expert® software
was used to optimize the production process of the hydrogel microcapsules. The optimal parameters
were obtained through the analysis of a total of 17 trials and the microcapsule with the desired
morphology and size was successfully prepared under the optimized condition. Fourier transform
infrared spectroscopy (FTIR) was used to analyze the chemistry of the microcapsules. Moreover,
the encapsulation of Hb into the microcapsule did not adversely affect the microcapsule preparation
process, and the encapsulation efficiency was high (99.99%). The produced hydrogel microcapsule
system shows great promise for creating a novel oxygen therapeutic.

Keywords: artificial red blood cells; electrospinning and electrospray; pectin; oligochitosan;
hydrogel; microcapsules

1. Introduction

In the United States, approximately 36,000 units of red blood cells (RBCs) are needed every day,
according to American Red Cross. However, less than 38 percent of the population is eligible to give
blood or platelets [1]. Donated blood undergoes costly screenings before it can be used to test for
infectious diseases, such as HIV and hepatitis B and C [2]. Factors including eligible donors, costly
testing, and limited shelf-life also impact the available supply. While blood donations will always
be necessary, an oxygen therapeutic has the potential to help alleviate a number of the complexities
associated with blood supply and demand.

Different hemoglobin (Hb)-based oxygen therapeutics have been developed, but, unfortunately,
no such product has been approved by the FDA for human use due to the toxicity of free hemoglobin,
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which can cause hypertension and cardiovascular dysfunction [3–6]. Nanoscale artificial oxygen
transporter carriers, such as nanoparticles and liposomes, have been developed, showing promise
in therapies such as wound healing and cancer treatment [7,8]. However, these carriers, even with
PEGylation (which may lead to accelerated blood clearance (ABC)), tend to have a short circulation time
compared with the 120 day circulation time of RBCs [6]. It is therefore critical to fully mimic the natural
red blood cells, including their size and shape. Red-blood-cell-shaped carriers have been developed in
recent years; for example, a polyelectrolyte microcapsule was produced using a red-blood-cell-shaped
Ca(OH)2 template [9]. However, low encapsulation efficiency (oxygen transporter molecules are
encapsulated inside the carrier, not attached to the carrier surface) remains an issue [5,9–11].

The purpose of this research is to develop a polymeric microcapsule system which mimics
red blood cells to encapsulate oxygen transporters for use as an oxygen therapeutic. In particular,
this study focuses on three criteria for the development of the microcapsule oxygen therapeutic: size,
morphology, and functionality. In our previous studies [5,12], micro-scale red-blood-cell-shaped
hydrogel capsules, using pectin and oligochitosan, were successfully developed and were shown to be
able to encapsulate macromolecules. However, it is challenging to produce microcapsules/particles
of less than 100 μm using traditional methods/equipment [13]. The PRINT® technique has been
used to fabricate red blood cell mimics but with a complex process [14]. The electrospinning setup
for nanofiber production has been explored in order to generate microcapsules less than 10 μm in
diameter through electrospray [15,16]. Electrospray offers such advantages as ease of upscaling and
cost effectiveness. Very recently, electrospray based on an electrospinning setup has been successfully
adopted to produce red-blood-cell-like microparticles [17,18]. As the electrospinning setup utilizes
viscous liquids and a high voltage [19], pectin-based solution reformulation is necessary to increase
the solution viscosity. The pectin-based solution and production process parameters were optimized
through this research. Additionally, the impact of hemoglobin encapsulation on the key criteria and
production process was explored. The result is a simplified and optimized production process of the
pectin-based hydrogel microcapsules through formulation and parameter analysis. A pectin-based
microcapsule encapsulating hemoglobin at the desired size and morphology was produced without
adversely affecting the microcapsule preparation process.

2. Materials and Methods

2.1. Materials

Low methoxy (LM) pectin (20.4% esterification) was purchased from WillPowder (Miami Beach, FL,
USA). Pharmaceutical grade oligochitosan (95% deacetylation) of 2 kD molecular weight was obtained
from Zhejiang Golden-Shell Pharmaceutical Co. Ltd. (Yuhuan, Zhejiang, China). All other chemicals
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without additional purification.

2.2. Preparation of Hydrogel Microcapsules

Hydrogel microspheres were prepared through electrospray by using an electrospinning setup
(Linari Engineering, Valpiana, Italy). A 6–10% (w/v) pectin solution was sprayed into a 5% (w/v)
oligochitosan solution (gelation solution) for approximately 10–15 min. The hydrogel microspheres were
formed by the formation of pectin-oligochitosan electrolyte complexes. To obtain hemoglobin-loaded
hydrogel microcapsules, hemoglobin powder was dissolved in a small volume of deionized (DI) water
and then mixed with the pectin solution gently before electrospray [5]. The mixture was then sprayed
into the oligochitosan solution to form loaded hydrogel capsules.

2.3. Optimization of Hydrogel Microcapsule Preparation Process

Firstly, different concentrations of pectin were tested to determine the concentration to be used for
the rest of the study. Moreover, preliminary testing was performed to select the parameters used for
study as well as the working ranges for them (Table 1). Then, Design-Expert® (Version 11; Stat-Ease
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Inc., Minneapolis, MN, USA) software was utilized to optimize the hydrogel microsphere preparation
process. A Box–Behnken design (BBD) model was used. A total of 17 trials were run based on the
design. Lastly, size and morphology were the responses for optimization. For the assessment of
morphology, both size distribution and shape were considered and evaluated on a scale of 1–10. During
optimization, the target size was between 5 and 10 μm with a morphology maximum rating of 10.

Table 1. Parameter optimization values. This table describes the optimized electrospray parameters
determined using the Design-Expert® software.

Parameter Range Optimized Value

Voltage (kV) 20–25 25
Flow Rate 1 5–15 15
Height (cm) 10–18 13

1 The units of the flow rates shown are specific to the pump used.

2.4. Determination of Hemoglobin Encapsulation Efficiency

To determine the encapsulation efficiency, Hb-loaded microcapsules were prepared under the
optimal condition. The encapsulation efficiency (EE) of hemoglobin within the capsules was determined
by the difference between the initial amount of hemoglobin present and the unencapsulated hemoglobin
in the supernatant:

EE =
initial− unencapsulated

initial
× 100% (1)

A standard curve was generated, and hemoglobin concentrations were measured by using a
UV–vis spectrophotometry (Evolution 60S; Thermo Fischer Scientific, Waltham, MA, USA) at 410 nm [5].

2.5. Characterization of the Hydrogel Microcapsules

Hydrogel microcapsules were dried in an oven and then Fourier transform infrared spectroscopy
(FTIR; MIRacle 10, IR-Tracer 100; Shimadzu, Kyoto, Japan) was used to study the chemistry of
the microcapsules.

3. Results and Discussion

3.1. Formulation of Hydrogel Microcapsules

In our previous studies [5,12], red-blood-cell-shaped microcapsules with diameters >300 μm,
were successfully developed using a 3–4% (w/v) pectin solution through a vibration-based setup
(minimum diameter of microcapsule/microbead which can be produced: 50 μm). Furthermore,
a novel pectin-based nanofiber system was developed using an electrospinning setup. To reduce
the microcapsule size, an electrospinning setup was chosen considering its capability to produce
micro/nano-scale objects. Electrospinning, in general, involves a higher viscosity polymer solution
and voltage compared with electrospray [19]. Both electrospray and electrospinning are based on
similar principles. The major difference is the breaking of the jet, formed from the Taylor cone, into
droplets during electrospray [19]. A pectin/PEO (viscosity enhancer)/glycerol (fluid modifier) mixture
was tested and was able to produce red-blood-cell-shaped microcapsules less than 10 μm in size
(data not shown). However, considering eventual industrial production and commercialization, a
simple formulation is desired. To eliminate the viscosity enhancer and fluid modifier, 6–10% (w/v)
pectin solutions were tested for their electrospray ability. When concentrations were lower than 7%,
no biconcave-shaped microcapsules could be formed. On the other hand, the solution could not be
sprayed when the concentration was higher than 9%. As a result, 8% was selected for formulating the
hydrogel microcapsules.
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3.2. Hydrogel Microcapsule Preparation Process Optimization

Based on the preliminary studies, voltage, flow rate, and height (from needle tip to the gelation
solution (i.e., oligochitosan) surface) were found to have significant influences on the microcapsule
preparation process and were chosen as the parameters for process optimization. As shown in Figure 1,
the microcapsule morphology varied greatly when changing the process parameters. Table 1 describes
the ranges of parameters explored to optimize the electrospray process and the Design-Expert®

software was used to apply a Box–Behnken model to outline the 17 trials to be tested. Quadratic
models were utilized to represent the data with the complete quadratic model shown in Equation
(2). The software was then used to analyze the resulting diameter and morphology of at least 200
microcapsules per trial. The desired responses were a diameter of less than 10 μm and a maximum
morphology rating of 10. The quadratic model basis for the 17 trials from the Design-Expert® software
is shown below:

Y = β0 +
∑k

i = 1
(βiXi) +

∑k

i = 1
(βiX2

i ) +
∑k−1

i = 1

∑k

j>i
βi jXiXj, (2)

Y is the value of the response variable, β0 is the intercept coefficient, the first βi items are the linear
coefficients, the second βi items are the quadratic coefficients, and βij items are the coefficients of the
interaction terms.

 
Figure 1. Representative images of microcapsules prepared during the optimization process.
(A) Undesired shape and non-uniform size distribution; (B) Desired shape but large size; (C) Desired
size but undesired shape; (D) Desired shape and size.

During the optimization process, the software returned the following equations based on the trial
data input:

Y1 = −73.8429 +3.3299A + 3.8211B + 3.4461C− 0.04478AB + 0.0199AC
− 0.1418BC − 0.1132A2 − 0.0299B2 − 0.0201C2 (3)

Y2 = 19.2689 + 1.6188A− 2.8900B− 0.4850C − 0.1125AB− 0.0438AC
+ 7.0613E− 17 BC + 0.0516A2 + 0.1120 B2 + 0.0580C2 (4)

where Y1 and Y2 are size and morphology respectively, A, B, and C are the independent variables:
height (cm), voltage (kV), and flow rate setting. Both models (Equations (3) and (4)) fit the model well,
as the lack of fit is not significant with a p-value of 0.9913 and 0.1961, respectively.
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As shown in Figure 1, images of microcapsules produced during the optimization experimentation
were taken using an optical microscope (EVOS XL; Thermo Fisher Scientific, Waltham, MA, USA).

Figure 2 shows the surface response curves generated by Design-Expert® indicating the effects of
two-factor interaction on capsule diameter and morphology. It was found that height (A) (p = 0.0328)
produced a significant impact on microsphere size after model reduction by removing insignificant
terms one at a time. The size of the droplet determines the size of the microcapsule. Under the
same voltage, the electric field force decreases as the height increases [20,21]. However, the voltage
had little effect on the microcapsule size, which might be due to the relatively narrow range of the
voltage studied [22]. The significant terms found to impact the morphology are: B (p = 0.0095),
AB (p = 0.0914) and C2 (p = 0.0361). These findings indicated that the morphology of microcapsules
produced during electrospray shares a linear relationship with voltage and a quadratic relationship
with the flow rate. During electrospray, droplet formation is driven mainly by the interplay between
surface tension, gravity, and electric field force. As the voltage increases, the microcapsule morphology
improves. This could be explained by the formation of a stable jet leading to monodisperse droplets
when electrostatic force rather than gravitational force dominates the pulling force against surface
tension [20]. At the same time, increasing the flow rate leads to a more stable jet but larger droplets [13,23].
Moreover, both height and voltage affect the electric field strength, which explains the significant
influence of the interaction term AB on microcapsule morphology [21].

Figure 2. Response surface plots that show the effect of variables on the size (upper panel) and
morphology (lower panel) before model reduction. The points which encompass the coordinates are
displayed. Dark red dots: design points above predicted value; and pink dots: design points below
predicted value.

Considering both responses, to achieve the highest morphology rating as well as a diameter
of 5–10 μm, the optimized parameters were determined to be a height of 13 cm, a voltage of 25 kV,
and flow rate setting of 15 (2.1 mL/hr) as shown in Table 1. All further experimentation was conducted
using the optimal parameters, thereby improving the process.

3.3. Hemoglobin Encapsulation Efficiency

The encapsulation of Hb within the microcapsules was also investigated. It was confirmed
that the hemoglobin could be successfully encapsulated within these capsules through a passive
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loading process with a very high encapsulation efficiency of 99.99 ± 0.06%. Hb-loaded microcapsules
(Microencapsulated Hb) are shown in Figure 3. It can be noticed that the microcapsules show a
biconcave shape with uniform size distribution. The encapsulation did not negatively impact the
hydrogel microcapsule formation.

 

Figure 3. Image of hemoglobin (Hb)-loaded microcapsules (indicated by white arrows) prepared under
the optimized condition.

FTIR spectroscopy was also used to confirm the successful encapsulation of hemoglobin within
the microcapsules. As shown in Figure 4, the presence of Hb is clearly evidenced by the significant
changes that occur in the Amide I and Amide II regions around 1530–1650 cm−1. In particular, the peak
around 1710 cm−1 becomes more pronounced due to the C=O stretching vibration of Hb [5,24]. This is
also supported by the appearance of the strong peaks in the 1050–900 cm−1 region, which are typical
for Hb [25].

Figure 4. Fourier transform infrared (FTIR) spectra of hydrogel microcapsules and Hb-loaded
microcapsules (microencapsulated Hb).

4. Conclusions

An 8% pectin solution, without a viscosity-modifier, was chosen as the formulation for the
hydrogel microcapsule production. This formulation enables a simple and quick preparation,
which is essential during future industrial-scale production. Furthermore, the removal of the
viscosity-modifying chemicals allows for concentration of the sample via centrifugation, which
was previously impossible. The optimized condition was determined by using the Design-Expert®

software to produce microcapsules that are 5–10 μm in diameter and maintain a biconcave shape with
a morphology resembling that of a natural red blood cell. Passive loading of hemoglobin into the
microcapsules, confirmed by FTIR analysis, resulted in a high encapsulation efficiency of 99.99 ± 0.06%.
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Future work includes stability testing of the hydrogel microcapsule carrier as well as oxygen
transport property. Alternatives to hemoglobin such as a synthetic gas carrier will also be explored.

5. Patent

Polymeric red-blood-cell-like particles (Inventors: Wujie Zhang, Rebecca Schroeder, Sydney
Stephens, Haley Stephens, Kellen O’Connell, Nataline Duerig, Devon McCune, Jung Lee, and Gene A.
Wright; Publication number: 20190183982; Publication date: 20 June, 2019; U.S. Patent).
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Abstract: Polymeric wound dressings with advanced properties are highly preferred formulations
to promote the tissue healing process in wound care. In this study, a combinational technique
was investigated for the fabrication of bi-layered carriers from a blend of polyvinyl alcohol (PVA)
and sodium alginate (SA). The bi-layered carriers were prepared by solvent casting in combination
with two surface modification approaches: electrospinning or three-dimensional (3D) printing. The
bi-layered carriers were characterized and evaluated in terms of physical, physicochemical, adhesive
properties and for the safety and biological cell behavior. In addition, an initial inkjet printing trial for
the incorporation of bioactive substances for drug delivery purposes was performed. The solvent
cast (SC) film served as a robust base layer. The bi-layered carriers with electrospun nanofibers (NFs)
as the surface layer showed improved physical durability and decreased adhesiveness compared to
the SC film and bi-layered carriers with patterned 3D printed layer. Thus, these bi-layered carriers
presented favorable properties for dermal use with minimal tissue damage. In addition, electrospun
NFs on SC films (bi-layered SC/NF carrier) provided the best physical structure for the cell adhesion
and proliferation as the highest cell viability was measured compared to the SC film and the carrier
with patterned 3D printed layer (bi-layered SC/3D carrier). The surface properties of the bi-layered
carriers with electrospun NFs showed great potential to be utilized in advanced technical approach
with inkjet printing for the fabrication of bioactive wound dressings.

Keywords: electrospinning; wound dressings; solvent casting; 3D printing; polymeric carrier

1. Introduction

Wound dressings with different functionalities are widely used in medical applications to aid
the healing process of acute and chronic wounds [1,2]. Typically, wound dressings are designed to
contribute to the inhibition of bacterial contamination and infection development, and several other
pharmacological and physical protection aspects of wound healing [1,2]. In modern preparations, the
carriers are made from synthetic and natural polymers that have high biocompatibility and enable
localized drug delivery with improved therapeutic efficacy [1,3]. Ideally, wound dressings should
provide long-term functionality, maintain a moist healing environment, promote tissue regeneration,
prevent any additional damage and cause minimal inconvenience to the patient [4]. On the other
hand, mechanical and adhesive properties of wound dressings determine their producibility and
durability upon storage and usage [1,4]. In addition, bioactive wound dressings with biologically active
ingredients and/or active pharmaceutical ingredients (APIs), such as antibiotics, anti-inflammatory
agents, vitamins and growth factors, are continuously being developed [3,5].
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Wound dressings are produced by different methods depending on the desired structure and the
materials used. In the current study, three commonly applied methods were exploited: solvent casting,
extrusion-type three-dimensional (3D) printing and electrospinning. In solvent casting, polymeric
films are prepared from drying of viscous solutions of polymer(s) with/without additives and active
substances in a uniformly distributed layer [6,7]. Due to the simplicity of this method, solvent casting
can be time-consuming, and the properties and stability of the films are dependent on the materials
used [6,7]. Nevertheless, solvent cast (SC) polymer films are structurally more robust, and highly
suitable to be exploited as base layer in multi-layered formulations.

Electrospinning is a versatile technology for the fabrication of polymeric fibers with good diffusion
characteristics and high surface area to volume ratio, which are beneficial for wound care applications
to hinder bleeding, absorb excessive wound fluid and promote tissue regeneration [4,8,9]. The stability,
reproducibility and production yield of the electrospinning process is highly dependent on the
compatibility of the materials: the polymer(s), the solvent(s) and other additives or active substances [10].
Furthermore, the concept of “green electrospinning”, i.e., electrospinning of environmentally friendly
and non-toxic polymeric materials and solvent systems, is gaining more attention especially in
pharmaceutical and medical applications [11].

In general, 3D printing allows obtaining scaffolds with defined structures that could be exploited
in various biomedical applications [12,13]. The extrusion-based 3D printing has been widely applied
in bioprinting, i.e., printing of materials that contain living cells, and it is considered to be a gentle
technique for manipulating semi-solid polymeric systems. This flexible method is used for tissue
engineering, fabricating customized medical devices and drug delivery systems (DDSs) [14,15].

As wound dressings are expected to be actively contributing to the wound healing process,
the utilization of multi-layered carriers could be beneficial. Previously, multi-layered drug-loaded
formulations have been produced by electrospinning with a layer-by-layer approach [16–18], as well
as by solvent casting [19]. Furthermore, integrated structures with improved mechanical strength
can be obtained by electrospinning on top of 3D printed grid-like scaffolds [20]. A similar theoretical
concept was recently presented by Maver et al. [21] for preparing a combination with carboxymethyl
cellulose-based carriers manufactured by 3D printing and electrospinning for dual drug delivery from
bi-layered wound dressings.

Inkjet printing is a technique, which has been used in pharmaceutical applications for the
preparation of individualized DDSs [14,22]. It is a contactless method for precise deposition of
liquids for tissue engineering [23] and pharmaceutical applications [24], as well as in fabrication of
biosensors [25], ceramic [26] and electronic components [27], to name a few. Inkjet printing applies a
drop-on-demand method for the signal-driven ejection of single droplets [28]. In DDSs, inkjet printing
enables to control the precision of drug dosing and release behavior [29–31] and it has huge potential to
be used as a method for preparing novel DDSs in combination with the polymeric carriers for wound
healing applications.

Among various other materials, polyvinyl alcohol (PVA) is frequently used in polymeric carriers
for medical applications due to its biocompatibility, solubility in water, non-toxicity, biodegradability,
bioadhesiveness and processability [32,33]. In combination with other synthetic or natural polymers,
the mechanical and physicochemical properties of PVA could be improved [34,35]. In addition,
PVA-based formulations can be covalently crosslinked by different methods [36]. Sodium alginate (SA),
a natural polymer extracted from brown algae, is widely used hydrophilic and biocompatible polymer
in pharmaceutical applications [37]. A combination of PVA and SA is often used as a composite with
improved liquid absorption, swelling, mechanical properties and thermal stability [32,38,39].

Considering the recent trends in the development of wound dressings, the utilization of
combination fabrication approaches could be beneficial for preparing advanced wound dressings and
novel DDSs. The aim of this study was to investigate a combinational technique for the fabrication of
bi-layered carriers for the API delivery. The designed systems with modified surface layers were based
on a polymer blend of PVA and SA. An electrospun layer was added onto the surface of solvent cast
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films of the same composition. The physicochemical, mechanical, adhesive properties of the carriers
were characterized and compared with similar bi-layered carriers with 3D printed macroporous surface
layer. Cell safety and viability testing was performed in order to understand the effect of different
surface modifications on the cell behavior. Furthermore, a theoretical concept of inkjet printing of
DDSs for the fabrication of bioactive wound dressings is presented.

2. Materials and Methods

2.1. Materials

Polyvinyl alcohol (PVA, Mowiol® 20–98, Mw 125,000 g/mol, 98.0–98.8 mol% hydrolysis,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany) and sodium alginate (SA, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) were used as film forming agents. The polymer solutions were prepared
separately and mixed to obtain final solutions. The PVA solutions were obtained by dissolving PVA in
purified water at 85 ◦C under stirring. The SA solutions were obtained by dissolving SA in purified
water at room temperature (RT, 20 ± 5 ◦C) under stirring. For solvent casting and electrospinning,
a mixture of 12% PVA and 2% SA solutions in an 80:20 volume ratio (Solution A) was used. For
three-dimensional (3D) printing, a mixture of 18% PVA and 3% SA solutions in an 80:20 ratio (Solution B)
was used. Thus, the polymer weight ratio was kept constant throughout the system. A corresponding
physical mixture (PM) of PVA and SA was prepared for reference.

2.2. Preparation of Carriers

2.2.1. Solvent Casting

Solvent cast (SC) films were cast from Solution A onto transparent copier film (Folex®IMAGING,
X-10.0, Cologne, Germany) or aluminum foil with a film applicator (Multicator 411, ERICHSEN GmbH
& Co. KG, Hemer, Germany) at a wet height of 500 μm. The SC films were lightly covered to prevent
dusting and dried for 2 days at ambient conditions (RT and relative humidity (RH) of 35 ± 15%).
The dried SC films were stored in the refrigerator (approximately 8 ◦C). The SC films were used as the
base layer in the bi-layered carriers.

2.2.2. Electrospinning

The nanofiber (NF) mats were prepared from Solution A using the eS-robot© electrospinning
machine (NanoNC, ESR-200Rseries, Seoul, Korea). The optimized single-spinneret electrospinning
parameters were as follows: 23G needle, voltage of 11 ± 1 kV, flow rate of 0.3 mL/h and a distance of
15 cm between the needle tip and collector. The NF mats were collected onto a rotating metal collector
(covered with aluminum foil) with a rotation speed of 25 rpm. The electrospinning was conducted
at 25.4 ± 0.4 ◦C and RH of 17.5 ± 0.5%. A fiber mat of approximately 24 × 20 cm was obtained from
8 mL of Solution A. In the bi-layered solvent cast/nanofiber (SC/NF) carriers, the NFs were electrospun
directly onto the SC films. Prepared NF mats and SC/NF carriers were stored in zip-lock bags in the
refrigerator (approximately 8 ◦C) before further analysis.

2.2.3. 3D Printing

The patterned 3D printed (3D) mats were obtained from Solution B onto transparent copier film
with semi-solid extrusion type Biobots 1 3D printer (BioBots Inc., Philadelphia, PA, USA, currently
known as Allevi). The mats were printed as a single layer (wet height: 0.15 mm) in a 40% honeycomb
infill pattern with 3 perimeters, creating a macroporous mat with an area of a 1.65 × 1.65 cm square.
The 3D printing was performed with a 25G needle at a pressure of 60–70 psi with a printing speed of
4 mm/s. In the bi-layered solvent cast/3D printed (SC/3D) carriers, the patterned structure was 3D
printed directly onto the SC films. The bi-layered SC/3D carriers were printed with a Biobots 1 3D
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printer and printer System 30M (Hyrel 3D, Norcross, GA, USA). Prepared 3D printed mats and SC/3D
carriers were stored in zip-lock bags in the refrigerator (approximately 8 ◦C) before further analysis.

2.2.4. Crosslinking

A thermal crosslinking process was applied to make the carriers more stable in an aqueous
environment. The thermal crosslinking was performed at 180 ◦C in an oven (Memmert, DIN 12880,
Schwabach, Germany) for 10 min.

2.3. Characterization Methods

2.3.1. Visualization

Microscopic images of the carriers were obtained with an Evos XL Imaging System (InvitrogenTM,
Thermo Fisher Scientific, Waltham, MA, USA), ProScope digital microscope (Bodelin Technologies,
PSEDU-100, Oregon City, OR, USA) and scanning electron microscopes (SEM). The non-crosslinked
electrospun NF mats were visualized with SEM (EVO MA 15, Zeiss®, Oberkochen, Germany) after
magnetron-sputter coating with a 3 nm gold layer in an argon atmosphere. The crosslinked NF mats
and bi-layered carriers were visualized with SEM (Leo Gemini 1530, Zeiss®, Oberkochen, Germany)
that was equipped with secondary electron and In-Lens detectors. The bi-layered carriers were
sputter-coated with carbon using a vacuum evaporator prior to imaging. The images were analyzed
with ImageJ software (1.51j8, National Institute of Health, Bethesda, MD, USA).

2.3.2. Texture Analysis

The mechanical strength of the carriers was measured by a puncture test method using TA.XTplus
Texture Analyzer (Stable Micro Systems, Surrey, UK) equipped with a film support rig and a spherical
stainless steel probe (⌀ = 5 mm). The measurements settings were as follows: pre-test speed of 2 mm/s,
test speed of 1 mm/s and a post-test speed of 10 mm/s. The maximum force (N) needed to break the
carriers was recorded (burst strength).

A digital caliper (Mitutoyo, 500-171-21, CD-6”, Kawasaki, Japan) was used to measure the
thickness of the carriers.

2.3.3. Solid-State Characterization

The infrared (IR) spectra were collected from the carriers and the raw materials with a universal
attenuated total reflectance Fourier transform IR spectroscope (ATR-FTIR, UATR Two, Perkin Elmer,
Llantrisant, UK). The measurements were conducted in a spectral range from 450 to 4000 cm−1 with
4 scans per spectrum (n = 3). The data collection and the baseline correction of the IR spectra were
performed with Spectrum 10.03 software (PerkinElmer, Llantrisant, UK).

The thermal properties of the SC films and electrospun NFs were measured by differential
scanning calorimetry (DSC, Pyris Diamond, PerkinElmer, Waltham, MA, USA). Samples of 1–3 mg
were analyzed in 30 μL aluminum pans with pierced lids. A heating rate of 10 ◦C/min was used in a
measuring range of 25–250 ◦C. An N2 purge gas was used with a flow rate of 40 mL/min. The DSC
system was calibrated using indium (156.6 ◦C). Thermograms were baseline corrected prior to analysis.

2.3.4. Stability Study

A short-term stability study for one month was performed with non-crosslinked and thermally
crosslinked SC films and electrospun NF mats. The samples were stored at two separate conditions: i)
RT and low humidity (RH of 0%), and ii) accelerated conditions [40] at elevated temperature (40 ◦C)
and humidity (RH of 75%). The solid-state properties of the samples were measured at three time
points (24 h, 1 week, 1 month) by ATR-FTIR and DSC spectroscopy.
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2.4. Behavior of Bi-Layered Carriers in Biorelevant Conditions and During DDSs Preparation

2.4.1. Swelling and Degradation in Aqueous Environment

The stability of the non-crosslinked and crosslinked carriers in aqueous environment was studied.
The samples (1.65 × 1.65 cm squares) were weighed and immersed in 10 mL of pH 7.4 phosphate buffer
saline (PBS) solution. The samples were mixed (30 rpm) at 37 ◦C for 24 h, 3 days and 7 days. The mass
of the samples was recorded with a microbalance (d = 1 μg, MYA 2.4Y, Radwag Wagi Elektronicze,
Radom, Poland).

The swelling degree was calculated as percentage of swelling ratio using Equation (1) [41]:

Swelling degree (%) = (Ws −W0 /W0) × 100, (1)

where Ws is the swollen sample and W0 is the initial sample weight. The swollen samples were
weighed after excess fluid had been removed with filter paper immediately after taking the samples
out of the PBS solution.

The degree of degradation was calculated as percentage of weight loss by Equation (2) [41]:

Degradation degree (%) = (W0 −W1) /W0 × 100, (2)

where W0 is the initial weight of the sample and W1 is the dry weight of the sample obtained after PBS
immersion. The samples were dried for 7 days under a ventilated fume hood prior to weighing.

2.4.2. Simulated Bioadhesion Study

The adhesion of the non-crosslinked and thermally crosslinked carriers to artificial skin (VitroSkin®

N-19, IMS Inc., Cape Coral, FL, USA) was tested with TA.XTplus Texture Analyser (Stable Micro
Systems, Surrey, UK) equipped with a mucoadhesion rig and a cylinder delrin® probe (⌀ = 10 mm) at
ambient conditions. A method developed by Tamm et al. [42] was used in a slightly modified format.
Shortly, circular samples (⌀ = 11 mm) of the carriers were prepared and attached to the probe with an
adhesive double-sided tape (Scotch™, 3M, Livonia, MI, USA). Simulated wound fluid (200 μL/sample)
was pipetted on the artificial skin before the measurement. The simulated wound fluid contained 2%
bovine serum albumin (Sigma-Aldrich, St Louis, MO, USA), 0.02 M CaCl2·2H2O (Merck, Darmstadt,
Germany), 0.4 M NaCl (Sigma-Aldrich, St Louis, MO, USA), 0.08 M tris(hydroxymethyl)-aminomethane
(Merck, Darmstadt, Germany) and purified water [43]. The testing conditions were set as follows:
pre-test speed 0.5 mm/s, test speed 0.5 mm/s, post-test speed 5 mm/s, applied force 1 N, return
distance 100 mm, contact time 60 s, and trigger force 0.05 N. Scotch™ adhesive double-sided tape and
commercial wound dressing Aquacel™ (ConvaTec Inc., Reading, UK) were used as references.

2.4.3. Safety of Bi-Layered Carriers and the Effect of Surface Modification on Cell Viability

Safety studies of bi-layered crosslinked and non-crosslinked carriers were carried out using baby
hamster kidney (BHK-21) fibroblast cells. Cells were grown in the Glasgow Minimal Essential Medium
(GMEM) supplemented with 7.5% fetal bovine serum (FBS), 2% Tryptose Phosphate Broth Difco
(TPB, Midland Scientific Inc., Omaha, NE, USA), 20 nM HEPES, 100 μg/mL penicillin and 100 μg/mL
streptomycin. For the viability study, cells were placed into 24-well plates and grown 24 h at 37 ◦C
in 5% CO2 incubator. Samples with a size of 1 cm2 were placed into the wells on top of the cells,
media was changed and incubated for another 24 h. Safety was assessed qualitatively by optical
microscopy and quantitatively by trypan blue exclusion (automated cell counter, Invitrogen, Thermo
Fischer Scientific, Waltham, MA, USA), counting dead and live cells from which the viability (%) was
calculated. The experiment was carried out in triplicate, whereas cells exposed only to the growth
medium or placed on top of the glass plate in growth medium were used as healthy untreated controls.
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To evaluate the viability of cells on bi-layered crosslinked carriers and crosslinked SC film, the
MTS cell proliferation assay was performed. Samples were placed into 24-well plates using cell crown
inserts (CellCrown®, Scaffdex Oy, Tampere, Finland). Size of the samples was 1.5 × 1.5 cm. 500 μL
of BHK-21 cells were seeded on the samples, the number of cells per well was approximately 50,000.
700 μL of GMEM was added. After 24 h incubation the samples were removed from the inserts,
washed with 1× PBS, then transferred to 500 μL Dulbecco’s Modified Eagle medium (DMEM) without
phenol red, and 80 μL of MTS reagent (K300-500, Biovision, Milpitas, CA, USA) was added. After
45 min of incubation at 37 ◦C in 5% CO2 incubator the colored medium was pipetted onto a 96-well
plate and absorbance was measured using plate reader at 490 nm. The experiment was carried out in
triplicate together with appropriate controls. The graphs show the relative viable cell numbers whilst
the substrates with the highest cell numbers obtained were considered as 100%.

2.4.4. Surface Behavior During Inkjet Printing

Inkjet printing was used to investigate the surface behavior of the bi-layered carriers upon contact
with aqueous ink solution. A mixture of propylene glycol (PG, Sigma-Aldrich, St Louis, MO, USA) and
purified water in 40:60 ratio with viscosity of 3.9 mPa·s and surface tension of 47.4 mN/m was used
as the ink solution. Red food color (9%, Dr. Oetker Sverige AB, Gothenburg, Sweden) was included
in the ink solution prior to printing for better visualization. The ink was deposited on the carriers
with a piezoelectric inkjet printer (PixDro LP50, Meyer Burger Technology Ltd., Thun, Switzerland)
equipped with a Spectra® SL-128AA printhead (Fujifilm, Valhalla, NY, USA) at a resolution of 100 dpi.
The average droplet size of the ink during printing was approximately 45 pL.

A CAM 200 contact angle goniometer (KSV Instruments Ltd., Espoo, Finland, currently known as
Biolin Scientific) paired with a camera (Basler, Ahrensburg, Germany) and OneAttension software
(Theta1.4) was used for contact angle (sessile drop method) measurements. The shape of the 5 μL
droplets was recorded at 24 ± 1 ◦C in the triplicate measurements.

2.5. Data Analysis

Results are expressed as a mean ± standard deviation (SD). Statistical analysis was performed
by two-tailed Student’s t-test assuming unequal variances with Microsoft Office Excel 365 ProPlus
software (p < 0.05) where applicable.

3. Results and discussion

3.1. Characterization of Solvent Casted (SC) Films, Electrospun Nanofibers (NFs) and 3D Printed Mats

Before the preparation of bi-layered carriers, each layer was prepared separately and characterized.
The SC films obtained were transparent with smooth surface (Supplementary Figure S1). After thermal
cross-linking the films turned to yellowish, but no other structural changes nor cracking were observed
(Supplementary Figure S1).

The SEM imaging showed the formation of well-defined nanofibrous structures by electrospinning
(Figure 1). Electrospinning process was slow, but the solution was electrospinnable within those
conditions after optimization. A low degree of merging of fibers was noted in non-crosslinked NF
mats, possibly due to imperfect drying of the polymer solution. However, no visible changes were
detected in the fiber morphology after crosslinking (Figure 1C). The diameter of the fibers followed
a unimodal distribution trend in the nanometer-range (Figure 1). The average diameter increased
slightly after crosslinking with a significant change in the distribution range of the fiber diameter.
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Figure 1. Scanning electron microscopy (SEM) image (A) and fiber diameter histogram (B) of
non-crosslinked solvent cast/nanofiber (SC/NF) carriers, and SEM image (C) and fiber diameter
histogram (D) of crosslinked SC/NF carriers with mean and relative standard deviation (RSD) values
(n = 50).

The 3D printed mats were prepared by semi-solid extrusion 3D printing. Recently, this method
was applied to prepare warfarin-loaded orodispersible films [44]. Here, the 3D printing of macroporous
mats was performed onto a plastic support liner with a honeycomb infill pattern. The 3D printed
pattern was clearly visible after printing (Supplementary Figure S2) and the dried mats remained
intact after removal from the copier film. The 3D printed mats contained a patterned matrix with
lemon-shaped pores with dimensions of approximately 990 × 1620 μm (n = 8).

3.2. Preparation and Structure of Bi-Layered Carriers

The bi-layered carriers were prepared through multi-step manufacturing processes (Figure 2).
Adding a surface layer onto the SC film allows modifying the structure and functionality of wound
dressings. In the bi-layered carriers, the use of same polymer composition enabled to create structures,
where a thin layer of electrospun NFs adhered to the SC film base layer.

Preparing uniformly fibrous scaffolds for skin regeneration and wound healing requires a
production of fiber mats that have the thickness and mechanical strength suitable for application
handling. The production speed of electrospun fibers can be slow and varies considerably depending
on the electrospinning setup and polymer system. The presented approach addresses these key
aspects in the production of wound dressings. Adding a thin layer of electrospun fibers onto a strong
polymer film could decrease the production time, improve cost-effectiveness, while still providing the
unique properties, e.g., nanofibrous and porous structure together with the required adhesive and skin
protective properties.
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Figure 2. Preparation schematics of the designed bi-layered carriers for wound care. Key: HV—high
voltage; 3D—three dimensional; PSI—pressure in pound per square inch.

Even though, the 3D printed mats could be used without any support layer, the bi-layered SC/3D
carriers were prepared to investigate the differences presented by the additional surface layer onto the
SC base layer. The patterned 3D printed mat covered 76 ± 4% (n = 2) of the sample area leaving a
macroporous structure with small palpable cavities on the carrier surface. The shape of the design was
not retained entirely, and the printing coverage was higher than the theoretical estimate (51%). This
can be explained by the insufficient viscosity of the printed polymer solution, and the high shear forces
applied in the needle tip during printing that further affected the viscosity of the solution.

In the bi-layered SC/NF and SC/3D carriers, the directly applied additional layer merged with the
SC film and was non-removable. The structure of the carriers remained intact and the layers did not
separate from each other (no lamination) during thermal crosslinking. In all formulations, the thermal
treatment resulted in extensive crosslinking that caused a visible color change from white to yellowish
as also previously reported [41,45]. In a study by Fuchs at al. [46], heat sealing was utilized to unite
polycaprolactone (PCL)-based SC films and 3D structures obtained by melt electrospinning writing.
This type of an extra step was not required in the setup presented here for the polymer blend with
PVA and SA. It gives some supportive evidence that also drug-loaded systems (mats) can be produced
using the same approach: the combination of the two techniques and using same ingredients.

3.3. Physical Properties

The physical properties of the SC films and the bi-layered carriers were measured to evaluate the
effect of the additional layer to the SC base layer (Table 1). Expectedly, the thickness of the bi-layered
carriers was increased compared to the SC film. The crosslinking affected the thickness of bi-layered
SC/NF carriers, suggesting a notable thermal expansion in the fibrous structure. The thickness of both
crosslinked bi-layered formulations was comparable to the copy paper (0.09 ± 0.01 mm).
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Table 1. Physical properties of the solvent cast (SC) film, the electrospun nanofiber (NF) mat, the
patterned 3D printed (3D) mat and the bi-layered carriers.

Sample
Treatment

Thickness a (mm)

Puncture Test a

Swelling Degree b (%)
After 24 h

Degradation Degree b

(%) After 7 hBurst Strength (N)
Distance at
Break (mm)

Solvent Cast (SC) Film

non-crosslinked 0.04 ± 0.01 40.2 ± 14.9 5.0 ± 2.1 NA NA
crosslinked 0.03 ± 0.02 37.4 ± 30.2 3.1 ± 0.9 ↑ 69 ± 19 ↓ 1.2 ± 1.2

Electrospun Nanofiber (NF) Mat

non-crosslinked NA NA NA NA NA
crosslinked NA NA NA ↑ 401 ± 52 ↓ 4.9 ± 5.9 c

Patterned 3D Printed (3D) Mat

non-crosslinked 0.04 ± 0.01 5.3 ± 1.1 2.9 ± 0.7 NA NA
crosslinked 0.05 ± 0.01 5.3 ± 1.3 2.6 ± 0.4 ↑ 75 ± 39 ↓ 6.7 ± 0.7

Bi-Layered Solvent Cast/Nanofiber (SC/NF) Carrier

non-crosslinked 0.05 ± 0.01 36.8 ± 5.7 6.4 ± 0.8 NA NA
crosslinked 0.09 ± 0.02 45.5 ± 12.4 3.4 ± 0.8 ↑ 338 ± 35 ↓ 0.2 ± 0.3

Bi-Layered Solvent Cast /3D Printed (SC/3D) Carrier

non-crosslinked 0.08 ± 0.03 38.4 ± 31.2 4.3 ± 1.8 NA NA
crosslinked 0.11 ± 0.04 31.3 ± 10.9 2.4 ± 0.4 ↑ 133 ± 20 ↓ 2.8 ± 0.6

a mean ± standard deviation, n = 10; b mean ± standard deviation, n = 3; c after 24 h; NA—not applicable.

The puncture test revealed a high deviation in the burst strength of the carriers (Table 1). This can
be contributed to the non-uniformity in the polymer films due to fluctuations in the drying conditions,
volume of residual solvent [47] as well as other preparation related factors. The difference in the burst
strength (N) between non-crosslinked and thermally crosslinked samples was shown to be statistically
non-significant. However, the decrease in the distance at break (mm) in the crosslinked SC film and the
bi-layered carriers suggests that the thermal treatment affected the elasticity of the formulation. On the
other hand, the SC/NF carriers showed a slight increase in the average burst strength after crosslinking
and longer distance to break (mm) compared to the SC/3D carriers. The addition of 3D printed layer
seemed to decrease the elasticity of the crosslinked carriers, whereas this effect was not pronounced for
the crosslinked carriers with electrospun NFs. Previously, it has been reported that NF mats from only
PVA become brittle after thermal crosslinking [41]. In this study, the addition of SA to the mixture
seemed to improve the integrity of the NF layer, and thus durable carriers with improved mechanical
properties were obtained.

The effect of crosslinking was demonstrated in the stability study in an aqueous environment.
The non-crosslinked samples disintegrated rapidly after immersion into the PBS solution (<24 h).
The thermally treated samples remained visibly intact throughout the study period of 7 days. In
an earlier study, crosslinked films of PVA and SA were investigated for 48 h with 10 subsequent
cycles of dissolution and drying without any visible changes to their integrity [48]. Nevertheless,
the swelling and degradation processes occurred simultaneously at a constantly changing ratio in all
crosslinked formulations.

The crosslinked SC films and SC/NF carriers showed no significant weight loss after 7 days
(Table 1). Whereas, the average degradation degree for SC/3D samples was 2.8% after 7 days, indicating
that the additional 3D printed layer contributed to the interaction with the buffer solution due to
increased surface area and/or decreased degree of crosslinking (thickness and volume of the carrier
was higher compared to the SC film). As a comparison, the macroporous structure of the patterned 3D
printed mats gave rise to an approximately 7% decrease in weight after immersion in the PBS solution
for 7 days.

Due to the use of same materials, the combined layers in the bi-layered carriers showed high
compatibility. No layer separation was detected in the bi-layered formulations after immersion in the
PBS solution (Figure 3). Furthermore, the distinct surface structures remained visible after 7 days in
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aqueous environment. Notably, the surface of the SC/NF carriers was smoother due to the swelling
and adhesion of the NFs to each other (Figure 3B).

 

Figure 3. Scanning electron microscopy (SEM) images of crosslinked solvent cast/nanofiber (SC/NF)
(A,B) and solvent cast/3D printed (SC/3D) (C,D) carriers before (A,C) and after (B,D) immersion in
phosphate-buffered saline (PBS) solution at 37 ◦C for 7 days.

An initial burst in the uptake of water and/or salts from the buffer solution manifested within
the first 24 h and declined later. The swelling degree was significantly higher for the SC/NF carriers
compared to the SC/3D carriers (Table 1). The absorptive properties attributed to the NF structures
promotes their applicability in wound care applications [9,49]. For example, manyfold higher absorption
ratios have been reported for fibrous alginate wound dressings and other commercial gauzes using a
different experimental setup [50]. In PVA/SA hydrogels, the water absorption and swelling capacity
has shown to be dependent on the SA content [51]. Thus, the results suggest that in the preparation
of bi-layered carriers the incorporation of NFs improves the degree of liquid uptake and usability as
wound dressings. Furthermore, the liquid absorption degree would be improved by adjusting the
polymer ratio in the formulations.

3.4. Stability and Solid-State Characterization

The stability and solid-state characteristics of SC films and electrospun NF mats were studied at
two different conditions for one month. Spectroscopic analysis identified several absorbance bands
characteristic to the raw materials (Figure 4). The spectrum of SA displayed absorbance bands in
the fingerprint region for carboxylate group at 1598 and 1407 cm−1, and skeletal C–O–C linkage at
1027 cm−1 [52,53]. The high degree of hydrolysis (98.0–98.8%) for pure PVA was seen by the low
intensity of the absorption band in the 1700–1750 cm−1 region [54]. The preparation of aqueous
solutions for electrospinning and 3D printing as well as the preparation processes themselves affected
slightly the PVA hydrolysis degree in the prepared formulations. The intensity decrease of absorbance
band at approximately 1715 cm−1 was observed in the spectra of the non-crosslinked/crosslinked SC
films and electrospun NF mats compared to the spectrum of PVA and SA physical mixture (Figure 4).
Interestingly, the crosslinking of the SC films and NF mats did not have an additional effect on the
hydrolysis degree of PVA (based on the intensity of the absorbance band at 1715 cm−1). Hence, the
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intensity of the band at 1715 cm−1 was similar with the intensity in the spectra of non-crosslinked
samples (NF mats and SC films).

Figure 4. Attenuated total reflectance Fourier transform IR spectroscopy (ATR-FTIR) spectra (spectral
range from 4000 to 500 cm−1) of sodium alginate (SA) (A) and polyvinyl alcohol (PVA) powders (B);
physical mixture of SA and PVA powders (C); non-crosslinked electrospun nanofiber (NF) mat (D);
non-crosslinked solvent cast (SC) film (E); crosslinked electrospun NF mat (F) and crosslinked SC film
(G). Asterisk (*) denotes the absorption band at 1141 cm−1 used to evaluate the crystallinity of PVA.

A broad absorbance band, attributed mainly to the hydroxyl groups in the molecules, was present
in the range of 3600–3200 cm−1. The broadening and intensity changes of the absorbance band for OH−
groups were in correlation with the water content, degree of hydrolysis and the crystallization degree
of the formulations. The ratio between the intensities of the absorbance bands at 3400–3200 cm−1 and
1420 cm−1 is related to the degree of chemical crosslinking [54]. The decreased ratio in the intensities
refers to the higher degree of crosslinking. In the crosslinked SC films and electrospun NF mats it
was seen that the ratio of the mentioned peaks was decreased. Thus, a relationship between thermal
crosslinking and the presence of OH− groups was confirmed. These changes are most likely due to the
decrease in the water content and hydrolysis. However, the presence of other crosslinking mechanisms
cannot be confirmed.

The changes related to the absorption band at 1141 cm−1 (marked with an asterisk on Figures 4
and 5) were evaluated closely due to the strong relation between the peak intensity and the crystallinity
of PVA [41,54,55]. All NF mats prepared by electrospinning were in an amorphous state, whereas the SC
films showed to exhibit a semi-crystalline state (Figure 4). The amorphous state of the non-crosslinked
NF mats was stable during storage at low humidity (Figure 5). However, the degree of crystallinity in
the non-crosslinked NF mats increased at elevated storage conditions (40 ◦C and RH of 75%). The
crystallinity in the non-crosslinked SC films increased over time at both storage conditions.
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Figure 5. ATR-FTIR spectra (spectral range from 1200 to 900 cm−1) from short-term stability study
of non-crosslinked electrospun nanofiber (NF) mat (A) and solvent cast (SC) film (B); crosslinked
electrospun NF mat (C) and SC film (D). Color legend: black—initial state, green—1 month at room
temperature (RT) and relative humidity (RH) of 0%, red—1 month at 40 ◦C and RH of 75%. Asterisk (*)
denotes the absorption band at 1141 cm−1 used to evaluate the crystallinity of polyvinyl alcohol (PVA).

Physical crosslinking of the SC films and electrospun NF mats resulted in the crystallization
of the formulations. Similar findings have been previously reported by Miraftab et al. [41], where
it was concluded that the degree of crystallinity is dependent on the temperature and heating
time. The broadening of the absorption band for the hydroxyl group indicated that the crosslinking
decreased the residual water content and/or inter- and intramolecular hydrogen bonding [56]. This
phenomenon shows correlation with the physical properties of the carriers. During the stability study,
no apparent changes in the solid-state properties of the crosslinked samples were detected at both
storage conditions. On the other hand, the changes in the absorbance band for OH- groups indicated
that the non-crosslinked SC films were more affected by the storage conditions than other formulations.
The intensity of the absorbance band at 3400–3200 cm−1 increased about 70% after one month at
elevated conditions (40 ◦C and RH of 75%) and decreased about 40% after storage at RT and RH of 0%.

The changes seen in the analysis of the infrared spectra are supported by the results from the
thermal analysis by DSC. The semi-crystalline PVA exhibited a melting endotherm at 217 ◦C (ΔH ≈
75 J/g), which is in accordance with previous results [57]. SA is an amorphous material that decomposes
in two steps—dehydration (approximately 100 ◦C) and exothermic decomposition (240–260 ◦C) [58].
The melting endotherm of non-crosslinked electrospun NFs (219 ◦C) increased slightly after incubation
at elevated storage conditions due to changes caused by high humidity and temperature. As mentioned
earlier, no changes were observed in the crosslinked electrospun NF mats at both storage conditions.
The melting endotherm remained at approximately 214 ◦C with high enthalpy values (ΔH ≈ 70 J/g)
characteristic for formulations with crystalline PVA. The thermal analysis revealed no significant
changes in the melting endotherm of SC films (217 ◦C) throughout the stability study. Interestingly, the
SC samples exhibited some impurities and initial degradation above melting temperature, which was
not apparent in the electrospun NF mats (data not shown).

A correlation between the solid-state properties and physical properties is obvious, and the
properties of the carriers are highly affected by the thermal crosslinking. Therefore, the effect of
time and storage-dependent solid-state changes on the physical properties of the carriers should be
further investigated.

3.5. Bioadhesion within Simulated Wound Fluid

The force (N) and work (N·mm) required for the detachment of the carriers from the wetted
artificial skin are presented in Figure 6. The effect of crosslinking on the adhesive properties is clearly
visible for the samples. The NF mats and bi-layered carriers showed a statistically significant decrease
in the detachment force (N) and the work of adhesion (N·mm) after crosslinking. However, the intact
structure of the crosslinking patterned 3D printed mats seemed to increase their adhesion, while the

130



Pharmaceutics 2019, 11, 678

polymer structure in the non-crosslinked samples dissolved fast upon contact with the simulated
wound fluid.

 
Figure 6. The detachment force (N) of adhesion (A) and work of adhesion as area under the curve
(AUC, N.mm) (B) of non-crosslinked (nonCL) and crosslinked (CL) solvent cast (SC) film, electrospun
nanofiber (NF) mat, bi-layered solvent cast/nanofiber (SC/NF) carrier, patterned 3D printed (3D) mat
and solvent cast/3D printed (SC/3D) carrier as well as tape and Aquacel® wound dressing as reference
(n = 5–8). Asterisk (*) denotes the statistical difference with p < 0.05.

In the bi-layered SC/NF carriers, the adhesiveness of the non-crosslinked formulations was
comparable to the SC film base layer, indicating that the thin nanofibrous layer dissolved rapidly and
did not contribute to the adhesion process. The relatively low adhesiveness of this formulation could
be related to the low polymer concentration and viscosity of the in situ formed hydrogel [59].

The analysis revealed that in the crosslinked bi-layered SC/NF carriers the addition of electrospun
NFs decreased the adhesiveness significantly compared to the SC film and SC/3D carriers (Figure 6).
This indicates that bi-layered SC/NF carriers would be easily removable from damaged tissue and
suitable for wound care applications. The intact crosslinked electrospun NF layer decreased the contact
with the artificial skin surface most likely due to extensive swelling [60] with detachment values close
to the detection limit. The SC/3D printed carriers behaved similarly to the SC film, suggesting that
the macroporous surface structure is not enough to obtain favorable adhesive properties required for
wound care.

An ideal wound dressing should be non-adherent and cause no additional injuries for the wound
and pain to the patient during the removal [61]. However, in some cases the ability of wound
dressings/skin adhesives to adhere on the skin or even on the damaged skin (e.g., hydrocolloid
dressings) is crucial [62]. In the latter case, a good interaction between the dressing and the skin
contributes to the absorption of excessive wound fluid and promotes healing by maintaining a moist
environment [63]. Ideally, the wound dressings should be self-adhesive to the wound surface, yet easy
and painless to remove [42]. Polymeric wound dressings are widely used; besides, if crosslinking is used
to enhance their robustness, the adhesive properties of the formulations might be weakened [64,65],
which was also apparent in the current study. Furthermore, the incorporation of APIs and/or use of
polymer blends in the electrospun NF mats might significantly affect their bioadhesion, as it has been
demonstrated with polyvinylpyrrolidone [42]. Thus, a balance between the mechanical and adhesive
properties should be aimed for.

3.6. Safety of Bi-Layered Carriers and the Effect of Surface Modification on Cell Viability

Safety of all carriers were confirmed using BHK-21 fibroblast cells and direct viability testing
method. All materials were biocompatible, and no statistically significant differences were observed
between the carriers (non-crosslinked and thermally crosslinked) and untreated controls (Figure 7A
and Supplementary Figure S3).
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Figure 7. Cell viability assay results from trypan blue exclusion test (A) and MTS test (B) on different
carriers: non-crosslinked (nonCL) and crosslinked (CL) solvent cast (SC) film, solvent cast/nanofiber
(SC/NF) carrier and solvent cast/3D printed (SC/3D) carrier. Cells were incubated for 24 h and analyzed.
Results presented as relative cell viability (%). In direct assay with trypan blue exclusion testing, the cell
number of untreated BHK-21 fibroblasts on glass-plate was considered as a positive control providing
100% cell viability (other positive control was cells in plastic wells in growth medium). In MTS tests, the
carrier with the highest cell viability (SC/NF-CL carrier) was considered as 100%. Data are expressed as
mean ± standard deviation (n = 3). Asterisk (*) denotes the statistical difference with p < 0.05.

It was also confirmed that no changes in cell numbers were present due to the thermal crosslinking
of the carriers. The latter nicely supports the findings observed in the solid-state characterization, as
most likely no harmful substances (e.g., substances cytotoxic to fibroblast cells) were produced within
the materials as a result of high temperature. Hence, such carriers, also stated as generally regarded
as safe (GRAS) materials and approved within several medical devices by the U.S. Food and Drug
Administration (FDA) [66], could be used for further wound dressing development.

Effect of surface modification on the cell viability was also determined. Crosslinked bi-layered
SC/NF carrier enhanced the cell adhesion and proliferation as the highest cell viability (statistically
significant, p < 0.05) was measured compared to other carriers, i.e., SC film and SC/3D carrier
(Figure 7B). Interestingly, the cell viability on SC film and 3D/SC carriers was approximately the same
(Figure 7B). Both materials (SA and PVA) are known to be biocompatible, biodegradable and good for
the cells [67,68]. However, it is known that cells are able to sense the environment [69] and in addition
to the material properties (internal chemical composition and the mechanical properties) [70], the
material surface modification may change the behavior of the cells [71,72]. The overall idea of using
surface modified structures is to stimulate the cells or their behavior. Usually the carriers used for the
treatment of wounds are designed according to specific requirements and should provide a highly
porous structure with interconnected pores [73]. These characteristics provide cells an appropriate
environment for growth. Thus, carriers with such properties act as physical substrates for cell adhesion,
proliferation, and differentiation, as well as for the integration to the host tissue in order to regenerate
the defects, in case the mats are used as skin substrates. In the present study, it was also revealed that
the porous electrospun surface layer provided the best surface for the cells. Interestingly, patterned 3D
printed layer did not show superior cell viability values compared to the non-porous SC film. The
latter most likely is due to the effect of too large pore size of the 3D printed layer. It is known that the
best cell attachment for fibroblasts takes place between the pore size of 50–160 μm and nano-pored
scaffolds with 1 μm pores improve the initial cell-surface interactions the most [74]. The pore size as
well as geometry affect the successful regeneration of tissues [74].
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3.7. Surface Properties During Inkjet Printing

Prior to inkjet printing, contact angle measurements were performed on the SC films and the
bi-layered carriers (Figure 8). The contact angle of macroscale (5 μL) ink droplets on the non-crosslinked
SC film was in the range of 31◦–36◦, which was significantly lower compared to the contact angle of
purified water (70.8◦ ± 2.5◦) on the same SC film.

Figure 8. Contact angle (◦) of the ink solution on crosslinked solvent cast (SC) film, bi-layered solvent
cast/3D printed (SC/3D) carrier and solvent cast/nanofiber (SC/NF) carrier.

The crosslinking decreased the contact angle of the solution on the SC films (Figure 8). The ink
droplets on the non-crosslinked and crosslinked SC/NF carriers spread out and absorbed the ink droplet
quickly (<60 s). Thus, the contact angle could not be determined for these carriers. Whereas, the
bi-layered SC/3D carriers behaved somewhat similarly to the SC films, which was expected. Although,
the grid-like printed pattern on the SC/3D carriers caused higher variability in the contact angle values
and irregularity in the droplet shape depending on the location of the deposition.

In general, the hydrophilicity of the carriers and the rheological properties of the ink solution
contributed to the spreading and absorption of the solution into the surface layer of carriers. On the
other hand, the carriers remained intact due to the thermal crosslinking.

Thereafter, inkjet printing was utilized to deposit microscale droplets of aqueous ink solution
onto the bi-layered carriers to further investigate their surface characteristics. These measurements
allowed revealing the behavior of the carriers and get an understanding about their use as DDSs for
the wound healing application. The SEM images visualize clearly how the liquid adsorption differs on
the surfaces of different carriers (Figures 9 and 10). The shape of the dried ink droplets is dependent
on the liquid-carrier physical interaction, but also on the drying process. The higher contact angle
between the liquid and the carrier surface allows obtaining deposited droplets with well-defined shape.
Whereas, in the formulations that exhibit a lower contact angle the ink spreads out faster, and thus the
shape of the droplet is uneven as the drying process is occurring simultaneously.
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Figure 9. Scanning electron microscopy (SEM) images of non-crosslinked solvent cast/nanofiber (SC/NF)
carrier after inkjet printing (A,B), and crosslinked SC/NF carrier before (C) and after (D) inkjet printing.

 

Figure 10. Scanning electron microscopy (SEM) images of non-crosslinked (A,B) and crosslinked (C,D)
solvent cast/3D printed (SC/3D) carriers after inkjet printing.

On the SC/3D carriers, the ink droplets solidified mainly on the top layer and some sedimentation
from the ink additives is visible on the droplet edges (Figure 10). The shape of the droplets indicates that
the ink absorbed into the surface layer of the non-crosslinked SC/3D carrier, whereas on the crosslinked
counterpart the ink dried in steps with minor penetration into the surface. In such formulations, the
deposition of large liquid volumes would favor the droplets to merge within each other and result in
an uneven coverage of the carrier.

The uniformity of ink deposition, which is a necessity to produce precision printed systems, was
achieved for SC/NF carriers (Figure 9). In non-crosslinked SC/NF carriers, the ink solution dissolved
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the electrospun nanofibrous surface layer, resulting in a uniform liquid distribution. Besides that, the
SC support film allowed for the carrier to remain intact and easy to handle. In crosslinked SC/NF
carriers, separate ink droplets were not detectable by SEM, suggesting that the small amount of the
solvent evaporated rapidly from the voids of the fibrous structure and any solid additives from the ink
adhered to the surface of the NFs. The change in the light contrast (as difference in conductivity) of the
SEM images obtained with the InLens detector could be related to this phenomenon (Figure 9).

Since the integrity of the nanofibrous system was maintained, the liquid absorption in the
crosslinked SC/NF carriers is firstly dependent on the packing density of the NFs, and secondly on the
swelling capacity of the crosslinked polymer(s). However, the defined liquid deposition is most likely
dependent on the thickness of the NF layer. The hypothesis is that above a certain level, the higher
liquid volume could result in an irregular spreading of the solution due to contact with the smooth SC
base layer, as was noticed for the SC/3D samples.

The use of these polymeric bi-layered carriers could be beneficial for delivering APIs through
the dermal or buccal administration ways. In these DDSs, the APIs can be incorporated by inkjet
printing [29,75]. The precision of liquid dosing and location of solution deposition provided by
inkjet printing could be highly beneficial for increasing the efficacy-dose ratio in antimicrobial
preparations [30,76]. In the current study, the successful printing of a drug-free base solution
demonstrates that bi-layered carriers with suitable nanofibrous surface layer could be useful components
in the printed DDSs. The behavior of active ingredients in this type of printed DDSs is highly dependent
on the drug properties and their physicochemical interactions with the polymer carriers. Thus, potential
wound dressings with additional bioactive functionality should be studied case by case.

4. Conclusions

The utilization of bi-layered carriers allows adjusting the three main aspects of polymeric carriers:
physical properties, bioadhesion properties and cell–carrier interactions. Crosslinked bi-layered
carriers with a solvent cast (SC) base layer and an electrospun nanofibrous surface (SC/NF carrier) were
prepared with good stability and physical properties. Adding a porous layer on the mechanically strong
SC films improved their absorption capacity and suitability for wound care applications. The bi-layered
carriers were non-adherent in the simulated bioadhesion study, presenting favorable properties for
dermal use (non-adherent dressings) with minimized damage to the skin upon removal. All prepared
carriers (non-crosslinked and crosslinked) were safe and exhibited good biocompatibility towards
BHK-21 fibroblast cells. Surface modification by electrospinning (bi-layered SC/NF carrier) increased
the cell viability compared to the SC film and carrier with pattern 3D printed layer (bi-layered SC/3D
carrier). Hence, bi-layered SC/NF carriers are good physical substrates for the cells and provide help in
skin regeneration during wound healing.

The inkjet printing trial demonstrated a uniform liquid absorption profile in the bi-layered
carriers with electrospun nanofibers. Furthermore, the surface modification provides a platform for
the fabrication of advanced drug delivery systems with active substances (e.g., pharmaceutical
and/or bioactive substances) for enhanced wound healing or drug delivery through various
administration routes.

Further investigation aims at developing multilayered wound dressings with bioactive substances
and in more biorelevant conditions. The relationship between the properties of the carriers and the
composition of the nanofibrous layer will be evaluated and the physical properties and stability of
advanced drug delivery systems will be studied in depth. In addition, biodegradability and specific
bioactivity behavior testing will be carried out to assess the applicability of bi-layered carriers with
drug substances for clinical use.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/12/678/s1,
Figure S1: Photographic images of non-crosslinked (A) and crosslinked (B) solvent cast (SC) films, Figure S2:
Optical microscopy images of non-crosslinked solvent cast (SC) film (A) and bi-layered solvent cast/3D printed
(SC/3D) carrier (B), Figure S3: Optical microscopy images of baby hamster kidney (BHK-21) fibroblast cells
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after 24 h of incubation on top of crosslinked solvent cast (SC) film (A), bi-layered electrospun (SC/NF) carrier
(C), 3D-printed (SC/3D) carrier (E) and non-crosslinked SC film (B), bi-layered electrospun (SC/NF) carrier (D),
3D-printed (SC/3D) carrier (F) together with positive healthy controls: pure medium with a glass-plate (G) and
pure medium in plastic well (H).
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Abstract: The objective of this study was to produce antibacterial poly(ε-caprolactone) (PCL)-gelatin
(GEL) electrospun nanofiber mats containing clove essential oil (CLV) using glacial acetic acid (GAA)
as a “benign” (non-toxic) solvent. The addition of CLV increased the fiber diameter from 241 ± 96
to 305 ± 82 nm. Aside from this, the wettability of PCL-GEL nanofiber mats was increased by the
addition of CLV. Fourier-transform infrared spectroscopy (FTIR) analysis confirmed the presence
of CLV, and the actual content of CLV was determined by gas chromatography–mass spectrometry
(GC-MS). Our investigations showed that CLV-loaded PCL-GEL nanofiber mats did not have cytotoxic
effects on normal human dermal fibroblast (NHDF) cells. On the other hand, the fibers exhibited
antibacterial activity against Staphylococcus aureus and Escherichia coli. Consequently, PCL-GEL/CLV
nanofiber mats are potential candidates for antibiotic-free wound healing applications.

Keywords: electrospinning; PCL; gelatin; clove essential oil; antibacterial; biocompatibility

1. Introduction

Microorganisms can quickly enter and instantly grow in open wounds, causing exudate formation,
delay in wound healing, and deformation of the skin [1]. Therefore, the most critical issue in the field
of wound healing is preventing wound contamination. This drawback could be overcome by using
antibacterial wound dressing that protects the area around the wound, providing a suitable moist
environment and antibacterial properties [2]. More recently, there has been renewed interest in natural
antibacterial agents such as phytotherapeutics for antibiotic-free wound healing applications [3,4].
In particular, essential oils are one of the most promising phytotherapeutics, aiming at the promotion
of the wound healing process while minimizing bacterial infections [5–7].

Essential oils (EOs) are natural-based compounds that can provide antibacterial, anti-inflammatory,
and antioxidation protection [8]. The antibacterial activity of EOs such as clove, cinnamon, oregano,
and lemongrass essential oil depends on the chemical structure of their primary component and
concentration [9]. Among these, clove essential oil (CLV) has been medicinally used for centuries for
its therapeutic effects [10]. CLV is isolated from the aromatic flower buds of Eugenia caryophyllata,
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which is composed of eugenol (78%), β-caryophyllene (13%), and other compounds such as benzyl
alcohol [11]. Its primary components have been widely used due to their medicinal properties such as
antioxidant, anti-inflammatory, and antimicrobial activities [12]. Moreover, its antibacterial activity
has been demonstrated to be particularly effective against bacterial strains such as Escherichia coli,
Staphylococcus aureus, Bacillus subtilis, and Pseudomonas fluorescens [13]. On the other hand, the effective
dose of CLV has enhanced cell viability [14,15]. According to our knowledge, a few studies related
to EOs’ influence on in vitro cell migration have been carried out. Aside from this, the application
of CLV in wound dressing is limited due to its high volatility and sensitivity to degradation from
exposure to oxygen, heat, and light [16]. In order to improve the applicability of CLV, different scaffold
preparation methods have been used to develop polymer carriers for CLV, such as casting films [17,18],
nanoparticles [19,20] and, more recently, electrospun fiber mats [21].

The electrospinning process is a convenient, versatile, and cost-effective method for
fabricating homogeneous and porous macro- or nanofibers [22]. The nanostructure and high
surface-area-to-volume ratio of electrospun nanofibers are attractive features to enhance the drug
releasing capability for wound healing applications [23]. Poly(ε-caprolactone) (PCL), one of the
promising synthetic polymers for wound healing applications, has an excellent processability, good
biocompatibility and, compared to natural polymers, high mechanical properties, whereas the
biodegradability, cell adhesion, and proliferation responses to PCL are limited [24]. On the other
hand, the natural polymer gelatin (GEL) containing molecular components present in the extracellular
matrix (ECM) promotes cell adhesion and proliferation properties [25]. Therefore, the combination
of PCL and GEL in electrospun fibers should lead to improved mechanical and physical properties
coupled with suitable biocompatibility [26]. There are only a limited number of studies reporting the
incorporation of natural antimicrobial agents into PCL-GEL electrospun fibers for antibacterial wound
dressing applications. For instance, Ramalingam et al. [27] fabricated PCL-GEL hybrid composite mats
loaded with Gymnema sylvestre for wound dressing applications. Similarly, Fallah et al. [28] developed
curcumin (CUR)-loaded electrospun PCL-GEL nanofibers. Their results indicated that the addition of
CUR increased the antibacterial activity against both Gram-positive and Gram-negative bacteria [28].

Essential oil incorporated in electrospun fibers for wound dressings are a rather recent technology;
therefore, there are no reports on the use of CLV and PCL-GEL for antibacterial wound dressing. In this
study, PCL-GEL nanofiber mats containing various concentrations of CLV were fabricated using glacial
acetic acid (GAA) as a “benign” (non-toxic) solvent for antibiotic-free wound healing applications.
The use of benign solvents in so-called “green” electrospinning has special relevance when using
natural products such as EOs [29,30] Here, we investigated the effect of various CLV concentrations
(1.5%, 3%, and 6%, v/v) on morphology, average fiber diameter, contact angle (wettability), cell viability,
cell morphology, rate of wound closure, and antibacterial activity. To the best of the authors’ knowledge,
the cell migration effect of CLV-loaded PCL-GEL nanofiber mats for wound healing applications has
not been investigated before.

2. Materials and Methods

2.1. Materials

PCL (Mw = 80 kDa), GEL (~300 g Bloom, Type A), CLV (C8392, CAS number: 8000-34-8),
standard eugenol (E51791, 99%), and fetal bovine serum (FBS; F2442) were purchased from Sigma
Aldrich (Darmstadt, Germany). Glacial acetic acid (GAA; 87003-241) and dichloromethane (DCM;
BDH1113-4LG) were obtained from VWR (Darmstadt, Germany). The microorganism strains of S.
aureus (ATCC25923) and E. coli (ATCC25922) were used. Luria/Miller agar (X969.1) and lysogeny
broth medium (Luria/Miller, 6673.1) were supplied by Carl Roth GmbH (Karlsruhe, Germany).
Dulbecco’s modified Eagle’s medium (DMEM, 31885-023), penicillin/streptomycin (PS, 15140-122)
and trypsin/EDTA (25200-056) were purchased from Thermo Scientific (Schwerte, Germany). The
normal human dermal fibroblast (NHDF) cell line was obtained from Translation Research Center
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(TRC) of Friedrich-Alexander-University Erlangen-Nuremberg. All reagents and solvents were of
analytical grade.

2.2. Fabrication of PCL-GEL/CLV Nanofiber Mats

For the fabrication of PCL-GEL electrospun nanofiber mats, firstly GEL powder (4.8%, w/v) was
dissolved in the GAA (90%, v/v) solvent at 45 ◦C for 4 hours. After the GEL was dissolved, PCL pellets
(11.2%, w/v) were added to the solution and stirred overnight at room temperature. The total polymer
concentration of GAA solution was fixed at 16% (w/v). For the preparation of CLV-incorporated
solutions, PCL-GEL solution preparation was followed as explained above. After 30 min of addition of
PCL pellets, different ratios of CLV (1.5%, 3%, and 6%, v/v) were separately added in a dropwise manner
to the PCL-GEL solution and stirred overnight at room temperature. Then, each electrospinning
solution was carried out under defined and constant ambient conditions (temperature (T): 25 ◦C and
relative humidity (RH): 25%) using a commercially available electrospinning setup (IME’s medical
electrospinning machines, EC-16 CLI, IME Technologies, Netherlands). The solutions were loaded
separately into a 3 mL plastic syringe equipped with a 23G needle and fed at 0.6 mL/h. The aluminum
sheet wrapped around the rotating drum collector was placed at a distance of 12 cm from the needle
tip to the collector. Electrospinning was conducted by applying a voltage of +19 kV in the needle
and −1 kV to the target. Moreover, during the electrospinning process, the gas shield accessory with
nitrogen flux was set at 8 mL/min for optimization of the Taylor cone. The samples were then stored at
4 ◦C in the dark until further analysis.

2.3. Characterization of Nanofiber Mats

The surface morphology of nanofiber mats was analyzed by scanning electron microscopy (SEM,
ETH: 2 kV, Everhart-Thornley detector (SE2), AURIGA base 55, Carl Zeiss). The samples were coated
with a thin layer of gold (Q150T Turbo-Pumped Sputter Coater/Carbon Coater, Quorum Technologies)
before SEM analyses. The average fiber diameter of nanofiber mats was measured from the SEM
images using the Image J analysis software (NIH, Bethesda, MD, USA). For calculation of the average
fiber diameter and fiber distribution, 50 randomly selected different points were measured.

The contact angle meter (Drop Shape Analyzer, DSA 30, CA Measurement setup, Kruess GmbH,
Hamburg, Germany) was used to investigate the wettability of nanofiber mats using a sessile drop
method. Briefly, the samples were placed on a glass slide before the test and 8 μl of de-ionized water
was dropped on the surface of the nanofiber mats. Four measurements were taken at different locations
of the same mats and the average value was obtained.

The functional group of PCL-GEL and CLV-loaded PCL-GEL nanofiber mats PCL-GEL/CLV were
analyzed by Fourier-transform infrared spectroscopy (FTIR, IRAffinity-1S, Shimadzu). The spectrum
analysis was performed with wavenumbers ranging between 400 and 4000 cm−1 and at a spectral
resolution of 4 cm−1.

The investigation of the total CLV content in CLV-loaded PCL-GEL nanofiber mats was performed
using gas chromatography–mass spectrometry (GC-MS, GC/MSD Systems, GC 7890A, MSD 5975C,
Agilent Technologies, Waldbronn, Germany) equipped with a DB-FFAP (Durabond-Free Fatty Acid
Phase) capillary column (GC Column, 30 m × 0.25 mm, film thickness 0.25 μm; Agilent Technologies,
Santa Clara, CA). Briefly, the calibration curve of eugenol, that is, the main component in the volatile
fraction of CLV, was prepared and the eugenol concentration was calculated using the peak area
(y = 77732x + 89964, R2= 0.9995). On the other hand, the nanofiber mats (3 mg) were dispersed in
DCM (20 mL) for 2 h. Subsequently, the solvent-assisted flavor evaporation technique (SAFE) [31] was
used for the isolation of the CLV volatile fraction. The volatile fraction in DCM was dried over sodium
sulfate and then filtered. The final volume (100 μL) was obtained using Vigreux and microdistillation at
50 ◦C [32]. Then, 1 μL of each sample was taken for the GC-MS measurements. The oven temperature
was programmed at 40 ◦C for 2 min and then heated up at 8 ◦C/min to 240 ◦C and held for 5 min.
Helium was used as carrier gas at a flow rate of 1 mL/min. Mass spectra were recorded in selected
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ion monitoring (SIM) mode (m/z ratio 164). Finally, the percentage of encapsulation efficiency was
calculated as Equation (1):

Encapsulation Efficiency (EE)(%) =
Ma

Mt
× 100 (1)

where Ma and Mt are the actual and theoretical amounts of CLV in nanofiber mats, respectively.

2.4. Antibacterial Assay

The antibacterial activity of CLV-loaded PCL-GEL nanofiber mats was separately tested with S.
aureus (Gram-positive) and E. coli (Gram-negative) bacteria. Initially, the bacterial suspensions were
prepared for both bacteria stains in lysogeny broth medium at 37 ◦C for 24 h. Then, the optical density
(OD) (600 nm, Thermo Scientific GENESYS 30, Germany) of the cultivated bacteria was arranged at
0.015. The nanofiber mats (~3 mg) were then cut and were sterilized by UV light irradiation for 30
min. The samples were immersed in lysogeny broth medium, and 20 μL of bacteria suspension was
added. Finally, all the samples were incubated at 37 ◦C for 3, 6, and 24 h and then they were measured
at each time interval at 600 nm OD. The relative viability of the bacteria was calculated according to
Equation (2):

Relative viability (%) =
ODSample

ODControl
× 100 (2)

The lysogeny broth medium and bacterial cell suspension in lysogeny broth medium were used
as a blank and control (CNT), respectively. The experiments were performed three times.

2.5. In Vitro Assay

The cell viability, cell morphology, and wound closure rate of NHDF cells were analyzed to gain
the first impression of the biological behavior of PCL-GEL, PCL-GEL/CLV1.5, PCL-GEL/CLV3, and
PCL-GEL/CLV6 nanofiber mats.

2.5.1. Cell Culture

NHDF cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin
in 75 cm2 cell culture flasks (Nunc, Denmark). Subsequently, NHDF cells were grown to confluency, and
then the cells were detached by trypsinization and counted by trypan blue assay using a hemocytometer
(Roth, Germany). Counted cells were seeded in 24-well plates at a density of 50.000 cell/well and
incubated at 37 ◦C in a humidified incubator with 5% CO2 for 24 h. Prior to cell culture experiments,
the nanofiber mats were fixed on CellCrown 24 inserts (ScaffdexOy, Tampere, Finland) and sterilized
by UV light irradiation for 30 min. After 24 h incubation, the medium of the cell was refreshed, and the
samples were immersed in a 24-well plate without touching the cells. Finally, the cells were incubated
with samples for a further 48 h.

2.5.2. Cell Viability

The viability of the cells was analyzed by a WST-8 cell counting assay kit (Sigma Aldrich).
The basis of this assay is the reduction of yellow-colored tetrazolium salt in WST-8 to form orange
formazan crystals by dehydrogenases enzymes secreted by mitochondria of metabolically active cells.
The amount of these formazan crystals is directly proportional to the number of living cells. After
culturing the cells for 48 h, they were washed with PBS to remove unattached cells and incubated with
5% WST-8 reagent in DMEM for a period of 2h at 37 ◦C. The absorbance of the dye was measured at
450 nm using a spectrophotometric plate reader (PHOmo, anthos Mikrosysteme GmbH, Germany).
The percentage of cell viability was calculated as follows:

Cell viability (%) =
(Absorbance of control − Absorbance of test sample)

(Absorbance of control − Absorbance of blank)
× 100 (3)
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All samples were measured in triplicate.

2.5.3. Hematoxylin and Eosin (H&E) Staining

Hematoxylin and eosin (H&E) staining methods were used for analyzing the cell density. Briefly,
the cells were washed with PBS and fixed with Fluoro-Fix for 15 min. After that, the cells were stained
with Hematoxylin for 20 min and washed with tap water followed by Scott’s tap water for 5 min and
then further rinsed with de-ionized water. After hematoxylin dying, the cells were stained with 0.4%
eosin stain (in a saturated aqueous solution of 60% ethanol and 5% acetic acid) for 5 min. Cells were
dehydrated with 95% and 100% ethanol, respectively, and air-dried in a fume hood. Finally, the cell
density of the NHDF cells was examined using a light microscope (Primo Vert, Carl Zeiss).

2.5.4. In Vitro Wound Healing Assay (Scratch Test)

In vitro healing assay was performed according to the procedure described in [33].
The experimental set-up for the scratch test is schematically illustrated in Figure 1. Firstly, NHDF cells
were seeded at 50,000 cell/well into 24-well plate and were incubated at 37 ◦C in 5% CO2 for 24 h. Then,
a vertical scratch was created using a 1000 mL sterile pipet tip in the middle of the NHDF monolayer.
Subsequently, the nanofiber mats were fixed on CellCrown 24 inserts (ScaffdexOy, Tampere, Finland)
and placed in the 24-well plate without touching the surface. Finally, the wound closure rate was
monitored at different times (0 h, 4 h, 6 h, and 24 h) and photographed using a light microscope (Primo
Vert, Carl Zeiss). The images were analyzed with Image J (NIH, Bethesda, MD, USA). The rate of
wound closure was calculated using the following formula:

Rate of wound closure (%) =
(A0 −At)

A0
× 100 (4)

where A0 is the initial wound area and At is the wound area at the designated time.

Figure 1. Schematic illustration of in vitro wound healing assay (scratch test) set-up for the study.
NHDF: normal human dermal fibroblast.

2.6. Statistical Analysis

Data were analyzed by ANOVA and Bonferroni’s test using the Origin (OriginLab, Northampton,
MA, USA). The level of significance was determined as p < 0.05.

3. Results

3.1. Surface Morphology of PCL-GEL/CLV Nanofiber Mats

The morphology of PCL-GEL, PCL-GEL/CLV1.5, PCL-GEL/CLV3, and PCL-GEL/CLV6 nanofiber
mats was investigated. The results revealed that all samples had a smooth, uniform, and bead-less
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morphology. Figure 2 and Table 1 show the fiber distribution and average fiber diameter, separately.
The average fiber diameters were 241 ± 96, 285 ± 67, 300 ± 73, and 305 ± 82 nm for PCL-GEL,
PCL-GEL/CLV1.5, PCL-GEL/CLV3, and PCL-GEL/CLV6, respectively. The results indicate that the
fiber diameter had increased with the addition CLV compared to PCL-GEL.

 

Figure 2. The morphology and fiber diameter distribution of poly(ε-caprolactone) gelatin (PCL-GEL)
(a,b), PCL-GEL/clove essential oil (CLV)1.5 (c,d), PCL-GEL/CLV3 (e,f), and PCL-GEL/CLV6 (g,h)
nanofiber mats, respectively.
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Table 1. Sample composition, sample label, average fiber diameter, and loading efficiency of
nanofiber mats.

Sample Code PCL (w/v %) GEL (w/v %) CLV (v/v %)
Average Fiber
Diameter (nm)

Contact
Angle(◦)

Encapsulation
Efficiency (EE) (%)

PCL-GEL 11.2 4.8 - 241 ± 96 37 ± 8 -
PCL-GEL/CLV1.5 11.2 4.8 1.5 285 ± 67 18 ± 3 53 ± 4
PCL-GEL/CLV3 11.2 4.8 3 300 ± 73 21 ± 4 68 ± 11
PCL-GEL/CLV6 11.2 4.8 6 305 ± 82 27 ± 5 73 ± 3

3.2. Wettability

The wettability of the nanofiber mats was analyzed by the sessile drop method. The contact angle
values of the samples are shown in Table 1. The incorporation of CLV within the PCL-GEL nanofiber
mats resulted in a decreasing contact angle compared to the PCL-GEL nanofiber mats. The contact
angle values were 37 ± 8◦, 18 ± 3◦, 21 ± 4◦, and 27 ± 5◦ for PCL-GEL, PCL-GEL/CLV1.5, PCL-GEL/CLV3,
and PCL-GEL/CLV6 nanofiber mats.

3.3. Fourier-Transform Infrared Spectroscopy Analysis

The presence of CLV within the nanofiber mats was analyzed by Fourier-transform infrared
spectroscopy (FTIR) (Figure 3). The typical peaks of PCL were at 2942 and 2866 cm−1, corresponding
to the asymmetric and symmetric stretching of CH2 bonds. Further peaks were at 1720, 1240, and
1168 cm−1 related to carbonyl stretching as well as both asymmetric and symmetric stretching of
C–O–C bonds, respectively [30]. Characteristic GEL peaks were obtained at 1651 cm−1 for amide I and
N–H deformation at around 1540 cm−1 for the amide II [34]. With the addition of CLV, a new peak
appeared within the nanofiber mats. The CLV bands were observed at 1514 cm−1, which corresponds
to the main component of CLV—eugenol—attributed to the stretching vibration of C=C aromatic
bonds [17].

Figure 3. The Fourier-transform infrared spectroscopy (FTIR) spectra of PCL-GEL (a), PCL-GEL/CLV1.5
(b), PCL-GEL/CLV3 (c), and PCL-GEL/CLV6 (d) nanofiber mats and pure CLV (e).
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3.4. CLV Content in PCL-GEL Nanofiber Mats

The encapsulation efficiency of CLV in PCL-GEL nanofiber mats was investigated by GC-MS.
The effect of the different concentrations of CLV on the percentage of encapsulation efficiency is shown
in Table 1. The encapsulation efficiency of PCL-GEL/CLV3 and PCL-GEL/CLV6 nanofiber mats were
higher than the PCL-GEL/CLV1.5. However, there were no statistically significant differences between
the PCL-GEL/CLV3 and PCL-GEL/CLV6.

3.5. Antibacterial Assay

The antibacterial activity of PCL-GEL, PCL-GEL/CLV1.5, PCL-GEL/CLV3, and PCL-GEL/CLV6
nanofiber mats was tested with S. aureus (Gram-positive) and E. coli (Gram-negative) bacteria.
The bacterial viability against both bacteria strains is illustrated in Figure 4. CLV addition improved
the antibacterial activity of nanofiber mats compared to PCL-GEL. The highest inhibition effect
was observed at 6 h for S. aureus, whereas E. coli was active up to 24 h. However, there were no
significant differences between the PCL-GEL/CLV1.5, PCL-GEL/CLV3, and PCL-GEL/CLV6 nanofiber
mats. Moreover, after 24 h incubation, PCL-GEL/CLV3 and PCL-GEL/CLV6 showed lower E. coli
bacteria viability than the control (CNT) and PCL-GEL. On the other hand, bacteria viability of S. aureus
PCL-GEL/CLV1.5, PCL-GEL/CLV3, and PCL-GEL/CLV6 nanofiber mats were reduced compared to
CNT at 6 h incubation.

 
Figure 4. Antibacterial activity of PCL-GEL and CLV-loaded PCL-GEL nanofiber mats after 3, 6, and
24 h incubation with S. aureus (Gram-positive) and E. coli (Gram-negative) bacteria (n = 3, samples in
triplicate,* p < 0.05).

3.6. In Vitro Assay

3.6.1. Cell Viability

The viability and growth of NHDF cells were determined to investigate the in vitro biocompatibility
of PCL-GEL, PCL-GEL/CLV1.5, PCL-GEL/CLV3, and PCL-GEL/CLV6 nanofiber mats after 48 h of
incubation, as shown in Figure 5. It is shown that there was no apparent difference between the
nanofiber mats compared to the control (CNT). Furthermore, there was no significant change in NHDF
cell viability with the increase of to CLV concentration in the nanofiber mats (p < 0.05). The results
demonstrated that PCL-GEL and PCL-GEL/CLV nanofiber mats show no cytotoxicity on NHDF cells.
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Figure 5. Cell viability percentage of PCL-GEL and CLV-loaded PCL-GEL nanofiber mats after 48 h
incubation (n = 6, n.s: not significant).

3.6.2. Hematoxylin and Eosin (H&E) Staining

Light microscopy images of H&E-stained NHDF cells cultured with PCL-GEL, PCL-GEL/CLV1.5,
PCL-GEL/CLV3, and PCL-GEL/CLV6 nanofiber mats after 48 h are shown in Figure 6. As evident
from light microscope images, the cells exhibited phenotypical cell morphology and were firmly
attached and well-spread on the well plate. Also, the addition and increasing the CLV did not affect
the morphology and spreading of the NHDF cells. Moreover, the cell confluence obtained after each
treatment was in agreement with cell viability measured by the WST-8 assay.

 

Figure 6. Light microscopy images of hematoxylin and eosin (H&E)-stained NHDF cells cultured with
CNT (a), PCL-GEL (b), PCL-GEL/CLV1.5 (c), PCL-GEL/CLV3 (d), and PCL-GEL/CLV6 (e) nanofiber
mats. The H&E staining highlighted the cell nuclei (blue) within the pink cytoplasm.

3.6.3. In Vitro Wound Healing Assay (Scratch Test)

The effect of CLV-loaded into PCL-GEL nanofiber mats to the wound healing activity of NHDF
cells was assessed using the in vitro wound healing (scratch) assay. The cell migration into the wound
areas and rate of wound closure are presented in Figures 7 and 8, respectively. After 6 h, the percentages
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of cells in the wound area for the control (CNT), PCL-GEL, PCL-GEL/CLV1.5, PCL-GEL/CLV3, and
PCL-GEL/CLV6 nanofiber mats were 41 ± 1, 31 ± 1, 29 ± 3, 30 ± 2, and 16 ± 1%, respectively (Figure 8).
However, after 24 h of treatment, in the CNT group complete closure was observed, whereas in
PCL-GEL, PCL-GEL/CLV1.5, PCL-GEL/CLV3, and PCL-GEL/CLV6 nanofiber mats, this closure was
86 ± 1, 83 ± 3, 78 ± 2, and 68 ± 1%, respectively. Increasing CLV concentration inhibited NHDF cell
migration and proliferation in a dose-dependent manner. On the other hand, there was no significant
(p < 0.05) difference in wound closure rates between PCL-GEL and PCL-GEL/CLV1.5 at 4, 6, and 24 h.

Figure 7. Illustrative micrographs of cell migrating into a scratch area over a 24 h period in CNT,
PCL-GEL, PCL-GEL/CLV1.5, PCL-GEL/CLV3, and PCL-GEL/CLV6.
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Figure 8. In vitro wound healing assay in the presence of CNT, PCL-GEL, PCL-GEL/CLV1.5,
PCL-GEL/CLV3, and PCL-GEL/CLV6 in 24 h (n = 3, samples in triplicate, * p < 0.05).

4. Discussion

The usage of EOs for antibacterial wound dressing is attracting increasing interest due to
their antibacterial, anti-inflammatory, and antioxidant properties. In this study, CLV-loaded
PCL-GEL nanofiber mats were produced using benign solvents for antibacterial wound dressings.
The concentrations used in the fabrication of nanofiber mats are shown in Table 1. SEM images of the
obtained nanofiber mats with and without CLV are depicted in Figure 2. The results indicate that the
incorporation of CLV did not affect the fiber formation. However, the average fiber diameter increased
by the addition of CLV and increased the CLV amount from 1.5% to 6% (w/v). It is well known that
the fabrication of uniform homogenous, smooth, and bead-free nanofiber morphology depends on
electrospinning parameters such as polymer concentration, solution viscosity, electrical conductivity,
temperature, and humidity [22]. The lower electrical conductivity of the solution affects the elongation
of the jet by the electrical forces and can cause large fiber diameters [35]. The increment of the
PCL-GEL/CLV nanofiber diameter could be attributed to the reduction of solution electric conductivity.
Aside from this, increasing the solution viscosity led to increased average fiber diameter [36]. In the
present study, the addition of CLV could reduce the solution viscosity due to the interaction between
CLV and PCL-GEL. In a similar study, García-Moreno et al. [37] reported that the average fiber diameter
of poly(vinyl alcohol) (PVA) nanofibers was increased with the encapsulation of fish oil. Mori et al. [38]
showed similar results in that various concentrations of candeia essential oil addition increased the
average fiber diameter of polylactic acid (PLA) nanostructured mats.

The contact angle measurement, which is a cost-effective and useful method used to investigate
the effect of additives on surface properties, has been commonly used to demonstrate the wettability of
biomaterials. Furthermore, the increment of the surface wettability enhances the absorption of excess
wound exudates, which is important for wound healing applications [39]. In this study, the contact angle
measurement was used to determine the effect of CLV on the PCL-GEL nanofiber mats (Table 1). Data
obtained in this study indicated that the wettability of PCL-GEL nanofiber mats was increased with CLV
addition. This result could be due to the chemical structure of CLV that presents polar phytochemicals
and hydrophilic –OH groups. However, increasing the concentrations of CLV, the contact angle of
PCL-GEL/CLV1.5, PCL-GEL/CLV3, and PCL-GEL/CLV6 nanofiber mats was slightly increased, which
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might be due to the loss of free functional groups (amino and hydroxyl groups) on the GEL. According
to Liu et al. [40], cinnamon essential oil encapsulated chitosan nanoparticle incorporation in poly
(lactic acid) (PLA) composite fibers, increasing the hydrophilic behavior. In another study, Anges
Mary and Giri Dev [41] fabricated PCL electrospun matrices incorporated with aloe vera (AV). Their
results revealed that the addition of AV decreased the contact angle value compared to pure PCL [41].
Similarly, findings of Ramalingam et al. [27] indicated that PCL/GEL hybrid composite mats comprising
natural herbal extract (Gymnema sylvestre) had lower contact angle value.

FTIR analysis (Figure 3) revealed the presence of CLV loading in the PCL-GEL nanofiber mats,
attributable to the characteristic peak of CLV.

The influence of different CLV ratios in PCL-GEL nanofiber mats on the encapsulation efficiency
was examined (Table 1). On the basis of the findings in this study, increasing the CLV content from
1.5% to 3% (v/v) increased the encapsulation efficiency. However, the encapsulation efficiency of
PCL-GEL/CLV3 and PCL-GEL/CLV6 nanofiber mats were not significantly different. This result could
have been due to the capacity of nanofibers, which exhibited a maximum encapsulation efficiency of 73
± 3%. Recently, clove oil (CO)/chitosan nanoparticles embedded gelatin nanofibers were produced by
Cui et al. [20]. The encapsulation efficiency results revealed values that measured ranged from 21.1 ±
0.4% to 39.6± 0.8%. Similarly, Tampau et al. [42] reported the fabrication of starch or PCL-based matrices
incorporated with carvacrol. The results showed that the encapsulation efficiency of carvacrol in starch
or PCL-based matrices increased from 15% to 75% with increasing carvacrol ratios. Moreover, gelatin
nanofiber mats encapsulated with orange essential oil were studied by Tavassoli-Kafrani et al. [43]
They found that the increment of the orange essential oil ratio in the gelatin nanofibers increased the
encapsulation efficiency from 35 ± 0.09% to 69.0 ± 0.22%.

The antibacterial properties of CLV have been investigated using various bacteria such as
E. coli, S. aureus, Bacillus subtilis, and Pseudomonas fluorescens [13]. The present study investigated the
antibacterial activity of CLV-loaded PCL-GEL nanofiber mats against S. aureus as Gram-positive bacteria
and E. coli as Gram-negative bacteria for antibacterial wound dressings. The results indicated that the
addition of CLV reduced the bacteria viability for both bacteria strains, as shown in Figure 4. The lowest
bacterial viability was observed at 6 h for S. aureus, whereas bacterial viability of E. coli was reduced
at 24 h. This result could have been due to different bacterial characteristics and morphology; for
instance: Gram-negative bacteria have a thicker double layer cell membrane than the single membrane
of Gram-positive bacteria [5,12]. In a similar study, Fallah et al. [28] reported that the incorporation
with curcumin exhibited antibacterial activity against both Gram-positive and Gram-negative bacteria
on PCL-GEL fiber mats. Similarly, Figueroa-Lopez et al. [44] produced GEL-coated PCL ultrathin
fibers containing black pepper oleoresin (OR). Their results revealed that the viability of S. aureus was
reduced with the addition of OR. In another study, Ramalingam et al. [27] evaluated the effect of the
addition of Gymnema sylvestre as a natural herbal in PCL-GEL on the antibacterial performance of these
nanofibrous mats. It was found that the antibacterial activity of the samples all increased with the
addition of Gymnema sylvestre. Furthermore, our results revealed that the highest bacteria inhibition
was observed in E. coli compared to S. aureus. According to Li et al. [45], eugenol loaded PCL-GEL
fiber mats are more effective against S. aureus compared to E.coli; this is in contrast to our studies.
The result might have been due to the chemical structure of CLV, which additionally consists of other
components such as eugenyl acetate or beta-caryophyllene. In conclusion, the antibacterial activity of
CLV-loaded PCL-GEL nanofiber mats confirms the present fibrous structures as promising materials
for antibacterial wound dressing.

In the present study, the cell viability of PCL-GEL nanofiber mats with and without CLV was
investigated with NHDF cells. The results indicated that there were no significant differences
(p < 0.05) in cell viability and morphology of the nanofiber mats in comparison to control (Figures 5
and 6). Accordingly, the in vitro cell viability and morphology results demonstrated that PCL-GEL,
PCL-GEL/CLV1.5, PCL-GEL/CLV3, and PCL-GEL/CLV6 nanofiber mats are biocompatible. In a related
study, Tang et al. [46] produced peppermint and chamomile essential oil-loaded gelatin nanofibers.
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Their cytotoxicity results indicated that incorporation of peppermint and chamomile essential oil
into gelatin nanofibers did not change the NIH-3T3 fibroblast cell viability [46]. In another study,
Hajiali et al. [47] investigated the antibacterial activity and biocompatibility of alginate–lavender
nanofibers. The cell viability of lavender-incorporated alginate nanofibers was 91%. It was stated
that the addition of lavender oil did not affect the cell viability of human foreskin fibroblast (HFF-1)
cells compared to the control group [47]. Similarly, Balasubramanian and Kodam [48] assessed mouse
fibroblasts (NIH-3T3) on polyacrylonitrile (PAN)/lavender oil nanofibrous mats. Lavender-loaded
nanofibrous mats showed non-cytotoxic behavior for NIH-3T3, which is in agreement with our
results [48].

Wound healing is a complex and multiphase process that can be categorized into wounding,
hemostasis, inflammation, proliferation, and maturation [49]. During this process, the formation of
new tissue and wound healing rate are also affected by external factors [50]. In our study, the potential
effect of CLV on wound healing was investigated by an in vitro wound-healing assay. This assay
revealed that increasing the CLV concentration reduced the NHDF cell migration and proliferation,
whereas the same samples had no adverse effect on the NHDF cell viability. On the other hand, after
24 h measurements, PCL-GEL/CLV1.5 values were not significantly different when compared with
PCL-GEL. In the literature, a few studies have been conducted to assess the cell migration effect of
EOs. For instance, the dose-dependent wound healing effect of Eugenia dysenterica DC leaves were
reported by da Silva et al. [51] In a similar study, Léguillier et al. studied keratinocyte cell migration
ability at various concentrations of Calophyllum inophyllum oil (0.01%, 0.1%, and 1% diluted in olive
oil) [52]. Their results proved that the effective dose of EO enhances cell migration [52]. To the best of
the authors’ knowledge, this is the first study on CLV-loaded PCL-GEL nanofiber mats using cultured
NHDF cells to determine the wound closure rate. Therefore, the biological activity of CLV-loaded
PCL-GEL nanofiber mats is promising and should be further investigated, quantifying in particular
the time-dependent release of the EO and its effect on cell behavior.

5. Conclusions

We evaluated the antibacterial and biological activity of CLV-loaded PCL-GEL nanofiber mats on
wound dressings. PCL-GEL and clove oil-loaded PCL-GEL nanofiber mats were successfully fabricated
by electrospinning. Our results revealed that bead-free, uniform, and smooth fibers were obtained.
However, the addition of CLV increased the average fiber diameter. The wettability study inferred
that the addition of CLV decreased the contact angle value compared to PCL-GEL nanofiber mats.
The FTIR spectrum suggested that the CLV component is loaded into the PCL-GEL nanofiber mats.
Moreover, the cytotoxicity results revealed that the incorporation of CLV on the PCL-GEL nanofiber
mats did not demonstrate a toxic effect on NHDF cell viability. Aside from this, the addition of CLV
promoted the antibacterial properties against S. aureus and E. coli. In conclusion, CLV-loaded PCL-GEL
nanofiber mats may have a potential in wound healing applications and can be considered as promising
biomaterial for avoiding bacterial infections without using antibiotics.
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Abstract: Tissue engineering technologies involving growth factors have produced one of the most
advanced generations of diabetic wound healing solutions. Using this approach, a nanocomposite
carrier was designed using Poly(d,l-lactide-co-glycolide) (PLGA)/Gelatin polymer solutions for the
simultaneous release of recombinant human epidermal growth factor (rhEGF) and gentamicin sulfate
at the wound site to hasten the process of diabetic wound healing and inactivation of bacterial
growth. The physicochemical characterization of the fabricated scaffolds was carried out using
scanning electron microscopy (SEM) and X-ay diffraction (XRD). The scaffolds were analyzed for
thermal stability using thermogravimetric analysis and differential scanning calorimetry. The porosity,
biodegradability, and swelling behavior of the scaffolds was also evaluated. Encapsulation efficiency,
drug loading capacity, and in vitro drug release were also investigated. Further, the bacterial inhibition
percentage and detailed in vivo biocompatibility for wound healing efficiency was performed on
diabetic C57BL6 mice with dorsal wounds. The scaffolds exhibited excellent wound healing and
continuous proliferation of cells for 12 days. These results support the applicability of such systems
in rapid healing of diabetic wounds and ulcers.

Keywords: tissue engineering; growth factor; diabetic; wound healing; nanocomposite

1. Introduction

Wound healing or tissue repair is a complex multistep process comprising a multitude of cells,
cytokines, extracellular matrix (ECM) molecules, blood cells, and a number of other factors [1].
Disturbances at proliferation or inflammation phases of wound healing lead to perturbations in the
process [2]. Chronic wounds, such as those in diabetic patients, present worldwide health challenges
as well as an economic burden. The existing therapies exhibit unsatisfactory results and despite
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treatment of these chronic wounds, which involves tight glucose control and meticulous wound care,
the prognosis for their healing is quite poor and finally leads to morbidity [3,4]. Microorganisms are
naturally present on the wound bed without any detrimental effects to the normal wound healing
process since the number of bacteria is quite low. Since diabetes lowers the normal immunity of
the body, such patients are more prone to infection in wounds [5]. Hence, chronic wounds, such
as leg ulcers, foot ulcers, and pressure ulcers, are more prone to such microbial infections due to
the presence of multiple microbial populations consisting of S. aureus [6], P. aeruginosa [7], coliform
bacteria [8], Streptococcus spp., and Enterococcus spp. [9]. During injury, foreign bodies including
pathogenic microbes can enter deep into the wounds causing chronic inflammatory responses and,
thereby, delaying healing of the wounds. The patient may develop a more serious deep-wound
infection, and require amputation due to the occurrence of anaerobic bacteria in diabetic foot ulcers
and may also lead to abscess or granuloma formation [10,11].

Generally, the process of wound healing is driven by many cellular mediators including various
growth factors which are proteinaceous molecules playing a key role in tissue repair and wound
care [12]. One of the major obstacles in the treatment method involving growth factors is that the
encapsulated growth factor tends to be released in a non-controllable manner due to its physical
association with the drug reservoir systems [13]. Moreover, the growth factors are either easily
degraded by proteinases or removed by exudate before reaching the wound bed. Until now, only
platelet-derived growth factor-BB (PDGF-BB) has successfully passed clinical trials [1]. Epidermal
growth factor (EGF) is a low-molecular-weight polypeptide and plays a significant role in wound
healing as it stimulates proliferation, differentiation, and survival of cells [14]. Hence, recombinant
human epidermal growth factor (rhEGF) was selected as the bioactive agent for immobilization on
the nanofibrous scaffolds. It acts by binding with high affinity to epidermal growth factor receptor
(EGFR) on the cell surface and stimulating the intrinsic protein-tyrosine kinase activity of the receptor.
The tyrosine kinase activity, in turn, initiates a signal transduction cascade that results in a variety of
biochemical changes within the cell—a rise in intracellular calcium levels, increased glycolysis and
protein synthesis, and increases in the expression of certain genes including the gene for EGFR—that
ultimately lead to DNA synthesis and cell proliferation [15].

In the recent scenario, due to their comprehensive assortment of implementations in the world of
biomedicine, nanomaterials have emerged as potent tools for clinicians and researchers in different
biomedical and allied fields of human life [16–18]. Nanomaterials possess notable virtues, such as high
reactivity, large surface-to-mass ratio, and ultra-small size making them highly useful in biomedical
applications [19,20].

In view of these strategies, current tissue engineering approaches are centered around the
fabrication of three dimensional (3D) nanoscaffolds or ECM analogs that should conform to
multifactorial requirements, for example, those associated with tissue repair [16]. Such scaffolds tune
the biomimetic nature of the ECM, possess large surface area to volume ratio, are able to facilitate
diffusion (as a result of high porosity), and have tunability of physical properties simultaneously
providing a local release of different biomolecules to address successful tissue regeneration [21].
Numerous studies have been done to fabricate potentially applicable scaffold materials for tissue
engineering and wound healing applications. Electrospun nanofibrous scaffolds have been successfully
used in site-specific delivery of many bioactive molecules and for the treatment of various infections
and cancers. Such scaffolds allow for the release of loaded biomolecules in therapeutic dosage and have
a negligible influence on drug activity and possess well-controlled drug release rate [22,23]. One of
the smart property of these scaffolds is that they possess physical resemblance with ECM and are
easy to implement due to their superior mechanical durability, flexibility in surface functionalities,
and interconnected and readily controlled secondary structures [24]. Polymers had been a choice
material for the fabrication of nanofibrous scaffolds. Synthetic biodegradable polymers, such as
poly(3-caprolactone), polyethylene oxide, poly(l-lactide-co-3-caprolactone) (PLCL), polylactic acid,
poly(lactide-co-glycolide), and polyglycolic acid (PGA), Poly(vinyl alcohol (PVA), Polyvinyl chloride
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(PVC), Poly-L-lactic acid (PLLA), nylon, gelatin, polyurethane, etc., have proven useful in the
preparation of nanofibrous scaffolds. Researches have proved these scaffolds to be biocompatible and
to enhance cell functions in vitro [25,26].

Cell functions include the growth, differentiation, and metabolism of cells via interaction with
specific cell-surface receptors [27]. Polymers like Poly (d,l-lactide-co-glycolide) (PLGA) have been
extensively used for application in drug-delivery, surgical implants, and tissue engineering scaffolds
owing to their biodegradability and biocompatibility [28,29]. Further, it is imperative that the wound
is free from infection-causing microbes and all factors which inhibit its natural healing process [30].
The addition of antibacterial agents into electrospun fibers has been a thrust area of research for
clinicians especially as antibiotic-resistant bacteria strains increasingly emerge [31]. Gentamicin
sulfate is a bactericidal aminoglycoside antibiotic that is widely used for the treatment of bacterial
infections [32]. Electrospun nanofibers could increase the drug efficiency and drug solubility in
aqueous solution due to their high surface-to-volume ratio. They could provide a controlled drug
delivery to the site of action in the body in an optimal concentration-versus-time profile. A multitude
of nanomaterials conjugated with vancomycin has been designed to enhance the pharmacokinetics
and pharmacodynamics of the antibiotic molecule [31,33–36].

In this work, we fabricated a novel biomimetic drug and rhEGF delivery system by the
electrospinning of PLGA/Gelatin solutions containing Gentamicin Sulfate (GS) and further immobilizing
the scaffolds with rhEGF. The purpose of this work is to support diabetic wound healing and to
eliminate microbial infections while releasing gentamicin and rhEGF in a controlled fashion. To our
knowledge, synchronous release of drug and growth factor from electrospun scaffolds has not been
investigated and we did not find any paper which discusses it. In the present scenario, controlled
release of antibiotic and growth factor was achieved, and the dual delivery system allows for efficient
and for the treatment of wounds in diabetic patients.

2. Experimental

2.1. Materials

Poly (d,l-lactide-co-glycolide) (LA/GA 85/15) (Gangwal Chemicals Pvt. Ltd., Mumbai, India),
gentamicin sulfate (FDC India Ltd., Mumbai, India), streptozotocin (Sisco Research Laboratories Pvt.
Ltd., Bhiwandi, India), nutrient broth and nutrient agar (Merck Specialities Pvt. Ltd. Mumbai, India),
2,2,2-trifluoroethanol, suberic acid bis(N-hydroxy-succinimide ester) (NHS), 1,6-diaminohexane and
2,2-dihydroxyindane-1,3-dione (ninhydrin) (Loba Chemie Pvt. Ltd. Mumbai, India) and rhEGF (Life
Technologies India Pvt. Ltd., New Delhi, India). All other chemicals and reagents were of analytical
grade as purchased.

2.2. Fabrication of GS-Loaded Composite PLGA/Gelatin Nanoscaffolds

Composite PLGA/Gelatin nanoscaffolds were fabricated as described in our previous study [21,37].
Schematic Figure 1 demonstrates the procedure for the fabrication of electrospun nanofibrous scaffolds,
their immobilization with the growth factors (rhEGF and Gentamicin sulfate (GS) and their application
on wounds of diabetic mice for in vivo test. Poly (d,l-lactide-co-glycolide) was used with LA/GA in
the ratio 85/15 due to the fact that it takes an average degradation time of 5 to 6 weeks [38]. Briefly,
two different composite polymer solutions of 10% PLGA/Gelatin (wt. ratio 70:30 and 50:50, respectively)
in 2,2,2-trifluoroethanol were prepared. Thereafter, 5 mg/mL gentamicin sulfate and 0.2 mL of PEG-400
was added to each of the prepared polymer solutions, and were electrospun into nanofibrous scaffolds
using an electrospinning setup. The electrospinning was operated at the flow rate of 0.6 mL/h, and a
high voltage (16 kV) was applied to the tip of the needle (0.9 mm inner hole diameter) attached to the
syringe. The ultrafine aligned nanofibers were collected by a rotating the disc wrapped with a piece
of aluminum foil with a horizontal distance of 10 cm from the needle tip. The obtained electrospun
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nanofibrous scaffolds were dried at room temperature under vacuum for 24 h to remove organic
solvent and moisture. The scaffolds were stored at −20 ◦C for further analysis.

Figure 1. Process of fabrication of aminolyzed Poly(d,l-lactide-co-glycolide) (PLGA)/Gelatin
nanoscaffolds and subsequent application on diabetic wounds.

2.3. Post-treatment of Composite Nanoscaffolds via Covalent Immobilization of rhEGF

The growth factor rhEGF was immobilized on the surface of the prepared nanoscaffolds by
the covalent immobilization technique [21]. Before immobilization, the scaffolds were aminolyzed
to introduce amine groups into the surface of the prepared scaffolds. Henceforth, the scaffold
pieces (20 mm in diameter) were soaked into a 10% (w/v) solution of 1,6-hexanediamine prepared
in isopropanol and were incubated at room temperature for 3 h and subsequently washed in PBS
(phosphate-buffered saline, pH 7.4) five times. Then the scaffolds were rinsed with 70% ethanol and
PBS. Thereafter, they were immersed in 10 mL PBS containing 0.08 mmol NHS with gentle agitation
for 4 h at room temperature. The scaffolds were again rinsed gently five times with PBS to remove
residual solvents and make sure that scaffolds are not removed from the substrate (Supplementary
Material: Figure S1) five times with PBS. Finally, the activated scaffolds were soaked into 10 μg/mL
rhEGF solutions in PBS with gentle shaking for 12 h at 4 ◦C. Then the rhEGF-immobilized composite
nanoscaffolds were washed with PBS and freeze-dried.

2.4. Surface Topography and Properties

The surface topography and size of the composite nanofibrous scaffolds was examined by a
Hitachi-4800 scanning electron microscope (SEM) (Hitachi India Pvt. Ltd, Mumbai, India). Before
examination, the samples were adhered to SEM studs, and coated with 5 nm thin gold film using a
sputter-coater (EMITECH K550X, EMITECH ENGINEERING (INDIA) PRIVATE LIMITED, Mumbai,
India) for 4 min at 30 mA. The fibers were quantified using DiameterJ tool in imageJ (https://imagej.
net/DiameterJ) and plot was generated into origin software.

2.5. Quantitative Analysis of rhEGF-Immobilized Composite Nanoscaffolds

The amine groups present on the surface of 1,6-hexanediamine treated nanoscaffolds (diameter
15 mm) were determined using ninhydrin assay [39,40]. Ninhydrin solution (1.0 M) was prepared
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in ethanol and each scaffold was immersed into this solution for 1 min. Then, the scaffolds were
transferred to a glass vial that was heated for 15 min at 70 ◦C. The scaffolds were then dissolved
in 2 mL tetrahydrofuron and isopropanol each and mixed with the solution. The absorbance was
measured at 560 nm using a Lambda 25 UV−Vis spectrophotometer (Perkin-Elmer, New York, NY, USA).
The amine groups on the scaffolds were quantified by plotting a standard curve of 1,6-hexanediamine
solutions in isopropanol in the range of 5 to 25 μg/mL. To determine the amount of immobilized
rhEGF, the fluorescence intensity of the tryptophan group of rhEGF immobilized on the nanofibrous
scaffolds was measured. The rhEGF assay was performed using a fluorescence spectrophotometer
(Perkin Elmer Model–LS 45, Perkin Elmer, New York, NY, USA) at 280 nm excitation and 342 nm
emission wavelength as the intrinsic tryptophan fluorescence. The amount of immobilized rhEGF
was determined by subtracting rhEGF residual intensity in solution at the end of the immobilization
process from the initial amount of rhEGF in the solution.

2.6. Thermal Analysis

The thermal properties of composite nanoscaffolds were determined using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). TGA was performed in an automatic
thermal analyzer system Thermogravimetry/Differential Thermal Analysis (TG/DTA) (Diamond
TG/DTA 8.0, Perkin-Elmer, Perkin Elmer India Ltd., Noida, India). Sealed samples were healed in
an aluminum pan at 20.00 ◦C/min from 50.00 ◦C to 900.00 ◦C under a constant nitrogen flow rate of
150 mL/min through the sample chamber. The DSC measurements were carried out in an automatic
thermal analyzer system (Diamond TG/DTA 8.0, Perkin-Elmer, New York, NY, USA) in the temperature
range from −50 ◦C to 300 ◦C at a heating rate of 15 ◦C /min under a nitrogen atmosphere.

2.7. X-Ray Diffraction

The crystalline structure of composite nanoscaffolds was characterized by Spinner PW3064
XPERT-PRO diffraction (XRD) system using Cu Kα radiation with continuous scanning at 40 mA,
45 kV. The scan was performed from 5◦ to 60◦ (2θ). The plane spacing of different diffraction planes
(dhkl) can be calculated from the Bragg’s Law (Equation (1)):

dhk = λ/2 sinθ ˆ (1)

where λ is the wavelength of the copper anode source (λ = 1.54 Å), and θ stands for the diffraction
angle of each indexed diffraction plane.

2.8. Degree of Swelling and Porosity.

The degree of swelling of nanoscaffolds was calculated by immersing them in phosphate buffer
saline (pH 7.4) for 24 h at room temperature [21]. After 24 h, the nanoscaffolds were removed, and the
excess buffer solution was wiped with filter paper and weighed. The weights were recorded, and the
swelling index was calculated using Equation (2) as given below.

Degree of swelling (%) =
W −WO

WO
× 100 (2)

where, W = weight of scaffolds after immersion and Wo = weight of scaffolds before immersion:
The porosity of the composite nanoscaffolds was measured using the gravimetric method [21].
The thicknesses of the nanoscaffolds were measured using microcallipers, and then their apparent
density (ρscaffold) and porosity(ε) were calculated according to the Equation (3).

ε =1− ρscaffold

ρmaterial
(3)

where, ρscaffold is the density of scaffold and ρmaterial is the density of bulk PLGA

160



Pharmaceutics 2019, 11, 180

2.9. Water Contact Angle Measurement

The water contact angle measurements were performed using an FTA1000 (First Ten Ångstroms
Inc., Manchester, UK) instrument. An average obtained from at least five measurements of the contact
angle was obtained with MilliQ water (volume ~3 nano-liters, FirstTenÅngstroms Inc., Noida, India)
on different nanoscaffolds composite spots. For statistical validation of results, each measurement of a
particular contact angle was recorded in 150 images taken within 5 s with a Pelco Model PCHM 575-4
camera (standard deviation ~2◦, unless otherwise stated). Images analysis was performed by the FTA
Windows Mode 4 software.

2.10. In Vitro Biodegradability Studies

To evaluate the in vitro biodegradability of composite nanoscaffolds, degradation studies were
performed over a period of 14 days in phosphate buffer saline solution (PBS; pH 7.4) [21,41]. Degradation,
as the percentage of weight loss (WL) was calculated on 3rd, 7th, 10th, and 14th day using Equation (4).

WL(%) =
W −WO

WO
× 100 (4)

where WO is initial weight and W is weight after degradation:

2.11. Drug-Polymer Profile

Drug assay was carried out to determine the drug entrapment efficiency of the composite
nanoscaffolds as reported in our previous study [21]. Drug loaded nanoscaffolds were placed in
phosphate buffer saline (pH 7.4) and centrifuged at 8000 rpm for 5 min. A 3 mL of ninhydrin
reagent was added to the supernatant, and the absorbance was measured using a Lambda 25 UV−vis
spectrophotometer (Perkin-Elmer, New York, NY, USA) at 566 nm. The amount of drug in the sample
was calculated using the standard curve prepared from PBS. The drug entrapment efficiency was
calculated by comparing the amount of drug used to prepare the scaffolds according to Equation (5).

Drug entrapment efficiency (%) =
M

MO
× 100 (5)

where, M =mass of entrapped drug and MO =mass of drug used in the formulation. The drug loading
capacity is the ratio of the mass of bound drug to the mass of the scaffold and was calculated using
Equation (6).

Drug loading capacity (%) =
F
W
× 100 (6)

2.12. In Vitro Drug Release Studies

The release of gentamicin sulfate from composite nanoscaffolds was studied at different pH values.
It is well known that the pH values have a significant impact on the assembly and organization of
nanoscaffolds by affecting the surface charge density of weak electrolytes. It also has an effect on
the degree of ionization of weak polyelectrolytes [42]. The membrane diffusion technique was used
for the in-vitro release studies of gentamicin sulfate from composite nanoscaffolds, as described in
our previous study [21,41]. The studies were conducted within a temperature controlled incubator
(37 ± 0.5 ◦C) using PBS (150 mM, pH 7.4) under gentle mixing.

The nanoscaffolds were incubated in 5 mL of aqueous buffer solution with pH 3, 7.4, and 9,
respectively. Aliquots of 1.0 mL of the diffusion medium were withdrawn at certain incubation
time points and were replaced with an equal quantity of a fresh diffusion medium. Samples were
quantitatively analyzed using Systronics 10 UV–Vis spectrophotometer at 566.0 nm, after treatment
with ninhydrin reagent against the mixture of diffusion medium and ninhydrin reagent as blank.
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2.13. In Vitro Antibacterial Activity Testing

Antibacterial activity of composite nanoscaffolds was evaluated against Staphylococcus aureus,
a Gram-positive bacteria in liquid medium [21,24]. Staphylococcus aureus was obtained from the
Microbiology department, Sam Higginbottom Institute of Agriculture, Technology and Sciences,
Allahabad. The bacterial culture was grown in nutrient broth, and when the absorbance reached
0.1 to 0.2 at 625 nm, 5 mL of the culture was taken in test tubes, and the drug loaded nanoscaffolds
were submerged in them. GS powder was taken as a positive control while the tube without scaffold
was taken as negative control. Another tube with cotton gauze was set as another negative control.
The samples were incubated on a shaker at 200 rpm for 24 h at 37 ◦C. After that, the absorbance at
625 nm was monitored using UV−vis spectroscopy. All experiments were performed in triplicate,
and only the average values were reported. The percentage of bacterial inhibition was calculated from
Equation (7).

Bacterial inhibition(%) =
IC − IS

IC
× 100 (7)

where Ic and Is are the average absorbance readings of the control group and the experimental
group, respectively.

The assessment was conducted based on the disc agar diffusion method [21,24]. Nutrient agar
plates were prepared by autoclaving the nutrient agar media and pouring onto petri dishes and
air-dried. A 100 μL aliquot of bacteria reconstituted in nutrient broth and previously subcultured was
spread onto an agar plate. The GS-free and GS-containing nanoscaffolds were cut into circular discs
(15 mm in diameter) and placed on the top of the agar plate. The plates were incubated at 37 ◦C for
24 h. If inhibitory concentrations were reached, there would be no growth of the bacteria, which could
be seen as a clear zone around the scaffold specimens. The zone was then recorded as an indication of
inhibition against the bacterial species.

2.14. In Vivo Wound Healing Studies in Diabetic Mice

In vivo studies were performed in accordance with the Institutional Animal Ethics Committee
(IAEC) constituted as per directions of the Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), under the Ministry of Animal Welfare Division, Government of
India, New Delhi. The approval from the Institutional Animal Ethical Committee of Bundelkhand
University, Jhansi, was taken before the experimental work (BU/Pharm/IAEC/13/29). Five groups of
Female C57BL/6 mice weighing (14–15 g) were selected, each group having 6 mice. All animals were
allowed to adapt to cages for 3 days, after which they were fasted overnight. Streptozotocin (STZ)
was freshly dissolved in (0.1 M, pH 4.5) citrate buffer and non-insulin-dependent diabetes mellitus
was induced in overnight fasted mice by a single intraperitoneal injection of Streptozotocin (40 mg/kg
bodyweight). Blood glucose levels were measured 4 days after STZ injection, and only mice with
fasting blood glucose levels greater than 200 mg/dL were considered to be diabetic and were used in
the experiment. Wounds in the diabetic mice were created by following the excision wound model,
whereby their dorsal hairs were shaven, and an excision made with scissors and tweezer on the back of
the animal. The wound areas were sterilized with povidone iodide. All treatments started 4 days after
STZ injection. For determination of wound healing activity, the following treatments were applied after
creating wounds on five groups—Group 1 (C)—no treatment (negative control), Group 2 (G)—pure GS
solution (positive control), Group 3 (P)—PLGA/Gelatin 70:30 scaffold without GS and rhEGF, Group 4
(PG)—PLGA/Gelatin 70:30 scaffold loaded with GS and rhEGF both and Group 5 (PG)—PLGA/Gelatin
70:30 scaffold loaded with GS only. The treatments were applied to aseptically treated wounds to
determine the therapeutic effects on the wounds. After each treatment interval, the scaffolds were
removed with tweezers. The wounds were photographed on day 1 and the treatment regime repeated
on day 4, 8, and 12. The percentage reduction of the wound area was calculated using Equation (8)
below.
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Wound area (%) =
A
Ai
× 100 (8)

where, Ai is the initial wound area, and A is the wound area after a fixed time interval.

2.15. Statistical Analysis

Data are expressed as means ± standard deviation. For the statistical validation of data, three
independent experiments (n = 3) were performed in triplicates. Statistical analysis was conducted
using a paired t-test or an unpaired, two-tailed Student’s t-test. A p-value of <0.05 was considered to
be statistically significant.

3. Results and Discussion

3.1. Surface Topography and Properties of Composite Nanoscaffolds

The morphologies of the PLGA/Gelatin 70:30 and PLGA/Gelatin 50:50 nanofibrous scaffolds as
depicted by SEM micrographs are shown in Figure 2A,B, respectively.

 
Figure 2. Physical Characterization. Scanning electron microscopy (SEM) micrographs of (A)
PLGA/Gelatin 70:30 (B) PLGA/Gelatin 50:50 nanofibrous scaffolds and (C) Average fiber size distribution
in PLGA/Gelatin 70:30 and (D) PLGA/Gelatin 50:50 nanofibrous scaffolds. The results are expressed
as the median ± standard deviation obtained from analysis of 20 to 25 images for each electrospun
polymer film (the black curve is drawn to shows the Gaussian distribution of frequency).

The corresponding average fiber diameters are shown as a bar plot in Figure 2C,D, respectively.
The graph indicates that there is a random distribution of fibers in both, PLGA/Gelatin 70:30 and
50:50 nanoscaffolds. The average fiber diameter in PLGA/Gelatin 70:30 is slightly higher than 50:50
(~750 nm to 900 nm). The fibers exhibit ECM like interconnectivity, and no bead formation was
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observed. As gelatin adds viscosity to the solution, both types of fibers were smooth and without any
breakage. The probability of fiber breakage increases with increasing gelatin content since an increase
in gelatin content decreases the viscosity of the polymeric solution. The calculated average diameters
of PLGA/Gelatin 70:30 and PLGA/Gelatin 50:50 nanofibers were 589.6 nm and 566.0 nm, respectively.
As the concentration of gelatin increased, the diameter of the nanofibers decreased. This may be
attributed to the fact that on increasing the gelatin content, the viscosity of the composite solution
decreased, and the amino acids of the gelatin improved the self-repulsion and stretching force due to
the increasing charge density of the jet during the electrospinning process. This resulted in the smaller
fiber diameter [43]. The overall structure of the fibers mimics that of the ECM.

3.2. Quantitative Analysis of rhEGF-Immobilized Nanoscaffolds

The number of amine groups (μg per scaffold) on scaffolds treated with ninhydrin was quantified
using the standard curve, and the results are shown in Figure 3A. It can be inferred from the graph
that the quantified amount of amine groups were 25 μg and 30 μg per scaffold in PLGA/Gelatin
70:30 and PLGA/Gelatin 50:50 nanoscaffolds, respectively. The presence of amine groups in both
the scaffolds clearly indicates the success of aminolysis. The results obtained from fluorescence
spectrophotometry confirmed the presence of rhEGF on the surface of the nanofibrous scaffolds.
The rhEGF-conjugated PLGA/Gelatin 50:50 and PLGA/Gelatin 70:30 nanoscaffolds had 7.46 μg and
2.92 μg of rhEGF, respectively, per scaffold when 10 μg of rhEGF was employed for a chemical reaction.
Thus, the rhEGF immobilization efficiencies reached 74.6% and 29.2% for PLGA/Gelatin 50:50 and
PLGA/Gelatin 70:30 nanofibrous scaffolds, respectively. It could be attributed to the fact that since the
number of amine groups per scaffold was higher in PLGA/Gelatin 50:50 scaffolds, they were able to
immobilize a greater amount of rhEGF than the PLGA/Gelatin 70:30 nanofibrous scaffolds.

Figure 3. Biochemical characterization. (A) 2,2-dihydroxyindane-1,3-dione (ninhydrin) assay applied
to 1,6 hexanediamine treated nanofibrous scaffolds (the results are expressed as the median ± standard
deviation). (B) Thermogravimetric analysis (TGA) curves of PLGA, Gentamicin sulfate loaded PLGA
70:30 nanofibrous scaffolds, Gentamicin sulfate and Gelatin. (C) Differential scanning calorimetry
(DSC) curves of PLGA, Gentamicin sulfate loaded PLGA nanofibrous scaffolds, Gentamicin sulfate and
Gelatin. (D) X-Ray diffraction (XRD) spectra of (A) PLGA/gelatin 70:30 and (E) PLGA/gelatin 50:50
nanofibrous scaffolds.
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3.3. Thermal Analysis

The thermal properties of composite nanoscaffolds and other supplements were characterized
using TGA and DSC. TGA curves are shown in Figure 3B. The results from the TGA showed two
significant weight losses for the gentamicin sulfate at 220 ◦C and 330 ◦C. The TGA curves of raw
PLGA showed weight losses at 210 ◦C and 400 ◦C. In contrast, the TGA curve of gentamicin loaded
PLGA/gelatin 70:30 nanofibrous scaffolds showed single significant weight loss at about 260 ◦C,
respectively. As the weight loss of gentamicin sulfate and pure PLGA started at lower temperature
compared to the gentamicin sulfate loaded scaffolds, it showed better thermal stability of the composite
scaffolds in comparison to gentamicin sulfate or pure polymer alone. Due to the formation of covalent
bonds between gentamicin and PLGA/gelatin scaffolds, the labile oxygen containing functional group
availability was decreased. Less than 2% weight loss occurred below 200 ◦C. In addition, the slow
weight loss of about 40% below 260 to 350 ◦C that may be due to the loss of residual functional group
on the gentamicin-loaded scaffolds. These observations were missing in the negative control without
the gentamicin.

The DSC thermograms of PLGA/Gelatin 70:30 nanofibrous scaffolds are shown in Figure 3C.
A peak was observed at the temperature of 210 ◦C on the DSC thermogram of pure gentamicin sulfate
powder, corresponding to the melting point of 210 ◦C. Another peak was seen at 410 ◦C, which was
due to the reaction between the gentamicin sulfate structures, i.e., degradation of gentamicin sulfate.
In the pure PLGA polymer, no sharp peak was observed which may be attributed to the amorphous
nature of the PLGA. Whereas, the DSC curve of gelatin showed a peak at 405 ◦C. In contrast, in the DSC
curves of gentamicin loaded PLGA/gelatin 70:30 nanofibrous scaffolds, the peak occurred at 430 ◦C.
This clearly demonstrates that the stability of the drug is enhanced due to encapsulation of the drug
between polymeric chains.

3.4. X-Ray Diffraction Analysis

The nanofibrous scaffolds are able to form a stable colloidal layered structure in aqueous solution,
that facilitates drug encapsulation. The encapsulation of drug within the PLGA/Gelatin interlayer
space may result in a change in the interlayer distance, that can be determined by XRD technology.
The XRD patterns of the PLGA/gelatin 70:30 and PLGA/gelatin 50:50 scaffolds after gentamicin sulfate
encapsulation are shown in Figure 3D,E, respectively. All the three types of nanofibrous scaffolds
displayed patterns lacking any distinct peaks indicating that they are fully amorphous materials.
In amorphous materials, X-rays will be scattered in many directions leading to a large bump distributed
in a wide range (2 Theta) instead of high intensity narrower peaks. Appearance of the broad peaks in
the 2θ = 5–40◦ region was attributed to the amorphous nature of the PLGA. The absence of any distinct
peaks of crystalline gentamicin sulfate in the XRD spectra indicates that the drug is no longer present
as crystalline material, but had been totally converted to an amorphous state. The XRD data suggested
that the incorporation of gentamicin sulfate within polymers is primarily via the drug intercalation
within the polymer interlayer space.

It is also possible that a small portion of gentamicin sulfate can be adsorbed onto the polymer
surface via hydrogen bonding or other weak forces. The XRD spectrum of the scaffolds displayed two
peaks at 19.3◦ and 23.5◦ which were located at the same position with the PEG 400. The sharp XRD
peaks indicate the crystallization of PEG in the scaffolds.

3.5. Degree of Swelling and Porosity Analysis

The gentamicin sulfate loaded PLGA/Gelatin 70:30 and PLGA/ Gelatin 50:50 nanofibrous scaffolds
were analyzed to determine the swelling behavior by incubating them in PBS (pH 7.4) for 24 h at 37 ºC.
The results are represented graphically in Figure 4A. The swelling ratios of the PLGA/Gelatin 70:30
and PLGA/ Gelatin 50:50 nanofibrous scaffolds were 421.33 ± 8.22% and 445.33 ± 4.99%, respectively.
The swelling index of cotton gauze was only 280.00 ± 8.64%. It can be inferred from these results that
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the higher swelling index of PLGA/ Gelatin 50:50 scaffolds was due to more concentration of gelatin as
compared to the PLGA/Gelatin 70:30 scaffolds, as gelatin improves the hydrophilicity of the scaffold.
This may be due to the amine and carboxylic functional groups present in the gelatin structure [44].
The obtained swelling index enables the prepared scaffolds to be used as wound dressings for absorbing
excess exudates even from deep wounds with high amounts of exudates [44,45].

 
Figure 4. Scaffold stability and wettability analysis. (A) Comparison of swelling index and porosities of
electrospun PLGA/gelatin 70:30 and 50:50 nanofibrous scaffolds (the results are expressed as the median
± standard deviation from five samples). (B) Water Contact Angle Value for PLGA/Gelatin 50:50
Nanofibrous Scaffold. (C)Water Contact Angle Value for PLGA/Gelatin 70:30 Nanofibrous Scaffold.
(D) Biodegradability characteristics of PLGA/gelatin 50:50 and PLGA/gelatin 70:30 nanofibrous scaffolds.

Porosity is a very important criteria for the application of nanofibrous scaffolds in tissue engineering
and wound healing practices because the microscale and nanoscale porous structure are most suitable
for convenient passage and exchange of nutrients and gases, that are important for cellular growth
and tissue regeneration [46]. Porosity should be in the range of 60 to 90% for cellular penetration
and efficient tissue regeneration [47]. In the present work, porosity was calculated by the gravimetric
method and the results are represented graphically in Figure 4A. The porosities of PLGA/Gelatin 50:50
and PLGA/Gelatin 70:30 nanofibrous scaffolds were 74.1% and 77%, respectively. In contrast, the
porosity of cotton gauze was 102%. The possible reason could be that the increased gelatin content
decreased the fiber diameter, which caused the decreased porosity of scaffolds.

3.6. Water Contact Angle Measurements

Generally, if the water contact angle is smaller than 90◦, the solid surface is considered hydrophilic
and wettable, and if the water contact angle is larger than 90◦, the solid surface is considered
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hydrophobic and not wettable. Figure 4B,C, respectively show that the water contact angle values for
PLGA/Gelatin 70:30 and PLGA/Gelatin 50:50 nanofibrous scaffolds were 10.04◦ and 21.18◦, respectively.
Hence, it could be concluded that the water contact angles of both the scaffolds was much lesser than
90◦. Therefore, the surface of the scaffolds could be considered highly hydrophilic. Moreover, the
water contact angle of PLGA/Gelatin 50:50 nanofibrous scaffolds were lower than that of PLGA/Gelatin
70:30 nanofibrous scaffolds due to more amount of Gelatin on the former as compared to the latter.

3.7. In Vitro Biodegradability Studies

The in vitro biodegradation studies of the PLGA/Gelatin 70:30 and PLGA/Gelatin 50:50 nanofibrous
scaffolds were performed in Phosphate Buffer Saline (PBS; pH 7.4). The scaffolds were placed in a
24-well plate containing 1 mL of PBS in each well and were incubated in vitro at 37 ◦C for different
periods of time (3, 5, 7, 14 days). Figure 4D shows the percent weight losses. A rapid 27.33 ± 1.15%
and 24.4 ± 1.82% mass loss was observed in electrospun PLGA/gelatin 50:50 and PLGA/gelatin 70:30
nanofibrous scaffolds, respectively, in first 5 days. After 7 days, the degradability of both scaffolds
was decreased which was due to more PLGA in the remaining composition of scaffolds. Since gelatin
easily dissolves in water at a temperature of 40 ◦C, and, hence, by increasing the content of gelatin, the
biodegradability of the PLGA/gelatin 50:50 scaffolds was greater as compared to PLGA/gelatin 70:30
scaffolds. In contrast, PLGA nanofibrous scaffolds and cotton gauze used as control did not exhibit any
weight loss during the 14 days of incubation.

3.8. Drug Loading Capacity and Drug Entrapment Efficiency

Drug loading capacity is the ratio of the mass of bound drug to the mass of the scaffold, whereas,
the drug entrapment efficiency is the ratio of the mass of drug released to the mass of total drug
added. The mass of gentamicin sulfate loaded per 20 mg of the scaffolds was investigated by UV-Vis
spectrophotometry. The results are summarized in Table 1. It was found to be 174.24 μg and 161.68 μg
for PLGA/Gelatin 70:30 and PLGA/Gelatin 50:50 nanofibrous scaffolds, respectively. On the other hand,
the entrapment efficiency was found to be 87.12% and 80.26% for PLGA/Gelatin 70:30 and PLGA/Gelatin
50:50 nanofibrous scaffolds, respectively. The comparatively higher entrapment efficiency may be
due to the fact that PLGA, being a high molecular weight polymer, and the molecular weight further
supplemented by gelatin, is able to absorb a comparatively greater amount of active substances.
As shown herein, more than 80% entrapment efficiency ensures more than 150 μg of gentamicin sulfate
delivered to the wound site for in-situ release. These results are in line with therapeutically used
dosages of gentamicin sulfate 100 μg or more, immobilized on the synthetic carrier for successful
treatment of infection in mouse model [48].

Table 1. Drug loading capacity and drug entrapment efficiency of nanofibrous scaffolds.

Nanofibrous Scaffold Drug Loading Capacity (μg) Drug Entrapment Efficiency (%)

PLGA/Gelatin 50:50 161.68 ± 13.2 80.26 ± 6.9
PLGA/Gelatin 70:30 174.24 ± 19 87.12 ± 8.1

3.9. In Vitro Drug Release Studies

The gentamicin sulfate release curves from PLGA/Gelatin 70:30 and PLGA/Gelatin 50:50
nanofibrous scaffolds were studied at different pH values, and the release curves are illustrated
in Figure 5A,B. The studies from each type of scaffolds revealed constant drug release and no burst
effect was observed. It indicates that the drug was homogeneously dispersed in the polymeric matrix
and there was no significant amount of drug adsorbed onto the surface of nanofibers. Figure 5A shows
the release of gentamicin sulfate from PLGA/Gelatin 70:30 nanofibrous scaffold. At pH 7.4, gentamicin
sulfate was released slowly from the PLGA/Gelatin 70:30 nanofibrous scaffold and only 36.64 ± 0.51%
of the total bound gentamicin sulfate was released in 12 h. However, 91.46 ± 0.61% and 75.43 ± 0.82%
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of the drug was released in acidic and basic conditions, respectively, after 12 h. Figure 5B illustrates the
release of gentamicin sulfate from PLGA/Gelatin 50:50 nanofibrous scaffold. At pH 7.4, gentamicin
sulfate was released slowly from the PLGA/gelatin 50:50 nanofibrous scaffold and only 44.97 ± 0.14%
of the total bound gentamicin sulfate was released in 12 h. However, 93.33 ± 0.82% and 76.03 ± 0.75%
of the drug was released in acidic and basic conditions, respectively, after 12 h. The release at pH
3 and pH 9 is much higher than that released at pH 7.4. This is so because the hydrogen bonding
interaction between gentamicin sulfate and the nanofibrous scaffolds is strongest at the neutral pH.
Whereas, at pH 3 and 9, there is a comparatively weaker hydrogen bonding interaction, so the higher
amount of gentamicin sulfate was released at pH 3 and 9. There was a higher percentage release of
gentamicin sulfate at pH 3 compared to pH 9 because the hydrogen bonding interaction formed under
basic conditions was stronger than that under acidic conditions.

 
Figure 5. In vitro antibacterial assay. (A,B) Release profile of gentamicin sulfate on PLGA/Gelatin
70:30 (A) and 50:50 (B) nanofibrous scaffolds at three different pH values. (C) Growth inhibition of
Staphylococcus aureus after treatment with PLGA/Gelatin 70:30, PLGA/Gelatin 50:50 nanofibrous scaffolds
and Gentamicin sulfate powder in aqueous media. The results are expressed as the median ± standard
deviation from five independent experiments performed in triplicate (n = 5). (D) Antibacterial activity
of gentamicin sulfate loaded PLGA/ Gelatin 70:30 nanofibrous scaffolds against Staphylococcus aureus
on LB Agar semisolid media. (E) Antibacterial activity of gentamicin sulfate loaded PLGA/Gelatin
50:50 nanofibrous scaffolds against Staphylococcus aureus (dotted red line show zone of inhibitions-ZOI
around test sample, next to control). (F,G) Optical and laser scanning micrograph from bacterial
cells seeded on Gentamicin Sulfate (GS)/PLGA/Gelatin (50:50) surfaces show sunken morphology of
bacterial cells trapped in a network of nanofibers scaffolds (arrow heads).

3.10. In Vitro Antibacterial Activity

The in vitro antibacterial activity of the gentamicin sulfate loaded PLGA/Gelatin 70:30 and
PLGA/Gelatin 50:50 nanofibrous scaffolds were explored against Staphylococcus aureus M 0092 in
aqueous medium. S. aureus bacteria are commonly found in diabetic wounds and used as a pathogenic
bacterial model for in vitro antibacterial efficacy [49]. Figure 5C illustrates the results of the antibacterial
activity assays. The negative control, which was the tube with cotton gauze, completely failed to
inhibit bacterial growth. Gentamicin sulfate powder, which was used as the positive control exhibited
98.73 ± 0.68% inhibition of the bacterial growth at the concentration of 5 mg/mL. The PLGA/Gelatin
70:30 and PLGA/Gelatin 50:50 nanofibrous scaffolds showed 97.39 ± 0.62% and 97.20 ± 0.99% inhibition
of bacterial growth, respectively. This may be attributed to the active diffusion of the drug molecules
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from the scaffolds into the liquid medium, thus, inhibiting the growth of bacteria. These results
are promising, since the antibacterial activity of the PLGA/Gelatin 70:30 and PLGA/Gelatin 50:50
nanofibrous scaffolds are comparable to that of the pure gentamicin powder, which presents them
as a perfect drug releasing vehicle. Thus, the developed nanofibrous scaffolds could be used as a
potential wound dressing material that would successfully eliminate infections, thereby, accelerating
wound healing.

The antibacterial activity of the PLGA/Gelatin 70:30 and PLGA/Gelatin 50:50 nanofibrous scaffolds
was also analyzed over a solid medium. Figure 5C,D shows the digital photographs of the zone of
inhibition on nutrient agar plates. The gentamicin sulfate loaded PLGA/Gelatin 50:50 and PLGA/Gelatin
70:30 nanofibrous scaffolds had “zone of inhibition” values of 40 mm (Figure 5B) and 41 mm (Figure 5C),
respectively. These results suggested that each nanofibrous scaffold had a good bacterial inhibition
efficacy under the studied conditions. In contrast, PLGA/Gelatin nanofibrous scaffolds without
gentamicin sulfate encapsulation did not inhibit the bacterial growth, suggesting that the bacterial
inhibition effect is solely related to the encapsulated Gentamicin sulfate drug. Hence, the gentamicin
sulfate loaded nanofibrous scaffolds were bactericidal to the testing microorganism due to the strong
antibacterial ability of gentamicin sulfate. The results indicate that gentamicin sulfate loaded scaffolds
possess efficient antibacterial property and can be effectively used in the treatment of wound healing
or dermal bacterial infections, thereby, proving a potential application for use as a drug delivery and
as a wound dressing agent [50].

We also studied the morphologies and biovolume of bacterial cells seeded on two nanofibrous
scaffold supplemented with GS using laser scanning microscope to quantify surface and biovolume
(Figure 5F–G and Supplementary Figure S2A–E). As seen in optical and 3D height profile images,
the bacterial cells are entangled into fibers, which affect bacterial cells surface into sunken morphology,
reducing their biovolume compare with untreated control cells showing flagella and normal morphology
(arrow, Figure 5F–G and Figure S1C).

3.11. In Vivo Wound Healing Activity on Diabetic Mice and Organ Toxicity Evaluation

Animals with induced diabetes were confirmed with diabetic symptoms and were subjected to
wound healing treatments with the gentamicin-rhEGF-nanofibrous scaffolds and controls. The wound
area was measured daily from day 0 to 12 and wounds were monitored qualitatively (Figure 6A),
and quantitatively (Figure 6B) for the wound closure to assess the efficacy of therapeutics designed.
The results revealed that rhEGF immobilized nanofibrous scaffolds significantly increased the wound
closure rates compared to other treatments. The representative images at 1, 4, 8, and 12 days after
treatment with rhEGF-PLGA/Gelatin 70:30 nanofibrous scaffold, PLGA/gelatin 70:30 nanofibrous
scaffold with gentamicin sulfate, PLGA/gelatin 70:30 nanofibrous scaffold without rhEGF, untreated
wound and gentamicin sulfate are shown in Figure 6A. Specifically, the animals with PLGA/Gelatin
70:30 nanofibrous scaffolds with rhEGF and gentamicin sulfate showed 19.13 ± 5.68% open wound
area on the 4th day (Figure 6A), 12.99 ± 1.17% open wound area on the 8th day (Figure 6An),
and 3.25 ± 2.95% open wound area on the 12th day (Figure 6As), which were much less than other
treatments. The data represented the mean ± S.D. for six mice per group.

We also took samples from different organs of mice treated with GS/PLGA/gelatin 50:50 after day 12
and compared with the controls group without any treatment. As shown in Figure 7, histopathological
examination results showed that there was no apparent change in different organs morphology and
no other abnormal changes in the mice tissue in control versus experimental group. This confirms
that the nanofibrous scaffolds, thus, prepared are biocompatible and do not cause any side effects.
These results open new opportunities for rapid wound healing in different vascular lesions as advance
therapeutics, which is sought as a major challenge in current nanomedicine in vascular biology [51,52].
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Figure 6. In vivo wound healing assay in mouse model. (A) Wound Healing in Diabetic C57/BL6
Mice after Treatment with Various Electrospun Nanofibrous Scaffolds (Batch 1) [a–t represent the
extent of wound healing during 12 days period] Group 1—No treatment (negative control); Group
2—0.1% gentamicin sulfate ointment (positive control); Group 3—PLGA/Gelatin 70:30 scaffold without
gentamicin sulfate and rhEGF; Group 4—PLGA/Gelatin 70:30 scaffold with gentamicin sulfate and
rhEGF; Group 5—PLGA/Gelatin 70:30 scaffold with gentamicin sulfate and without rhEGF. (B) Open
wound area (% of initial area) over 12 days for each treatment group from control and three experimental
groups performed from five different wound healing assays. The results are expressed as the median ±
standard deviation from five independent experiments performed in triplicate (n = 5).

 
Figure 7. Histological evaluation of In vivo organ toxicity with histopathological staining on organ
sections. (A) Brain (B) Heart (C) Kidney (D) Lung (E) Muscle (F) Liver (G) Pancreases (H) Spleen.
Each image from A–H has control (left panel) and scaffold applied (right panel) sample section with
Hematoxylin and Eosin (H,E) staining.
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4. Conclusions

In summary, a novel nanocomposite carrier device composed of PLGA/Gelatin 70:30 and
PLGA/Gelatin 50:50 nanofibrous scaffolds loaded with gentamicin sulfate and immobilized with
rhEGF was developed for diabetic wound healing applications. The developed nanofibrous scaffolds
resembled the morphology and architecture of the native extracellular matrix (ECM), which makes them
useful as a suitable wound-healing scaffold. The gentamicin sulfate stability and bactericidal properties
were not affected by the encapsulation process and release. The rhEGF accelerated wound-healing rates
at the initial stage of the healing process. The results obtained are promising, since the simultaneous
delivery of antibiotic and bioactive molecule from a nanocarrier material to inactivate bacteria in diabetic
wounds and hasten the wound healing at the same time was clearly demonstrated. The nanocomposite
has the potential to synergistically improve the impaired wound healing in diabetic patients via
combined antibacterial activity and rhEGF supply.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/4/180/s1,
Figure S1: The SEM of nanofibrous scaffolds after gentle rinsing and dehydration. Figure S2: Quantitative analysis
of bacterial biovolume on nanofibrous scaffolds. (A-B) 3D height map and optical micrograph of control bacterial
cells showing normal morphology and flagella (C). (D-E) Example of extracting individual bacterial biovolume
from the optical images (cells shown in dotted red line in D as an example) to quantify the biovolume of bacteria
on different surfaces.
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Abstract: Electrospinning has emerged as one of the potential techniques for producing nanofibers.
The use of electrospun nanofibers in drug delivery has increased rapidly over recent years due to
their valuable properties, which include a large surface area, high porosity, small pore size, superior
mechanical properties, and ease of surface modification. A drug loaded nanofiber membrane can be
prepared via electrospinning using a model drug and polymer solution; however, the release of the
drug from the nanofiber membrane in a safe and controlled way is challenging as a result of the initial
burst release. Employing a core-sheath design provides a promising solution for controlling the initial
burst release. Numerous studies have reported on the preparation of core-sheath nanofibers by coaxial
electrospinning for drug delivery applications. This paper summarizes the physical phenomena, the
effects of various parameters in coaxial electrospinning, and the usefulness of core-sheath nanofibers
in drug delivery. Furthermore, this report also highlights the future challenges involved in utilizing
core-sheath nanofibers for drug delivery applications.

Keywords: electrospinning; coaxial spinning; core-sheath nanofibers; biomedical; drug delivery

1. Electrospinning

To date, several approaches, such as phase separation, self-assembly, drawing, template synthesis,
and electrospinning, have been put forward for the fabrication of one-dimensional (1D) fibrous
structures from various polymers [1–6]. In comparison with other methods, electrospinning is
considered to be a simple, versatile, and cost-effective technique for generating continuous, nonwoven
nanofiber mats from various polymeric solutions [2,7]. A variety of precursor solutions, including
natural and synthetic polymers, polymer blends, polymer/metal particles, and polymer/ceramics
particles, have been electrospun into fiber/nanofiber structures with diameters ranging from the
nanometer to micrometer scale [1,8]. The electrospun nanofibers bear several remarkable properties
such as a small diameter, large surface area, high aspect ratio, unique physiochemical properties, and
flexibility [2,9,10].

The standard electrospinning setup consists of four main components: a capillary tube containing
a polymer solution (or melt), a spinneret or nozzle, a collector, and a high voltage source [2,11]. The
nanofibers can be obtained either from polymer melt or solution. A majority of the work has been
focused on solution-based electrospinning. In the electrospinning process, a high voltage (typically 10
to 30 kV) is applied to a polymer solution in order to induce a charge on the surface of the droplet.
When the intensity of the electric field is increased, the hemispherical surface of the solution elongates
at the tip of the capillary and forms a Taylor cone. Upon further increasing the applied voltage, the
charged jet is ejected from the Taylor cone and flows in the direction of the collector. During this
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process, the solvent evaporates and dry polymer fibers are randomly deposited on the collector. In
electrospinning, the spinneret is the most important component, by which the multiple configurations
can be implemented. Depending on the spinneret, the electrospinning process can be divided into
different types such as needle-less, single, coaxial, side-by-side, and tri-axial electrospinning. The
schematic of the typical electrospinning process is given in Figure 1A.

 
Figure 1. (A) Schematic diagram showing the electrospinning setup and (B) various biomedical
applications of electrospun nanofibers.

In the electrospinning process, there are several factors that contribute to the fiber
morphology [4,12]. These factors can be divided into tree category: (i) Solution parameters; (ii)
process parameters; and (iii) ambient parameters [13]. The solution parameters include the type of
solvent, the molecular weight of the polymer, the concentration of the solution, the viscosity of the
solution, the conductivity of the solution, the surface tension, the dipole moment, and the dielectric
constant. The process parameters include the applied electric field, the distance from the tip of the
needle to the collector, the flow rate, etc. The relative humidity and temperature are considered as
environmental factors affecting the electrospinning process. All the parameters affect the morphology
of the nanofibers. It is noteworthy to mention that all the parameters affect the morphology of the
nanofibers and none of them act independently during electrospinning. Therefore, the optimization
of the different parameters is essential in order to design a nanofiber with the desired structure
and properties. The effect of various parameters on the properties of the electrospun nanofibers is
summarized in Table 1.

Table 1. Effect of various parameters on the properties of electrospun nanofibers.

Parameter Effect Reference

Applied voltage High voltage generally reduces fiber diameter. [14]

Concentration of solution

A higher concentration results in higher nanofiber diameter and
the chances of bead formation are less. High concentration may
clog the nozzle whereas low concentration may lead to
sputtering.

[14–16]

Flow rate
Most flow rates are limited to 1 mL/h or lower.
Increase in flow rate is associated with an increase in fiber
diameter.

[16]

Inner diameter of needle If large, beaded fiber may form. [4]
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Table 1. Cont.

Parameter Effect Reference

Conductivity of solution High conductivity leads to thinner nanofibers with less chances
of bead formation. [15]

Viscosity of solution
High viscosity leads to the formation of thicker and continuous
nanofibers whereas low viscosity is associated with finer and
shorter nanofibers.

[17]

Tip-to-collector distance (TCD)

Longer distance results in thinner fibers.
If the distance is very short, nanofibers become sticky and tend
to stick to each other, resulting in the formation of a film.
Diameter also increases with the decrease in TCD.

[14]

Humidity If humidity is high, beads and pores may form on nanofibers. [18]

Volatility of the solvent High volatility of the solvent is associated with higher chances
of porosity and increased surface area. [15]

Temperature
Both environmental and working fluid temperatures affect the
fiber formation. Generally, the diameters of the nanofibers are
uniform at higher temperatures.

[9]

Type of the collector
Smooth fibers can be obtained from metal collectors.
Aligned fibers can be obtained using a conductive frame,
rotating drum, or a wheel-like bobblin collector.

[19]

2. Biomedical Applications of the Electrospun Nanofibers

A wide range of polymers have been electrospun to prepare nanofibers. So far, more than 200
polymers have been reported to have been made into nanofiber structures with the electrospinning
technique [14]. Electrospun nanofibers possess several outstanding characteristics, for example, a large
surface area to volume ratio, superior mechanical strength, flexibility, ease of surface modification, etc.,
which are beneficial for diverse applications including those in the biomedical sector, energy storage,
and environmental remediation [1,4,20,21].

Electrospun nanofibers have already been proposed for various biomedical applications. The
structure and chemical composition of the electrospun nanofibers resemble the natural fibrillary
extracellular matrix (ECM) [22,23]. The interconnecting porous nature of the electrospun fibers
facilitates cells attaching, migrating, and proliferating [23]. The biocompatibility and biodegradability
of the nanofibers along with their suitable mechanical properties also favor their use in biomedical
applications. Some potential areas of applications are given in Figure 1B. The electrospun nanofibers
have been applied in various biomedical applications such as tissue engineering, wound dressing,
the biosensor field, drug delivery, stent coating, implants, cosmetics, facial masks, etc. [24–26]. Many
biocompatible polymers have been electrospun to generate nanofibers to be applied in the biomedical
field; these polymers can either be biodegradable or non-biodegradable. Natural polymers such as
collagen, chitosan, gelatin, hyaluronic acid, and silk fibroin have been electrospun into nanofiber form to
form potential scaffolds for biomedical applications [27,28]. Other polymers include polycaprolactone
(PCL), poly (lactic-co-glycolic acid) (PLGA), polylactic acid (PLA), poly (glycolic acid) (PGA), and
poly(L-lactide-co-caprolactone) (PLCL) [27,29,30]. Currently, research is focused on three main issues:
(i) Scaffold for tissue engineering; (ii) drug delivery mechanisms; and (iii) enzyme immobilization for
faster reaction rates in biological reactions.

Among the various applications in the biomedical field, electrospun nanofibers use is potentially
very promising in drug delivery applications. The electrospun nanofibers have been used in
drug delivery applications for treating various diseases and gained popularity in the field of
pharmaceutics [6,30–32]. The advantageous characteristics of nanofibers such as high surface area,
high drug loading capacity, porosity, ease of functionalization and surface modification, simultaneous
delivery of diverse therapies, adequate mechanical strength, and cost-effectiveness are appealing for
use in drug delivery systems. Since the Kenaway group [33] prepared tetracycline loaded electrospun
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nanofiber mats of PLA, poly (ethylene-co-vinyl acetate) (PEVA), and their blend and studied the release
of tetracycline for the first time, electrospun nanofiber for drug delivery gained significant interest
among researchers. In the past few years, several research groups have prepared polymeric nanofibers
in order to achieve different controlled drug release profiles. To date, various types of drugs, including
DNA, RNA, protein, antibacterial, antiviral, and anticancer agents, etc., have been incorporated into
electrospun nanofibers for desired applications [31,34–36]. For example, electrospun nanofibers have
been applied as skin care (or facial) masks for the treatment of the skin as well as for other medical or
therapeutic purposes. Different types of skin revitalizing factors can be loaded into the electrospun
nanofibers and can be applied directly to the skin [37]. In recent years, drug incorporated biocompatible
nanofiber membranes have been explored as a stent coating material to store and elute pharmaceutical
agents to the lesion site without compromising its functional behavior [38].

3. Core-Sheath Nanofibers

The main objective of the drug delivery system is to deliver a required amount of a certain
drug for a defined period of time depending on the medical condition. A drug loaded nanofiber
membrane can be prepared via electrospinning by using a model drug and polymer solution; however,
the initial burst release is unavoidable in such a type of blend membrane, and this is not ideal for
a sustained drug release. In order to eliminate the burst release, post-treatment of the membranes
such as cross-linking or chemical modifications are required. These types of post-treatment may
lead to toxicity and a reduction in biocompatibility. The incorporation of the bioactive molecules or
drugs into the thin fiber structure remains challenging since it should not adversely affect either the
scaffold’s properties or the drug’s activity. The drug release rate can be tailored by tuning fiber diameter,
porosity, and the drug-binding mechanism [39–43]. In recent years, many modifications have been
incorporated into the electrospinning technique for producing nanofibers with enhanced performances.
One such modification is the preparation of core-sheath nanofibers using coaxial electrospinning, in
which one polymer nanofiber is surrounded by another, thus benefiting from the properties of both
polymers [44–46]. In drug delivery systems, coating the fiber with a shell could effectively control the
release profile of the drugs [47]. The specific core-shell design is helpful to incorporate the active drugs
into the core part of the nanofibers, thereby providing the possibility of avoiding any damage caused
to the incorporated drugs. In recent years, several core-sheath nanofibers have been fabricated to load
various bioactive molecules including drugs, proteins, and genes for the sustained release of these
molecules. The schematic view of the encapsulation and release procedure of drugs in core-sheath
nanofibers is given in Figure 2. The advantages of core-sheath nanofibers in drug delivery applications
can be summarized as follows [46–49]:

(i) It is possible to prepare nanofibers from unspinnable solutions via coaxial spinning;
(ii) It is helpful to prevent the burst release;
(iii) It enables a sustained release for a longer time;
(iv) The release kinetics of the bioactive molecules can be controlled by changing the composition or

feed rate;
(v) More than one drug can be loaded in the same nanofibers and the drug release rate can be regulated;
(vi) Encapsulating the unstable bioactive molecules in mild conditions and protecting the biological

activity of these molecules;
(vii) The sheath layer protects the inner ingredients, governing the release kinetics of the core which

contains molecules;
(viii) It provides a better therapeutic effect and reduced toxicity;
(ix) This process eliminates the potential harm that can be caused by the post-treatment process.
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Figure 2. Schematic view showing the encapsulation and release procedure [50].

3.1. Core-Sheath Fibers from Co-Axial Electrospinning

Coaxial or triaxial electrospinning is considered to be an effective strategy to achieve sustained
drug release from electrospun core-sheath nanofibers. It involves a simultaneous flow of a core and
sheath solution from separate capillaries to form a fiber [51]. Coaxial electrospinning can be used to
prepare core-sheath structured fibers from various core and sheath solutions to generate a fiber with
different inner and outer parts: a hollow fiber, and functional fibers that may contain coatings [52].
Recently, fabrication of core-sheath fibers with triaxial electrospinning has been introduced in which the
electrospun fiber contains a core, middle layer, and sheath [53,54]. By applying coaxial electrospinning,
multiple drugs can be loaded into the core-sheath fibers and their release kinetics can be controlled [55].
In comparison to blend spinning, the drug loading efficiency is higher in coaxial spinning. More
importantly, the initial burst release is found to be lower in core-sheath nanofibers made by coaxial
spinning than that of fibers made by blend spinning. In core-sheath nanofibers, the core swells or
dissolves, forming pores in the shell after the dissolutioin of hydrophilic portion in the core. While
loading drugs into the core phase, the shell phase can serve as an outer protective layer. Furthermore,
incompatibilities can be overcome. For instance, hydrophilic drugs in the core phase can be incorporated
into the hydrophobic polymers in the shell phase. Furthermore, the shell phase can serve as a physical
barrier providing sustained release kinetics, and by loading the core and shell phase, two different
release patterns from one delivery system can be achieved.

3.2. General Setup and the Process of Coaxial Electrospinning

The general setup and the fiber manufacturing process is conceptually similar to that of
conventional electrospinning as mentioned in Section 1. In coaxial electrospinning, the spinneret is
modified by inserting a smaller capillary to fit concentrically inside the bigger capillary in order to
obtain a co-axial configuration (Figure 3). The outer needle contains a sheath solution whereas the
inner one contains a core solution. The inner and outer nozzles pump two different spinning solutions
simultaneously, producing a core-shell droplet at the exit of the nozzle. When the polymer solutions
are charged with a high voltage, the accumulation of charge takes place predominantly on the surface
of the sheath solution coming out of the coaxial capillary. The pendant droplet of the sheath solution
elongates and stretches as a result of the charge–charge repulsion, forming a conical shape. When the
charge accumulation reaches a threshold, a jet emerges from the tip of the deformed droplet directed
towards the counter electrode. Finally, a core-shell fiber is deposited on the substrate [56]. Recently,
Hai et al. [57] have reported the process of Taylor cone formation in typical one-fluid electrospinning
and coaxial electrospinning processes; the digital photographic observations from their study are given
in Figure 4.

3.3. Effects of Various Parameters on Coaxial Electrospinning

Like in ordinary electrospinning, the fiber morphology is governed by several factors. Therefore,
the selection of appropriate solution parameters and processing conditions is very important for the
steady generation of the core-sheath structure in coaxial electrospinning.
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Figure 3. Schematic diagram showing the coaxial electrospinning system.

 
Figure 4. (a) Digital photographs showing a typical one-fluid electrospinning process, (b) formation of
Taylor cone, (c) connection of spinneret in coaxial electrospinning, (d) enlarge image of the working
region, and (e) Taylor cone with yellow core fluid encapsulate by rose-bengal shell solution [57].

3.3.1. Viscosities of the Solution

A good spinnability and sufficient viscosity of the sheath solution are required to produce enough
viscous traction for the core solution. High viscosity can overcome the interfacial tension and form a
stable Taylor cone. The core solution can have a lower viscosity (a minimum viscosity) to keep it intact
and continuous inside the sheath fluid [55,58,59].

3.3.2. Solution Concentration

The concentration of polymer solution is a key factor in electrospinning. If the polymer
concentration is increased, the viscosity also increases. An increase in the concentrations of both core
and sheath solutions results in a higher core-sheath fiber diameter. The diameters of the core or sheath
fibers can be tuned by controlling the concentration of the core or sheath solutions [51].
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3.3.3. Solution Conductivities

In coaxial electrospinning, the sheath solution should be conductive whereas the core solution
does not need to be conductive. By increasing the conductivity of the sheath solution, thinner fibers
can be generated. Conversely, a highly conductive core solution can cause breakages due to the higher
pulling rate in the core as compared to the sheath. A highly conductive sheath solution may affect the
uniformity of the coaxial fibers due to the strong bending instability by abundant surface charges [55].
Hence, in order to obtain smooth nanofibers, the conductivity of core and sheath solutions should be
maintained within an optimal range.

3.3.4. Solvent/Solution Miscibility and Incompatibility

The interaction between the inner and outer solvents determines the miscibility of the two
solutions; therefore, the choice of the solvents is very important in coaxial electrospinning [51]. The
solvents in the core and sheath solution should be chosen in such a way that neither of them cause the
precipitation of the other. Immiscible solutions are easily spinnable into the core-sheath forms due to
the phase separation during electrospinning. The core and sheath solution with the same or miscible
solvents are also capable of producing core-sheath nanofibers. The use of volatile solvents can form
porous nanofibers; however, a too high volatility of the solvent may cause rapid evaporation leading
to the formation of clogs of the spinneret. In this case, no core-sheath fiber can be obtained.

3.3.5. Applied Voltage

For a solution, there is a small range of voltage within which a stable Taylor cone can be formed.
If the applied voltage is too low, it may cause dripping of the two solutions forming a pendant drop at
the exit of the nozzle. If the applied voltage is too high, it pulls the fluid jet inside the capillary and
may form a clog [48,55]. Therefore, a good morphology of core-sheath nanofibers can be obtained by
applying an optical range of the applied voltage.

3.3.6. Solution Flow Rates

The flow rates regulate the amount of solution which exists in the concentric tip for electrospinning.
An optimal flow rate ratio for the part of polymers is required. As compared to the flow rate of the
sheath solution, the flow rate of the core solution plays an important role in preparing core-sheath
nanofibers in coaxial electrospinning. At a very low flow rate of the core solution, the core phase
became discontinuous which leads to the breakup of the core. On the other hand, a too high flow rate
can cause pendent droplets to form. Generally, the flow rate of the core solution is lower than that of
the sheath solution [51].

3.3.7. Evaporation of Solvent

The solvent evaporation in coaxial electrospinning affects the Taylor cone formation and
propagation and elongation of the jets. Rapid evaporation of solvents makes the solution dry
at the nozzle tip before Taylor cone formation, whereas too slow evaporation causes the formation of
drops [60]. The evaporation of solvents in both core and sheath solutions determines the morphology
of the core and sheath structures. If the solvent in the shell solution evaporates at a higher rate than
that of the core solution, the fibers collapse due to the atmospheric pressure. A high evaporation rate of
the core solution also results in buckling and collapsed fibers due to the difference in pressure between
the voids in the core and atmosphere.

3.3.8. Tip-to-Collector Distance (TCD)

The tip to collector distance is also one of the important parameters in electrospinning. TCD is
directly related to the flight time of the fluid jet [55]. If the distance is too short, it would likely result
in the formation of an interconnected fiber mesh (or film) due to the limited time for the solvent to
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evaporate in the air. In cases where the distance is large, there is a higher chance for the solvent to
evaporate. The higher evaporation of the solvent leads to thinner nanofiber formation.

3.3.9. Nozzle Geometry

Since the nozzle geometry controls the flow rate, miscibility, and compatibility of the solutions, it
has an influence on coaxial electrospinning. The diameter of the inner and outer nozzles and their
geometry (length of core nozzle, the separation distance between the core and shell nozzles) may also
influence the fiber morphology [60].

3.3.10. Temperature and Humidity

In addition to the above parameters, coaxial electrospinning is also affected by atmospheric
conditions such as temperature and humidity, etc.; however, these parameters have shown less influence
(than the aforementioned parameters) on the formation and the uniformity of the coaxial fibers.

In summary, in order to prepare uniform and steady core-sheath nanofibers, optimal solution
parameters should be determined. It can be seen that the parameters affecting the coaxial electrospinning
are almost the same as in traditional single-fluid electrospinning, except the nozzle geometry and
core-sheath fluid flow rates and ratio. Traditional coaxial electrospinning demands spinnable sheath
fluid; however, modified coaxial electrospinning can generate core-sheath fibers by using unspinnable
sheath fluids such as organic solvents [61,62]. In modified coaxial electrospinning, the sheath flow must
match with the drawing process of the core fluid during spinning to obtain high quality core-sheath
fibers. The sheath flow must match well with the drawing process of the core fluid during the spinning
process [62]. Overall, the general features for coaxial electrospinning to produce the core-sheath fibers
are as follows [51,55,60,62]:

(i) The sheath solution must be electrospinnable;
(ii) The viscosity of sheath solution should be relatively high compared to the core solution;
(iii) The viscosity of the core solution is required to be above the critical value, but should not be as

high as the sheath solution;
(iv) A low surface tension of core solution;
(v) Sheath solution should be conductive;
(vi) In modified coaxial electrospinning, unspinnable sheath solutions can be used; however, the

sheath flow must be adjusted well to match with the flow of the core fluid.

3.4. Core-Sheath Nanofibers for Drug Delivery Applications

The advancement of materials in drug delivery should be first attributed to the biocompatibility,
which is a prerequisite for biomaterials [3,22,52]. In recent years, most studies have been concerned
with synthetic or natural polymers in order to fabricate core-sheath nanofibers as effective drug carrier
mediums. The degradation rate of the polymer plays an important role in drug release kinetics.
The degradation behavior of the polymer may depend on several characteristics such as molecular
weight, wettability, crystallinity, surface roughness, and the melting temperature of the polymer [52,63]
Therefore, it is important to select a biocompatible polymeric material with an appropriate degradation
rate to obtain the desired drug release kinetics. Table 2 presents some examples of core-sheath nanofibers
by coaxial electrospinning for drug delivery applications. Some examples of widely used polymers
and recent works related to drug release form core-sheath nanofibers by coaxial electrospinning are
given below.

3.4.1. Poly(vinyl alcohol) (PVA)

Water-soluble polymers offer additional advantages in electrospinning by eliminating the possible
toxicity caused by solvents and represent a significant step towards clean and safe electrospinning.
Among the various water-soluble polymers, poly(vinyl alcohol) (PVA), a synthetic polymer, is of great
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interest due to its desirable properties, such as its biocompatibility, adhesiveness, strength, swelling
properties, non-carcinogenicity, film or fiber forming ability, etc. [64]. Recently, Yarin’s group [65]
fabricated core-sheath nanofibers with PVA containing ciprofloxacin as a core and poly(methyl
methacrylate) (PMMA) as a sheath layer in order to avoid the burst release of the drug. The nanofibers
were explored for use in local drug delivery systems to treat periodontal disease and skin, bone, and
joint infections. The study showed that the variation of flow rate ratios between core and shell during
the spinning strongly affected nanofiber morphology and drug release. A lower amount of PVA in
the core was helpful to prevent the burst release. In another study, Yarin [66] developed interesting
mathematic models describing drug release from nanofibers.

Tiwari et al. [67] evaluated the usefulness of core-sheath fiber to minimize the burst release. In
their study, the drug (metoclopramide hydrochloride) was loaded into the core (PVA) which was
surrounded by different shells of various polymers (PCL, PLGA, and PLLA). The work clearly shows
the sensitivity of the observed release to various parameters, related to both the process and material.

Yan et al. [68] used two water-soluble polymers, PVA and chitosan, as the core and sheath matrix,
respectively, to prepare core-sheath fibers. Doxorubicin was used as a model drug and incorporated
into the core matrix. PVA–chitosan nanofibers with different feed ratios were prepared as in Figure 5.
The chitosan sheath was crosslinked by treatment with glutaraldehyde vapor to restrict the swelling of
the polymer. The potential of nanofibers for use as a scaffold for chemotherapy of ovary cancer was
evaluated in vitro against SKOV3 cancer cells and the obtained resulted indicated that the fibers were
good in prohibiting cell attachment and proliferation. They observed that the release rate of drugs can
be adjusted by changing the feed ratio and by keeping the feed ratio constant. More importantly, the
core-sheath nanofibers exhibited controlled release of doxorubicin (DOX), showing potential for use in
the chemotherapy of ovary cancer.

 
Figure 5. (A) TEM image of poly(vinyl alcohol)/chitosan (PVA/CS) core-sheath nanofibers with different
feed ratios of (a) 1:1, (b) 1:1.3, and (c) 1:1.6 and (B) drug release profiles [68]. Reprinted with the
permission from Materials Science and Engineering: C. Copyright Elsevier, 2014.

3.4.2. Polycaprolactone (PCL)

PCL is a biocompatible and biodegradable synthetic polymer approved by the Food and Drug
Administration (FDA). It has been widely used in drug delivery systems due to its broad range of
molecular weight (from 3000 to 85,000 g/mol), solubility in varieties of solvents such as acetic acid,
chloroform, methanol, benzene, dichloromethane, and its non-enzymatic degradation. PCL has been
extensively explored in coaxial electrospinning for drug delivery applications.

Jing et al. [69] employed coaxial electrospinning in order to incorporate and control the release of
two proteins, bovine serum albumin (BSA) and lysosome, from core-sheath nanofibers with protein
containing polyethylene glycol (PEG) as a core and PCL as a shell. The protein release kinetics were
characterized by a slight burst release during the first day followed by a relatively steady release
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extending over the complete time of the analysis of 30 days. The release profile of the incorporated
proteins was found to be dependent on the feeding rate of the core solution. It was noticed that a
higher feeding rate resulted in rapid protein release. In another study [70], the same group prepared
biodegradable core-sheath fibers with PCL or a PCL/PEG blend as shell and BSA-dextran as core by
coaxial electrospinning. PEG was added to the shell in order to further finely modulate the release
behavior of BSA. Their study showed that the release rate of BSA increased with the PEG content in
the shell.

He et al. [71] reported the fabrication of an anti-inflammatory agent loaded guided tissue
regeneration membrane (GTRM) by coaxial electrospinning. In their study, metronidazole was loaded
in PCL core fibers surrounded by gelatin as a sheath layer. They suggest that the dissolving of
the gelatin sheath layer could be inhibited by crosslinking, and this resulted in sustained release of
metronidazole for six days. The improved hydrophilicity also resulted in better cell adhesion and
proliferation without toxicity. The prepared nanofiber membrane was capable of controlled drug
release and inhibited the inflammatory response during the healing process, thereby showing better
results as compared to PCL fibers only.

3.4.3. Polyethylene oxide (PEO)

As a result of the solubility of hydrophilic drugs in the aqueous medium, it is challenging to
maintain their prolonged release with a minimum release at the initial stage. Producing nanofibers
from the blending solution of hydrophobic and hydrophilic polymers along with the drugs can reduce
the burst release of hydrophilic drugs; however, the incompatibility between the drugs and hydrophilic
polymers may cause the drug to migrate towards the surface of the nanofibers. In this regard, coaxial
electrospinning can provide a better approach by encapsulating the drugs into the core portion of the
nanofibers. The core-sheath nanofibers can be prepared by incorporating hydrophilic drugs with the
polymer in the core and hydrophobic polymer as a sheath layer. Esmaeili and Haseli [72] prepared
core-sheath and blend nanofibers to encapsulate tetracycline hydrochloride with PEO in the core and
carboxymethyl cellulose in the sheath. As compared to the blend nanofibers, the core-sheath fibers
showed a much slower and prolonged release of the drug. In the optimized core-sheath sample, the
burst release was reduced from 54% to 26% and the total release was enhanced from 76% to 92%
compared to the blend nanofibers. The initial burst release of the tetracycline hydrochloride in the
case of the blend nanofibers might be associated with two factors: (i) The presence of the drugs on the
surface of the blended nanofibers; and (ii) the hydrophilicity of the polymer which facilitates water
uptake and swelling of the polymer matrix.

Recently, stimuli-responsive materials (smart materials) have gained extensive interest in controlled
drug delivery applications. Various external stimuli such as light, temperature, magnetism, sound,
etc., can bring change in the physical or chemical status of the smart materials. Li et al. [73] prepared a
thermally switched drug delivery system, whose release can be tuned in response to a temperature
change. Core-sheath fibers were prepared by coaxial electrospinning, in which drug encapsulated
PEO forms a core layer, whereas a mixture of PCL and temperature stimuli-responsive nanogels form
the sheath layer. The nanogels in the PCL matrix act as valves to generate a path for the diffusion
of encapsulated drugs during the shrinkage and swelling above or under lower critical solution
temperature (LCST) [73].

3.4.4. Polyvinylpyrrolidone (PVP)

PVP is a water-soluble polymer with an amphiphilic character. As a result of its excellent properties,
such as its solubility, film or fiber forming ability, adhesion and bonding, and biocompatibility, it has
been extensively investigated for various applications in the biomedical field, including drug release.
Core-sheath PVP/PCL nanofibers were developed by coaxial electrospinning in which graphene oxide
(GO) sheets were blended into the core (PVP) solution to adjust the release behavior of vancomycin
hydrochloride (VAN) [74]. The addition of GO into the nanofibers resulted in a reduction in burst
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release from 73% to 60%, and it was concluded that the amount of release can be tailored by adjusting
the amount of GO in the core. The molecular interactions, such as hydrogen bonds, Var der Waal’s
force, π–π bonds, between GO and the drugs played an important role in the typical biphasic release
behavior the drug [74].

Yu et al. [75] prepared ketoprofen (KET) loaded core-sheath nanofibers by coaxial electrospinning
using PVP as the sheath and ethyl cellulose (EC) as the core matrix and studied the drug release
behavior. The drug was present in the polymer matrix in an amorphous state and the composite
nanofibers provided a biphasic drug release profile consisting of an immediate and tunable sustained
release. It was shown that the first and second phase of drug release could be tailored by adjusting the
sheath flow rate and diffusion mechanism, respectively.

3.4.5. Cellulose acetate (CA)

Cellulose is the primary structural component of the cell walls of green plants. It has been a
material of choice in nanotechnology due to its advantageous properties including its biocompatibility,
biodegradability, and regenerative properties [76,77]. Despite its advantageous properties, preparation
of electrospun nanofibers is challenging because of its limited solubility in general organic solvents
and disability to melt as a result of extra inter- and intramolecular bonding [31,78]. Cellulose acetate
(CA), the acetate ester of cellulose, has been widely investigated for a wide variety of applications
related to electrospun membranes [31]. The electrospun CA nanofibers can be converted into cellulose
fibers by deacetylation or aqueous hydrolysis [79].

Yu et al. [76] applied the electrospinning process to develop ketoprofen (KET) loaded CA nanofibers.
The drug was loaded into the CA fibers via both the single and modified coaxial electrospinning
process. The core fluid was prepared by dissolving CA, KET, and a mixture of solvent (acetone,
dimethylacetamide (DMAc), and ethanol), whereas the same mixed solvent was taken as sheath
fluid. In addition, a CA solution containing KET in the same solvent was prepared for single fluid
electrospinning. The nanofibers obtained from coaxial electrospinning had a smaller diameter, narrower
size distribution, and smoother surface morphologies as compared to those generated from single
fluid electrospinning. It was found that the fibers obtained from coaxial electrospinning offered
a better zero-order drug release profile with a smaller tailing residue than that of single nozzle
electrospinning. Another study by Yu’s group [80] showed a zero-order drug release profile from
ketoprofen incorporated into CA nanofibers prepared via coaxial electrospinning using 2% CA solution
as a sheath fluid and a mixture of CA, KET, and methylene blue in a mixed solvent system (acetone,
DMAc, and ethanol) [76,80]. The obtained nanofibers provided zero-order drug release kinetics for 96
h via a diffusion mechanism.

3.4.6. Zein

Zein, a mixture of proteins with different molecular weights in corn gluten meal, is widely known
for its biocompatibility, biodegradability, antioxidant activity, and electrospinnability [81,82]. In recent
years, it has drawn increasing attention in various applications, particularly in the biomedical field,
including drug delivery [81,83–87]. In this regard, Huang et al. [84] investigated the preparation
of ibuprofen (IBU) loaded fibers using a coaxial electrospinning process, in which zein/ibuprofen
dissolved in ethanol aqueous solution and N,N-dimethylformamide were used as core and sheath
fluids, respectively.
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Jiang et al. [85] prepared core-sheath nanofibers from two polymers, PVP and Zein, to provide
a biphasic drug release profile. Ketoprofen was exploited as the model drug in the study and was
loaded into both the sheath and core fluids. Zein and PVA were selected as the core and sheath parts,
respectively. Linear core-sheath nanofiber was produced with an average diameter of 730 ± 190 nm,
in which the sheath part had a thickness of 90 nm. The study further showed good compatibility
of the core and sheath matrix with KET due to hydrogen bonding. The dissolution tests showed an
immediate release of 42.3% of the KET, followed by a sustained release over 10 h. Another study also
demonstrated that the burst release can be prevented by using a blank or low concentration of zein
solution in the sheath [88]. In another study, ferulic acid loaded zein was used as a core fluid and acetic
acid was chosen as sheath fluid to stabilize the outer surface of the fibers [89]. The authors identified
hydrogen bonding as a driving force of encapsulation of fluoric acid into the zein and the strategy of
surface cross-linking was helpful for improving the release rate of the drug from the nanofibers [89].

4. Conclusions, Challenges, and Future Perspectives

In recent years, electrospinning technology has made a significant contribution in drug delivery
applications. Optimization of the various parameters is important to design fibers with the desired
morphology and function. Coaxial electrospinning ensures a homogeneous encapsulation of wide
varieties of drugs into the core-sheath structured nanofiber along with a sustained release. Apart
from drugs, several biomolecules have also been loaded into the core-sheath nanofibers via coaxial
electrospinning. Additionally, some nonspinnable materials can be formed into a fiber structure due to
the protection and guidance of the electrospinnable sheath layer. Easy loading of the drugs, mitigation
of burst release, controlled sustained release, resemblance with the ECM, promotion of cell adhesion,
and migration and proliferation are exciting features of core-sheath nanofibers which make them a
suitable candidate in drug delivery applications.

It is evident from previous studies that core-sheath nanofibers are superior in terms of preserving
the bioactivity of the biomolecules/drugs loaded in the fiber body and release behavior; however, there
are several issues that must be addressed in order to obtain better results in drug delivery applications.
To obtain the desired form of core-sheath nanofibers with satisfactory results, many experimental trails
with different parameters are needed and this is complicated compared to conventional methods. The
selection of core and sheath fluids is also important. The sheath layer may prevent rapid evaporation
of the solvent during coaxial spinning; however, there is a chance that organic solvents will remain.
To date, most reports of core-sheath fibers regarding drug delivery have focused on in vitro studies;
therefore, in vivo studies with relevant preclinical studies are required for practical applications.
Overall, coaxial electrospinning is an effective strategy for drug encapsulation and controlled release
from nanofibers. Proper adjustment of parameters and a correct choice of core and sheath fluids
are suggested to obtain good results, and further investigations and modifications are required to
overcome the challenges in coaxial electrospinning.

Core-sheath devices should be further studied and advanced, in time making them more attractive
for large-scale production. Furthermore, new strategies such as coaxial and tri-axial electrospinning
combined with electrospraying can be adopted to prepare core-sheath fibers from spinnable and
nonspinnable solutions [118,119]. In addition, designing a composite system using nanoparticles,
hydrogels, and nanofibers may lead to significant advances in drug delivery applications. Recently,
similar to the coaxial spinning technique, fabrication of drug loaded core-sheath nanostructures
has been performed via coaxial and modified coaxial electrospraying processes [120,121]. The
coaxial electrospraying method can secure drug entrapment into the core-sheath morphology,
thereby giving the desired release kinetics [120]. Since both electrospinning and electrospraying
are advanced nanofabrication methods that take advantage of the interactions between the working
fluids and electrostatic energy, the contents and strategies reviewed in this paper as regards coaxial
electrospinning and core-sheath nanofibers could also be applicable to coaxial electrospraying and
core-shell nanoparticles.
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