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Abstract: Electrospun nanofiber mats are nowadays often used for biotechnological and biomedical
applications, such as wound healing or tissue engineering. While most studies concentrate on their
chemical and biochemical properties, the physical properties are often measured without long expla-
nations regarding the chosen methods. Here, we give an overview of typical measurements of topo-
logical features such as porosity, pore size, fiber diameter and orientation, hydrophobic/hydrophilic
properties and water uptake, mechanical and electrical properties as well as water vapor and air
permeability. Besides describing typically used methods with potential modifications, we suggest
some low-cost methods as alternatives in cases where special equipment is not available.

Keywords: ImageJ; apparent density; porometer; scanning electron microscopy (SEM); specific
surface area; fast Fourier transform (FFT); water contact angle; surface roughness; tensile test;
conductivity

1. Introduction

Electrospinning allows for producing nanofiber mats from diverse polymers or poly-
mer blends, including various nanoparticles, and in this way tailoring the nanofiber ma-
terials in a broad range [1–3]. Their large specific surfaces as well as other physical and
chemical properties make such nanofiber mats highly suitable for biotechnological and
biomedical applications, such as wound healing or tissue engineering [4–6].

Naturally, nanofiber mats for biomedical applications need special properties, espe-
cially being not cytotoxic, but depending on the exact application, they can be desired
to be biodegradable or waterproof, have antibacterial of fungicide properties, etc. [7–10].
However, their morphological, mechanical and other physical properties may also be
important for the planned application, although these values are often less intensively
investigated than chemical and biochemical properties and often only briefly described
in the methodic sections. Nevertheless, the mechanical properties are decisive for the
lifetime of a nanofibrous product and the limits of its potential application, while cell
adhesion depends on morphological parameters, hydrophobicity and water uptake are
among the parameters controlling liquid transport, which is important for wound dressing,
and porosity and water vapor/air permeability are physical parameters influencing the
filtration of liquids or gases, respectively. The porosity is often mentioned as an important
parameter for wound exudate transport and cell adhesion [11–17]. While the porosity
describes the amount of porous volume inside the nanofiber mat volume, the pore size
distribution is also often taken into account [14–16,18,19]. Other morphological parameters
are the nanofiber diameters [16,20–24] and their orientation [25–27] as well as the surface
roughness and nanofiber mat thickness [28]. Besides such structural features, the hydropho-
bic/hydrophilic properties of nanofiber mats [11,16] and their water uptake [17,24,29]
are often reported. Other often-mentioned parameters are mechanical [11,15,17–21,23,24]
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and electrical properties [18,30] as well as water vapor and air permeability [31,32]. This
review gives an overview of the different measurement methods for these parameters,
discusses differences in the gained results and suggests some less well-known inexpensive
alternatives to the typically used instruments that are not always available for each study.

2. Porosity

The porosity describes the volume of voids inside a given volume of a nanofiber mat.
Firstly, it must be mentioned that there can be open as well as closed pores, the latter of
which are not accessible for all methods described below [33–35]. However, for typical
nanofiber mats, pores can be expected to be openly accessible to any test fluid, so that
for most nanofibrous membranes, no differences between the measurement principles are
expected, whether they take into account closed pores or not.

One of the methods that would also measure closed pores is the Archimedean princi-
ple [36]. Pati et al. used a specific gravity bottle filled with ethanol in which the nanofibrous
scaffold was dipped and afterwards removed again [37]. The porosity was then calculated
according to

Porosity =
(m2 − m3 − mS)

m1 − m3
× 100% (1)

with the mass m1 of the specific gravity bottle filled with ethanol, the mass m2 of the bottle
with ethanol and the scaffold, the mass m3 of the bottle after taking out the scaffold again,
and mS the mass of the scaffold. Dividing both numerator and denominator by the density
of ethanol, it is observable that the porosity is determined as the volume of the ethanol taken
out of the bottle with the scaffold, i.e., of the ethanol that was sticking in its pores, divided
by the volume of the scaffold with ethanol. Safari et al. used the same principle based
on deionized water in which their nanofiber mats were immersed for 15 min, taken out,
quickly dried at the sample surface and weighed, so that the porosity could be calculated
as the mass of the uptaken water, divided by the sample mass [38].

Without directly using the Archimedean principle, Kahdim et al. calculated the
porosity by soaking their nanofiber mats in phosphate-buffered saline (PBS) solution for
24 h, measuring the sample mass before and after PBS uptake and calculating the porosity
according to this fluid uptake and the PBS density [39]. Here, it is not mentioned whether
the samples were also dried on both surfaces before weighing them. Using immersion of
the dried nanofiber mat in n-butanol for 2 h, Wang et al. as well as Chen et al. calculated
the porosity from the densities of membrane and n-butanol as well as the measured dry
and wet mass of the nanofiber mat [40,41].

Other research groups used a similar technique of wetting a sample in a fluid, but
measured the volumes of the fluid instead of the immersed nanofibrous mat. Salehi et al.
calculated the porosity of poly(ε-caprolactone)(PCL)/gelatin nanofiber mats by immersion
in ethanol and calculated the porosity as

Porosity =
V1 − V3
V2 − V3

× 100% (2)

with the initial volume V1 of ethanol, the volume V2 after immersion of the nanofiber mat
and the volume V3 of the ethanol without the soaked mat, taken out after 10 min [42]. Ghaee
et al. also used ethanol to investigate the porosity of their PCL nanofiber mats by this liquid
displacement technique [43], similarly to Esmaeili et al. for cellulose acetate/polyurethane
nanofiber mats [44], while Chen et al. used the same method for their poly(lactic acid)
(PLA)/regenerative cellulose composite scaffolds with hexane instead of ethanol [45].

Several papers mention a gas pycnometer as a possibility to measure the volume
of a porous sample which enables calculating the theoretical density of a sample and
correspondingly the porosity by the formula

Porosity =

(
1 − ρexp

ρtheo

)
× 100% (3)
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with the measured density ρexp and the theoretical density ρtheo of the material under
investigation [46]. The easiest form of a gas pycnometer contains two chambers, one of
them with well-known reference volume, while the sample is introduced into the other
one. A measuring gas is introduced into one of the chambers and allowed to expand into
the second chamber through a valve. The sample volume can then be calculated from the
previously known volumes of the empty sample chamber and the reference chamber as
well as the pressure of the firstly filled chamber and the equilibrium pressure after gas
expansion [47]. While this method thus necessitates more sophisticated equipment than
the previously described methods based on fluids filling the pores of the nanofiber mat, the
latter take more time and are more error prone, especially when the experimental procedure
is not perfectly described, e.g., regarding drying the sample surfaces after dipping or not.

Equation (3) can also be used for other ways to determine the apparent density of
a sample, in the easiest way by measuring its mass as well as its thickness and lateral
dimensions, where the error range is mostly influenced by the thickness measurement,
which will be discussed in Section 8. Nevertheless, this relatively simple method can
be used to give an estimate of the porosity, keeping in mind that irregularities of the
sample thickness and its compressibility will potentially cause deviations from the real
value. Porosity calculations by the apparent density, calculated from the sample volume,
were reported by several research groups for different nanofiber mat materials, such as
polyamide-6/polyvinylpyrrolidone [48], polyurethane [49] or collagen-coated poly(l-lactic
acid)-co-poly(ε-caprolactone) [50].

Besides these methods, which are used to determine 3D pore structures, some papers
also mention calculating the surface porosity, typically based on scanning electron micro-
scope (SEM) images and their evaluation by ImageJ (National Institute of Health, Bethesda,
MD, USA) or partly automated by the plugin DiameterJ [49,51–53].

Finally, a direct measurement of the porosity is enabled by laser metrology, measuring
the surface of an electrospun nanofiber mat on the collector, followed by completely
densifying via heat treatment and afterwards measuring the surface profile again, so that
the porosity can be calculated from the vertical shrinkage [54,55].

3. Pore Size Distribution

While the porosity describes the overall volume of the pores in a given sample, the
pore size distribution is sometimes even more important in biomedical scaffolds since it
defines which pores are available for cells or can release a drug. In the easiest way, pore
sizes are measured on the surface or along cross-sections of samples, typically from SEM
images. Agueda et al. describe that they used ImageJ to investigate pore sizes from 3 areas
per sample from SEM images taken with magnification of 2000× and 5000×, measuring
30 pores per sample [56]. Liu et al. similarly examined pore sizes from SEM images of
their nanofiber mats, taken with magnifications of 5000× and 20,000×, averaging over
100 pore areas [57]. Tahami et al. also used ImageJ to measure pore sizes in SEM images,
while not exactly describing the number of measurements [58], while Stella et al. showed
histograms of the pore size distributions, which in principle allow for counting the number
of measurements per sample, again taken with ImageJ from SEM images [59].

Only a few groups describe how they defined the pore size that they measured. Zhang
et al. described measuring a reversible change in pore size by analyzing 30 pores per
sample with ImageJ in their SEM images by measuring the longest diameter, as shown in
Figure 1a [60]. Havlícek et al., on the other hand, used Matlab to determine the pore sizes as
equivalent circle diameters, i.e., they measured the pore areas and calculated the diameter
of a circle with identical area [61]. Krysiak et al. similarly fitted ellipses to the pores in
the SEM images by ImageJ and calculated their areas [62]. Nejad et al. also worked with
ellipses fitted into the pores (Figure 1b), but gave the larger diameter as the pore size [53].
In some papers, the average pore size could be estimated from SEM images, without a
detailed explanation of how this value was determined [63].
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Figure 1. Scanning electron microscope (SEM) images of nanofiber mats for pore size determination:
(a) covalently crosslinked poly(ε-caprolactone) at a temperature of 60 ◦C, from [58], originally
published under a CC-BY license; (b) polyethylene terephthalate/polycaprolactone blends. From [53],
copyright (2020), with permission from Elsevier.

Due to the broad range of possibilities to define the pore size, it is strongly suggested
to always clearly mention the chosen definition as well as the number of investigated pores
in a paper.

Besides these 2D methods, some groups chose 3D pore measurement methods. One of
them is the Barrett–Joyner–Halenda (BJH) technique, allowing analysis of pores between
1.7 nm and 300 nm [64]. This method is based on N2 adsorption–desorption isotherms,
taken at liquid nitrogen temperature [65–68], i.e., similarly to the Brunauer–Emmett–Teller
(BET) surface area measurements described in the next section. Generally, the BJH method
as well as further developments are based on measuring the film formation on the mesopore
walls in dependence of the condensation pressure, taking into account the so-called Kelvin-
type relation describing capillary condensation, meaning that mesopores covered with
an absorbed fill will instantaneously be filled [68]. In particular, the extended BJH-KJS
(Kruk-Jaroniec and Sayari) method was found to allow for accurately calculating mesopore
volumes [69].

A capillary flow porometer can also be used to investigate the pore sizes of nanofiber
mats [41,70]. In this method, the sample pores are filled with a wetting liquid that is
afterwards blown out of the pores by a pressurized gas or liquid [71], where smaller
pores need a higher pressure to be emptied, i.e., the measured flow rate depends on the
proportion of filled pores that block the flow so that there is zero flow at low pressure,
while at a certain high pressure, all pores are emptied, and the flow rate becomes identical
to the value measured for the dry sample at the same pressure [72]. It should be mentioned
that this method may depend on the wetting fluid [73,74] and the used instrument [75],
and thus, the results should be compared with other methods to evaluate their reliability.

Generally, some other methods are available, although less often reported in the recent
literature, to evaluate the pore size distribution of nanofiber mats, such as mercury intrusion
porosimetry [76]. Another method that is less well-known but often more readily available
than a porometer or nitrogen absorption techniques, is thermoporometry, also known as
thermoporosimetry or cryoporometry [77–80]. This calorimetric method is based on the
melting or freezing point depression of the pore liquid, which can be measured with a
laboratory differential scanning calorimetry (DSC) instrument by fast cooling the sample
wetted with deionized water to −30 ◦C or lower and then slowly (e.g., with a heating rate
of 0.1–1 K/min) heating it up to a temperature slightly above 0 ◦C [81,82]. A summary of
the theory behind the technique can be found elsewhere [83]. Although the DSC results
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are less straightforward to interpret than the results of other techniques [84], some authors
report thermoporometry measurements of nanofiber mats.

Abolhasani et al. used thermoporometry to measure the porosity of poly(vinylidene
fluoride-trifluoroethylene) (P(VDF-TrFE)) nanofiber mats [85]. Gustafsson et al. com-
pared dry- and wet-state porometry methods for the analysis of virus removal filter pa-
per [86]. They found that thermoporometry by DSC is particularly useful to characterize
the pore-size distribution in the wet state. Fashandi et al. mentioned that their originally
hydrophobic polystyrene nanofiber mat was hydrophilized by oxygen plasma treatment to
enable thermoporometric measurements, showing a pore size radius distribution around
20–50 nm [87]. As these few examples show, characterization of the pore size distribution
of nanofiber mats is also possible by using a DSC instrument, which is more often available
in laboratories than more-specialized porometers, etc.; however, care should always be
taken when comparing the results gained with different methods, as the simple comparison
of different pore size definitions in 2D optical methods already showed.

4. Specific Surface Area

Among the very special properties of nanofiber mats is their large specific surface area.
While this value is often mentioned as a reason why nanofiber mats are especially useful
for a certain application, its value is scarcely measured. The most common measurement
technique is based on the aforementioned BET adsorption–desorption isotherms of N2
gas on the sample surface [68,88–94]. Generally, a wider hysteresis loop in the adsorption–
desorption curve indicates a more mesoporous structure of the nanofiber mat [68].

To evaluate these curves, it is necessary to differentiate between the different adsorp-
tion isotherms. Many nanofiber mats reported in the literature belong to type IV [95],
while type I or a pressure-dependent change between these types are also found [96,97].
Differentiation between the different types of adsorption isotherms is possible by fitting
a range of possible equations to the measured curves, while a first idea of the type can
already be gained by looking at the slopes of the measured adsorption–desorption curves
(Figure 2) [98]. For a comprehensive overview of mono- and multi-parametric isotherm
models with the corresponding regression equations, the reader is referred to the review
paper of Al-Ghouti and Da’ana [98].
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While the BET method is based on N2 adsorption–desorption curves, it is also possible
to use the water vapor sorption capacity with a gravimetric analyzer [99]. This dynamic
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measurement technique by an automated gravimetric analyzer is based on an ultrasensitive
micro-balance, measuring the mass change of a sample while the humidity in the sample
chamber is increased from less than 1 to 90% in steps of 10%, where the sample is allowed
to reach equilibrium for 10–20 min per step [100]. Similarly, desorption curves were
measured during decreasing relative humidity. The results, depicted in Figure 3, show
hysteresis curves, but are partly not closed, as opposed to the N2 isotherm curves visible in
Figure 2. These curves were interpreted as type IV, and average pore sizes around 1 nm
were calculated from them [100].
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While the specific surface area is one of the parameters that need special equipment to
being measured, the diameters and orientations of nanofibers in an electrospun membrane
are usually measured from SEM images, as discussed in the next sections.

5. Nanofiber Diameter

The diameters of nanofibers in an electrospun membrane are usually obtained from
SEM images and either given as average with standard deviation or as distribution, some-
times as distribution boxplots [101], but mostly as a histogram. In the latter case, typically
100 or more fiber diameters per sample are measured to prepare a histogram [39,41,48,49,90],
as shown in Figure 4 [53]. In most cases, the diameters are measured manually by Im-
ageJ [14,43,56,57,68], while a few groups mention other software [41,44,90] or do not men-
tion the software used [70]. Only a few papers mention the use of the ImageJ plugin
DiameterJ or Super Pixel, which can in principle be used to automatically measure fiber
diameters from SEM images [51,102–104], possibly because of problems with this auto-
matic fiber detection caused by partial fibers or fiber intersections with dark spots [105].
On the other hand, a few groups suggested their own image analysis tools for this pur-
pose [106,107].
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Figure 4. (a) Digital microscope images for pre-assessing the electrospinning conditions (scale bar:
100 µm, 370×), SEM images (scale bar: 5 µm) and nanofiber diameter histograms of (b) polyethylene
terephthalate (PET), (c) PET/polycaprolactone (PCL) (3:1), (d) PET/PCL (1:1), (e) PET/PCL (1:3),
(f) PCL. From [53], copyright (2020), with permission from Elsevier.

6. Nanofiber Orientation

Oriented nanofibers can be produced, e.g., by a fast rotating collector cylinder. Simi-
larly to the nanofiber diameter distribution, the orientation of the nanofibers in an electro-
spun membrane is also usually determined from SEM images. The fiber orientations can
be measured manually in ImageJ [108] or other software [109]. An interesting possibility
to automatically detect fiber orientations is given by the ImageJ plugin OrientationJ, as
depicted in Figure 5 [105]. While the color-coded fiber images (Figure 5B,C) enable checking
the correctness of the detected orientation, the orientation graphs show the quantitative
evaluation of the fiber orientation.

Membranes 2023, 13, 488 8 of 24 
 

 

 
Figure 5. OrientationJ results: (A) circular color map coding; (B) color map image of batch 1, elec-
trospun with 262 rad/s mandrel rotation speed; (C) color map image of batch 8, electrospun with 
183 rad/s; (D) trace of orientation of batch 1; (E) trace of orientation of batch 8. From [105], copy-
right (2020), with permission from Elsevier. 

Another possibility to evaluate fiber orientation automatically in ImageJ is given by 
the inbuilt fast Fourier transform (FFT) function as well as the Oval Profile plugin to re-
ceive a radial direction intensity plot [110–112], as depicted in Figure 6 [113]. The latter 
can also be given as a polar plot [113], which is often more intuitively understandable. 

 
Figure 6. Fast Fourier transform (FFT) conversion from an SEM image to the intensity spectrum: (a) 
SEM image of nanofiber mat; (b) FFT frequency spectrogram; (c) grey intensity spectrum. From 
[113], copyright (2020), originally published under a CC-BY license. 

These automatic orientation examinations have the advantage of taking into account 
all fiber parts, while manual calculations naturally have to be limited to certain parts of 
the fibers and are thus susceptible to subjective decisions of the evaluator. On the other 
hand, automatic calculations of the fiber orientations are highly error-prone if the fibers 
are too thin, i.e., only a few pixels per diameter, which will lead to favoring 0°, ±45° and 
±90° orientations [110]. Thus, the choice of the images will potentially influence the re-
sults and has to be done with care. 

7. Surface Roughness 
The surface roughness of electrospun nanofiber mats can influence their hydropho-

bicity to a certain extent. When researchers mention measuring the roughness related to 
electrospun nanofiber mats, sometimes the roughness of the whole membrane is meant, 
while in other cases the roughness of single nanofibers is addressed. Correspondingly, 

Figure 5. OrientationJ results: (A) circular color map coding; (B) color map image of batch 1,
electrospun with 262 rad/s mandrel rotation speed; (C) color map image of batch 8, electrospun with
183 rad/s; (D) trace of orientation of batch 1; (E) trace of orientation of batch 8. From [105], copyright
(2020), with permission from Elsevier.
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Another possibility to evaluate fiber orientation automatically in ImageJ is given by
the inbuilt fast Fourier transform (FFT) function as well as the Oval Profile plugin to receive
a radial direction intensity plot [110–112], as depicted in Figure 6 [113]. The latter can also
be given as a polar plot [113], which is often more intuitively understandable.
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Figure 6. Fast Fourier transform (FFT) conversion from an SEM image to the intensity spectrum:
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These automatic orientation examinations have the advantage of taking into account
all fiber parts, while manual calculations naturally have to be limited to certain parts of
the fibers and are thus susceptible to subjective decisions of the evaluator. On the other
hand, automatic calculations of the fiber orientations are highly error-prone if the fibers are
too thin, i.e., only a few pixels per diameter, which will lead to favoring 0◦, ±45◦ and ±90◦

orientations [110]. Thus, the choice of the images will potentially influence the results and
has to be done with care.

7. Surface Roughness

The surface roughness of electrospun nanofiber mats can influence their hydropho-
bicity to a certain extent. When researchers mention measuring the roughness related to
electrospun nanofiber mats, sometimes the roughness of the whole membrane is meant,
while in other cases the roughness of single nanofibers is addressed. Correspondingly,
different measurement methods are necessary to detect these different orders of magnitude
of roughness.

Havlícek et al., e.g., show roughness measurements based on confocal laser scanning
microscope (CLSM) images [61]. As preparation, they coated the investigated samples
with a thin gold layer to enable better visibility of the relatively transparent nanofibers.
In this way, 3D maps of the nanofibrous surfaces were prepared, as depicted in Figure 7,
from which different roughness parameters could be calculated [61]. As the images show,
the resolution of these images is much lower than in SEM images, so that in the lateral
direction, only thicker fibers with diameters of some hundred nanometers are visible. This
technique is thus only suitable to detect the roughness of a whole nanofiber mat, not of a
single nanofiber surface.
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If the latter is required, usually SEM or atomic force microscopy (AFM) images are
investigated. However, some research groups also investigated the surface roughness of
whole nanofiber mats by SEM or AFM.

Field emission SEM (FE-SEM) images were used by Shahverdi et al., who investigated
nanofiber mat surfaces with Fiji software (National Institute of Health, 9000 Rockville Pike,
Bethesda, MD 20892, USA), leading to relatively noisy 3D images for most samples on
which a qualitative comparison of the fiber roughness was performed [114]. El-Morsy
et al. used Gwyddion (http://gwyddion.net/ (accessed on 25 March 2023)) to evaluate FE-
SEM images, showing average roughness Ra of around 100 nm for different fiber material
compositions, again with high noise [115]. Other studies show similarly noisy 3D maps,
created by Gwyddion or other software from SEM images [116], although the noise could be
reduced by using SEM images with higher magnification [117]. Nevertheless, this problem
generally occurs during the transfer of SEM images into 3D maps according to the SEM
grey scales; more realistic 3D maps need more sophisticated model creation [118].

This is why many groups use AFM measurements instead, which directly measure
the fiber heights and where the color code thus directly gives a 3D map of the nanofiber
surfaces [119]. Beigmoradi et al. measured the roughness along the fiber axis, as in-
dicated in Figure 8, and found an average roughness Ra in the range of 0.5–8 nm for
different fibers [120]. As Figure 8 shows, there is no problematic noise that would make
the evaluation unreliable. Nevertheless, it is necessary to obtain AFM images with suffi-
cient resolution [121]; otherwise, nanofiber surface evaluation is not possible with AFM,
either [122].
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Besides the aforementioned methods based on surface images, taken by SEM or AFM,
it is also possible to use a laser surface profilometer. In this way, Kichi et al. reported
roughness Ra in the range of 3–6 µm, i.e., apparently taking into account a larger area of the
nanofiber mat, as could be expected due to the optical measurement and the correspond-
ingly limited resolution [123]. Even a mechanical stylus-based profilometer was used to
measure the roughness of nanofiber mats, finding Ra values around 160–260 nm, however,
for a lateral resolution of approx. 60 µm [124].

As this short overview shows, roughness values can be detected with a broad range of
different techniques, although it is important to mention which resolution can be expected
and whether the measurement was performed over a whole nanofiber mat area or along
single nanofibers.

8. Nanofiber Mat Thickness

While the macroscopic thickness of a nanofiber mat seems to be simply measurable
at first glance, there are, nevertheless, diverse methods with their advantages and disad-
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vantages, sometimes influencing the result by the measurement. One of the problematic
methods is using a micrometer caliper since its pressure limitation is usually not sufficient
to avoid compression of fine nanofiber mats, similarly to microscopic textile fabrics. Liu
et al. tried to compensate for this effect by folding the membranes twice before measuring,
i.e., by measuring four layers instead of only one [57], while other groups did not comment
on this problem [125]. A typical textile thickness measurement instrument, which has a
larger measurement area and causes less pressure on the investigated sample, was applied
by Pakolpakcil et al., who used a digital thickness gauge for nonwovens and measured at
10 points on the nanofiber mat [126].

To fully avoid this influence of the measurement on the measured value, some studies
used optical methods to investigate the thickness of an electrospun membrane. Ryu et al.
applied light transmittance measurements to investigate the sample thickness [127]. For
this, they prepared nanofiber mats with different electrospinning times between 15 min and
75 min, measured their light transmittance and the thickness, the latter by cross-sectional
microscopic images, and used the Beer–Lambert law correlating both values. This enabled
a real-time thickness measurement during electrospinning.

Similarly to the aforementioned roughness measurements, but on larger length scales,
Adhikari used a confocal microscope to measure the height of samples from the z-stacks
along the sample edges [128]. A profilometer was also used to estimate the depth of a
cross-sectional cut by scanning the surface perpendicular to the cut [129]. Naturally, it is
also possible to directly investigate the cross-section along a cut through the nanofiber mats
by SEM [130,131].

9. Hydrophobicity/Hydrophilicity

Hydrophobic or hydrophilic properties of nanofiber mats can be significantly influ-
enced by surface functionalization, e.g., by plasma treatment [132]. The hydrophobic or
hydrophilic properties of nanofiber mats are mostly determined by contact angle mea-
surements, mostly applying the sessile-drop method in which a small droplet (e.g., with
5 µL volume [49,133], sometimes less [43]) is placed on the sample, and a microscope with
camera is used to take photographs from the side, often at defined times, enabling fitting the
contact angles on the photographs. There are also contact measurement instruments that
are commercially available [38,42,44,46,48,108,134]. For custom-made setups, evaluation
of the contact angles is possible with ImageJ, either manually or with a plugin such as
DropSnake [57].

As an example of the time-dependent change in the hydrophobicity of a nanofiber
mat surface, Figure 9 shows measurements taken 5 s and 60 s after the droplet was placed
on the membrane, respectively. While most groups used (deionized) water for their contact
angle measurements [45,53,70,93,133], others chose PBS solution as the right medium for
these examinations [101].
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An interesting alternative to the contact angle measurements is given by the Wilhelmy
plate method, as depicted in Figure 10, for advancing and receding motion [135]. In this
method, a plate is immersed into a fluid or retracted from it, allowing measuring the
dynamic contact angle. This method was used by Kahdim for contact angle measurements
on their nanofibrous scaffolds and showed relatively small standard deviations, i.e., gave
reproducible results [39].
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Interestingly, other typical textile tests regarding the water repellence of macroscopic
textiles, such as the spray test according to AATCC standard test 22 and the water/alcohol
solution resistance test according to AATCC 193 and 118 [136–138], were not found for
electrospun nanofiber mats.

10. Water Uptake

The water uptake of an electrospun nanofiber mat can be defined in different ways—by
the uptake in the pores around the fibers (cf. Section 2), or by the uptake inside the fibers,
causing swelling, which is especially the case for electrospun hydrogels [139]. The water
uptake of the material itself can be tested in the bulk form, e.g., by measuring the water
uptake of a film of the examined material [38]. It is calculated by

Water uptake =
m1 − m0

m0
× 100% (4)

with the masses m0 of the dry sample and m1 of the sample after immersion in water
for a defined time. Often, distilled or deionized water is used, and immersion times are
usually around 1–2 days [38,42,140]. The water uptake may vary upon adding fillers,
such as nanoclays [138]. While typical values of water uptake are around several per-
cent for many materials, it can also be in the range of 200–600% for very hydrophilic,
porous scaffolds [38,43,49,134,141]. For hydrogels, even increasing values of several thou-
sand percent during a few minutes were measured [45,142,143]. Besides water, several
papers used PBS solution for fluid uptake tests since cell cultivation often occurs in this
medium [38,49,101,134].

11. Mechanical Properties

The mechanical properties of electrospun nanofiber mats depend on the fiber material
and orientation, but also on the crystallinity of the fibers. They are mostly investigated
by tensile tests [56,57], often with test speeds of 1–10 mm/min [41,42,90], sometimes
even 20–30 mm/min [46,101], depending on the sample size and elongation at break. A
few papers report measuring stress–strain curves with a constant force ramp rate, e.g.,
0.3 N/min [88].

Safari et al. examined the difference between dry and wet state and found a signif-
icantly higher elongation at break and lower tensile strength in the wet state of Poly(N-
vinylcaprolactam)/poly(vinyl acetate) copolymer nanofiber mats [38]. Zadeh et al. found
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that the percentage of carbon nanotubes in the polyurethane nanofiber mats influenced
Young’s modulus of the investigated samples [49]. Zhang et al. reported high tensile
strength and modulus for PLA, high elongation at break for PCL, and averaged values for
PLA/PCL blends [70]. Bazzi et al. found a significant increase in Young’s modulus and
toughness by adding a small amount of graphene nano-platelets to chitosan/polyvinyl
alcohol electrospun nanofiber mats [68].

A very special tensile test, based on single electrospun fibers, was reported by Mu-
nawar and Schubert [144]. Working with well-aligned fibers, they rolled a fiber bundle for
the tensile testing, clamped it in a single-fiber tensile tester, and afterwards cut the tested
area and weighed the tested part of the fiber bundle to enable calculation of Young’s modu-
lus. In this way, they could measure along the fiber axes instead of taking the mechanical
properties of a whole nanofiber mat, averaging over arbitrary fiber orientation.

Besides these typical textile tests, some authors also report compressive tests of their
samples. This was the case for 3D specimens, e.g., prepared by combining electrospin-
ning and freeze-drying [43,45,133]. Chen et al. investigated cyclic compressive stress–
strain curves on their 3D scaffolds, showing the usual hysteresis loops, as depicted in
Figure 11 [45]. Chen, on the other hand, found super-elastic and shape-recovery properties
and reported enhanced elastic modulus and reduced energy loss during cyclic testing with
a gelatin coating [133].
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calculated from the tensile strength tests [53]. The latter also tested suture retention ac-
cording to ISO 7198:2016 by tensile tests with a well-defined suture thread that was in-
serted 2 mm from the top edge of the electrospun strip, so that the tensile test led to 
pulling the suture through the graft [53]. 

As these examples show, tensile tests are not the only tests possible to be performed 
on electrospun nanofiber mats; however, the most meaningful tests should be chosen for 
the planned application. 

12. Electrical Conductivity 
The conductivity of nanofibers depends on their material, thickness, crystallinity, 

etc. Conductive nanofiber mats can stimulate cell attachment, proliferation and differen-
tiation [145]. This is why the conductivity of electrospun membranes is often measured 
[9]. On the other hand, soft and compressible textile fabrics generally pose a challenge to 
measurements of their conductivity since the contact between the measuring instrument 
and conductive parts of the sample may be prohibited by non-conductive fibers, and the 
fibrous structure reduces the contact area if contact pins are used, as is usual for multi-
meters [146]. Generally, samples can be measured with the two-electrode methods (as in 
common multimeters), the four-electrode method, which is capable of eliminating the 
contact resistance, and methods with even more electrodes [147]. 

Figure 11. Mechanical tests on scaffolds from poly(lactic acid)/regenerated cellulose/citric acid
in a ratio of x:1:1, named PxC1, and un-crosslinked without citric acid. (a) Compressive stress–
strain curves and (b) Young’s modulus of the different scaffolds, * indicating significant differences;
(c) 100 cyclic compressive fatigue tests of P3C1 scaffolds under a compressive strain of 60%; (d) pho-
tographs of the P3C1 scaffolds under a compressing and releasing cycle. From [45], copyright (2020),
with permission from Elsevier.

Besides tensile and compressive tests, some groups also reported bursting tests of
nanofiber mats. Jalalah et al. applied the standard bursting strength test according to ISO
13938-2:1999 and found a linear correlation between nanofiber mat thickness and bursting
strength [89]. Nejad et al. found a significant increase in the bursting strength of their
nanofiber mats by adding PCL to poly(ethylene terephthalate) (PET). It was, however,
calculated from the tensile strength tests [53]. The latter also tested suture retention
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according to ISO 7198:2016 by tensile tests with a well-defined suture thread that was
inserted 2 mm from the top edge of the electrospun strip, so that the tensile test led to
pulling the suture through the graft [53].

As these examples show, tensile tests are not the only tests possible to be performed
on electrospun nanofiber mats; however, the most meaningful tests should be chosen for
the planned application.

12. Electrical Conductivity

The conductivity of nanofibers depends on their material, thickness, crystallinity, etc.
Conductive nanofiber mats can stimulate cell attachment, proliferation and differentia-
tion [145]. This is why the conductivity of electrospun membranes is often measured [9].
On the other hand, soft and compressible textile fabrics generally pose a challenge to
measurements of their conductivity since the contact between the measuring instrument
and conductive parts of the sample may be prohibited by non-conductive fibers, and the
fibrous structure reduces the contact area if contact pins are used, as is usual for multi-
meters [146]. Generally, samples can be measured with the two-electrode methods (as
in common multimeters), the four-electrode method, which is capable of eliminating the
contact resistance, and methods with even more electrodes [147].

The four-wire measurement (also known as four-terminal sensing or four-point probe)
uses two outer current-introducing and two inner voltage-sensing electrodes, in this way
becoming independent from the contact resistances. The van der Pauw method works
similarly: while the four contacts are not aligned but positioned along the sample perimeter,
the van der Pauw method measures the average sample resistivity, whereas the linear
four-point probe method measures the resistivity along the electrode orientation [148].
Due to the expected high contact resistance, textile fabrics should normally be measured
with the linear four-point probe or the van der Pauw method, depending on the desired
information and the sample geometry.

Nevertheless, multimeters are often used to investigate the resistance of electrospun
nanofiber mats, either with constant voltage [133] or by measuring the voltage-dependent
current [68]. Zadeh et al. used a special four-probe cell to measure the sample impedance
in a frequency range from 1 Hz to 100 kHz and calculated the sample resistance from
this curve [49], while Zarei et al. [130] as well as Simsek et al. [149] directly measured the
resistance using a four-probe method.

Munawar et al. decided to use another solution for the potentially high contact
resistance—they coated the ends of the measured nanofiber bundles with silver ink to
increase the conductivity of the contacts, so that they could perform reliable two-point
resistance measurements [144].

Finally, it should be mentioned that in spite of the importance of the conductivity of
electrospun scaffolds, most papers only report on conductivity measurements performed on
the spinning solutions, since this parameter directly influences the electrospinning process.

13. Water Vapor Permeability

The water vapor permeability of an electrospun membrane is correlated with its
porosity and is especially important for wound dressing applications, where too high
water vapor permeability results in fast hydration and thus scars, while too low values let
exudates accumulate and thus increase the risk of infection [150,151]. Quantitatively, the
water vapor transmission should be between 76 and 9360 g/(m2 day) to improve wound
healing [152,153]. Gu et al. reduced this optimum window to 2000–2500 g/(m2 day) [154].

Mostly, the water vapor transmittance is measured by gravimetry, where the sample is
fixed on the opening, with defined diameter (e.g., 1.23 cm), of a round bottle that is filled
with a defined volume of distilled water (e.g., 5 mL) and placed in an oven at typically
37 ◦C for 24 h [155]. The water vapor transmittance (WVTR) is calculated as

WVTR =
−∆W

AT
(5)
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with the mass change −∆W of the water in the container, the exposed area A and the
measurement time T [42]. Usually, the same measurement is performed with an open
container as the reference [155].

Chaiarwut et al. found a WVTR of 9335 g/(m2 day) for the positive control (open
bottle), i.e., the upper border of the desired water vapor transmission to improve wound
healing, and values around 2500 g/(m2 day) for different nanofiber mats from PCL [101].
Samadian et al. reported a similar value for cellulose acetate/gelatin nanofibers [156], as did
Zheng et al. for crosslinked pectin nanofiber mats [157]. Slightly higher values of around
3500 g/(m2 day) were found for polyamide-6/polyvinylpyrrolidone nanofibers [48], while
Esmaeili reported smaller values of around 1300 g/(m2 day) [44]. Salemi et al. used a test
temperature of only 33 ◦C, resulting in lower reference values of around 7440 g/(m2 day)
and around 3600 g/(m2 day) for their poly (caprolactone)/poly (vinyl alcohol)/collagen
nanofiber mats [158].

While this test method, also known as the cup test [159], is most often used to investi-
gate the water vapor permeability of electrospun nanofiber mats, it is nevertheless not free
of potential errors. As Mustapha et al. discussed, the measured water vapor permeability
actually consists of three different resistances: those of the air cavity over the water, then
the actual intrinsic membrane resistance, and finally the boundary air layer resistance,
the latter of which the authors suggested to reduce by introducing a fan blowing the air
above the cups away, while they used an open control cup to measure the air resistance by
comparing the evaporation from this cup with an analytical model [160]. Slightly different
methods are described in ASTM E96-95, where the cup is placed in a desiccator containing
saturated MgCl2 or Mg(NO3)2·6H2O solution to provide a constant relative humidity, and
the water transferred through the film is measured by an analytical balance [161,162]. Other
tests, such as the sweating guarded hot plate test according to ISO 11092, the inverted
cup method, the dynamic moisture permeation cell test method, the desiccant inverted
cup test method, etc., are only scarcely reported for nanofiber mats in the literature [163].
Nevertheless, it is important to mention the method used, since even the methods giving
results in the same units (typically g/(m2 day)) deliver quite different results for identical
samples [164].

14. Air Permeability

Air permeability is one of the parameters often measured for macroscopic textiles, but
less often for electrospun nanofiber mats, potentially because it can partly be estimated
from water vapor transmission tests [153]. Nevertheless, some studies report measuring
the air permeability of nanofibrous scaffolds directly, usually giving the transmitted air
volume per area and time, i.e., in the unit cm3/(cm2 s) or cm/s. Pakolpakcil et al. used a
commercial air permeability tester at a fixed pressure of 100 Pa and a test area of 20 cm2,
resulting in values of around 10–12 cm/s [126]. Using the same parameters, Sun et al.
found values of around 1–3 cm/s for their nanofiber mats electrospun from polyamide and
multi-wall carbon nanotubes [165]. Yardimci et al. combined the same pressure with a test
area of 50 cm2 and found values of around 2.7–2.9 cm/s [166]. Slightly different parameters
of 125 Pa and 38.3 cm2 were used by Kim et al., who measured air permeability values in
the range of 3.6–5.3 cm/s for their polyurethane-coated nanofiber mats [167]. Sarwar et al.,
on the other hand, applied a constant air flow of 2 cm/s and measured the air permeation
in liters per minute [168].

Other methods, such as methods based on falling pistons in a chamber closed by the
investigated textile fabric [169–173], are usually not reported for nanofiber mats.

15. Thermal Properties

The thermal conductivity of an electrospun nanofiber mat is often correlated with its
electrical conductivity; however, in many cases, only the thermal conductivity is measured.
Depending on the planned application, sometimes a high thermal conductivity is sought,

14



Membranes 2023, 13, 488

while often the high porosity of a nanofiber mat, combined with the low thermal conduc-
tivity of most polymers, is used to prepare heat-blocking nanofibrous membranes instead.

Thermal conductivity can be evaluated, e.g., by a diffusivity measurement instrument
at a defined temperature, often not far above the room temperature [174]. Measurements at
high temperatures, however, are also possible using the hot disk method, e.g., using infrared
thermography on the upper side of the sample, which is placed on the hot disk [175–177].
Besides a hot plate to heat up one sample side, a light flash, e.g., from a pulsed xenon lamp,
can also be applied to heat one side of the sample [178–180].

16. Conclusions

The physical parameters that are typically measured on electrospun nanofiber mats
for biotechnological applications can be described as morphology-related ones (porosity,
pore size and specific surface area, fiber diameter and orientation, roughness and thickness
of the nanofiber mat), hydrophobic/hydrophilic properties and water uptake, mechanical
properties, and electric conductivity as well as water vapor and air permeability. Other
potentially interesting properties, such as solute transport, which could be measured in
a side-by-side diffusion chamber [57], are only scarcely reported. Table 1 gives a brief
overview of these properties and typical measurement procedures as well as sample
dimensions and test standards, if mentioned in the papers.

Table 1. Physical properties, typical measurements, sample dimensions and standards.

Physical Property Test Procedures Dimensions, Standards References

Porosity
Fluid uptake [39–45]

Gas pycnometer ASTM D2000 [47]
Apparent density [57]

Pore size distribution
SEM images, ImageJ [52,61]
Thermoporometry [85–87]

Specific surface area BET isotherms [88–90]
Nanofiber diameter SEM images, DiameterJ [51,60]

Nanofiber orientation SEM images, ImageJ [54]

Surface roughness

CLSM [61]
SEM and Fiji software [114]

SEM and Gwyddion software [115,116]
Atomic force microscopy [119–121]

Nanofiber mat thickness
Textile thickness tester [52]

Laser profilometer [54]
Micrometer caliper [57]

Hydrophobicity Sessile drop [43,44,50,53,88]
Water uptake Mass difference dry/wet [140–143]

Mechanical properties Tensile tests

10 mm × 10 mm [131]
15 mm × 20 mm [45]

Length 100 mm, ASTM D882 [46]
10 mm × 30 mm, ASTM D882 [48]
10” × 3”, EN ISO 13934:1:1999 [89]

Electrical conductivity Impedance measurement [88]
Conductivity meter [114]

Water vapor permeability Bottle permeation test 1.18 cm2 [42]
1.77 cm2 [44]

Air permeability Air permeability tester
20 cm2 [126]
50 cm2 [166]

38.3 cm3 [167]

Thermal conductivity Hot plate [175–177]
Light flash [178–180]

Since most of these parameters can be measured in different ways, it is generally
highly recommended to precisely define the measurement technique, regarding the phys-
ical principle, environmental conditions and all parameters that can be modified. This
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should also become a standard when commercial instruments are used but whose exact
function is often not completely known even to the user and cannot be reproduced by other
researchers who do not own the same instrument, or for country-based standards that are
not necessarily available worldwide. Generally, in many cases, more exact descriptions or
definitions of the measured parameters are necessary, e.g., regarding the term “roughness”,
which can mean the surface roughness of a single nanofiber, but also the areal roughness of
a whole nanofiber mat.

Moreover, some of the typical textile test methods, such as the simple spray test or wa-
ter/alcohol test for the determination of the hydrophobicity of a fabric, or tests well-known
from other research areas, such as thermoporometry, should be investigated regarding their
usability for electrospun nanofiber mats, and their limits should be discussed as well as the
possibilities they offer by enabling more tests if highly specialized equipment to measure a
certain parameter is not available.

We hope that this review will encourage colleagues to test some new measurement
techniques and extend their experimental descriptions so that all experiments can be
reproduced by other research groups.

Author Contributions: Conceptualization, L.S. and A.E.; methodology, all authors; formal analysis,
all authors; investigation, all authors; writing—original draft preparation, S.V.L. and A.E.; writing—
review and editing, L.S.; visualization, A.E. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was partly funded by the German Federal Ministry for Economic Affairs and
Energy as part of the Central Innovation Program for SMEs (ZIM) via the AiF, based on a resolution
of the German Bundestag, grant number KK5129703CR0.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: No data were produced in this review paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Teo, W.E.; Ramakrishna, S. A review on electrospinning design and nanofibre assemblies. Nanotechnology 2006, 17, R89. [CrossRef]

[PubMed]
2. Ramakrishna, S.; Fujihara, K.; Teo, W.E.; Yong, T.; Ma, Z.; Ramaseshan, R. Electrospun nanofibers: Solving global issues. Mater.

Today 2006, 9, 40–50. [CrossRef]
3. Grothe, T.; Wehlage, D.; Böhm, T.; Remche, A.; Ehrmann, A. Needleless electrospinning of PAN nanofibre mats. Tekstilec 2017, 60,

290–295. [CrossRef]
4. Klinkhammer, K.; Seiler, N.; Grafahrend, D.; Gerardo-Nava, J.; Mey, J.; Brook, G.A.; Möller, M.; Dalton, P.D.; Klee, D. Deposition

of electrospun fibers on reactive substrates for In Vitro investigations. Tissue Eng. Part C 2009, 15, 77–85. [CrossRef] [PubMed]
5. Mamun, A. Review of possible applications of nanofibrous mats for wound dressings. Tekstilec 2019, 62, 89–100. [CrossRef]
6. Gao, S.T.; Tang, G.S.; Hua, D.W.; Xiong, R.H.; Han, J.Q.; Jiang, S.H.; Zhang, Q.L.; Huang, C.B. Stimuli-responsive bio-based

polymeric systems and their applications. J. Mater. Chem. B 2019, 7, 709–729. [CrossRef]
7. Rasouli, R.; Barhoum, A.; Bechelany, M.; Dufresne, A. Nanofibers for biomedical and healthcare applications. Macromol. Biosci.

2019, 19, 1800256. [CrossRef]
8. Wehlage, D.; Blattner, H.; Mamun, A.; Kutzli, I.; Diestelhorst, E.; Rattenholl, A.; Gudermann, F.; Lütkemeyer, D.; Ehrmann, A. Cell

growth on electrospun nanofiber mats from polyacrylonitrile (PAN) blends. AIMS Bioeng. 2020, 7, 43–54. [CrossRef]
9. Tanzli, E.; Ehrmann, A. Electrospun nanofibrous membranes for tissue engineering and cell growth. Appl. Sci. 2021, 11, 6929.

[CrossRef]
10. Zahedi, P.; Khatibi, A.; Fallah-Darrehchi, M. ANtimicrobial electrospun membranes. In Electrospun and Nanofibrous Membranes;

Elsevier: Amsterdam, The Netherlands, 2023; pp. 501–519.
11. Jafari, S.; Hosseini Salekdeh, S.S.; Solouk, A.; Yousefzadeh, M. Electrospun polyethylene terephthalate (PET) nanofibrous conduit

for biomedical application. Polym. Adv. Technol. 2020, 31, 284–296. [CrossRef]
12. More, N.; Ranglani, D.; Kharche, S.; Kapusetti, G. Electrospun mat of thermal-treatment-induced nanocomposite hydrogel of

polyvinyl alcohol and cerium oxide for biomedical applications. J. Appl. Polym. Sci. 2020, 137, 49426. [CrossRef]
13. Ramos, C.; Lanno, G.-M.; Laidmäe, I.; Meos, A.; Härmas, R.; Kogermann, K. High humidity electrospinning of porous fibers for

tuning the release of drug delivery systems. Int. J. Polym. Mater. Polym. Biomater. 2021, 70, 880–892. [CrossRef]

16



Membranes 2023, 13, 488

14. Chen, S.X.; John, J.V.; McCarthy, A.; Xie, J.W. New forms of electrospun nanofiber materials for biomedical applications. J. Mater.
Chem. B 2020, 8, 3733–3746. [CrossRef]

15. Zou, S.Z.; Wang, X.R.; Fan, S.N.; Yao, X.; Zhang, Y.P.; Shao, H.L. Electrospun regenerated Antheraea pernyi silk fibroin scaffolds
with improved pore size, mechanical properties and cytocompatibility using mesh collectors. J. Mater. Chem. B 2021, 9, 5514–5527.
[CrossRef]

16. Selvaras, T.; Alshamrani, S.A.; Gopal, R.; Jaganathan, S.K.; Sivalingam, S.; Kadiman, S.; Saidin, S. Biodegradable and antithrombo-
genic chitosan/elastin blended polyurethane electrospun membrane for vascular tissue integration. J. Biomed. Mater. Res. B 2023,
111, 1171–1181. [CrossRef]

17. Entekhabi, E.; Nazarpak, M.H.; Shafieian, M.; Mohammadi, H.; Firouzi, M.; Hassannejad, Z. Fabrication and in vitro evaluation
of 3D composite scaffold based on collagen/hyaluronic acid sponge and electrospun polycaprolactone nanofibers for peripheral
nerve regeneration. J. Biomed. Mater. Res. A 2021, 109, 300–312. [CrossRef]

18. Yardimci, A.I. Comparative Study of the Structural, Mechanical and Electrochemical Properties of Polyacrylonitrile (PAN)-Based
Polypyrrole (PPy) and Polyvinylidene Fluoride (PVDF) Electrospun Nanofibers. J. Macromol. Sci. B 2022, 61, 1103–1115. [CrossRef]

19. Zhang, H.N.; Zhang, T.T.; Qiu, Q.H.; Qin, X.H. Quaternary ammonium salt–modified polyacrylonitrile/polycaprolactone
electrospun nanofibers with enhanced antibacterial properties. Text. Res. J. 2021, 91, 2194–2203. [CrossRef]

20. Jirofti, N.; Golandi, M.; Movaffagh, J.; Ahmadi, F.S.; Kalalinia, F. Improvement of the Wound-Healing Process by Curcumin-
Loaded Chitosan/Collagen Blend Electrospun Nanofibers: In Vitro and In Vivo Studies. ACS Biomater. Sci. Eng. 2021, 7, 3886–3897.
[CrossRef]

21. Akbarzadeh, M.; Pezeshki-Modaress, M.; Zandi, M. Biphasic, tough composite core/shell PCL/PVA-GEL nanofibers for
biomedical application. J. Appl. Polym. Sci. 2020, 137, 48713. [CrossRef]

22. Islam, M.A.; Begum, H.A.; Shahid, M.A.; Ali, Y. Antibacterial electrospun nanofibers from poly (vinyl alcohol) and Mikania
micrantha with augmented moisture properties: Formation and evaluation. J. Text. Inst. 2021, 112, 1602–1610. [CrossRef]

23. Stella, S.M.; Vijayalakshi, U. Influence of chemically modified Luffa on the preparation of nanofiber and its biological evaluation
for biomedical applications. J. Biomed. Mater. Res. A 2019, 107, 610–620. [CrossRef] [PubMed]

24. Du, Z.W.; Jia, S.W.; Xiong, P.; Cai, Z.J. Preparation of protein nanoparticle-coated poly(hydroxybutyrate) electrospun nanofiber
based scaffold for biomedical applications. Int. J. Polym. Mater. Polym. Biomater. 2022, 71, 677–691. [CrossRef]

25. Malik, S.; Hussain, T.; Nazir, A.; Khenoussi, N.; Cheema, S.A. Oriented electrospun nanofibers on stand-alone multi-segmented
cylindrical collectors. J. Text. Inst. 2021, 112, 955–964. [CrossRef]

26. Munawar, M.A.; Schubert, D.W. Highly Oriented Electrospun Conductive Nanofibers of Biodegradable Polymers-Revealing the
Electrical Percolation Thresholds. ACS Appl. Polym. Mater. 2021, 3, 2889–2901. [CrossRef]

27. Han, Y.S.; Hong, H.J.; Park, S.M.; Kim, D.S. Metal–Electrolyte Solution Dual-Mode Electrospinning Process for In Situ Fabrication
of Electrospun Bilayer Membrane. Adv. Mater. Interfaces 2020, 7, 2000571. [CrossRef]

28. Maurya, A.K.; Weidenbacher, L.; Spano, F.; Fortunato, G.; Rossi, R.M.; Frenz, M.; Dommann, A.; Neels, A.; Sadeghpour, A.
Structural insights into semicrystalline states of electrospun nanofibers: A multiscale analytical approach. Nanoscale 2019, 15,
7176–7187. [CrossRef]

29. Shao, Z.G.; Chen, J.Y.; Ke, L.-J.; Wang, Q.F.; Wang, X.; Li, W.W.; Zheng, G.F. Directional Transportation in a Self-Pumping Dressing
Based on a Melt Electrospinning Hydrophobic Mesh. ACS Biomater. Sci. Eng. 2021, 7, 5918–5926. [CrossRef]

30. Sengupta, P.; Ghosh, A.; Bose, N.; Mukherjee, S.; Chowdhury, A.R.; Datta, P. A comparative assessment of poly(vinylidene
fluoride)/conducting polymer electrospun nanofiber membranes for biomedical applications. J. Appl. Polym. Sci. 2020, 137, 49115.
[CrossRef]

31. Gwon, G.; Choi, H.J.; Bae, J.H.; Binti Zulkifli, N.A.; Jeong, W.; Yoo, S.S.; Hyun, D.C.; Lee, S.W. An All-Nanofiber-Based Substrate-
Less, Extremely Conformal, and Breathable Organic Field Effect Transistor for Biomedical Applications. Adv. Funct. Mater. 2022,
32, 2204645. [CrossRef]

32. Shi, S.; Si, Y.F.; Han, Y.T.; Wu, T.; Irfan Iqbal, M.; Fei, B.; Li, R.K.Y.; Hu, J.L.; Qu, J.P. Non-Toxic Crosslinking of Electrospun Gelatin
Nanofibers for Tissue Engineering and Biomedicine—A Review. Adv. Mater. 2022, 34, 2107938. [CrossRef]

33. Kim, H.K.; Chung, H.J.; Park, T.G. Biodegradable polymeric microspheres with “open/closed” pores for sustained release of
human growth hormone. J. Control. Release 2006, 112, 167–174. [CrossRef]

34. Kim, Y.J.; Kang, J.H.; Shen, B.W.; Wang, Y.Q.; He, Y.; Lee, M.S. Open–closed switching of synthetic tubular pores. Nat. Commun.
2015, 6, 8650. [CrossRef]

35. Liu, H.; Zhao, X.P. Thermal Conductivity Analysis of High Porosity Structures with Open and Closed Pores. Int. J. Heat Mass
Transf. 2022, 183A, 122089. [CrossRef]

36. Yang, J.; Shi, G.X.; Bei, J.Z.; Wang, S.G.; Cao, Y.L.; Shang, Q.X.; Yang, G.H.; Wang, W.J. Fabrication and surface modification of
macroporous poly(L-lactic acid) and poly(L-lactic-co-glycolic acid) (70/30) cell scaffolds for human skin fibroblast cell culture. J.
Biomed. Mater. Res. 2002, 62, 438–446. [CrossRef]

37. Pati, F.; Adhikari, B.; Dhara, S. Development of chitosan-tripolyphosphate non-woven fibrous scaffolds for tissue engineering
application. J. Mater. Sci. Mater. Med. 2012, 23, 1085–1096. [CrossRef]

38. Safari, S.; Ehsani, M.; Zandi, M. Stimuli-responsive electrospun nanofibers based on PNVCL-PVAc copolymer in biomedical
applications. Prog. Biomater. 2021, 10, 245–258. [CrossRef]

17



Membranes 2023, 13, 488

39. Kahdim, Q.S.; Abdelmoula, N.; Al-Karagoly, H.; Albukhaty, S.; Al-Saaidi, J. Fabrication of a Polycaprolactone/Chitosan Nano
fibrous Scaffold Loaded with Nigella sativa Extract for Biomedical Applications. BioTech 2023, 12, 19. [CrossRef]

40. Wang, N.; Yang, Y.J.; Al-Deyab, S.S.; El-Newehy, M.; Yu, J.Y.; Ding, B. Ultra-light 3D nanofibre-nets binary structured nylon
6–polyacrylonitrile membranes for efficient filtration of fine particulate matter. J. Mater. Chem. A 2015, 3, 23946–23954. [CrossRef]

41. Chen, Y.J.; Mensah, A.; Wang, Q.Q.; Li, D.W.; Qiu, Y.Y.; Wie, Q.F. Hierarchical porous nanofibers containing thymol/beta-
cyclodextrin: Physico-chemical characterization and potential biomedical applications. Mater. Sci. Eng. C 2020, 115, 111155.
[CrossRef]

42. Salehi, M.; Niyakan, M.; Ehterami, A.; Haghi-Daredeh, S.; Nazarnezhad, S.; Abbaszadeh-Goudarzi, G.; Vaez, A.; Hashemi, S.F.;
Rezaei, N.; Mousavi, S.R. Porous electrospun poly(ε-caprolactone)/gelatin nanofibrous mat containing cinnamon for wound
healing application: In vitro and in vivo study. Biomed. Eng. Lett. 2020, 10, 149–161. [CrossRef] [PubMed]

43. Ghaee, A.; Bagheri-Khoulenjani, S.; Afshar, H.A.; Bogheiri, H. Biomimetic nanocomposite scaffolds based on surface modified
PCL-nanofibers containing curcumin embedded in chitosan/gelatin for skin regeneration. Comp. B Eng. 2019, 177, 107339.
[CrossRef]

44. Esmaeili, E.; Eslami-Arshaghi, T.; Hosseinzadeh, S.; Elahirad, E.; Jamalpoor, Z.; Hatamie, S.; Soleimani, M. The biomedical
potential of cellulose acetate/polyurethane nanofibrous mats containing reduced graphene oxide/silver nanocomposites and
curcumin: Antimicrobial performance and cutaneous wound healing. Int. J. Biol. Macromol. 2020, 152, 418–427. [CrossRef]
[PubMed]

45. Chen, J.; Zhang, T.H.; Hua, W.K.; Li, P.Y.; Wang, X.F. 3D Porous poly(lactic acid)/regenerated cellulose composite scaffolds based
on electrospun nanofibers for biomineralization. Colloids Surf. A Physicochem. Eng. Asp. 2020, 585, 124048. [CrossRef]

46. Ahmed, M.K.; Mansour, S.F.; Al-Wafi, R.; Abdel-Fattah, E. Nanofibers scaffolds of co-doped Bi/Sr-hydroxyapatite encapsulated
into polycaprolactone for biomedical applications. J. Mater. Res. Technol. 2021, 13, 2297–2309. [CrossRef]

47. Tamari, S. Optimum design of the constant-volume gas pycnometer for determining the volume of solid particles. Meas. Sci.
Technol. 2004, 15, 549. [CrossRef]

48. Khataei, S.; Al-Musawi, M.H.; Asadi, K.; Ramezani, S.; Abbasian, M.; Ghorbani, M. Effect of molecular weight and content of
polyvinylpyrrolidone on cell proliferation, loading capacity and properties of electrospun green tea essential oil-incorporated
polyamide-6/polyvinylpyrrolidone nanofibers. J. Drug Deliv. Sci. Technol. 2023, 82, 104310. [CrossRef]

49. Zadeh, Z.E.; Solouk, A.; Shafieian, M.; Nazarpak, M.H. Electrospun polyurethane/carbon nanotube composites with different
amounts of carbon nanotubes and almost the same fiber diameter for biomedical applications. Mater. Sci. Eng. C 2021, 118, 111403.
[CrossRef]

50. He, W.; Ma, Z.W.; Yong, T.; Teo, W.E.; Ramakrishna, S. Fabrication of collagen-coated biodegradable polymer nanofiber mesh and
its potential for endothelial cells growth. Biomaterials 2005, 26, 7606–7615. [CrossRef]

51. Hotaling, N.A.; Bharti, K.; Kriel, H.; Simon, C.G., Jr. DiameterJ: A validated open source nanofiber diameter measurement tool.
Biomaterials 2015, 61, 327–338. [CrossRef]

52. Bouchet, M.; Gauthier, M.; Maire, M.; Ajji, A.; Lerouge, S. Towards compliant small-diameter vascular grafts: Predictive analytical
model and experiments. Mater. Sci. Eng. C 2019, 100, 715–723. [CrossRef]

53. Nejad, M.R.; Yousefzadeh, M.; Solouk, A. Electrospun PET/PCL small diameter nanofibrous conduit for biomedical application.
Mater. Sci. Eng. C 2020, 110, 110692. [CrossRef]

54. Liu, Y.; Chaparro, F.J.; Gray, Z.; Gaumer, J.; Cybyk, D.B.; Ross, L.; Gosser, J.; Tian, Z.; Jia, Y.; Dull, T.; et al. 3D reconstruction of
bias effects on porosity, alignment and mesoscale structure in electrospun tubular polycaprolactone. Polymer 2021, 232, 124120.
[CrossRef]

55. Liu, Y.-X.; Chaparro, F.J.; Tian, Z.T.; Jia, Y.Z.; Gosser, J.; Gaumer, J.; Ross, L.; Tafreshi, H.; Lannutti, J.J. Visualization of porosity
and pore size gradients in electrospun scaffolds using laser metrology. PLoS ONE 2023, 18, e0282903. [CrossRef]

56. Agueda, J.R.S.; Madrid, J.; Mondragon, J.M.; Lim, J.; Tan, A.; Wang, I.; Duguran, N.; Bondoc, A. Synthesis and Characterization of
Electrospun Polyvinylidene Fluoride-based (PVDF) Scaffolds for Renal Bioengineering. J. Phys. Conf. Ser. 2021, 2071, 012005.
[CrossRef]

57. Liu, W.Y.; Walker, G.; Price, S.; Yang, X.D.; Li, J.; Bunt, C. Electrospun Membranes as a Porous Barrier for Molecular Transport:
Membrane Characterization and Release Assessment. Pharmaceutics 2021, 13, 916. [CrossRef]

58. Tahami, S.R.; Nemati, N.H.; Keshvari, H.; Khorasani, M.T. Effect of Electrical Potential on the Morphology of Polyvinyl
Alcohol/ Sodium Alginate Electrospun Nanofibers, Containing Herbal Extracts of Calendula Officinalis for Using in Biomedical
Applications. J. Mod. Process. Manuf. Prod. 2020, 9, 43–46.

59. Stella, S.M.; Sridhar, T.M.; Ramprasath, R.; Gimbun, J.; Vijayalakshmi, U. Physio-Chemical and Biological Characterization of
Novel HPC (Hydroxypropylcellulose):HAP (Hydroxyapatite):PLA (Poly Lactic Acid) Electrospun Nanofibers as Implantable
Material for Bone Regenerative Application. Polymers 2023, 15, 155. [CrossRef]

60. Zhang, Q.C.; Rudolph, T.; Benitez, A.J.; Gould, O.E.C.; Behl, M.; Kratz, K.; Lendlein, A. Temperature-controlled reversible
pore size change of electrospun fibrous shape-memory polymer actuator based meshes. Smart Mater. Struct. 2019, 28, 055037.
[CrossRef]

61. Havlícek, K.; Svobodová, L.; Bakalova, T.; Lederer, T. Influence of electrospinning methods on characteristics of polyvinyl butyral
and polyurethane nanofibres essential for biological applications. Mater. Des. 2020, 194, 108898. [CrossRef]

18



Membranes 2023, 13, 488

62. Krysiak, Z.J.; Szewczyk, P.K.; Berniak, K.; Sroczyk, E.A.; Boratyn, E.; Stachewicz, U. Stretchable skin hydrating PVB patches
with controlled pores’ size and shape for deliberate evening primrose oil spreading, transport and release. Biomater. Adv. 2022,
136, 212786. [CrossRef] [PubMed]

63. Chen, Y.J.; Jia, Z.H.; Shafiq, M.; Xie, X.R.; Xiao, X.H.; Castro, R.; Rodrigues, J.; Wu, J.L.; Zhou, G.D.; Mo, X.M. Gas foaming of
electrospun poly(L-lactide-co-caprolactone)/silk fibroin nanofiber scaffolds to promote cellular infiltration and tissue regeneration.
Coll. Surf. B Biointerfaces 2021, 201, 111637. [CrossRef] [PubMed]

64. McLaren, R.L.; Laycock, C.J.; Brousseau, E.; Owen, G.R. Examining slit pore widths within plasma-exfoliated graphitic material
utilising Barrett–Joyner–Halenda analysis. New J. Chem. 2021, 45, 12071–12080. [CrossRef]

65. Yang, H.M.; Song, X.L.; Zhang, X.C.; Ao, W.Q.; Qiu, G.H. Synthesis of vanadium-doped SnO2 nanoparticles by chemical
co-precipitation method. Mater. Lett. 2003, 57, 3124–3127. [CrossRef]

66. Sing, K.S.W.; Williams, R.T. Physisorption Hysteresis Loops and the Characterization of Nanoporous Materials. Absorpt. Sci.
Technol. 2004, 22, 773–782. [CrossRef]

67. Kim, C.-Y.; Lee, J.-K.; Kim, B.-I. Synthesis and pore analysis of aerogel–glass fiber composites by ambient drying method. Colloids
Surf. A Physicochem. Eng. Asp. 2008, 313–314, 179–182. [CrossRef]

68. Bazzi, M.; Shabani, I.; Mohandesi, J.A. Enhanced mechanical properties and electrical conductivity of Chitosan/Polyvinyl Alcohol
electrospun nanofibers by incorporation of graphene nanoplatelets. J. Mech. Behav. Biomed. Mater. 2022, 125, 104975. [CrossRef]

69. Choma, J.; Jaroniec, M.; Burakiewicz-Mortka, W.; Kloske, M. Critical appraisal of classical methods for determination of meso
pore size distributions of MCM-41 materials. Appl. Surf. Sci. 2002, 196, 216–223. [CrossRef]

70. Zhang, S.Y.; Yan, D.; Zhao, L.F.; Lin, J.Y. Composite fibrous membrane comprising PLA and PCL fibers for biomedical application.
Compos. Commun. 2022, 34, 101268. [CrossRef]

71. Peinador, R.I.; Calvo, J.I.; Aim, R.B. Comparison of Capillary Flow Porometry (CFP) and Liquid Extrusion Porometry (LEP)
Techniques for the Characterization of Porous and Face Mask Membranes. Appl. Sci. 2020, 10, 5703. [CrossRef]

72. Jena, A.; Gupta, K. Pore Volume of Nanofiber Nonwovens. Int. Nonwovens J. 2005, 2. [CrossRef]
73. Yunok, T.; Matsumoto, K.; Nakamura, K. Pore Size Distribution Measurements of Nonwoven Fibrous Filter by Differential Flow

Method. Membrane 2004, 29, 227–235. [CrossRef]
74. Fatema, N.; Bhatia, S.K. Comparisons between geotextile pore sizes obtained from capillary flow and dry sieving tests. Geotech.

Test. J. 2019, 43, 853–876. [CrossRef]
75. Kolb, H.E.; Schmitt, R.; Dittler, A.; Kasper, G. On the accuracy of capillary flow porometry for fibrous filter media. Sep. Purif.

Technol. 2018, 199, 198–205. [CrossRef]
76. He, X.; Wang, Y.-n.; Zhou, J.F.; Wang, H.B.; Ding, W.; Shi, B. Suitability of Pore Measurement Methods for Characterizing the

Hierarchical Pore Structure of Leather. J. Am. Leather Chem. Assoc. 2019, 114, 41–47.
77. Liu, Y.; Lannutti, J.J. Characterization of electrospun porosities: Current techniques. In Proceedings of the Nanofiber, Applications

and Related Technologies NART 2021, Istanbul, Turkey, 8–10 September 2021; pp. 54–63.
78. Appell, M.; Jackson, M.A. Applications of Nanoporous Materials in Agriculture. Adv. Appl. Nanotechnol. Agric. 2013, 1143,

167–176.
79. Orsolini, P.; Michen, B.; Huch, A.; Tingaut, P.; Caseri, W.R.; Zimmermann, T. Characterization of Pores in Dense Nanopapers

and Nanofibrillated Cellulose Membranes: A Critical Assessment of Established Methods. ACS Appl. Mater. Interfaces 2015, 7,
25884–25897. [CrossRef]

80. Raja, I.S.; Fathima, N.N. Gelatin–Cerium Oxide Nanocomposite for Enhanced Excisional Wound Healing. ACS Appl. Bio Mater.
2018, 1, 487–495. [CrossRef]

81. Hao, J.J.; Lu, C.X.; Zhou, P.C.; Li, D.H. Pore structure development of polyacrylonitrile nascent fibers in water stretching process.
Thermochim. Acta 2013, 569, 42–47. [CrossRef]

82. Kanungo, I.; Fathima, N.N.; Rao, J.R.; Nair, B.U. Influence of PCL on the material properties of collagen based biocomposites and
in vitro evaluation of drug release. Mater. Sci. Eng. C 2013, 33, 4651–4659. [CrossRef]

83. Landry, M.R. Thermoporometry by differential scanning calorimetry: Experimental considerations and applications. Thermochim.
Acta 2005, 433, 27–50. [CrossRef]

84. Ishikiriyama, K.; Todoki, M. Evaluation of water in silica pores using differential scanning calorimetry. Thermochim. Acta 1995,
256, 213–226. [CrossRef]

85. Abolhasani, M.M.; Naebe, M.; Amiri, M.H.; Shirvanimoghaddam, K.; Anwar, S.; Michels, J.J.; Asadi, K. Hierarchically Structured
Porous Piezoelectric Polymer Nanofibers for Energy Harvesting. Adv. Sci. 2020, 7, 2000517. [CrossRef] [PubMed]

86. Gustafsson, S.; Westermann, F.; Hanrieder, T.; Jung, L.; Ruppach, H.; Mihranyan, A. Comparative Analysis of Dry and Wet
Porometry Methods for Characterization of Regular and Cross-Linked Virus Removal Filter Papers. Membranes 2019, 9, 1.
[CrossRef]

87. Fashandi, H.; Karimi, M. Characterization of porosity of polystyrene fibers electrospun at humid atmosphere. Thermochim. Acta
2012, 547, 38–46. [CrossRef]

88. Balasubramaniam, B.; Kumar, S.A.; Singh, K.A.; Bhunia, S.; Verma, K.; Tian, L.M.; Gupta, R.K.; Gaharwar, A.K. Electrically
Conductive MoS2 Reinforced Polyacrylonitrile Nanofibers for Biomedical Applications. Adv. NanoBiomed Res. 2022, 2, 2100105.
[CrossRef]

19



Membranes 2023, 13, 488

89. Jalalah, M.; Ahmad, A.; Saleem, A.; Bilal Qadir, M.; Khaliq, Z.; Khan, M.Q.; Nazir, A.; Faisal, M.; Alsaiari, M.; Irfan, M.; et al.
Electrospun Nanofiber/Textile Supported Composite Membranes with Improved Mechanical Performance for Biomedical
Applications. Membranes 2022, 12, 1158. [CrossRef]

90. Chen, Y.J.; Qiu, Y.Y.; Chen, W.B.F.; Wei, Q.F. Electrospun thymol-loaded porous cellulose acetate fibers with potential biomedical
applications. Mater. Sci. Eng. C 2020, 109, 110536. [CrossRef]

91. Chen, S.; Shen, L.L.; Huang, D.; Du, J.; Fan, X.X.; Wie, A.L.; Chen, W.Y. Facile synthesis, microstructure, formation mechanism,
in vitro biocompatibility, and drug delivery property of novel dendritic TiO2 nanofibers with ultrahigh surface area. Mater. Sci.
Eng. C 2020, 115, 111100. [CrossRef]

92. Cheng, H.; Li, X.N.; Li, T.H.; Qin, D.F.; Tang, T.F.; Li, Y.P.; Wang, G.X. Electrospun Nanofibers with High Specific Surface Area
to Prepare Modified Electrodes for Electrochemiluminescence Detection of Azithromycin. J. Nanomater. 2021, 2021, 9961663.
[CrossRef]

93. Li, W.Y.; Chao, S.; Li, Y.M.; Bai, F.Q.; Teng, Y.K.; Li, X.; Li, L.J.; Wang, C. Dual-layered composite nanofiber membrane with
Cu-BTC-modified electrospun nanofibers and biopolymeric nanofibers for the removal of uremic toxins and its application in
hemodialysis. J. Membr. Sci. 2022, 642, 119964. [CrossRef]

94. Arabpour, Z.; Baradaran-Rafii, A.; Bakhshaiesh, N.L.; Ai, J.; Ebrahimi-Barough, S.; Malekabadi, H.E.; Nazeri, N.; Vaez, A.;
Salehi, M.; Sefat, F.; et al. Design and characterization of biodegradable multi layered electrospun nanofibers for corneal tissue
engineering applications. J. Biomed. Mater. Res. 2019, 107, 2340–2349. [CrossRef]

95. Lim, S.K.; Hwang, S.-H.; Chang, D.I.; Kim, S.H. Preparation of mesoporous In2O3 nanofibers by electrospinning and their
application as a CO gas sensor. Sens. Actuators B Chem. 2010, 149, 28–33. [CrossRef]

96. Prajapati, Y.N.; Verma, N. Adsorptive desulfurization of diesel oil using nickel nanoparticle-doped activated carbon beads
with/without carbon nanofibers: Effects of adsorbate size and adsorbent texture. Fuel 2017, 189, 186–194. [CrossRef]

97. Othman, F.E.C.; Yusof, N.; Petru, M.; Md Nordin, N.A.H.; Hamid, M.F.; Ismail, A.F.; Rushdan, A.I.; Hassan, S.A. Polyethy
leneimine-impregnated activated carbon nanofiber composited graphene-derived rice husk char for efficient post-combustion
CO2 capture. Nanotechnol. Rev. 2022, 11, 926–944. [CrossRef]

98. Al-Ghouti, M.A.; Da’ana, D.A. Guidelines for the use and interpretation of adsorption isotherm models: A review. J. Hazard.
Mater. 2020, 393, 122383. [CrossRef]

99. Filimon, A.; Olaru, N.; Doroftei, F.; Coroaba, A.; Dunca, S. Processing of quaternized polysulfones solutions as tool in design of
electrospun nanofibers: Microstructural characteristics and antimicrobial activity. J. Mol. Liq. 2021, 330, 115664. [CrossRef]

100. Filimon, A.; Stoica, I.; Onofrei, M.D.; Bargan, A.; Dunca, S. Quaternized polysulfones-based blends: Surface properties and
performance in life quality and environmental applications. Polym. Test. 2018, 71, 285–295. [CrossRef]

101. Chaiarwut, S.; Ekabutr, P.; Chuysinuan, P.; Chanamuangkon, T.; Supaphol, P. Surface immobilization of PCL electrospun
nanofibers with pexiganan for wound dressing. J. Polym. Res. 2021, 28, 344. [CrossRef]

102. Scaffaro, R.; Lopresti, F.; Maio, A.; Botta, L.; Rigogliuso, S.; Ghersi, G. Electrospun PCL/GO-g-PEG structures: Processing-
morphology-properties relationships. Comp. A Appl. Sci. Manuf. 2017, 92, 97–107. [CrossRef]

103. Jia, X.W.; Qin, Z.Y.; Xu, J.X.; Kong, B.H.; Liu, Q.; Wang, H. Preparation and characterization of pea protein isolate-pullulan blend
electrospun nanofiber films. Int. J. Biol. Macromol. 2020, 157, 641–647. [CrossRef] [PubMed]

104. McCarthy, A.; Saldana, L.; McGoldrick, D.; John, J.V.; Kuss, M.; Chen, S.X.; Duan, B.; Carlson, M.A.; Xie, J.W. Large-scale synthesis
of compressible and re-expandable three-dimensional nanofiber matrices. Nano Sel. 2021, 2, 1566–1579. [CrossRef]

105. Dorati, R.; Chiesa, E.; Pisani, S.; Genta, I.; Modena, T.; Bruni, G.; Brambilla, C.R.M.; Benazzo, M.; Conti, B. The Effect of Process
Parameters on Alignment of Tubular Electrospun Nanofibers for Tissue Regeneration Purposes. J. Drug Deliv. Sci. Technol. 2020,
58, 101781. [CrossRef]

106. Murphy, R.; Turcott, A.; Banuelos, L.; Dowey, E.; Goodwin, B.; O’Halloran Cardinal, K. SIMPoly: A Matlab-Based Image Analysis
Tool to Measure Electrospun Polymer Scaffold Fiber Diameter. Tissue Eng. C Methods 2020, 26, 628–636. [CrossRef]

107. Götz, A.; Senz, V.; Schmidt, W.; Huling, J.; Grabow, N.; Illner, S. General image fiber tool: A concept for automated evaluation of
fiber diameters in SEM images. Measurement 2021, 177, 109265. [CrossRef]

108. Li, Y.; Shen, Q.; Shen, J.; Ding, X.B.; Liu, T.; He, J.H.; Zhu, C.Y.; Zhao, D.; Zhu, J.D. Multifunctional Fibroblasts Enhanced via
Thermal and Freeze-Drying Post-treatments of Aligned Electrospun Nanofiber Membranes. Adv. Fiber Mater. 2021, 3, 26–37.
[CrossRef]

109. Cai, Z.J.; Xiong, P.; He, S.Q.; Zhu, C. Improved piezoelectric performances of highly orientated poly(β-hydroxybutyrate)
electrospun nanofiber membrane scaffold blended with multiwalled carbon nanotubes. Mater. Lett. 2019, 240, 213–216. [CrossRef]

110. Hellert, C.; Wortmann, M.; Frese, N.; Grötsch, G.; Cornelißen, C.; Ehrmann, A. Adhesion of Electrospun Poly(acrylonitrile)
Nanofibers on Conductive and Isolating Foil Substrates. Coatings 2021, 11, 249. [CrossRef]

111. Storck, J.L.; Grothe, T.; Mamun, A.; Sabantina, L.; Klöcker, M.; Blachowicz, T.; Ehrmann, A. Orientation of electrospun magnetic
nanofibers near conductive areas. Materials 2020, 13, 47. [CrossRef]

112. Bazrafshan, Z.; Stylios, G.K. Custom-built electrostatics and supplementary bonding in the design of reinforced Collagen-g-P
(methyl methacrylate-co-ethyl acrylate)/nylon 66 core-shell fibers. J. Mech. Behav. Biomed. Mater. 2018, 87, 19–29. [CrossRef]

113. He, H.J.; Wang, Y.M.; Farkas, B.; Nagy, Z.K.; Molnar, K. Analysis and prediction of the diameter and orientation of AC electrospun
nanofibers by response surface methodology. Mater. Des. 2020, 194, 108902. [CrossRef]

20



Membranes 2023, 13, 488

114. Shahverdi, F.; Barati, A.; Salehi, E.; Arjomandzadegan, M. Biaxial electrospun nanofibers based on chitosan-poly (vinyl alcohol)
and poly (E-caprolactone) modified with CeAlO3 nanoparticles as potential wound dressing materials. Int. J. Biol. Macromol. 2022,
221, 736–750. [CrossRef]

115. El-Morsy, M.A.; Afifi, M.; Ahmed, M.K.; Awwad, N.S.; Ibrahium, H.A.; Alqahtani, M.S. Electrospun nanofibrous scaffolds of
polycaprolactone containing binary ions of Pd/vanadate doped hydroxyapatite for biomedical applications. J. Drug Deliv. Sci.
Technol. 2022, 70, 103153. [CrossRef]

116. El-Naggar, M.E.; Shalaby, E.S.; Abd-Al-Aleem, A.H.; Abu-Saied, M.A.; Youssef, A.M. Synthesis of environmentally benign
antimicrobial dressing nanofibers based on polycaprolactone blended with gold nanoparticles and spearmint oil nanoemulsion. J.
Mater. Res. Technol. 2021, 15, 3447–3460. [CrossRef]

117. Teaima, M.H.; Abdelnaby, F.A.; Fadel, M.; El-Nabarawi, M.A.; Shoueir, K.R. Synthesis of Biocompatible and Environmentally
Nanofibrous Mats Loaded with Moxifloxacin as a Model Drug for Biomedical Applications. Pharmaceutics 2020, 12, 1029.
[CrossRef]

118. Sambaer, W.; Zatloukal, M.; Kimmer, D. 3D air filtration modeling for nanofiber based filters in the ultrafine particle size range.
Chem. Eng. Sci. 2012, 82, 299–311. [CrossRef]

119. Joshi, J.; Homburg, S.V.; Ehrmann, A. Atomic force microscopy (AFM) on biopolymers and hydrogels for biotechnological
applications—Possibilities and limits. Polymers 2022, 14, 1267. [CrossRef]

120. Beigmoradi, R.; Samimi, A.; Mohebbi-Kalhori, D. Controllability of the hydrophilic or hydrophobic behavior of the modified
polysulfone electrospun nanofiber mats. Polym. Test. 2021, 93, 106970. [CrossRef]

121. Sharma, D.; Dhingra, S.; Banerjee, A.; Saha, S.; Bhattacharyya, J.; Satapathy, B.K. Designing suture-proof cell-attachable copolymer-
mediated and curcumin- β-cyclodextrin inclusion complex loaded aliphatic polyester-based electrospun antibacterial constructs.
Int. J. Biol. Macromol. 2022, 216, 397–413. [CrossRef]

122. Arumugam, M.; Murugesan, B.; Sivakumar, P.M.; Pandiyan, N.; Chinnalagu, D.K.; Rangasamy, G.; Mahalingam, S. Electrospun
silk fibroin and gelatin blended nanofibers functionalized with noble metal nanoparticles for enhanced biomedical applications.
Process Biochem. 2023, 124, 221–234. [CrossRef]

123. Kichi, M.K.; Torkaman, R.; Mohammadi, H.; Toutounchi, A.; Kharaziha, M.; Alihosseini, F. Electrochemical and in vitro bioactivity
behavior of poly (ε-caprolactone) (PCL)-gelatin-forsterite nano coating on titanium for biomedical application. Mater. Today
Commun. 2020, 24, 101326. [CrossRef]

124. Drobota, M.; Gradinaru, L.M.; Vlad, S.; Bargan, A.; Butnaru, M.; Angheloiu, M.; Afori, M. Preparation and Characterization of
Electrospun Collagen Based Composites for Biomedical Applications. Materials 2020, 13, 3961. [CrossRef] [PubMed]

125. Lasenko, I.; Sanchaniya, J.V.; Kanukuntla, S.P.; Ladani, Y.; Viluma-Gudmona, A.; Kononova, O.; Lusis, V.; Tipans, I.; Selga, T.
The Mechanical Properties of Nanocomposites Reinforced with PA6 Electrospun Nanofibers. Polymers 2023, 15, 673. [CrossRef]
[PubMed]

126. Pakolpakcil, A.; Draczynski, Z.; Szulc, J.; Stawski, D.; Tarzynska, N.; Bednarowicz, A.; Sikorski, D.; Hernandez, C.; Sztajnowski,
S.; Krucinska, I.; et al. An In Vitro Study of Antibacterial Properties of Electrospun Hypericum perforatum Oil-Loaded Poly(lactic
Acid) Nonwovens for Potential Biomedical Applications. Appl. Sci. 2021, 11, 8219. [CrossRef]

127. Ryu, H.I.; Koo, M.S.; Kim, S.J.; Kim, S.K.; Park, Y.-A.; Park, S.M. Uniform-thickness electrospun nanofiber mat production system
based on real-time thickness measurement. Sci. Rep. 2020, 10, 20847. [CrossRef]

128. Adhikari, U.; An, X.X.; Rijal, N.; Hopkins, T.; Khanal, S.; Chavez, T.; Tatu, R.; Sankar, J.; Little, K.J.; Horn, D.B.; et al. Embedding
magnesium metallic particles in polycaprolactone nanofiber mesh improves applicability for biomedical applications. Acta
Biomater. 2019, 98, 215–234. [CrossRef]

129. Sordini, L.; Silva, J.C.; Garrudo, F.F.F.; Rodrigues, C.A.V.; Marques, A.C.; Linhardt, R.J.; Cabral, J.M.S.; Morgado, J.; Castelo
Ferreira, F. PEDOT:PSS-Coated Polybenzimidazole Electroconductive Nanofibers for Biomedical Applications. Polymers 2021,
13, 2786. [CrossRef]

130. Zarei, M.; Samimi, A.; Khorram, M.; Abdi, M.M.; Golestaneh, S.I. Fabrication and characterization of conductive polypyr-
role/chitosan/collagen electrospun nanofiber scaffold for tissue engineering application. Int. J. Biol. Macromol. 2021, 168, 175–186.
[CrossRef]

131. Conte, A.A.; Sun, K.; Hu, X.; Beachley, V.Z. Effects of Fiber Density and Strain Rate on the Mechanical Properties of Electrospun
Polycaprolactone Nanofiber Mats. Front. Chem. 2020, 8, 610. [CrossRef]

132. Mozaffari, A.; Gashti, M.P. Air Plasma Functionalization of Electrospun Nanofibers for Skin Tissue Engineering. Biomedicines
2022, 10, 617. [CrossRef]

133. Chen, S.X.; John, J.V.; McCarthy, A.; Carlson, M.A.; Li, X.W.; Xie, J.W. Fast transformation of 2D nanofiber membranes into
pre-molded 3D scaffolds with biomimetic and oriented porous structure for biomedical applications. Appl. Phys. Rev. 2020,
7, 021406. [CrossRef]

134. Movahedi, M.; Salehi, A.O.M.; Hajipour, F.P.; Etemad, S. Casein release and characterization of electrospun nanofibres for cartilage
tissue engineering. Bull. Mater. Sci. 2022, 45, 76. [CrossRef]

135. Karim, A.M.; Kavehpour, H.P. Effect of viscous force on dynamic contact angle measurement using Wilhelmy plate method.
Colloids Surf. A Physicochem. Eng. Asp. 2018, 548, 54–60. [CrossRef]

21



Membranes 2023, 13, 488

136. Zefirov, V.V.; Lubimtsev, N.A.; Stakhanov, A.I.; Elmanovich, I.V.; Kondratenko, M.S.; Lokshin, B.V.; Gallyamov, M.O.; Khokhlov,
A.R. Durable crosslinked omniphobic coatings on textiles via supercritical carbon dioxide deposition. J. Supercrit. Fluids 2018, 133,
30–37. [CrossRef]

137. Mahltig, B.; Fischer, A. Inorganic/organic polymer coatings for textiles to realize water repellent and antimicrobial properties—A
study with respect to textile comfort. J. Polym. Sci. B Polym. Phys. 2010, 48, 1562–1568. [CrossRef]

138. Liu, Y.Y.; Chen, X.Q.; Xin, J.H. Hydrophobic duck feathers and their simulation on textile substrates for water repellent treatment.
Bioinspiration Biomim. 2008, 3, 046007. [CrossRef]

139. Gashti, M.P.; Dehdast, S.A.; Berenjian, A.; Shabani, M.; Zarinabadi, E.; Fard, G.C. PDDA/Honey Antibacterial Nanofiber
Composites for Diabetic Wound-Healing: Preparation, Characterization, and In Vivo Studies. Gels 2023, 9, 173. [CrossRef]

140. Merin, D.D.; Jose, R.A.; Arulananth, T.S.; Sundarraj, A.A.; Inbamalar, T.M.; Meharie, M.G. Nanoclay-Incorporated Polycaprolac-
tone Matrix via Electrospinning Techniques-Enriched Spectroscopic Responses. J. Nanomater. 2023, 2023, 1194158.

141. Serbezeanu, D.; Vlad-Bubulac, T.; Rusu, D.; Gradisteanu Pircalabioru, G.; Samoila, I.; Dinescu, S.; Aflori, M. Functional Polyimide-
Based Electrospun Fibers for Biomedical Application. Materials 2019, 12, 3201. [CrossRef]

142. Sazegar, M.; Bazgir, S.; Katbab, A.A. Preparation and characterization of water-absorbing gas-assisted electrospun nanofibers
based on poly(vinyl alcohol)/chitosan. Mater. Today Commun. 2020, 25, 101489. [CrossRef]

143. Abdolbaghian, H.; Bazgir, S. Fabrication and characterization of gas-assisted core-shell hydrogel nanofibers as a drug release
system with antibacterial activity. Eur. Polym. J. 2022, 174, 111302. [CrossRef]

144. Munawar, M.A.; Schubert, D.W. Revealing Electrical and Mechanical Performances of Highly Oriented Electrospun Conductive
Nanofibers of Biopolymers with Tunable Diameter. Int. J. Mol. Sci. 2021, 22, 10295. [CrossRef] [PubMed]

145. Pedrotty, D.M.; Koh, J.; Davis, B.H.; Taylor, D.A.; Wolf, P.; Niklason, L.E. Engineering skeletal myoblasts: Roles of threedimensional
culture and electrical stimulation. Am. J. Physiol. Heart Circ. Physiol. 2005, 288, H1620–H1626. [CrossRef] [PubMed]

146. Schwarz-Pfeiffer, A.; Obermann, M.; Weber, M.O.; Ehrmann, A. Smarten up garments through knitting. IOP Conf. Ser. Mater. Sci.
Eng. 2016, 141, 012008. [CrossRef]

147. Tyurin, I.N.; Getmantseva, V.V.; Andreeva, E.G. Van der Pauw Method for Measuring the Electrical Conductivity of Smart Textiles.
Fibre Chem. 2019, 51, 139–146. [CrossRef]

148. Blachowicz, T.; Ehrmann, G.; Ehrmann, A. Recent Developments in Additive Manufacturing of Conductive Polymer Composites.
Macromol. Mater. Eng. 2023, 2200692; early view. [CrossRef]

149. Simsek, M.; von Kruechten, L.; Buchner, M.; Duerkop, A.; Baeumner, A.J.; Wongkaew, N. An efficient post-doping strategy
creating electrospun conductive nanofibers with multi-functionalities for biomedical applications. J. Mater. Chem. C 2019, 7,
9316–9325. [CrossRef]

150. Archana, D.; Dutta, J.; Dutta, P.K. Evaluation of chitosan nano dressing for wound healing: Characterization, in vitro and in vivo
studies. Int. J. Biol. Macromol. 2013, 57, 193–203. [CrossRef]

151. Mi, F.-L.; Shyu, S.-S.; Wu, Y.-B.; Lee, S.-T.; Shyong, J.-Y.; Huang, R.-N. Fabrication and characterization of a sponge-like asymmetric
chitosan membrane as a wound dressing. Biomaterials 2001, 22, 165–173. [CrossRef]

152. Chen, X.; Wang, X.; Wang, S.; Zhang, X.; Yu, J.; Wang, C. Mussel-inspired polydopamine-assisted bromelain immobilization onto
electrospun fibrous membrane for potential application as wound dressing. Mater. Sci. Eng. C. Mater. Biol. Appl. 2020, 110, 110624.
[CrossRef]

153. Zhong, G.F.; Qiu, M.Y.; Zhang, J.B.; Jiang, F.C.; Yue, X.; Huang, C.; Zhao, S.Y.; Zeng, R.; Zhang, C.; Qu, Y. Fabrication and
characterization of PVA@PLA electrospinning nanofibers embedded with Bletilla striata polysaccharide and Rosmarinic acid to
promote wound healing. Int. J. Biol. Macromol. 2023, 234, 123693. [CrossRef]

154. Gu, S.-Y.; Wang, Z.-M.; Ren, J.; Zhang, C.-Y. Electrospinning of gelatin and gelatin/poly(l-lactide) blend and its characteristics for
wound dressing. Mater. Sci. Eng. C 2009, 29, 1822–1828. [CrossRef]

155. Naseri-Nosar, M.; Farzamfar, S.; Sahrapeyma, H.; Ghorbani, S.; Bastami, F.; Vaez, A.; Salehi, M. Cerium oxide nanoparticle-
containing poly (ε-caprolactone)/gelatin electrospun film as a potential wound dressing material: In vitro and in vivo evaluation.
Mater. Sci. Eng. C 2017, 81, 366–372. [CrossRef]

156. Samadian, H.; Zamiri, S.; Ehterami, A.; Farzamfar, S.; Vaez, A.; Khastar, H.; Alam, M.; Ai, A.; Derakhshankhah, H.; Allahyari,
Z.; et al. Electrospun cellulose acetate/gelatin nanofibrous wound dressing containing berberine for diabetic foot ulcer healing:
In vitro and in vivo studies. Sci. Rep. 2020, 10, 8312. [CrossRef]

157. Zheng, J.; Yang, Y.W.; Shi, X.Q.; Xie, Z.G.; Hu, J.L.; Liu, Y.C. Effects of preparation parameters on the properties of the crosslinked
pectin nanofiber mats. Carbohydr. Polym. 2021, 269, 118314. [CrossRef]

158. Salemi, M.S.; Bahrami, G.; Arkan, E.; Izadi, Z.; Miraghaee, S.; Samadian, H. Co-electrospun nanofibrous mats loaded with bitter
gourd (Momordica charantia) extract as the wound dressing materials: In vitro and in vivo study. BMC Complement. Med. Ther.
2021, 21, 111. [CrossRef]

159. Xia, Y.; He, L.F.; Feng, J.D.; Xu, S.J.; Yao, L.R.; Pan, G.W. Waterproof and Moisture-Permeable Polyurethane Nanofiber Membrane
with High Strength, Launderability, and Durable Antimicrobial Properties. Nanomaterials 2022, 12, 1813. [CrossRef]

160. Mustapha, R.; Zoughaib, A.; Ghaddar, N.; Ghali, K. Modified upright cup method for testing water vapor permeability in porous
membranes. Energy 2020, 195, 117057. [CrossRef]

161. Beristain-Bauza, S.C.; Mani-López, E.; Palou, E.; López-Malo, A. Antimicrobial activity and physical properties of protein films
added with cell-free supernatant of Lactobacillus rhamnosus. Food Control 2016, 62, 44–51. [CrossRef]

22



Membranes 2023, 13, 488

162. Shekarabi, A.S.; Oromiehie, A.R.; Vaziri, A.; Ardjmand, M.; Safekordi, A.A. Investigation of the effect of nanoclay on the properties
of quince seed mucilage edible films. Food Sci. Nutr. 2014, 2, 821–827. [CrossRef]

163. Sabantina, L.; Hes, L.; Mirasol, J.R.; Cordero, T.; Ehrmann, A. Water Vapor Permeability through PAN Nanofiber Mat with
Varying Membrane-Like Areas. Fibres Text. East. Eur. 2019, 27, 12–15. [CrossRef]

164. Huang, J.H.; Qian, X.M. Comparison of Test Methods for Measuring Water Vapor Permeability of Fabrics. Text. Res. J. 2008, 78,
342–352. [CrossRef]

165. Sun, N.; Wang, G.-G.; Zhao, H.-X.; Cai, Y.-W.; Li, J.-Z.; Li, G.-Z.; Zhang, X.-N.; Wang, B.-L.; Han, J.-C.; Wang, Y.H.; et al. Waterproof,
breathable and washable triboelectric nanogenerator based on electrospun nanofiber films for wearable electronics. Nano Energy
2021, 90, 106639. [CrossRef]

166. Yardimci, A.I.; Durmus, A.; Kayhan, M.; Tarhan, O. Antibacterial Activity of AgNO3 Incorporated Polyacrylonitrile/Polyvinylidene
Fluoride (PAN/PVDF) Electrospun Nanofibrous Membranes and Their Air Permeability Properties. J. Macromol. Sci. B 2022, 61,
749–762. [CrossRef]

167. Kim, H.J.; Park, S.H. Reinforced tensile strength and wettability of nanofibrous electrospun cellulose acetate by coating with
waterborne polyurethane and graphene oxide. J. Eng. Fibers Fabr. 2022, 17, 15589250221127353. [CrossRef]

168. Sarwar, M.N.; Ali, H.G.; Ullah, S.; Yamashita, K.; Shahbaz, A.; Nisar, U.; Hashmi, M.; Kim, I.-S. Electrospun PVA/CuONPs/Bitter
Gourd Nanofibers with Improved Cytocompatibility and Antibacterial Properties: Application as Antibacterial Wound Dressing.
Polymers 2022, 14, 1361. [CrossRef]

169. Kawabata, S. Method and Apparatus for Measuring Air Permeability of Fiber Material Such as Cloth or Nonwoven Fabric of
Every Kind. Patent No. JPH056133B2, 14 December 1987.

170. Wang, Y.W.; Pan, J.Q.; Liu, H.Y.; Liu, K.; Huang, F.H.; Niu, S.X.; Cheng, G.Y.; Wang, D.D. Test Equipment Used for Air Circulation
Performance of Diesel Soot Particulate Filter. Patent CN108019263A, 11 May 2018.

171. Wagner, C.G.; Cain, D.E. Method and Apparatus for Determining Permeability and Thickness of Refractory Coatings on Foundry
Molds and Cores. U.S. Patent US4366703A, 4 January 1983.

172. Lyu, L.X.; Daichi, K.; Yang, Y.; Xu, T. Gas Permeability Detecting Device and Determination Method for Tissue Engineering
Porous Scaffold. Patent CN106596374A, 26 April 2017.

173. Sabantina, L.; Ehrmann, A. New testing device for air permeability. Commun. Dev. Assem. Text. Prod. 2023, in print.
174. Lv, X.H.; Tang, Y.; Tian, Q.F.; Wang, Y.P.; Ding, T. Ultra-stretchable membrane with high electrical and thermal conductivity via

electrospinning and in-situ nanosilver deposition. Compos. Sci. Technol. 2020, 200, 108414. [CrossRef]
175. Zhang, X.S.; Wang, B.; Wu, N.; Han, C.; Wu, C.Z.; Wang, Y.D. Flexible and thermal-stable SiZrOC nanofiber membranes with low

thermal conductivity at high-temperature. J. Europ. Ceram. Soc. 2020, 40, 1877–1885. [CrossRef]
176. Li, Z.J.; Cheng, B.; Ju, J.G.; Kang, W.M.; Liu, Y. Development of a novel multi-scale structured superhydrophobic nanofiber

membrane with enhanced thermal efficiency and high flux for membrane distillation. Desalination 2021, 501, 114834. [CrossRef]
177. Han, Z.Y.; Cheng, Z.Q.; Chen, Y.; Liang, Z.W.; Li, H.F.; Ma, Y.J.; Feng, X. Fabrication of highly pressure-sensitive, hydrophobic,

and flexible 3D carbon nanofiber networks by electrospinning for human physiological signal monitoring. Nanoscale 2019, 11,
5942–5950. [CrossRef]

178. Datsyuk, V.; Trotsenko, S.; Trakakis, G.; Boden, A.; Vyzas-Asimakopoulos, K.; Parthenios, J.; Galiotis, C.; Reich, S.; Papagelis,
K. Thermal properties enhancement of epoxy resins by incorporating polybenzimidazole nanofibers filled with graphene and
carbon nanotubes as reinforcing material. Polym. Test. 2020, 82, 106317. [CrossRef]

179. Yang, G.; Zhang, X.D.; Shang, Y.; Xu, P.H.; Pan, D.; Su, F.M.; Ji, Y.X.; Feng, Y.Z.; Liu, Y.Z.; Liu, C.T. Highly thermally conductive
polyvinyl alcohol/boron nitride nanocomposites with interconnection oriented boron nitride nanoplatelets. Compos. Sci. Technol.
2021, 201, 108521. [CrossRef]

180. Yin, C.-G.; Ma, Y.; Liu, Z.-J.; Fan, J.-C.; Shi, P.-H.; Xu, Q.-J.; Min, Y.-L. Multifunctional boron nitride nanosheet/polymer composite
nanofiber membranes. Polymer 2019, 162, 100–107. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

23





Citation: Stoyanova, N.; Spasova, M.;

Manolova, N.; Rashkov, I.; Taneva, S.;

Momchilova, S.; Georgieva, A.

Physico-Chemical, Mechanical, and

Biological Properties of

Polylactide/Portulaca oleracea Extract

Electrospun Fibers. Membranes 2023,

13, 298. https://doi.org/10.3390/

membranes13030298

Academic Editor: Andrea Ehrmann

Received: 21 January 2023

Revised: 25 February 2023

Accepted: 28 February 2023

Published: 2 March 2023

Copyright: © 2023 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 (https://

creativecommons.org/licenses/by/

4.0/).

membranes

Article

Physico-Chemical, Mechanical, and Biological Properties of
Polylactide/Portulaca oleracea Extract Electrospun Fibers
Nikoleta Stoyanova 1 , Mariya Spasova 1,* , Nevena Manolova 1 , Iliya Rashkov 1 , Sabina Taneva 2,
Svetlana Momchilova 2 and Ani Georgieva 3

1 Laboratory of Bioactive Polymers, Institute of Polymers, Bulgarian Academy of Sciences, Acad. G. Bonchev
Street, bl. 103, BG-1113 Sofia, Bulgaria

2 Department of Lipid Chemistry, Institute of Organic Chemistry with Centre of Phytochemistry, Bulgarian
Academy of Sciences, Acad. G. Bonchev Street, bl. 9, BG-1113 Sofia, Bulgaria

3 Institute of Experimental Morphology, Pathology and Anthropology with Museum, Bulgarian Academy of
Sciences, Acad. G. Bonchev Street, bl. 25, BG-1113 Sofia, Bulgaria

* Correspondence: mspasova@polymer.bas.bg; Fax: +359-(0)2-8700309

Abstract: Electrospinning was used to create fibrous polylactide (PLA) materials loaded with Portulaca
oleracea (P. oleracea) plant extract obtained by supercritical carbon dioxide. Morphological, physico-
chemical, mechanical, and biological characteristics of the fibers were studied. According to the SEM
results, the diameters of smooth and defect-free fibers fabricated by a one-pot electrospinning method
were at micron scale. All the obtained materials possess good mechanical properties. Additionally, it
was found that the composite fibers exhibited considerable antioxidant activity. The antimicrobial
activity of the fibrous materials against Gram-positive and Gram-negative bacteria was determined
as well. In vitro studies showed that the electrospun biomaterials had no cytotoxic effects and that
the combination of PLA and the P. oleracea extract in the fiber structure promoted cell survival
and proliferation of normal mouse fibroblasts. The obtained results reveal that microfibrous mats
containing the polyester—PLA and the plant extract—P. oleracea can be suitable for applications in
wound healing.

Keywords: plant extract; Portulaca oleracea; polyester; electrospinning; normal fibroblasts; wound healing

1. Introduction

Portulaca oleracea (known as purslane) is a herbaceous annual that is distributed all
over the world [1]. Purslane is grown as a specialty crop recognized for its dietary and
therapeutic benefits, especially in Asia and in Mediterranean countries [2]. This herb is
a rich source of essential nutrients, mainly minerals [3,4], vitamins A, C, E, and B, and
omega-3 fatty acids [5,6], and contains bioactive phytochemicals such as carotenoids and
phenolic antioxidants with proven health benefits [7,8]. Various parts of this herb possess
antioxidant, anti-inflammatory, antitumor, antidiabetic, hepatoprotective, anti-insomnia,
analgesic, skeletal muscle-relaxant, gastroprotective, neuroprotective, wound-healing, and
antiseptic properties [9–12].

Biodegradable polymers (synthetic or natural) have attracted considerable interest in
recent years. They find diverse applications in packaging, agriculture, medicine, etc. [13].
Due to their significant diversity and synthetic versatility, aliphatic polyesters are the
most extensively investigated class of biodegradable polymers [14]. Polylactide (PLA) is
a polymer derived from renewable resources that belongs to the class of biodegradable
aliphatic polyesters. This polymer and its copolymers are extensively used as advanced
drug delivery carriers [15].

In recent years, the electrospinning method has gained much attention due to the
fact that it allows facile fabrication of continuous fibers with diameters ranging from
tens of nanometers to several micrometers. This electrohydrodynamic process uses the
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application of a high voltage to generate a jet from polymer solution or melt which is highly
stretched and elongated to generate nano- and microfibers [16]. Because of their beneficial
characteristics such as a large surface-area-to-volume ratio and a high porosity with small
pore size, the electrospun fibrous materials find applications in drug delivery [17], tissue
engineering [18], cosmetics [19], filtration [20], protective clothing [21], food packaging [22],
etc. The use of electrospun nano- and microfibers in the pharmaceutical industry has
increased recently [23]. Antibiotics [24], proteins [25], extracts [26], DNA [27], RNA, and
anticancer drugs [28,29], along with other bioactive substances [30], have been loaded in
electrospun nanofibers to treat diverse diseases.

The preparation of PLA-based nanofibrous materials by the electrospinning technique
has received growing attention [31]. The morphology of the PLA mats and their properties
are affected by a variety of factors such as viscosity, conductivity, polymer concentration,
surface tension, and solvent system [32]. Electrospun PLA nano- and microfibers possess
biodegradability, biocompatibility, non-toxicity, and good thermo-mechanical properties,
combined with high specific surface area, and therefore have been widely investigated for
biomedical applications as wound dressings [33], drug carriers [34], and tissue engineering
scaffolds [35], as well as membranes for separation [36]. However, studies reporting the
incorporation of plant extracts in the PLA-based electrospun fibrous materials are scarce.

Plant species have been used medicinally since ancient times because of the better
patient tolerance and acceptance. There are four main natural product sources: plants,
animals, sea species, and microbes [37]. They show a remarkable variety in chemical
composition and structure. Electrospinning can increase the therapeutic potential of plant
extracts by encapsulating them in suitable polymer matrixes and in this way improving
their bioavailability and maintaining the needed concentration of bioactive compound at
the target area [38].

To our knowledge, there is only one study in the literature, which was carried out
by us, reporting the incorporation of the P. oleracea plant extract in electrospun polymer
fibers. Recently, we have performed experiments to find the optimal process conditions
for the encapsulation of the P. oleracea extract in a suitable polymer matrix [39]. The
effect of the extract concentration on the morphology and some properties of the obtained
materials were determined. The novelty of the present study consists in revealing the
physico-chemical, thermal, mechanical, and biological properties of recently developed
PLA/P. oleracea fibrous materials, and in studying their potential for their application in
the biomedical field.

2. Materials and Methods
2.1. Used Materials

The following materials have been used in the present study without further purifica-
tion: PLA (Ingeo™ Biopolymer 4032D, NatureWorks, Minnetonka, MN, USA;
Mw = 259,000 g mol−1, Mw/Mn = 1.94, as determined using size-exclusion chromatogra-
phy with polystyrene standards), methylene chloride (DCM; Merck, Darmstadt, Germany),
and ethanol absolute (Merck, Darmstadt, Germany).

Purslane plant material was collected in the Novo Zhelezare area (Plovdiv region,
Bulgaria). Using a SEPAREX (France) high-pressure extractor with a 2 L extraction vessel
and operating at a pressure of up to 1000 bar, 800 g of air-dried plant leaves and stems were
milled and extracted with supercritical CO2. The supercritical extraction was conducted
for 2 h at a pressure of 400 bar and a temperature of 80 ◦C.

DPPH (2,2-diphenyl-1-picrylhydrazyl) and a reference mixture of fatty acid methyl
esters from Sigma-Aldrich (Darmstadt, Germany), ethidium bromide (EtBr; Sigma Chem-
ical, Balcatta, WA, Australia), and acridine orange (AO; Sigma Chemical, Balcatta, WA,
Australia) were used without additional purification as they were of analytical grade.
Penicillin and streptomycin (LONZA, Cologne, Germany) antibiotics and fetal calf serum
(FCS; Gibco, Wien, Austria) were added to Dulbecco Modified Eagle’s Medium (DMEM;
Sigma-Aldrich, Darmstadt, Germany).
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The mouse BALB/3T3 clone A31 cell line (ATCC, CCL-163) was obtained from the
American Type Cultures Collection (ATCC, Rockville, MD, USA).

Staphylococcus aureus (S. aureus) 749 and Escherichia coli 3588 (E. coli) 74 were pur-
chased from the National Bank for Industrial Microorganisms and Cell Cultures (NBIMCC),
Sofia, Bulgaria.

2.2. Electrospinning for Preparation of Fibrous Mats

Fibrous PLA and PLA/P. oleracea materials were obtained by electrospinning, as
described in detail elsewhere [39]. In brief, prior to electrospinning, the following solutions
were prepared: (i) PLA (10 wt%) and (ii) PLA (10 wt%)/P. oleracea (7.5 wt% with respect
to PLA weight). A mixed solution of DCM and EtOH (90/10 w/w) was used for the
dissolution of the polymer and the extract.

The obtained PLA or PLA/P. oleracea solutions were put in a syringe (5 mL) fitted with
a metal needle (gauge size: 20GX1 1

2 ”) connected to the positively charged electrode of a
high-voltage power supply (up to 30 kV). A grounded drum with a diameter of 45 mm
was positioned 15 cm away from the needle tip, rotating at a constant speed of 1000 rpm.
An infusion pump (NE-300 Just InfusionTM syringe pump, New Era Pump Systems Inc.,
Farmingdale, NY, USA) was used to supply the spinning solution at a regulated feed rate
of 3 mL/h at a constant applied voltage of 25 kV, at a room temperature of 21 ◦C, and at a
relative humidity of 52%.

2.3. Characterization of the Materials

The spinning solutions’ dynamic viscosity measurements were performed via a Brook-
field DV-II+ Pro programmable viscometer equipped with a sample thermostatic cup and a
cone spindle for the one/plate option, at room temperature (25 ◦C).

Scanning electron microscopy (SEM) was used to evaluate the fibers’ morphology.
Before the sample observation, the fibrous materials were vacuum-coated with a fine gold
layer and analyzed using a Jeol JSM-5510 scanning electron microscope (JEOL Co., Ltd.,
Tokyo, Japan).

Using the ImageJ software [40], at least 50 fibers from SEM micrographs were evaluated
in order to determine the average fiber diameter, fiber distribution, and morphology
according to the previously reported criteria for the complex evaluation of electrospun
mats [41].

Surface wettability analysis was used in order to evaluate the static contact angle via
a DSA 10-MK2 drop shape analyzer system (Krüss, Hamburg, Germany) at 20 ± 0.2 ◦C.
Contact angles of the fibrous materials were measured by dropping a deionized water
droplet (10 µL) controlled by a computer dosing system on the surface. The droplet’s
temporal photographs were captured. Computer analysis of the obtained pictures was
used in order to determine the contact angles. The final results represented an average of
20 measurements taken on various regions of the mat surfaces.

Thermogravimetric analysis (TGA) was carried out on the Perkin Elmer TGA 4000
(Waltham, MA, USA) at a 10 ◦C/min heating rate under argon at a flow of 60 mL/min. Pyris
v. 11.0.0.0449 software was used for instrument control, data collecting, and data processing.

The mechanical properties of the fibrous materials were determined via tensile mea-
surements performed in a single column system for mechanical testing, the INSTRON
3344, equipped with a loading cell of 50 N and the Bluehill universal software. The initial
length between the clamps was 40 mm and the used stretching rate was 10 mm/min.
The fibrous samples were cut in the direction of the collector rotation with dimensions
of 20 × 60 mm2. A Digital Thickness Gauge FD 50 (Kafer GmbH, München, Germany)
was used to determine the thickness of the fibrous materials. The average thickness was
ca. 300 µm ± 20 nm. For the sake of statistical significance, 10 specimens of each sample
were tested, after which the average values of Young’s modulus, the ultimate stress, and
maximum deformation at break were determined.
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The antioxidative properties of the materials was evaluated using the 2,2-diphenyl-1-
picryl-hydrazyl-hydrate (DPPH) free radical method. A volume of 0.5 mL of an ethanol
solution of P. oleracea (0.375 mg) was mixed with 2.5 mL of an ethanol solution of DPPH
at a concentration of 1 × 104 mol L−1. Three milliliters of DPPH solution in ethanol was
added to PLA (5 mg mat) or PLA/P. oleracea (5 mg mat containing 0.375 mg of P. oleracea)
fibrous mats. The as-prepared blended solutions were incubated in the dark for half an
hour at room temperature (21 ◦C). Using a DU 800 UV-visible spectrophotometer (Beckman
Coulter, Brea, CA, USA), the amount of DPPH radicals left in the solution was determined.
The following equation was used to assess the antioxidant activity (AA):

Inhibition, AA, % =



(ADPPH − Asample

)

ADPPH


 × 100 , (1)

where Asample is the absorbance for the DPPH• solution at 517 nm after the addition of the
solution containing plant extract or fibrous materials, and ADPPH is the absorbance for the
DPPH• solution at 517 nm. Experiments were performed in triplicate.

2.4. Determination of Fatty Acids Composition and Acid Value

Gas chromatography (GC) with a flame ionization detector was used for the determina-
tion of fatty acids composition after acid-catalyzed transesterification of plant supercritical
CO2 extract to methyl esters [42]. Prior to GC analysis, fatty acid methyl esters (FAME)
were purified by preparative thin-layer chromatography on a silica gel plate using a mobile
phase of hexane-acetone (100:6 v/v). GC was conducted on a Shimadzu GC 2030 chromato-
graph equipped with a flame ionization detector and a Simplicity Wax capillary column
(30 m × 0.32 mm × 0.25 µm, Supelco). The operating temperature program was a gradient
from 170 ◦C to 260 ◦C at 2 ◦C/min and 5 min held at the final temperature. The injector
and detector temperatures were 260 ◦C and 280 ◦C, respectively. Nitrogen was used as a
carrier gas at 0.6 mL/min flow rate, with a split ratio of 1:50. Peak identification was done
according to retention times and compared to that of a standard FAME mixture. The acid
value (AV) was estimated by titration with ethanolic KOH.

2.5. Antibacterial Activity Assessment

The antibacterial activities of the electrospun mats were determined against the Gram-
positive bacteria S. aureus 749 and Gram-negative bacteria E. coli 3588 by applying the
disk diffusion assay. For that purpose, in vitro studies were performed using the Tryptone
glucose extract agar (DIFCO Laboratories, Detroit, MI, USA) solid medium. The surface of
the solid agar was inoculated with a suspension of cell culture with a cell concentration
of 1 × 105 cells/mL. Within 5–10 min after inoculation, PLA mat and PLA/P. oleracea
were placed on the inoculated surface (one disc with a diameter of 17 mm and weight of
5.0 mg per Petri dish). The Petri dishes were incubated for 24 h at 37 ◦C. Subsequently, the
diameters of the inhibition zones around the disks were observed.

2.6. Dual Staining Using AO and EtBr

Dual staining of mouse BALB/c 3T3 fibroblast cells was performed using acridine-
orange (AO) and ethidium bromide (EtBr) in order to evaluate cell death. The cells were
plated at a concentration of 2 × 105 cells × mL−1 Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) on glass lamellas, placed at
the bottom of 24-well plates, and incubated at 37 ◦C for 24 h in a CO2 incubator to form a
monolayer. PLA and PLA/P. oleracea fibrous mats were then sterilized using UV light and
placed in the 24-well plates for additional 24 h of incubation. After that, the electrospun
mats were removed and glass lamellas were washed twice with phosphate-buffered saline
(PBS, pH 7.4) to remove unattached cells. Subsequently, the lamellas were stained with
AO and EtBr at a ratio of 1:1 (10 µg/mL), and were observed on a fluorescence microscope
(Leika DM 5000B, Wetzlar, Germany).
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2.7. Mouse Fibroblast Adhesion on the Fibrous Surface

The adhesion of mouse BALB/3T3 cells on the surface of PLA and a PLA/P. oleracea
fibrous mat was monitored by direct SEM observation. For that purpose, the fibrous
samples were placed in 24-well tissue culture plates (Falcon Becton Dickinson, USA). A
total of 2 × 105 cells per well were seeded on each sample and cultured for 72 h in 1 mL
DMEM with 10% FBS. In order to prevent the mats from floating, thin Teflon rings adapted
to the inner diameter of the wells were used. The samples were fixed after 72 h of incubation
with 2.5 wt% glutaraldehyde solution in saline at 4 ◦C for 4 h. Then, the samples were
carefully washed three times with saline and, prior to freeze-drying, with distilled water.
Before the SEM observations, the specimens were vacuum-coated with gold under vacuum.

3. Results and Discussion
3.1. Morphology and Physico-Chemical Properties of the Fibrous Mats

In the present study, the morphology and properties of fibrous materials based on
biocompatible and biodegradable polyester—PLLA and a natural plant extract of P. oleracea
prepared by one-pot electrospinning were investigated. Electrospinning is a versatile
technique for the fabrication of nanofibrous materials and the final morphology strongly
depends on the intrinsic properties of the solution itself, its viscosity, and conductivity.
It is known that electrospinning of low-viscosity solutions results in discontinuous fiber
formation. Therefore, the dynamic viscosities of PLA and PLA/P. oleracea spinning solutions
were measured prior to conducting the one-pot electrospinning. The determined viscosity
value of the PLA solution (10 wt%) was 1180 ± 10 cP. The addition of the crude extract to the
PLA solution resulted in a change of the solution color from transparent to saturated green
(Figure 1) and led to a significant increase of the measured value of the dynamic viscosity
to 4350 ± 15 cP. We assume that some components of the P. oleracea extract restricted the
possibility of the polymer chains to move which resulted in the significant increase of the
mixed solution’s viscosity.
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Figure 1. Digital images of spinning solutions of: (a) PLA and (b) PLA/P. oleracea. Figure 1. Digital images of spinning solutions of: (a) PLA and (b) PLA/P. oleracea.

Subsequently, after the spinning solutions preparation and measuring of their dynamic
viscosities, the solutions were subjected to electrospinning. The morphology of the ob-
tained electrospun fibrous materials was evaluated by using scanning electron microscopy.
Representative SEM images of the PLA and PLA/P. oleracea mats were shown in Figure 2.
The shown SEM micrographs at different magnifications reveal the morphology of the
obtained fibrous materials. As can be easily seen, the electrospinning of the PLA solution
with concentration 10 wt% reproducibly resulted in the fabrication of fibers with mean
fiber diameter of 1100 ± 200 nm. The prepared PLA fibers are continuous, defect-free, and
with smooth surface. The addition of the plant extract in the PLA spinning solution and its
consequent subjection to electrospinning resulted in the fabrication of fibers with larger
diameters compared to PLA alone. The mean diameter of the PLA/P. oleracea fibers was
2200 ± 550 nm. The detected increase in the diameters of the composite fibers is most
probably due to the significant increase in the dynamic viscosity of the PLA/P. oleracea
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spinning solution (4350 ± 15 cP) compared to the viscosity value of the PLA solution
(1180 cP).
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The wettability of electrospun fibers is one of the most important factors for their
applications, especially in biomedicine, pharmacy, agriculture, etc. Therefore, the surface
wettability of the produced fibrous materials was assessed. The results from the water
contact angle measurements showed that the PLA mats were hydrophobic since a water
drop placed on them maintained its spherical form at a water contact angle of 110 ± 3.5◦.
The presence of the extract in the fibers in the case of the PLA/P. oleracea mat resulted in a
slight reduction in the water contact angle value. The 94 ± 2.5◦ contact angle value shows
that the fabricated PLA/P. oleracea mats are hydrophobic as well.

The effect of the plant extract in the PLA matrix on the thermal characteristics of
the hybrid fibrous mats was studied by thermogravimetric analyses. The thermograms
of electrospun PLA materials and hybrid electrospun PLA/P. oleracea mats are shown in
Figure 3. The TGA of the pristine natural plant extract of P. oleracea was performed as well.
Thermal stability of the neat extract showed a continuous mass loss in a one-degradation
step, being almost fully degraded at 800 ◦C. The weight loss (ca. 3–4%) started to occur at
approximately 150 ◦C, which can be ascribed to the evaporation of moisture (desorption of
water) or some extract volatiles. The main mass loss started at around 300 ◦C.
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As seen in Figure 3, the electrospun PLA and PLA/P. oleracea mats showed one
decomposition peak. The thermal decomposition of electrospun PLA mat started at 330 ◦C
and ended at 425 ◦C due to the decomposition of the polyester. Additionally, the presence
of the natural extract in a concentration of 7.5 wt% does not alter the thermal behavior of
the composite mat. The thermal degradation of electrospun PLA/P. oleracea mats began at
325 ◦C and ended at 430 ◦C. The residual mass at 800 ◦C was 1.20%, 1.20%, and 2.83% for
the neat extract, the PLA/P. oleracea mat, and the PLA mat, respectively.

The mechanical properties are one of the most important properties of the electrospun
fibers. They play an important role in determining the fibers’ applications. The mechanical
characteristics of the fibrous mats depend strongly on measurement technique, conditions
of fiber fabrication, fiber orientation, point bonding, crosslinking, etc. The addition of a
second component to the spinning solution might have a significant effect on the mechanical
behavior of the resulting composite fibers. Therefore, it is crucial to study the influence of
the extract on the mechanical properties of the hybrid PLA/P. oleracea mats. The mechanical
characteristics of the obtained electrospun mats were determined using a single-column
tensile testing machine. The typical stress–strain curves of PLA and PLA/P. oleracea mats
are shown in Figure 4. The tensile strength values of the PLA mat and the hybrid mat
containing the natural extract were very similar. The tensile strength of the PLA/P. oleracea
mat was ca. 3.78 MPa, while the tensile strength of the PLA fibrous material reaches 3.9 MPa.
This finding proved that the incorporation of the P. oleracea extract (at a concentration of
7.5 wt% with respect to the polymer weight) in the polymer matrix does not lead to a
decrease in the mechanical properties of the composite material, thus preserving its good
mechanical properties.

Various parts of purslane are known for medicinal and pharmacological uses because
of its antioxidant activity [9]. The antioxidant activity of plants is due to their antioxidants,
the majority of which are phenolic compounds such as phenolic acids and flavonoids,
along with organic acids such as rosmarinic, caffeic, chlorogenic, p-coumaric, ferulic
acids, quercetin, rutin, kaempferol, fumaric, oxalic, citric, acotinic, and malic acids. These
compounds are capable of reducing oxidative stress by scavenging free radical species, and
many of them have been identified in P. oleracea [43]. There are no data in the literature
about the composition of the supercritical CO2 P. oleracea extract. Our initial analyses
revealed significant content of waxes, chlorophyll, about 40% lipids of neutral and polar
classes in comparable amounts, some presence of terpenes, and other compounds. As
for the fatty acids composition of this extract, lignoceric acid (24:0) was predominant at
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30%, followed by behenic acid (22:0) at 18%, linoleic and linolenic acids (18:2 and 18:3,
respectively) at 10%, palmitic (16:0), arachidic (20:0), and cerotic (26:0) acids at 7%, stearic
(18:0) and palmitoleic (16:1) acids at 3%, oleic acid (9–18:1) at 2%, and other four acids (12:0,
14:0, 11–18:1 and 20:1) at below 1%. A high acid value (14 mg KOH/g) had been expected
most probably because of the oxalic acid presence in such plants.
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Figure 4. Stress–strain curves of: electrospun PLA mat and PLA/P. oleracea mat.

The antioxidant activity of the fibrous mats obtained in the present study was evalu-
ated using the DPPH radical scavenging assay. This method was used to screen the radical
scavenging activity of the P. oleracea crude extract as well. It is known that DPPH creates
a violet color in ethanol or methanol solution; however, in the presence of antioxidants,
the color fades to yellowish hues. The results of the antioxidant activity as well as the
digital images of the DPPH solution in the presence of different samples were presented in
Figure 5. As it can be easily seen, the color of the DPPH solution in contact with the fibrous
PLA mat was deep violet and the absorbance of the radical decreased by approximately
4.1%. In contrast, the color of the DPPH solution in contact with PLA/P. oleracea mat
changed its color to yellowish and the DPPH absorbance decreased by approximately 78%,
revealing high antioxidant activity of the extract-containing fibrous material. For the sake of
comparison, the change in absorbance of the DPPH solution upon contact with an ethanol
solution of P. oleracea was measured and it was 88.2%. The obtained results revealed that
the incorporated P. oleracea extract preserves it strong antioxidant activity into the polymer
fibrous mat and imparted antioxidant properties to the hybrid material.

3.2. Antibacterial Activity of the Fibrous Materials

There are few reports showing the antimicrobial potential of purslane [44]. It has been
reported that the Portulaca elatior root contains a trehalose-binding lectin possessing antibac-
terial and antifungal activities [45]. Further, Du et al. reported that Portulaca oleracea L. ex-
hibited different levels of antibacterial activities against Gram-positive and Gram-negative
bacteria, showing antibacterial activity in Gram-positive bacteria [46]. The authors suggest
that this might be due to the several structural differences between Gram-positive and
Gram-negative bacterial cell walls, as the latter has an outer membrane and a unique
periplasmic space. Knowing this literature data, it was of interest to us to determine the
antibacterial potential of the electrospun fibrous mats obtained in this study. Thus, discs
with diameters of 17 mm were cut and placed in contact for 24 h with Gram-positive
bacteria—S. aureus and Gram-negative bacteria—E. coli. The digital images of the Petri
dishes are shown in Figure 6. As seen in Figure 6a, the bacteria cells grow normally (control).
As expected, the PLA fibrous mats do not show any antibacterial activity against the tested
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pathogenic bacteria. However, no zones of inhibition were detected around the fibrous
PLA/P. oleracea discs either.
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24 h with S. aureus and E. coli. The cell type is marked in the left of each row. 
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was observed on a fluorescence microscope after staining cells that were cultivated in 
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characterized by a normal morphological structure with pale green nuclei and bright 
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3.3. Cytotoxicity Assay and Cell Staining

Nano- and microfibrous scaffolds created by electrospinning exhibit multiscale func-
tionalities, including the ability to release locally specific bioactive molecules from synthetic
or natural origin to targeted cell types [47]. This feature is highly desirable in regulating
appropriate cell phenotypes for tissue engineering and wound healing applications [48,49].
Furthermore, the electrospun mats resemble the extracellular matrix of human body tis-
sues and facilitate tissue regeneration. P. oleracea extract possesses a wide spectrum of
pharmacological properties due to the presence of active components such as flavonoids,
terpenoids, and vitamins that contribute to epithelialization and promote skin renewal.
The biocompatibility of the obtained materials is a main factor for their future biomedical
applications. The in vitro compatibility of the PLA and PLA/P. oleracea mats was assessed
by MTT assay [33], while the cellular morphology of mouse fibroblasts was observed on
a fluorescence microscope after staining cells that were cultivated in contact with fibrous
materials. Fibroblasts play a key role in restoring the integrity of injured tissue. There-
fore, mouse BALB/c 3T3 fibroblasts were cultured for 24 h with electrospun PLA and
PLA/P. oleracea mats, and were then stained using fluorescent dyes (AO and EtBr). This
staining method allows to discriminate between dead and viable cells. Acridine orange
stains both live and dead cells, emitting green fluorescence as a result of its intercalation
in the double-stranded DNA. As opposed to AO, EtBr is not able to pass through the
membrane of viable cells and stains only dead and late apoptotic cells with poor membrane
integrity, generating red fluorescence. Figure 7 presents the fluorescence micrographs
showing the cells’ morphology. Untreated fibroblast cells are characterized by a normal
morphological structure with pale green nuclei and bright green nucleoli. No change was
observed in the staining of the nuclei and cytoplasm in cells after their treatment with
PLA and PLA/P. oleracea mats. The cell morphology remained normal. Furthermore, the
previously obtained results from the MMT test as well as the cell staining reveal that the
number of fibroblasts increased after being in contact with the fibrous mats containing the
plant extract. This result shows that the electrospun PLA/P. oleracea mat is a prospective
biomaterial with no toxicity supporting fibroblast attachment and proliferation in vitro.
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Figure 7. Fluorescence micrographs of AO and EtBr double-stained mouse BALB/c 3T3 fibroblast
cells incubated for 24 h: (a) untreated cells; (b) PLA mat; and (c) PLA/P. oleracea mat. Live cells are
shown in green. Bar: 20 µm.

The mouse BALB/3T3 cell line is suitable for preliminary assessment of cell viability,
proliferation, and adhesion to the obtained fibrous materials. The adhesion of fibroblasts
to the surface of the prepared PLA and PLA/P. oleracea fibrous materials was assessed by
SEM analysis. As shown in Figure 8, the fibroblasts attach well to all fibrous materials,
particularly when the plant extract of P. oleracea is loaded into the PLA fibers (Figure 8c).
Moreover, considerable cell spreading is observed. The cells gain a specific shape following
the fibers and spreading between them. This result revealed that the mouse fibroblasts
adhere and spread well on the fibrous PLA and PLA/P. oleracea mats. This finding confirms
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the cell compatibility of the created novel materials and their potential use for wound
healing and tissue engineering applications.
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Abstract: The surface modification of materials obtained from natural polymers, such as silk fibroin
with metal nanoparticles that exhibit intrinsic electrical characteristics, allows the obtaining of
biocomposite materials capable of favoring the propagation and conduction of electrical impulses,
acting as communicating structures in electrically isolated areas. On that basis, this investigation
determined the electrochemical and electroconductive behavior through electrochemical impedance
spectroscopy of a silk fibroin electrospun membrane from silk fibrous waste functionalized with
gold or silver nanoparticles synthetized by green chemical reduction methodologies. Based on the
results obtained, we found that silk fibroin from silk fibrous waste (SFw) favored the formation of
gold (AuNPs-SFw) and silver (AgNPs-SFw) nanoparticles, acting as a reducing agent and surfactant,
forming a micellar structure around the individual nanoparticle. Moreover, different electrospinning
conditions influenced the morphological properties of the fibers, in the presence or absence of
beads and the amount of sample collected. Furthermore, treated SFw electrospun membranes,
functionalized with AuNPs-SFw or AgNPS-SFw, allowed the conduction of electrical stimuli, acting
as stimulators and modulators of electric current.

Keywords: electrochemical impedance spectroscopy; silk fibroin; metal nanoparticles; electrospun
membranes; impregnation coatings

1. Introduction

The recent integration of nanotechnology into the biomedical field has made it possible
to make use of the physicochemical properties inherent to materials on a nanometric scale to
propose new therapeutic methodologies, such as the controlled release of drugs [1], tissue
repair [2], techniques for cell diagnosis, and therapy [3]. Moreover, it is necessary to carry
out processes that allow the obtaining of nanostructures with controlled size and shape,
high purity in environmentally friendly conditions, and with low levels of toxicity [2,3]. To
achieve this, the use of functionalization processes is required, generally with elements of
natural origin, giving rise to biocomposite materials.

In the search for a biomaterial that mimics functional behavior and has a favorable
biocompatible response, different polymers of natural origin have been studied, among which
is silk fibroin (SF), a protein extracted from different families of silkworms such as Bombyx
mori and of some arthropods such as spiders. This protein has exhibited biocompatibility,
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controllable biodegradability, and superior mechanical properties to those of other natural
biopolymers such as collagen [4,5], so SF is considered a material of interest for use in the
field of tissue engineering. Moreover, it can be electrospun under specific conditions.

Nowadays, the incorporation of inorganic nanoparticles with biocompatible and elec-
troconductive characteristics in the functionalization of materials with application to tissue
engineering seeks to provide controllable electrical properties that do not interfere with the
electrical conductance of the action potential, and that in turn allows for modulating the
geometry and topography of the material to mimic the morphological characteristics of the
native extracellular matrix [6,7]. In view of this, it is necessary to carry out processes that
allow obtaining nanostructures with controlled size and shape, high purity, in environmen-
tally friendly conditions, and with low levels of cytotoxicity [2,3]. To achieve this, the use
of functionalization processes is required, generally with elements of natural origin, giving
rise to biocomposite materials [8,9].

On the other hand, to determine the electro-conductive characteristics of biocomposite
materials, several techniques can be used, among which is electrochemical impedance
spectroscopy, which allows the electrical properties of materials to be analyzed at different
conditions, obtaining frequency spectra of impedance, conductivity, and permittivity. These
are adjusted by mathematical models that allow for elucidating the electrical behavior
(resistor, inductor, capacitor, constant phase elements, among others) [10].

In this context, and in order to propose an electrospun membrane that exhibits electro-
chemical and electroconductive characteristics, the research purpose was the development
of a biocomposite electrospun membrane with electro-conductive properties based on a
natural polymeric structure of silk fibroin from silk fibrous waste, coated with gold or silver
nanoparticles, which were synthesized from a chemical reduction with the same SFw in one
step. This biocomposite could be used as a therapeutic strategy for tissue engineering, like
an electroconductive scaffold that facilitates ionic interaction between isolated electric areas.

2. Materials and Methods

For this investigation, gold trichloride hydrochloride (HAuCl4 3H2O), lithium bromide
(LiBr, ReagentPlus, ≥99%), sodium carbonate (Na2CO3, ReagentPlus), and polyethylene
oxide (PEO, Mv ~ 900,000) were obtained from (Sigma Aldrich, St. Louis, MO, USA).
Sodium hydroxide (NaOH pellets), methanol for analysis (EMSURE ACS, ISO, Reag. Ph
Eur), potassium chloride (EMSURE), potassium dihydrogen phosphate (EMSURE ISO),
sodium phosphate, dibasic, heptahydrate (EMSURE ACS), and sodium bicarbonate (EM-
SURE ISO) were obtained from (Merck Millipore, Darmstadt, Germany). Silver nitrate
(AgNO3 pure, pharma grade) and sodium chloride (NaCl pure, pharma grade) were ob-
tained from (PanReac Applichem, Darmstadt, Germany). The NIH/3T3 fibroblast cell line
was purchased from (American Type Culture Collection (ATCC), Manassas, VA, USA) and
Dulbecco’s Modified Eagle’s Medium was obtained from (Lonza Bioscience, Durham, NC,
USA). Fetal bovine serum was purchased from Microgen, trypan blue was obtained from
(Loba Chemie Mumbai, India), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was acquired from (Alfa Aesar, Haverhill, MA, USA).

2.1. Silk Fibroin from Silk Fibrous Waste Extraction (SFw)

Silk fibrous wastes from the Bombyx mori silkworm acquired from Corporación para
el Desarrollo de la Sericultura del Cauca—CORSEDA (Popayán, Cauca, Colombia) were
used. The silk fibers were degummed by immersion in aqueous Na2CO3 solution. Then, it
was dissolved in an aqueous LiBr solution and dialyzed until reaching a stable conductivity,
following the protocol reported by Jaramillo-Quiceno et al. [11].

2.2. Synthesis of Gold and Silver Nanoparticles

SFw to 0.5% v/v was mixed with each of the precursor solutions of 2.5 mM HAuCl4
and 10 mg/mL AgNO3. Then, each of the solutions was incubated in light at 60 W for 24 h.
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2.3. Preparation and Treatment of Silk Fibroin Electrospun Membranes

A SFw/PEO homogeneous solution was electrospun using a flow of 0.7 mL/h and
voltage of 16 kV, volumetric ratio of SFw:PEO of 50:50, and a needle-collector distance
between 10 cm to 25 cm, with a flat plate type static collector. Then, electrospun SFw/PEO
membranes were treated in methanol for 10 min and 15 min and taken under vacuum for
24 h to promote the evaporation of the solvent. Finally, they were washed with deionized
water at 37 ◦C for 48 h to remove the PEO, and finally, they were dried at room temperature
for 24 h.

2.4. Impregnation Coatings of Treated Electrospun Membranes with AuNPs-SFw o AgNPs-SFw

Treated membranes were coated with AuNPs-SFw or AgNPs-SFw solutions by impreg-
nation coatings for periods of 4 h and 24 h. Then, one sample for each immersion period
and type of nanoparticle was washed with deionized water, while the other samples were
not washed. Finally, all membranes were dried at room temperature.

2.5. UV-Visible Spectrophotometry and FTIR Spectroscopy Analysis

Gold and silver nanoparticles, as well as the treated and functionalized membranes,
were analyzed in a UV-visible spectrophotometer (UV-Vis-NIR Cary 5000, Agilent Technolo-
gies, Santa Clara, CA, USA) and (Lambda Bio 10, Perkin Elmer, Waltham, MA, USA) in a
wavelength range between (1100–200) nm. As controls, 0.5% SFw solutions and membranes
treated without functionalizing with the nanoparticles were used. To determine changes in
the functional groups of untreated, treated, and functionalized membranes, a (Nicolet iS50
FTIR-ATR spectrometer, Thermo Fisher Scientific, Waltham, MA, USA) at a resolution of
4 cm−1 and 32 scans was used.

2.6. Scanning Electron (SEM) and Field Emission (FESEM) Microscopy Analysis

Gold and silver nanoparticles, untreated, treated, and functionalized membranes
were analyzed on a (Nova NanoSEM 200, Hillsboro, OR, USA) field emission scanning
electron microscope and on a scanning electron microscope (NeoScope JCM-6000 Plus, Jeol,
Akishima, Japan) operated at 15 kV. The micrographs were analyzed with Fiji® software
developed by Schindelin et al. [12] for the diameters and distribution histograms’ particles
and fibers.

2.7. Electrochemical Impedance Spectroscopy Analysis

The electrochemical impedance spectroscopy (EIS) configuration consisted of an ar-
rangement of three electrodes where the electrospun membranes were arranged on a
graphite bar, which acted as a working electrode (WEG) with an exposed area of 5.8 cm2.
Moreover, a graphite rod with a diameter of 5.2 mm was used as a counter electrode
(CEG), an Ag/AgCl electrode as a reference (RE) and Hank’s Balanced Salt solution as
a working solution. For linear sweep voltammetry measurements, a potentiostat (Ivium
CompactStat.h, Ivium Technologies BV, Eindhoven, Netherlands) with scanning rates of
100 mV/s in a potential range between (0–1) V was used, using an Ag/AgCl reference
electrode with saturated KCl solution. For electrochemical impedance measurements, these
were performed at a sweep frequency of 1 × 106 Hz to 0.1 Hz with 10 points for each
decade, with an AC potential with 0.08 V amplitude and a range of DC potentials between
0 V and 1 V with a step of 400 mV between measurements.

2.8. MTT Assay

The cytotoxicity of the membranes without or functionalized with the gold or silver
nanoparticles was measured with the MTT test, which allows for determining cell viability
based on the mitochondrial activity of the cells from the direct interaction with the mem-
branes. For this assay, 4.5 × 103 cells/well of 3T3 fibroblasts were seeded in 96-well plates.
Then, the membranes interacted with the 3T3 fibroblasts for 24 h. After MTT was added
during (4–5) h, then it was treated with isopropanol to dissolve the formazan crystals. Later,
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it was left in incubation at 37 ◦C and the absorbance was measured at 570 nm using a
spectrophotometer microplate reader (Multiskan FC, Thermo Fisher Scientific, Waltham,
MA, USA).

2.9. Statistical Analysis

The synthesis of the gold and silver nanoparticles, the UV-visible measurements, and
the electrochemical impedance spectroscopy were performed in triplicate at three inde-
pendent times. In addition, a multivariate statistical analysis was performed using the
Statgraphics Centurion XVI software (Statgraphics Technologies, The plains, VA, USA)
which allowed obtaining the population mean, the standard deviation, and the 95% con-
fidence intervals. For the statistical analysis of the particle and fiber size of the SEM and
STEM micrographs, the Fiji® software was used, obtaining the mean of the population, the
standard deviation, and the 95% confidence intervals.

3. Results and Discussion
3.1. Synthesis of Gold and Silver Nanoparticles

In the analysis by UV-Vis spectrophotometry (Figure 1a), the presence of absorption
bands corresponding to the surface plasmon resonance (SPR) of each metal ion at synthe-
sized solutions were located at wavelengths of 526 nm for AuNPs-SFw and 439 nm for
AgNPs-SFw.
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Figure 1. (a) Normalized UV-Vis absorption spectra of gold (line with red triangles) and silver (line
with yellow squares) nanoparticles. STEM micrographs of (b) AuNPs-SFw and (c) AgNPs-SFw. Scale
bar, 400 nm.

The presence of tyrosine residuals in the SFw structure are responsible for the process
of formation of gold and silver nanoparticles, which, based on the pH conditions in which
the synthesis reaction takes place, establishes the mechanisms of particle formation and
stability. In the case of gold nanoparticles, when presenting pH adjustment, the reaction
mechanism is mediated by the electrons transfer through the deprotonation of oxygen and
the formation of tyrosinase ion. However, for silver nanoparticles, as they do not present
a pH adjustment, a reaction mediated by the transfer of electrons coupled to protons is
generated [13–16].

From the analysis of the STEM micrographs of the metal nanoparticles (Figure 1b,c), it
was found that the AuNPs-SFw present particles with an average size (23 ± 6) nm, while
AgNPs-SFw exhibited average sizes of (14 ± 8) nm. The changes in particle size for each
type of nanostructure are related to the final value of the pH and the concentration of the
reducing agent, which in each case results in the reaction pathway that each synthesis
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follows and the way in which gold or silver ions are coupled in the nucleation and growth
processes [15,17,18].

3.2. Preparation of Silk Fibroin Electrospun Membranes

To obtain the silk fibroin electrospun membranes, PEO was used as a modifying
element of the electrospinning conditions [19]. From the results obtained, for the 50:50
SFw/PEO ratio (Figure 2a–d), the decrease in protein concentration caused an increase
in viscosity that favored the polymer chains to overcome the surface tension, resulting in
uniform fibers without the presence of defects [20].
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Figure 2. SEM micrographs of SFw/PEO electrospun membranes obtained at a volumetric ratio of
50:50, at distances of (a) 10 cm; (b) 15 cm; (c) 20 cm; (d) 25 cm. Scale bar, 5 µm.

The effect of the collection distance was evaluated. The membranes obtained at 50:50
SFw/PEO had fiber sizes of (194 ± 39) nm, (296 ± 47) nm, (264 ± 30) nm, and (281 ± 57)
nm for distances of 10 cm, 15 cm, 20 cm, and 25 cm, respectively.

Furthermore, it was observed that the electrospinning distance has an influence on
the sample collection area, where at distances of 10 cm and 15 cm, a circular geometry
was observed without completely covering the collector, while, at distances of 20 cm and
25 cm, the collector was completely covered. In view of this, the difference in the collection
area of the fibers is related to the projection of these on the collector, which decreases as
the distance between the tip of the needle and the substrate decreases, forming a circular
collection area [21].

According to the results, SFw/PEO electrospun membranes at a volumetric ratio
of 50:50 and (20–25) cm were used, conditions that favored obtaining membranes with
continuous fibers, without beads and a larger collection area.
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3.3. Treatment of Electrospun Membranes

The use of organic solvents, such as ethanol and methanol as treatments in the silk
fibroin electrospun membranes, reduces the percentage of non-crystalline structures of the
amorphous phase present in the protein and decrease the solubility of the membrane in an
aqueous medium. The use of these solvents favors the transition of fibroin macromolecules
and their non-crystalline secondary structures to crystalline ones in the form of β-bends,
increasing the crystalline phase of the membranes and making them hydrophobic [22,23].

To avoid the loss of material due to the solubilization of the membranes in aqueous
media, the dehydration due to long periods of immersion, and remove the higher content
of synthetic polymer, SFw/PEO electrospun membranes at a volumetric ratio of 50:50
and a distance of (20–25) cm were treated in methanol immersion for periods of 10 min
and 15 min with subsequent washing in deionized water for 48 h. Based on the results
obtained, changes in fiber sizes and rough morphologies were evidenced in the micrographs
(Figure 3a–d), caused by the phase separation between SFw and PEO extraction [24]. It was
observed that the apparent porosity of the membranes is reduced by the increase in the size
and thickening of the fibers, which could contribute to greater connectivity between fibers.
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Figure 3. SEM micrographs of SFw/PEO electrospun membranes at a volumetric ratio of 50:50
treated with methanol at distances of 20 cm, for (a) 10 min; (b) 15 min. The distance of 25 cm,
during (c) 10 min; (d) 15 min. Scale bar, 10 µm. Infrared absorption spectra of electrospun SFw/PEO
membranes at a volumetric ratio of 50:50 treated with methanol for 10 min and 15 min. Where
(e) 20 cm; (f) 25 cm. Untreated SFw/PEO electrospun membranes were used as controls.

Concerning the functional changes that the electrospun membranes suffered from
methanol, the analysis by infrared spectroscopy was performed, which were compared with
the control spectrum of pristine SFw and membranes without treatment. From the results
obtained (see Figure 3e–f), it was found that the SFw spectrum showed the characteristic
peaks of the vibrational modes of the amides A (N-H stretching), I (C=O stretching), II (N-H
bending and C-N stretching), and III (C-C stretch, C-N, and C-H bend) at wavenumbers of
3274 cm−1, 1635 cm−1, 1515 cm−1, and 1230 cm−1, respectively. In the untreated SFw/PEO
membranes, these bands were located at wavenumbers of 3282 cm−1, 1640 cm−1, 1528 cm−1,
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and 1241 cm−1, which could indicate that electrospinning processes enhance the ability of
the protein to self-organize its structure, similarly to native silk I (Table 1) [24].

Table 1. Wavenumbers for the main amide vibrational modes of the pristine SFw spectra, electrospun
membranes without and with methanol treatment for 10 min and 15 min.

Sample
Vibrational Modes

Amide I (cm−1) Amide II (cm−1) Amide III (cm−1)

SFw 1635 1515 1230
F50 1d20 2—control 1640 1528 1241

F50d20—10 min 1620 1509 1230
F50d20—15 min 1621 1515 1227
F50d25—control 1640 1528 1241
F50d25—10 min 1621 1513 1230
F50d25—15 min 1620 1511 1229

1 FXX—Ratio of SFw used in the solution. 2 dXX—Fiber collection distance.

Concerning the bands located at wavenumbers at 1100 cm−1, 962 cm−1, and 841 cm−1

in the absorption spectrum of the untreated SFw/PEO electrospun membranes, these
corresponded to the stretching vibrations of the CO and bending of the CH out of the
plane for polyethylene oxide [25,26], which after washing reduced in absorption intensity,
indicating the removal of PEO from the electrospun membrane.

Regarding the changes in the fibroin structure, it was observed in the infrared absorp-
tion spectra of the treated electrospun membranes with methanol, the displacement of
the bands associated with the characteristic vibrational modes of the protein, which were
located at ~1620 cm−1, ~1511 cm−1, and 1228 cm−1 (Table 1). These displacements indicate
the transition of the structures corresponding to random spirals to secondary structures
in the form of β-sheets and β-turns due to the rearrangement induced by methanol to the
SFw chains and the formation of different hydrogen bonds [27,28].

Regarding the difference in the percentage of secondary crystalline structures in the
form of β-sheets and β-turns varying the treatment times with methanol, it was found
that immersion periods of 15 min increased the number of crystalline structures for both
membrane types compared to being treated at 10 min immersion periods and untreated
controls (Table 2).

Table 2. Secondary structures present in the vibrational mode of amide I for treated and untreated
electrospun membranes with methanol for 10 min and 15 min. SFw films were used as control.

Structure Type SFw

SFw/PEO
(Untreated) F50d20 F50d25

d20 d25 10 min 15 min 10 min 15 min

β-sheets (strong, weak, intra and intermolecular) 28% 18% 12% 56% 64% 46% 55%
β-turns - - - 33% 2% - 32%

Side chains (Tyr) 5% 2% 2% 7% 8% 7% 7%
Random coils 24% 45% 51% - 8% 37% -

α-helix 39% - - - 18% - -
turns 4% 35% 35% 4% 1% 10% 5%

Based on the above, it was found when that performing treatments with organic sol-
vents such as methanol, the crystalline phase of SFw electrospun membranes increases due
to the transition of macromolecules and non-crystalline to crystalline secondary structures,
favoring the membrane’s hydrophobicity with aqueous solutions [22,23].
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3.4. Functionalization of Treated Membranes with Metal Nanoparticles

For the functionalization of treated membranes with gold or silver nanoparticles
using impregnation coating, the membranes treated with methanol for 15 min were used,
since these were those that had a higher content of crystalline structures. The samples
were immersed in solutions with AuNPs-SFw and AgNPs-SFw for 4 h and 24 h. From the
obtained results, a change in color of the membranes was evidenced, going from white to an
intense red in the case of those functionalized with AuNPs-SFw and to a light yellow-brown
for the membranes functionalized with AgNPs-SFw. This change in tonality is related to
the coupling of the different nanostructures on the surface of the electrospun material.

Analysis of the unwashed membranes was performed by field emission microscopy,
where the micrographs showed that the membranes functionalized with AuNPs-SFw or
AgNPs-SFw without washing after the interaction time presented a greater deposition of
nanoparticles in the fibers, in comparison with the membranes that were washed after the
exposure time with the metal nanoparticles, which was evidenced by the presence of bright
areas, red for the AuNPs-SFw, and yellow for the AgNPs-SFw (Figure 4a–h). Such behavior
is due to the solubility of AuNPs-SFw or AgNPs-SFw in aqueous solvents, which, when
washed after the functionalization process, were removed from the membrane surface.
On the other hand, and related to the functionalization times, it was evidenced that at
longer immersion times there was a greater deposition of nanoparticles on the surface of
the treated membranes, which could be related to a favoring of the coupling nanoparticle-
membrane product of electrostatic bonding between amino groups present on the surface
of electrospun membranes and functional groups exposed in the coating of gold and silver
nanostructures by silk fibroin [29].

Moreover, the analysis by UV-Vis spectrophotometry of the SFw membranes func-
tionalized with the gold or silver nanoparticles was performed to detect the characteristic
resonance plasmon for each type of nanostructure present on the surface of the membranes,
where it was found that for the case of the membranes functionalized with AuNPs-SFw,
absorption bands were presented at an approximate wavelength of 530 nm (Figure 4i),
while for the membranes functionalized with AgNPs-SFw it was not possible to obtain the
characteristic resonance band for silver nanoparticles (Figure 4j), which could indicate that
there was a greater deposition of gold nanoparticles than silver on the membrane surface.

Regarding the changes in the functional groups of the membranes with gold or sil-
ver nanoparticles, it was evidenced that from the IR absorption spectra for each of the
samples (Figure 4k,l) that no significant changes occurred with respect to the treated mem-
branes, in the position of the characteristic bands of the vibrational modes of amides I,
II, and III located at wavenumbers between (1623–1619) cm−1, (1520–1511) cm−1, and
(1232–1227) cm−1, respectively. When determining the percentage of crystalline and non-
crystalline secondary structures, an increase in random coils, turns, and α-helix was found
in the functionalized membranes with AuNPs-SFw or AgNPs-SFw compared to the treated
membranes without functionalization (Table 3), which is related to the contribution of
amorphous secondary structures present in the protein used in the synthesis of the metal
nanoparticles.
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Figure 4. STEM micrographs of treated SFw membranes and functionalized by impregnation coating
for 4 h and 24 h with and without washing. Where (a,b) with AuNPs-SFw with washing; (c,d) with
AuNPs-SFw without washing; (e,f) with AgNPs-SFw with washing; (g,h) with AgNPs-SFw without
washing. Scale bar, 20 µm. UV-Visible absorption spectra of treated and functionalized SFw mem-
branes. Where (i) AuNPs-SFw and (k) AgNPs-SFw. A SFw membrane without impregnation coating
was used as a control. FTIR-ATR absorption spectra obtained from treated and functionalized SFw
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membranes were used as controls. Where UW—unwashed and W—washed.
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Table 3. Secondary structures present in the vibrational mode of amide I for the treated membranes
and functionalized with AuNPs-SFw and AgNPs-SFw for 4 h and 24 h. Non-functionalized treated
SFw membranes were used as controls.

Structure Type SFw
(Control)

AuNPs-SFw AgNPs-SFw

UW W UW W

4 h 24 h 4 h 24 h 4 h 24 h 4 h 24 h

β-sheets (strong, weak, intra and
intermolecular) 55% 52% 60% 52% 55% 48% 47% 46% 46%

β-turns 32% 0% 2% 38% 1% - - - -
Side chains (Tyr) 7% 4% 8% 5% 2% 5% 4% 4% 4%

Random coils - 4% 11% - 26% 39% 34% 37% 38%
α-helix - 35% 12% - 1% - - - -
Turns 5% 4% 8% 5% 16% 8% 14% 13% 12%

Where UW—unwashed and W—washed.

3.5. Linear Sweep Voltammetry

Linear sweep voltammetry consists of the measurement of the faradic current between
the WEG and RE as a result of the oxidation-reduction processes of an analyte by applying
a change in the electric potential at the working electrode in relation to the fixed potential
of the reference electrode [30]. The treated non-functionalized and functionalized with gold
nanoparticles or silver membranes were positioned on the WEG, and a graphite counter
electrode (CEG) was used to complete the electrical circuit.

From the results obtained, it was found that, for the treated membranes that were
electrospun at 20 cm, the magnitude of the electric current was lower compared to that
obtained for the WEG. On the other hand, the membranes functionalized with AgNPs-SFw
or AuNPs-SFw presented a decrease in the value of the faradic current with respect to that
of the non-functionalized membranes and when comparing the functionalized membranes,
it was found that those containing AgNPS-SFw exhibited a higher current compared to
those functionalized with AuNPs-SFw (Figure 5a). Such behavior is related to the number
of species that were oxidized on the surface of the electrode, which is controlled by the
standard oxidation potentials (E0) of the ionic species of Cl− and H2O molecules present in
the electrophysiological solution (Equations (1) and (2)). However, the potential increased
when approaching the E0 of the species present in equilibrium, and the current recorded
for the graphite electrode, and the product of the exchange of electrons from the oxidized
species towards the surface of this, progressively increased. Furthermore, the absence
of oxidation peaks for Cl− and H2O in the linear scanning voltammogram is due to the
presence of unoxidized species in the vicinity of the electrode surface that can increase the
value of the faradic current until reaching a maximum peak and subsequent decrease in
current [31].

2Cl−(aq) → Cl2 + 2e−(E0 ∼= +1.36 V) (1)

2H2O(l) → O2(g) + 4H+ + 4e−
(

E0 ∼= +1.23 V
)

(2)
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Figure 5. Linear scanning voltammograms were obtained in Hank’s Balanced Salt solution at
100 mV/s. Where (a) SFw membranes obtained at 20 cm and functionalized with gold and silver
nanoparticles and (b) SFw membranes obtained at 25 cm and functionalized with metal nanoparticles.
Non-functionalized treated SFw membranes were used as controls. Electrical response of treated SFw

membranes at distances of 20 cm and 25 cm with and without functionalization with AuNPs-SFw or
AgNPs-SFw. Where (c) resistivity; (d) resistance; (e) conductivity. * indicates statistical significance
with p-values < 0.05 and ** p-values < 0.001.

On the other hand, the decrease in the faradic current registered for the SFw-treated
membranes is related to the lack of electrical coupling between the graphite electrode
and the membrane, due to the absence of functional groups present on the surface of the
WEG, which favor the binding through electrostatic interactions with the functional groups
exposed on the surface of the membranes that could facilitate a greater diffusion of electrons
generated in oxidation reactions and the favorable response of the electric current [32,33].
Regarding the electrical behavior evidenced in the membranes functionalized with AuNPs-
SFw or AgNPs-SFw apart from the oxidation reactions of the Cl− and H2O species, two
additional reactions related to the oxidation of the metal nanoparticles were presented,
which are mediated by the presence of chlorine ions in the solution that leads to the
formation of silver chlorides for AgNPs-SFw (Equation (3)) and formation of Au (I) and Au
(III) chlorides for AuNPs-SFw (Equations (4) and (5)) [34,35].

Ag(s) + Cl−(aq) → AgCl + e−(E0 ∼= +0.22 V) (3)

Au(s) + 2Cl−(aq) → AuCl2− + e−(E0 ∼= +1.15 V) (4)

Au(s) + 4Cl−(aq) → AuCl4− + 3e−(E0 ∼= +1.00 V) (5)

The decrease in the value of the electric current is related to the lack of electrical
coupling between the metal nanoparticles and the surface of the electrospun membranes,
where the functionalization mediated by the impregnation coating generates a thin film on
the material, which does generate modifications in the exposed functional groups, which
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causes the electrons generated by the oxidation of the gold or silver nanoparticles arranged
along the film to not diffuse through the material and reach the WEG, generating an increase
in the value of the registered current and obtaining an oxidation peak for the case of AgNPs-
SFw. Moreover, the difference in the faradic current registered for the treated membranes
and functionalized with gold or silver nanoparticles correlates with the standard oxidation
potential, which is lower for AgNPs-SFw compared to oxidation to Au (III) by AuNPs-SFw,
which favored the generation of more electrons due to greater oxidation of metallic silver
ions and an increase in the faradic current captured by the electrode.

In relation to the membranes at 25 cm (Figure 5b), the electrical behavior was similar
to that exhibited by the membranes obtained at 20 cm, where the WEG presented a greater
magnitude of the electric current compared to the membranes treated with and without
functionalization with metal gold or silver nanoparticles. The SFw-treated membrane at 25
cm presented a lower current value compared to that obtained for the membrane at 20 cm,
which is related to the fibrillar morphology, where the membranes at 25 cm presented a
larger fiber size, which decreased the exposed surface area of the membranes and made it
difficult for Cl− ions and/or H2O molecules to be oxidized on their surface and generate a
greater current of electrons that were diffused to the surface of the WEG.

On the other hand, the little variation in the faradic current obtained in the membranes
at a distance of 25 cm and functionalized with AuNPs-SFw or AgNPS-SFw compared to
the response of the membranes at a distance of 20 cm is associated with the formation
of the thin film of nanoparticles on the surface of the membrane, which, as there was no
modification in the functionalization procedure, resulted in a slight variation in the number
of electrons diffused to the WEG product of the oxidation of AuNPs-SFw and AgNPs-SFw
in the presence of Cl− ions.

When coating the graphite electrode with the SFw membranes treated with and with-
out functionalization with the metal nanoparticles, a favorable response was found for
each membrane evaluated in the electrochemical cell as a result of the different oxidation
reactions involved according to the type of biomaterial of study, which was related to the
concentration gradients of the ionic species present on the surface of the WEG and in the
electrophysiological solution, which generated variations in the potential described by the
Nernst (Equation (6)) [30].

E = E0 +
0.059

n
· log ∏[Ox]n

∏[Red]n
(6)

where n is the number of electrons transferred, ∏[Ox]n y ∏[Red]n is the product operator
of the concentrations of the oxidized and reduced species, raised to their stoichiometric
coefficients in the vicinity of the WEG.

The results presented a behavior similar to that exhibited by the cardiac action po-
tential, where a reversible change in the membrane potential is generated by means of a
bioelectric stimulus in the form of an electric current, produced by the sequential activation
of various ionic currents generated by the diffusion of ions through the membrane in
favor of its electrochemical gradient. This membrane potential is also described by the
Nernst’s Equation, which is mediated by the concentration gradients of the Na+, Ca2+, Cl−

ions, and the K+ concentration inside ([K+]i) and outside ([K+]e) of the cell membrane
(Equation (7)) [36].

EK = −61· log
[K+]i
[K+]e

(7)

Based on the above, the electrochemical response obtained from SFw electrospun
treated membranes and functionalized with AuNPs-SFw or AgNPs-SFw could favor the
diffusion of a bioelectric stimulus in the form of an electric current by modifying the
resting potential and favoring the cardiac action potential. Furthermore, the functionalized
membranes could exhibit favorable behavior when interacting in an in vitro model of
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functional cardiac cells. Therefore, these could be used as a therapeutic strategy for cardiac
tissue engineering as an electroconductive bioactive scaffold.

On the other hand, Figure 5c–e show the electrical resistance, through the derivative
of the voltage with respect to the current (dV/dI) at the place where the tangent touched
the voltagram at a point, likewise, the resistivity (ρ) and conductivity (σ) (Equations (8)
and (9)) of the treated membranes at 20 cm and 25 cm and functionalized with AuNPs-SFw
and AgNPs-SFw.

ρ = R·S
l

(8)

σ =
1
ρ

(9)

where R is the resistance in ohms, S is the exposed area in m2, and l is the separation
between the working and reference electrode in m.

Considering each material as an individual working electrode evaluated in the electro-
chemical cell, it was found that the SFw membranes treated with and without functionaliza-
tion with the metal nanoparticles generated less opposition to the flow of electric current
compared to the graphite electrode from the results of resistance, resistivity, and electrical
conductivity, which is associated with greater fiber connectivity in the treated membranes
and the intrinsic electrical properties of the nanoparticles. Similarly, it could be noted that
by increasing the distance from 20 cm to 25 cm, the SFw-treated membranes presented an
increase in electrical conductivity, which could be related to the arrangement of the fibers
and their size, whereas the membranes functionalized with AugNPs-SFw or AgNPs-SFw
showed variation in electrical conductivity, which is related to the number of nanoparticles
arranged on the surface of the material.

3.6. Electrochemical Impedance Spectroscopy

Through electrochemical impedance spectroscopy, it is possible to find the electro-
chemical behavior of different biomaterials when interacting with the graphite working
electrode by applying a small amplitude sinusoidal excitation signal and measuring the
response in the form of current, voltage, or another signal of interest [37]. Therefore,
impedance measurements were carried out at an amplitude of 86 mV, which emulated
the transmembrane potential reached in the electrical depolarization of cardiac cells and
at frequency sweeps between 1 × 106 to 0.1 Hz. Figure 6a presents the Argand plots or
Nyquist plots for the graphite electrode without interacting with the membrane, where it
presented a linear relationship between the imaginary impedance (Z”) with respect to the
real impedance (Z′), in which as the direct current electric potential applied to the system
increased, a lower slope was presented, indicating that the kinematic reaction is limited by
diffusion processes [37,38]

The behavior found for the graphite electrode could be related to the electrical double
layer generated when interacting with Hank’s Balanced Salt Solution, which under specific
conditions can exhibit capacitive and conductive properties. Concerning to the elements
that make up the Randles circuit, the parameter Rs is associated with the resistance of
the solution, the CPE1 corresponds to the non-ideal capacitive behavior of the electrode,
which is strongly dependent on the frequency of the electrical conductivity, and CPE2 is
due to the capacitance of the electrical double layer between the polarized WE and Hank’s
solution, while Rct represents the resistance to charge transfer between the solution and the
electrode surface. The use of CPE constant phase elements instead of capacitors allowed us
to achieve a better fit of the experimental data due to the lack of homogeneity in the system
associated with the rough or porous surface of the electrode [39–41].
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Figure 6. Nyquist plots between Z” y Z′ for the graphite electrode, treated SFw membranes with
and without functionalization in Hank’s Balanced Salt solution at different DC electrical potentials.
Where (a) graphite electrode; (b) treated SFw membrane at 20 cm; (c) AgNPs-SFw; (d) AuNPs-SFw;
(e) treated SFw membrane at 25 cm; (f) AgNPs-SFw; (g) AuNPs-SFw. At the top left of each diagram,
the Randles equivalent circuit is presented.

Regarding the Nyquist plots obtained for the treated SFw membranes with and with-
out functionalization (Figure 6b–g), a similar behavior to that presented for the graphite
electrode was observed, preserving the linear relationship between Z” and Z′ and the slope
value decrease as the DC electric potential increased. Based on these results, the Randles
circuits were obtained, finding that the equivalent circuit obtained for the graphite electrode
did not allow the adjustment of the experimental results for the treated membranes without
or with functionalization. Thus, the circuit was complemented with elements composed of
a CPE and Rct in parallel connected in series with the previous circuit, which corresponded
to each of the additional bioactive electrochemical layers [42].

In Figure 7, an overview of the electrochemical behavior found and its corresponding
equivalent circuit is presented, showing that at electric potentials of 0 mV (Figure 7a–d),
an electrochemical equilibrium was presented between the ionic solution and working
electrode with and without functionalization with the nanoparticles. However, as the
electric potential increased to values of 400 mV (Figure 7e–h) and 800 mV (Figure 7i–l), the
different oxidation reactions began to occur, which triggered the appearance of constant
phase elements in equivalent circuits.

From the results, it was observed that when performing variations in the direct current
electric potential, changes were generated in the CCPE1 capacitance parameter and the
exponent n corresponding to the constant phase element, which indicates the ability of
a material to acquire and store energy in the form of an electric charge and its behavior
as a capacitor or resistor, which vary as a result of the different oxidation reactions that
occur on the surfaces of the treated membranes with or without functionalization with
metal nanoparticles, generating electrons that are stored for short periods of time in the
biomaterial or diffused through it [43].

On the other hand, regarding the change in the resistance Rct1 due to the charge transfer
between the solution and the surface of the type of membrane with which it interacts, this
is strongly influenced by any modification of the electrode surface, finding that for the
graphite electrode as electrical potential increases, resistance decreases. The opposite occurs
for the different coatings of the working electrode with the treated membranes with or
without functionalization with metal nanoparticles, whereas as the potential increased, the
resistance increased due to the charge transfer processes. Such behavior could be related to
(i) the electrostatic repulsion between the surface charge of both the treated SFw membranes,
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as well as those functionalized with AuNPs-SFw or AgNPs-SFw with ionic species carrying
the same charge; and (ii) steric hindrances generated by structural modifications of the
protein and/or by the presence of metal nanoparticles [39].
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Figure 7. Schematic representation of the electrical behavior for the graphite electrode and the
interaction with treated membranes with and without AuNPs-SFw or AgNPs-SFw functionalization,
which describe the distribution of impedance components with their respective equivalent circuits to
different DC electrical potentials. Where (a–d) 0 mV; (e–h) 400 mV; (i–l) 800 mV.

To determine the impedance for the different membranes evaluated by EIS, Bode plots
were used to evaluate the change in the magnitude of the impedance with respect to the
frequency. Finding that both for the graphite electrode (see Figure 8a) and for the treated
SFw membranes obtained at distances of 20 cm and 25 cm with their respective surface
modifications with AuNPs-SFw or AgNPs-SFw (see Figure 8b–g), it was determined that
as the electric potential increased there was an increase in impedance. On the other hand,
it was observed that, for the frequency range between 2 × 105 Hz to 100 Hz, an almost
constant impedance value was presented, indicating a resistive behavior, while, at values
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lower than 100 Hz, a linear behavior was presented with a high slope, which could indicate
capacitive behavior [44].
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Figure 8. Bode plots between log10 |Z| y log10f for the graphite electrode, treated SFw membranes
with and without functionalization in Hank’s Balanced Salt solution at different DC electrical po-
tentials. Where (a) Graphite electrode; (b) SFw obtained at 20 cm; (c) AgNPS-SFw; (d) AuNPs-SFw;
(e) SFw obtained at 25 cm; (f) AgNPS-SFw; (g) AuNPs-SFw.

To evaluate the change in the impedance value when coating the graphite electrode,
the value of the impedance magnitude was determined at a frequency of 1,995 Hz close to
a normal heart rate range, determined from 120 beats per minute, equivalent to 2 Hz. The
results were not favorable as a function of the frequency close to that of the heart due to
the lack of coupling through electrostatic interactions between the surface of the graphite
electrode and the SFw membranes treated with and without functionalization (Table 4).

Table 4. Impedance values obtained at different DC electric potentials for the different membranes
evaluated by EIS obtained at a frequency of 2 Hz.

Sample
Electric Potential

0 mV 400 mV 800 mV

Graphite 9.80 10.72 10.95
Treated SFw at 20 cm 11.39 12.23 12.54

AuNPs-SFw 9.73 10.57 10.43
AgNPs-SFw 10.01 10.89 10.82

Treatred SFw at 25 cm 7.80 8.49 8.37
AuNPs-SFw 9.36 10.18 10.12
AgNPs-SFw 11.47 12.58 12.65

On the other hand, if only the first part of the equivalent circuit [Rs·(CPE1·(CPE2·Rct1))]
is considered, that is, the parameter Rs associated with the resistance of the solution,
CPE1 corresponding to the non-ideal capacitive behavior of the electrode, CPE2 is the
capacitance of the electric double layer, and Rct1 is the resistance to charge transfer between
the solution and the electrode surface, and the impedance is determined at a frequency of
2 Hz using Equations (10)–(14), a favorable impedance behavior is obtained when coating
the working electrode with each of the treated membranes and functionalized with metal
nanoparticles [45].

ZRs = Rs (10)

ZCPE =
1

CCPE·(j·ω)n (11)
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ZCPE1,2 =
e−2.528·n·Cos(1.571·n)

CCPE1,2
(12)

ZRct1 = Rct1 (13)

ZT = Rs +
1

1
ZCPE1

+ 1
ZCPE2+ZRct1

(14)

where CCPE corresponds to the capacitance in farads and ω is the angular frequency
(ω = 2π f ). Equation (13) corresponds to the real part of Equation (12) evaluated at
a frequency of 1995 Hz, which was obtained using (MapleTM 18 software, Maplesoft,
Waterloo, Canada) [37].

The results showed that the increase in the total impedance values of the circuit
Rs·(CPE1·(CPE2·Rct1)) for the treated SFw membranes, functionalized with AuNPs-SFw
or AgNPs-SFw at direct current electric potentials of 400 mV and 800 mV, is related to the
formation of Au (I) and Au (II) chloride species and AgCl during the oxidation processes
of metal nanoparticles in the presence of Cl− ions, which modify the electrical properties of
the composite layer-by-layer and increase the overall impedance of the electrical system.

3.7. Cell Viability of Membranes

The membranes at 20 cm and 25 cm that were not functionalized with nanoparticles
presented viability of 60% and 25%, respectively. The membranes at 20 cm and 25 cm
functionalized with gold nanoparticles caused viability of the fibroblasts of 45% and
19%, respectively (Figure 9). The results demonstrate that the microarchitecture of the
membranes functionalized with gold nanoparticles favors cellular bioavailability and
biocompatibility [46].
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On the other hand, membranes functionalized with silver nanoparticles do not al-
low the generation of syncytium cells, and, on the contrary, generated cell toxicity and
death. Therefore, this type of membrane could not be used as conductive structures for
tissue engineering, due to their oxidative capacity, which causes a limiting barrier in cell–
cell communication and could favor cell death processes and induce proinflammatory
effects [47].
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4. Conclusions

Based on the results of our research, it was possible to generate SFw/PEO fibrillar
membranes, modulating the morphological properties of the electrospun structure without
the presence of defects. The treatment with organic solvents such as methanol contributed
to these membranes, going from being soluble in aqueous solvents to insoluble in them by
a crystalline transition of fibroin macromolecules.

Composed membranes with AuNPs-SFw or AgNPs-SFw were obtained layer-by-layer
by impregnation techniques. The resulted membranes showed favorable electrical response
with average conductivity values of 16.3 µS/cm (AuNPs-SFw), 15.7 µS/cm (AgNPs-SFw),
and 13.5 µS/cm (Treated SFw) compared to 9.3 µS/cm for graphite, with which this type of
membrane allowed the diffusion of electrical stimuli behaving as stimulators and modula-
tors of electrical current.

On the other hand, it was found that treated SFw electrospun membranes at distances
of 20 cm and 25 cm, coated with AuNPs-SFw or AgNPs-SFw, reduce the impedance values,
which could modulate charge transfer and modify the conduction rate of the electrical
stimulus when evaluated in an electrophysiological solution.

Furthermore, it was found that electrospun membranes at 20 cm functionalized with
AuNPs-SFw generate an increase in electrical conductivity when evaluated in an electro-
physiological solution and favor of cell viability. Therefore, it is considered that this type
of biomaterial composed of layers could be used as an electroconductive biomaterial for
tissue engineering.
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Abstract: Cardiovascular disease is anticipated to remain the leading cause of death globally. Due to
the current problems connected with using autologous arteries for bypass surgery, researchers are de-
veloping tissue-engineered vascular grafts (TEVGs). The major goal of vascular tissue engineering is
to construct prostheses that closely resemble native blood vessels in terms of morphological, mechani-
cal, and biological features so that these scaffolds can satisfy the functional requirements of the native
tissue. In this setting, morphology and cellular investigation are usually prioritized, while mechanical
qualities are generally addressed superficially. However, producing grafts with good mechanical
properties similar to native vessels is crucial for enhancing the clinical performance of vascular grafts,
exposing physiological forces, and preventing graft failure caused by intimal hyperplasia, thrombosis,
aneurysm, blood leakage, and occlusion. The scaffold’s design and composition play a significant
role in determining its mechanical characteristics, including suturability, compliance, tensile strength,
burst pressure, and blood permeability. Electrospun prostheses offer various models that can be
customized to resemble the extracellular matrix. This review aims to provide a comprehensive
and comparative review of recent studies on the mechanical properties of fibrous vascular grafts,
emphasizing the influence of structural parameters on mechanical behavior. Additionally, this review
provides an overview of permeability and cell growth in electrospun membranes for vascular grafts.
This work intends to shed light on the design parameters required to maintain the mechanical stability
of vascular grafts placed in the body to produce a temporary backbone and to be biodegraded when
necessary, allowing an autologous vessel to take its place.

Keywords: vascular grafts; biopolymers; physiological forces; compliance; burst pressure; cellular
activity; permeability; porosity; fiber orientation; wall thickness

1. Introduction

Cardiovascular diseases (CVDs) remain the major cause of death worldwide, and
an estimated 17.9 million individuals died in 2019. Additionally, prior CVDs are a sig-
nificant risk factor for coronavirus disease of 2019 (COVID-19)-related complications and
fatalities [1,2]. The main risk factors for CVD include smoking, being overweight, having
diabetes, high blood pressure or hypertension, dyslipidemia, not exercising enough, eating
poorly, and experiencing a lot of stress, all of which are extremely prevalent problems
in today’s society [3,4]. The number of CVD cases increased from 271 million in 1990 to
523 million in 2019, while CVD fatalities increased from 12.1 million in 1990 to 18.6 million
in 2019 [5]. The World Health Organization estimates that by 2030, there will be a 24.5%
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increase in the number of fatalities [6]. Coronary artery disease, the most prevalent form of
CVD, necessitates surgery based on arterial replacement, known as bypass grafting [7]. The
blood vessel that is injured or obstructed is replaced during bypass surgeries with an autol-
ogous vein or synthetic graft. Autologous grafts have significant disadvantages because of
their scarcity and difficulties with graft harvesting [8]. Despite being the most common
autograft, the saphenous vein has low patency and a failure rate of about 50% after ten
years of implantation [9]. Vascular grafts made of synthetic materials can be used in place of
autologous vessels. Expanded polytetrafluoroethylene (ePTFE, Gore-Tex, California, USA)
and polyethylene terephthalate (PET, Dacron, Invista, Kansas, USA) are the most widely
used commercial synthetic materials because they are effective at replacing large-diameter
arteries and have shown successful long-term results. However, they are ineffective when
used as smaller diameter vascular grafts (<6 mm), such as coronary arteries, because of
low patency rates, thrombogenicity, and compliance mismatch [10,11]. The compliance
mismatch between the native artery and the inelastic synthetic graft at the anastomosis
sites results in low blood flow rates and turbulent blood flow in small-diameter grafts.

Due to these mechanical issues, the thrombogenic nature of the scaffold material,
poor endothelialization, luminal narrowing, and thrombosis are brought on by intimal
hyperplasia, causing low patency rates [12]. Enhancing the mechanical performance and
biocompatibility of small-caliber vascular prostheses is necessary to satisfy a clinical re-
quirement and offer patients alternative scaffolds due to the current limitations of clinically
approved grafts [13]. However, the clinical applicability of vascular grafts is still con-
strained by problems with the intrinsic thrombogenic character of synthetic polymers,
inability to sustain somatic growth and repair, inappropriate mechanical qualities, and
severe intimal hyperplasia [14]. Thus, novel approaches for fabricating TEVGs, including
electrospinning, decellularization, lyophilization, and 3D printing by utilizing biopolymers,
have been explored to eliminate these issues and provide the ideal small-caliber graft that
may be used in the clinic and can imitate the native artery in all aspects [15]. The selection of
the material and the production technique is based on the determination and optimization
of the design parameters, which require a better understanding of the vascular environment,
the properties and needs of native vessels, and the correlation between the constructional
criteria and graft properties. In this regard, this review covers vascular grafts, scaffold
fabrication methods, biopolymers utilized in these prostheses, and mechanical forces acting
on vascular grafts in detail. In addition, the impact of constructional design parameters
on mechanical as well as permeability properties is discussed, and recent studies have
been reviewed in the literature to give a broad perspective for the researchers to discover
the necessities and limitations in this field and help to find alternative ways to meet the
requirements of vascular grafts improved in the future.

2. Anatomy of Blood Vessels

Arteries, capillaries, and veins are all linked in series to make up the pulmonary
vasculature [16]. Arteries and veins accomplish effective blood circulation across the lumen
to distant locations. Arteries transport oxygenated blood from the heart to the tissues,
whereas veins transport waste, nutrients, and oxygen from the capillaries back to the
heart while returning deoxygenated blood to it [17,18]. The extracellular matrix (ECM)
comprises 70% water, and the remaining 30% comprises a vascular wall consisting of
collagen, elastin, proteoglycans, and vascular cells [19]. The three layers that form the
typical arterial wall are the tunica intima, which consists of a single layer of endothelial
cells (ECs) that exists in the internal elastic lamina, which is a dense elastic membrane
that divides the intima from the media and is oriented parallel to the blood flow; the tunica
media, which is composed of concentric layers of smooth muscle cells (SMCs) between the
elastic lamina layers; and the tunica adventitia, which is formed of myofibroblasts involving
connective tissue with nerve fibers and the vasa vasorum that nurtures the blood vessel
wall and is divided from the media by an external elastic lamina [20,21] (Figure 1). The
tunica intima, also known as the endothelium layer, controls the tone of blood vessels,

60



Membranes 2022, 12, 929

platelet activation, adhesion and aggregation, leukocyte adherence, SMC migration, and
proliferation and serves as a thrombo-resistant, continuous selective permeable wall that
permits laminar blood flow throughout the blood vessel [22]. ECs and SMCs play crucial
roles in preserving the vessel’s mechanical efficiency and structural integrity. The tunica
media, in which collagen, elastin fibers, and SMCs are radially aligned, offers the vessel
mechanical strength and regulates vessel diameter by contracting or relaxing [23]. High
blood pressure causes the arteries to experience significant mechanical stress. In the
physiological pressure range, the load on the vessel is distributed between the collagen
and elastin fibers. At higher blood pressures, where a greater amount of force is needed
for a change in diameter, the stiffer collagen fibers dominate the mechanical behavior and
protect the blood vessel from failure. In contrast, the elastic components, which are less stiff
and more elastic chains, dominate mechanical behavior at lower pressures [19]. Collagen
fibers, elastic fibers, elastic lamellae, and proteoglycans, which provide vessel elasticity
and radial compliance, are secreted by SMCs [22]. The flexibility and structural stability of
the artery are supported by elastic laminae. Intimal hyperplasia is avoided thanks to elastic
fibers and lamina that slow down SMC development [24]. Elastin, which relieves stress
on the heart and permits vasodilation and vasoconstriction in arteries with pulsatile flow,
is responsible for reversible elasticity [25]. The vasa vasorum and vascular innervation are
supported by the tunica adventitia. This outermost layer comprises fibroblasts, extracellular
matrix, and fibrillar types I and III collagen and is placed between the exterior elastic lamina
on the media layer and interstitial matrix [23,24].
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3. Requirements for Vascular Grafts

The fundamental concern with vascular tissue engineering is still creating an ideal
vascular graft that can replicate the structural, biological, and mechanical characteristics
of the native blood vessels and be used as a replacement for the damaged blood vessel.
When selecting a polymer and a method of fabrication for the construction of synthetic
blood vessels, some fundamental properties to consider are processability, mechanical
behavior, morphology and porosity, hydrophilicity, biodegradability, and biocompatibil-
ity [26]. The vascular scaffolds should offer an ideal topographic and structural framework
for cell adhesion, proliferation, and diffusion [27]. Developing a suitable microstructure
and functional material that encourages endothelialization requires proper processing
and surface modification techniques. Additionally, the native tissues must be compatible
with the mechanical characteristics of small-diameter vascular grafts, including modulus,
nonlinear elasticity, compliance, burst pressure, and suture retention strength, as even a
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slight mechanical discrepancy between the prostheses and the native vessel can lead to graft
failure [28]. A combination of dynamic mechanical forces, including hemodynamic forces
originating from fluid flow, cyclic stretch, lateral pressure, and vessel wall forces created by
the vasculature, creates the complex mechanical microenvironment [29]. The compliance
mismatch, which is the incompatible dimensional change of the vascular graft and the
native blood vessel in response to pressure variations inside the lumen, causes the hemody-
namic flow imbalance in the vascular graft and stress concentration at the anastomosis. The
pressure difference at the anastomosis can result in intimal hyperplasia and thrombosis [30].
Additionally, just like the native artery, the designed blood vessel’s burst pressure must be
higher than 1000 mmHg in order to resist blood pressure (200 mmHg) [31].

The pore size is a crucial structural element since it directly impacts cell migration,
leakproofness, and mechanical qualities. Large pores obviously cause blood leakage, but
small pores prevent cells from penetrating. SMCs must enter TEVGs through larger pores
since they are bigger than ECs [32]. Additionally, in vitro research on the development of
the macrovascular endothelium has shown that materials with smaller pore diameters and
lower porosity promote better EC adherence. ECs range from 10 to 40 µm, and adhesion
is necessary for their proliferation. As a result, the proliferation is limited to materials
with pores larger than a cell, particularly those with diameters of more than 30 µm [33].
Moreover, a reduction in mechanical characteristics is observed with an increase in pore
size and porosity [34]. In addition, vascular scaffolds should be suturable for convenience
of use, and for usage in ophthalmic and microvascular procedures, a 0.6 N suture retention
is adequate [35,36]. The choice of materials for vascular grafts is also heavily influenced
by biodegradation. A fast degradation rate can limit neointimal hyperplasia by limiting
the activation of inflammatory cells and reducing the probability and intensity of a foreign
body response. However, a high rate of tissue degradation can compromise its performance.
Thus, the vascular tissue regeneration rate should be harmonious with the biodegradation
rate [37].

The topography and morphology of the lumen surface are other essential aspects
affecting thrombosis and material selection. In addition, gradients strongly influence
platelet adhesion and activation in the nanotopography of the material surface. Thus, a
TEVG surface designed with the proper topography and roughness could significantly
increase the hemocompatibility of the lumen surface of the scaffold [38].

Thus, for obtaining an applicable small-diameter vascular graft that satisfies all of the
necessary features, this scaffold needs to be mechanically strong and compliant to withstand
hemodynamic stress; suturable; available in various sizes in case of emergency; easy to use
to reduce the time, cost, and risk; resistant to thrombus and infection; biocompatible to
integrate with the body and allow the formation of neo-vessels similar to native arteries
in characteristics and performance; low-cost; patent for long-term; able to show rapid
endothelialization; and porous enough for easy cell diffusion; it is necessary to combine
biomimetic design with improved cellular and molecular knowledge of the biology of the
vessel wall [39].

4. Electrospinning Technique

The ability to have sufficient multicellular activities, nutrition delivery, and mechanical
qualities is essential to successfully produce scaffolds at the macro- and microscales [40].
Solvent casting with particle leaching, thermally induced phase separation, freeze drying,
electrospinning, 3D printing, and combination molding techniques are some methods for
constructing tissue-engineered scaffolds that imitate the ECM [41]. Among these methods,
electrospinning has emerged as a leading technology for creating synthetic polymer grafts
because it is configurable, and the electrospun fibrous structure closely resembles the fibrous
structure of native ECM in the vessel wall, enabling cell infiltration and cellularization of
the grafts and having a high surface-to-volume ratio thanks to 3D fibrous matrices with
varying fiber sizes [42].
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Nanoscale (<1000 nm) and microscale (>1 µm) polymer fibers can be created using
the electrospinning technique [43]. The electrospinning setup consists of three main parts:
a high voltage supplier, a capillary tube with a tip, and a collector [27] (Figure 2). When
a voltage is applied during electrospinning, the electrostatic force affecting the droplet
overcomes the surface tension and forces a liquid jet to move out from the tip. This
whipping action results in the drawing and thinning of the polymer and causes fiber
production as the solvent evaporates simultaneously. The geometry of the resultant scaffold
is influenced by the collector type and electrospinning arrangement [44]. Electrospinning
can be used to create biomimetic degradable scaffolds for essential cellular and molecular
activities using both natural and synthetic biopolymers [45].
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To encourage capillary ingrowth and graft regeneration, vascular grafts must have
an acceptable level of porosity, with an average pore diameter of 10 µm and a minimum
pore area of 20–80 µm2. Macrophages, cells, fibroblasts, and capillaries deposit on the wall
with pore sizes of 25–40 µm and higher in the first few weeks, allowing cellular infiltration.
Electrospinning may be a useful technology among other manufacturing processes for
creating an appropriate microstructure for full neovessel production because of its ability to
adjust fiber and pore diameters [20]. As a result, electrospun fibrous scaffolds have become
much more promising candidates for vascular tissue engineering due to their highly porous
structure and high surface-to-volume ratios, which encourage cell interactions, including
EC adhesion and SMC diffusion into the porous outer layer [46,47].

The electrospinning parameters can be divided into three groups, which are solu-
tion parameters (viscosity, conductivity, molecular weight, and surface tension), process
parameters (voltage, tip to collector distance, and flow rate), and ambient parameters
(humidity and temperature) [48]. In order to produce scaffolds satisfying the requirements
structurally, mechanically, and biologically, the optimum parameters must be chosen in
accordance with the needs of the electrospinning method and the final prosthesis.
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5. Design Components for Electrospun Vascular Prosthesis

The design parameters for electrospun vascular grafts can be divided into two cate-
gories: the constructional parameters, which involve fiber diameter, pore size, porosity,
fiber orientation, wall thickness, the number of layers, and material selection. The scaffold’s
configuration and material choice are both essential because they have a significant impact
on mechanical and biological characteristics, including compliance, tensile strength, burst
pressure, blood permeability, and suturability, as well as biological processes such as cell
phenotype, ECM formation, and cell diffusion.

5.1. Constructional Parameters

It is challenging to design ideal 3D scaffolds that replicate the properties of ECM;
thus, electrospinning is becoming more popular for making vascular grafts due to its
potential to create scaffolds with micro/nano-scale topography, high surface area-to-volume
proportions, and highly interconnected pores. Researchers can optimize the properties of
prostheses and produce scaffolds with higher cell infiltration and proliferation and adequate
mechanical properties by modifying the construction parameters of fibrous scaffolds by
altering the electrospinning parameters [49].

5.1.1. Fiber Diameter, Pore Size, Porosity, and Permeability

Ideal scaffolds are frequently fabricated to be very porous for cell diffusion, nutri-
ent and oxygen delivery, and metabolic disposal of wastes to promote the development
of targeted neotissues [50]. Small pore sizes are the major issue concerning electrospin-
ning because they result in inadequate cell penetration and compliance mismatch [31,51].
This issue can be resolved by regulating porosity using various techniques, including
salt/polymer leaching, collector modification, post-treatment with laser radiation, and
adjusting the electrospinning conditions. It has been demonstrated that the pore size of
electrospun webs is directly associated with the fiber diameter, suggesting that the pore size
increases with an increase in fiber diameter. Thus, the diameter of the fiber can be easily
modified by changing electrospinning variables such as the polymer concentration, voltage,
and solvent type [51]. Even though electrospun prostheses made of nanofibers have a
greater capacity for cell adhesion and proliferation than scaffolds made of microfibers, they
frequently have lower cell infiltration levels. This is typically due to the small pore sizes,
complex distribution, and lack of pore connectivity of scaffolds made of nanofibers, which
have an impact on long-term matrix regeneration. Thus, using microfibers and nanofibers
together encourages cell adhesion and proliferation with the help of nanofibers and gives
more void areas for cell penetration through less dense microfibers [52].

The pore size of vascular grafts is recognized as an essential design parameter in the
production of TEVGs because the vascular cells must be effectively settled with ECs on the
lumen surface and SMCs in the outer layers. While ECs on the luminal surface prevent
thrombosis, SMCs on the outer wall of vascular scaffolds support the scaffolds’ activities
such as vasoconstriction and vasodilatation [53]. It is claimed that electrospun scaffolds
with fiber diameters of more than 1 µm allow larger pore diameters and encourage cell
penetration, whereas smaller fiber diameters of less than 1 µm dramatically restrict diffu-
sion for the majority of cell types, and so the ideal pore diameter necessary for sufficient
cellular penetration is greater than 10 µm [53–55]. Small pore diameters are acceptable for
the ECs to accumulate, proliferate, and infiltrate on the graft surface, which encourages
ECM regeneration; however, they hinder SMCs’ infiltration and colonization around the
neo-vessel [53]. It has also been stated that the optimum scaffold pore diameter ranges from
5 to 500 µm since distinct cell types have unique dimensions and morphologies [56,57].
Large pores are ideal for better cell diffusion but can also promote blood leakage through
the graft wall. With a homogeneous design, it is challenging to achieve a balance among
enhanced tissue regeneration, decreased blood leakage, and sufficient mechanical charac-
teristics; for this reason, multilayered vascular prostheses with different pore diameters
have been thought to be useful [56]. Additionally, it is claimed that grafts with a porosity
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of 90% and pore sizes between 100 and 300 µm can effectively support cell adhesion and
matrix development. When SMCs are cultured on these scaffolds, the mechanical behavior
can be changed from elastic to viscoelastic, more closely approximating the mechanical
characteristics of the native vessels [58].

The mechanical characteristics of the vascular scaffolds are also greatly influenced by
the fiber diameter, pore size, and porosity, in addition to their biological impacts. Fluid
permeability, thermal conductivity, diffusion coefficient, elastic modulus, yield, rupture,
stiffness, fatigue resistance, and ductile strength are all significantly affected by porosity,
a microstructural feature [59,60]. The superior mechanical properties are often seen in
scaffolds with low porosity [61]. In nanofibrous scaffolds, mechanical characteristics are
typically reported to decrease as porosity and pore diameter increase [34,62]. The stiff
porous nanofibers located in the nanofibrous webs with strongly packed structures and
enhanced molecular orientation have high tensile modulus and strength and low elongation
at breakage. Reduced porosity and smaller pore sizes also improve the ductility of the
material [63]. On the other hand, larger pore sizes lead to massive surrounding fibrous
tissue accumulation post-implantation, which significantly reduces compliance, whereas
low porosity limits endothelialization, negatively impacting antithrombogenicity [64]. The
graft’s flexibility is reduced due to the extensive fibrous accumulation caused by the large
pore diameters, and high-porosity scaffolds are weaker than low-porosity ones. On the
other hand, sufficient porosity (>80%) is usually necessary to simulate vascular distensibility.
A detailed examination of burst strength is also essential to bring a promising graft through
the stages of in vivo investigation and further clinical studies [65,66]. Interestingly, it has
been demonstrated that the burst strength can decrease significantly after a certain porosity
level because the low-porosity scaffolds are too fragile to withstand high pressures [67].
The more flexible high-porosity scaffold had a larger strain at rupture, burst pressure,
and suture retention strength than the low-porosity scaffold with more closely packed
fibers. When Young’s modulus of the two grafts was compared, the low porosity graft
had higher maximum stress and was stiffer than the high porosity grafts. On the other
hand, bilayered grafts having layers of both high and low porosity exhibited performance
outcomes that were comparable to those of monolayer grafts. Therefore, despite the use of
the same polymer, different microarchitectures may provide mechanical properties that are
noticeably different [68]. Additionally, the in vitro and in vivo mechanical performances of
the grafts should be considered.

In addition to the porosity, pore size, and inner connectivity of pores, static permeabil-
ity is another critical parameter that influences the penetration and proliferation of cells
as vascular graft performance. The permeability affects the molecular exchange between
the enclosed graft and the surrounding blood environment. Permeability depends on the
electrospun scaffolds’ packing density, porosity, and pore size. Densely packed fibers result
in poor porosity and permeability, which hinder cellular infiltration inside the scaffolds,
thus limiting the penetration distance of cells. In these circumstances, the oxygen and nu-
trient diffusion is limited, and cells can survive only on the surface. A perfectly permeable
vascular graft should prevent immunogenic molecules from entering and permit the free
transportation of oxygen, essential nutrients, and metabolic waste of cells [69]. To maintain
a cell’s expected growth, the permeability of TEVGs must be sufficient to transport oxygen
and nutrients and export waste between the microenvironment of cells and the blood.

5.1.2. Fiber Orientation

Recent studies on the electrospinning of aligned fibers mainly concentrate on the
configuration of the collector system, such as parallel electrodes, metal rotating discs, and
mandrels. The main concerns of researchers are the linear velocity of the collector surface
and the effects of the collection settings on the electric field. It has been stated that the
electrical properties of the solvent, along with the collector speed, have a significant impact
on the level of fiber orientation [70]. It is challenging to achieve the high speeds greater
than 10,000 min−1 required to obtain fiber orientation by using rotating mandrels with
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diameters less than 6 mm. As a result, large-diameter rotating collectors (630 mm, 100 mm,
32 mm, and 640 mm) were used in many studies to achieve high rotational speeds and
eliminate the resonance frequency concern [71]. It has also been shown in the literature
that the polymer type is another factor that affects the aligned fiber morphology. Some
polymers can align crimp-like, whereas others are oriented in the flat form [72].

Fiber orientation has been regarded as one of the most important characteristics of
scaffolds since it affects both cellular orientation and the mechanical characteristics of
prostheses used as vascular grafts [73,74]. The main factor influencing cell development
behavior is fiber orientation, and cells on scaffolds typically create a phenotypic mor-
phology and grow effectively based on fiber alignment [75,76]. Furthermore, it has been
demonstrated in studies that radially oriented fibers encourage SMC penetration and
alignment [77].

On the other hand, there is a significant correlation between the radial elastic modulus
of the tubular scaffolds and the direction of fiber orientation. Circumferentially aligned
fibers provide higher radial elastic modulus, and the Poisson effect confirms the distribu-
tion of fiber orientations in terms of mechanical characteristics [78]. In contrast to their
orientated counterparts, randomly distributed fibers significantly improve the suture re-
tention strength (SRS). This result is unexpected as efficient scaffold designs are usually
approached with orientation to enhance mechanical properties. Thus, a multilayer strategy
for vascular substitutes with carefully selected fiber orientations is necessary to provide
the ideal balance of compliance, burst pressure strength, and SRS, particularly at the anas-
tomotic site [79]. Modifying fiber orientation enables the control of graft compliance [80].
Oriented fibers display better modulus, tensile strength, and burst strength values, as well
as reduced compliance when strained in the direction of orientation, which is related to the
stiff structure of the material [81].

5.1.3. Wall Thickness

Along with the previously mentioned factors, wall thickness is a crucial factor in
designing vascular grafts since it affects the biomechanical characteristics, compliance,
burst pressure resistance, and biological activities. Native vessels are reported to have walls
with thicknesses ranging between 400 and 1000 µm [82]. Increasing the electrospinning
duration will result in larger walls for the vascular scaffolds, significantly enhancing their
circumferential tensile strength and suture retention strength [83]. Suture movement is
more challenging in grafts with thicker walls, which provide increased fiber overlapping
and enhanced binding force. However, the increased wall thickness is unfavorable for
graft porosity and compliance [84]. Vascular grafts with a thinner wall thickness are more
permeable and have greater mass transfer than the ones with a greater wall thickness
in vivo. Hence, they have better cell proliferation and attachment performance than grafts
constructed with thick layers [85]. Additionally, studies have demonstrated that as wall
thickness is increased, vascular graft compliance decreases [86]. Compliance mismatch
among the synthetic vascular scaffold and the native blood vessel also causes a change
in hemodynamics, which then affects wall shear stress (WSS) and creates irregular flow
patterns. Thus, undesirable biological responses are triggered by inconsistent mechanical
signals that result in intimal hyperplasia [87]. In several investigations, the wall thickness
has been decreased to produce compliant grafts similar to the native vessels; nevertheless,
this can lead to poor bursting strength, which might not be adequate for implantation. The
thickness of the graft wall also has an impact on blood permeability and graft handling
during surgical procedures. Hence, it may be challenging to achieve a proper balance
between all mechanical and biological properties and design parameters, especially blood
leakage, cell permeability, burst strength, and compliance, when deciding on the wall
thickness of the vascular grafts [88]. This makes determining the ideal wall thickness for
vascular grafts extremely important.
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5.1.4. Number of Layers

As previously mentioned, vascular tissue engineering aims to imitate the construction
and activities of native vessels that are composed of three layers known as the tunica intima,
tunica media, and tunica adventitia, which provide high strength, elasticity, and compliance
as well as outstanding hemodynamic function and anti-thrombogenicity [89]. Different
roles are accomplished by each layer within the blood vessels. For instance, the endothe-
lium layer of a native blood vessel is a well-organized monolayer, and the alignment of
endothelial cells can regulate biological signaling such as intracellular protein expression,
cytoskeleton development, and cellular interactions, whereas the middle layer involves
spindle-shaped and circumferentially oriented SMCs that significantly affect the elasticity,
mechanical strength, and vasoactive reactivity of blood vessels [90]. The reported mechani-
cal and biological incompatibility of monolayered electrospun vascular scaffolds has led to
the development of vascular prostheses with multilayers as an alternative technique for
mimicking the characteristics of these layers [91]. In this regard, the middle and outermost
layers should have a higher porosity to encourage SMC migration, whereas the inner layer
should have a lower porosity to promote EC proliferation and limit blood permeability [92].
According to the researchers, creating multi-layered vascular scaffolds that imitate the
mechanical and structural features of the native vessel walls is a useful way to mimic the
functions of the media and intima layers [90,93]. Additionally, fabricating synthetic vascu-
lar scaffolds consisting of multiple layers with unique mechanical characteristics enables
achieving a particular J-shaped stress–strain curve as in native blood vessels that show
non-linear stress–strain behavior that provides the vessel’s resilience and, as a result, helps
prevent aneurysms [94]. Due to the integrated mechanical features of the layers, the com-
posite effect has been observed in stress–strain graphs in the work by Yalcin Enis et al. [71]
by creating bilayered scaffolds with layers of random and orientated fibers of PCL and
PLC polymers with various molecular weights. Therefore, by optimizing the fiber diameter,
fiber alignment, pore size, wall thickness, material type, or their combinations, multilayer
designs should be created to meet the requirements of vascular grafts in separate layers.

5.2. Material Selection

Synthetic vascular grafts made of non-biodegradable materials, including ePTFE,
Dacron, and PU, which are commercially utilized, are not suitable for manufacturing grafts
with diameters smaller than 6 mm, which are required to replace the saphenous vein,
internal mammary artery, or radial artery as a vascular substitute because of poor patency,
compliance mismatch, thrombosis, and ineffective neo-vessel development [12,77,95]. The
drawbacks of currently available materials have prompted scientists to design biodegrad-
able synthetic vascular grafts to enhance native vessel regeneration and reconstitute a
functional arterial composition. However, when employed in animal experiments, these
grafts have shown severe failure because of aneurysms, intimal hyperplasia, and thrombo-
sis. These outcomes are probably brought on by the regenerated grafts with an insufficient
amount of elastin [96].

Multiple biopolymers, including synthetic and natural ones, can be used to construct
vascular grafts from electrospun fibers [97]. These materials are utilized to create a vascular
scaffold that is physiologically suitable, and they should be chosen based on the graft struc-
ture, desirable biodegradation rate, and capacity for cell adhesion [38]. The material and
architecture of small-caliber TEVGs have a significant impact on their biocompatibility, non-
toxicity, non-immunogenicity, mechanical properties, ease of handling, and storability [98].
Furthermore, the scaffolds need to support host tissue remodelling and tissue regeneration
during biodegradation and withstand inherent biological stresses as in biological systems
to resist long-term issues including infection, intimal hyperplasia, stenosis, calcification,
and aneurysmal dilatation [99]. While a rapid degradation rate may improve regeneration
efficiency, it may also diminish tissue performance and damage mechanical qualities. In
contrast, a slow degradation rate may hinder the development of neo-tissues. Therefore, it
is essential to maintain a balance between the rates of vascular regeneration and biodegra-
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dation [37]. Additionally, the significance of in vivo foreign body responses of monocytes
and macrophages to biomaterials is crucial for developing neo-vessels and thrombosis; as a
result, strategies for material choice and manufacturing that control macrophage phenotype
have drawn considerable attention [100]. Since it is normally impossible for one material to
satisfy all of these qualities, mixing several polymers to form a hybrid graft seems to be
an effective way to fabricate TEVGs [8]. These composite scaffolds can be thought of as
innovative smart biomaterials that have the potential to produce TEVGs since they blend
the advantages of natural polymers, including biocompatibility and biochemical capabil-
ities, with the benefits of synthetic polymers, consisting of high strength, modifiability,
and processability [101]. Some of the most commonly used biopolymers in vascular tissue
engineering applications are given in Table 1, with their advantages and disadvantages.

Table 1. Some of the advantages and disadvantages of natural and synthetic biopolymers used in
tissue engineering.

Type Biopolymers Advantages Disadvantages References

Natural

Collagen
• Supports EC and SMC

attachment
• Biocompatible

• Shows thrombogenicity
• Lack of mechanical strength [102–104]

Alginate

• Biocompatible
• Gel forming ability
• Non-toxic
• Biodegradable
• Easy to process

• Low stability
• Poor mechanical and barrier

characteristics
• Requirement of combination

with other biopolymers

[105–107]

Chitosan

• Formability
• Fabricability with other

biopolymers
• Anticoagulant ability
• Biocompatible
• Biodegradable

• Poor mechanical strength
• Low stability
• Low spinnability in

electrospinning
• Toxicity

[108–110]

Elastin
• Mechanically flexible
• Resisting physiological pressures

• Strong tendency to calcify
• Hard purification process [111–113]

Fibrin

• Biocompatible
• Simple extraction procedure

from patient’s blood
• Encourages cell adhesion and

collagen synthesis
• Nonlinear elasticity
• Contributing compliance
• Resisting intense deformations

• Low mechanical strength
• Fast degradation rate [114–117]

Gelatin

• Low cost
• Biocompatible
• Biodegradable
• Low antigenicity
• No denaturation during

electrospinning

• Dissolution and loss of gelatin
matrices under physiological
conditions

[118,119]
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Table 1. Cont.

Type Biopolymers Advantages Disadvantages References

Synthetic

PCL

• Flexibility
• Structural stability
• Thermoplasticity
• Biocompatible
• Slow biodegradation

• Slow biodegradation
• High hydrophobicity resulting in

low cell affinity
• Low bioactivity
• Low oxygen permeability
• Low surface energy

[120–123]

PLA

• High tensile strength
• Non-toxicity
• Opportunity to control the

polymer crystallization, shape,
and hydrolysis

• Biodegradable
• Biocompatible

• Acidic degradation byproducts
• Brittleness
• Poor wettability

[124–127]

PGA

• Fast degradation rate
• Good mechanical characteristics
• Biodegradable
• Biocompatible

• Triggering inflammatory reaction
• Fast biodegradation rate

resulting in a loss of mechanical
performance

[128–130]

An ideal vascular graft should possess mechanical strength, compliance, suture re-
tention strength, and a J-shaped mechanical response close to physiological levels. The
mechanical responses of both passive (elastin and collagen fibers) and active components
(SMCs) affect the mechanical reaction of the artery wall. When arteries are subjected to
blood pressure, non-linear elastic behavior is seen as a J-shaped curve [131]. Many bioma-
terials and biological tissues have what is known as a J-shaped strain–stress curve, which
illustrates how small increases in stress initially lead to enormous elongation, but as the
material stretches further, it stiffens and becomes more difficult to stretch [132]. Elastin
fibers are mainly responsible for the compliance of vessel walls at low pressures, whereas
high stiffness is mainly caused by the mechanical reaction of collagen at high pressures.
As pressure increases, collagen fibers start aligning and orienting, lowering arterial com-
pliance. Therefore, utilizing collagen and elastin and mimicking their crimpy architecture
appears to be a suitable method for creating a small-caliber vascular graft that simulates
this mechanical reaction [131]. In order to provide sufficient compliance and structural
integrity of TEVGs, the co-spinning of both elastin and collagen has been used as a strategy
to imitate the artery’s three-layered architecture [133].

A natural contractile-like SMC phenotype can be differentiated to resemble the compo-
sition of native blood vessels by using ECM proteins such as collagen type I and insoluble
elastin, which have superior viscoelastic capabilities. In addition to their outstanding
biological features, natural polymers can be easily modified in terms of their mechanical
characteristics and biodegradation rates through the change in their degree of crosslink-
ing [134]. The polymers derived from ECM components collagen, elastin, fibrin, and gelatin
are utilized to create TEVGs. There are many studies targeting the improvement of the in-
tegrity of collagen-based grafts to overcome the inadequate mechanical qualities, including
anastomosis strength, burst pressure, and tensile strength. Elastin and gelatin grafts have
similar behavior. In addition, dynamic culture has enhanced the mechanical behavior of
fibrin grafts developed from in vitro-produced fibroblasts, providing compliance close to
natural blood vessels [8]. The J-shaped mechanical behavior is generally achieved when
natural biopolymers such as collagen, elastin, or fibrin are used.

However, natural polymers’ properties differ from sample to sample, and it might be
challenging to find consistently suitable production conditions. They are also weak, which
makes it tricky to withstand intense physiological forces. Although synthetic biopolymers
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with mechanical properties similar to collagen and elastin appear to be promising materials
for replacement, using them in a neat form causes a decrease in compliance as stress in-
creases. This makes achieving J-shaped reactions in vascular grafts difficult [131]. Some of
the most studied synthetic biopolymers for vascular scaffolds are biodegradable polyesters,
including PGA, PLA, PLLA, their copolymer PLGA, and PCL [10]. When compared to
natural polymers, synthetic polymers have several advantages. First, they are simple to
produce due to their physical and chemical characteristics. Despite their ability to help re-
store damaged tissue structure and activity, these biomaterials have limited cell attachment
locations and thus need chemical modifications. The tensile strength, Young’s modulus,
and degradation rate can be predicted and repeated over a wide range. These polymers
vary in their degree of biodegradability, biocompatibility, and mechanical characteristics,
but no single polymer provides the ideal mix of all of these crucial characteristics [135].
Therefore, utilizing various polymers to construct hybrid grafts that may offer ideal features
similar to native vessels is considered a promising technique.

Tissue engineers have been able to adjust TEVG features thanks to various polymers
and production methods, but choosing the ideal mix of graft properties is still difficult
to accomplish [136]. Therefore, the design and material selection should be considered
together rather than individually, as the scaffold’s characteristics depend on its morphology
and material.

6. Mechanical Forces Acting on the Vascular Grafts

Sufficient mechanical strength and Young’s modulus in the longitudinal and radial
directions are essential for clinical trials of vascular grafts because these scaffolds must
withstand repeated mechanical stresses, including expansion, shrinkage, bending, and
stretching under the in vivo conditions affected by blood flow and body movements [137].
In creating vascular grafts, it has been challenging to balance adequate mechanical strength
to endure physiological pressures and compliance similar to native vessels to avoid unfa-
vorable hemodynamic fluctuations [31]. In order to imitate in vivo conditions, vascular
tissue engineering needs a platform that mimics the hemodynamic shear and regular forces
that vascular tissues experience in the body in the radial, circumferential, and longitudinal
directions. Shear stresses are tangential frictional forces directly affecting ECs and are
delivered to SMCs by interstitial flow and signaling [138]. Numerous hemodynamic forces,
including flow shear stress, frictional forces parallel to the vascular wall produced by blood
flow, and circumferential stress perpendicular to the vascular wall brought on by trans-
mural pressure, affect all blood vessels. Vascular SMCs and ECs are likewise affected by
these physical stresses; variations in stress can trigger intracellular signaling pathways that
affect the cellular activity and blood vessel formation [139]. The endothelium performs the
role of a mechanoreceptor, sensing variations in blood flow, shear stress, and pressure and
then causing the secretion of signaling molecules that cause the SMCs to dilate or constrict.
Pulsatile flow and mechanical stresses in the blood vessel lumen also have an impact on
patency levels. Laminar shear stress is essential for maintaining the required endothelium
morphology [38]. The pulsatile blood pressure periodically exposes the vascular wall to
cyclic circumferential stresses of about 100–150 kPa, causing average strains of 10–15%.
Further, on the vascular wall of humans, blood flow produces an oscillatory shear stress of
1–5 Pa, which differs based on body size and vessel type. Even though shear stresses are
five times less intense than circumferential stresses, they still have a considerable effect on
cellular activity [140].

Therefore, it can be noted that vascular grafts are exposed to four hemodynamic
stresses: shear stress (τ, tangential frictional forces acting on ECs attributable to blood flow);
luminal pressure (σnor, a cyclic normal force due to blood pressure); cyclic circumferential
stress (σcir, a circumferential mechanical stretch due to blood pressure); and longitudinal
stress (σL,) [141], which are illustrated in Figure 3. Thus, blood pressure produced by
pulsatile blood flow also moves perpendicular to the EC matrix [142].
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6.1. Shear Stress

The tangential element of frictional forces brought on by the blood flow in a lumen
is known as shear stress. The shear stress unit in the SI system is the Pascal (Pa). The
cardiovascular system frequently makes use of dyn/cm2 (1 Pa = 10 dyn/cm2) [143]. Shear
stress (τ), which is parallel to the vessel wall, is used to describe the frictional force acting
on the vascular endothelium. ECs face shear stress that ranges from 1 to 6 dynes/cm2 in
the circulatory system and from 10 to 70 dynes/cm2 in the arteries, with an average of
20 dynes/cm2 [144]. When blood shows laminar flow, shear stress is calculated as

τ = 4µQ/(πr3) (1)

where µ is the viscosity, Q is the flow rate, and r is the radius of the vessel. The shear stress
in arteries with large diameters typically ranges between 5 and 20 dyn/cm2, although under
conditions of high systolic pressures, significant instant values can reach 40 dyn/cm2 [145].

As a result of blood flow, shear stress triggers ECs to convert mechanical sensations
into intracellular signals that change cellular processes such as proliferation, apoptosis,
infiltration, permeability, and regeneration as well as gene expression. These changes
are crucial for maintaining the homeostasis of vascular system and the mechanisms un-
derlying blood flow-induced circumstances such as angiogenesis, vascular regeneration,
and atherogenesis [146,147]. Additionally, endothelial progenitor cells (EPCs) grown from
human peripheral blood elongate and align longitudinally towards the flow direction when
subjected to laminar shear stress [147]. Vasodilation and vasoconstriction triggered by flow
are affected by WSS. Intimal hyperplasia is the outcome of alterations in the flow pattern
that are brought on by both high and low shear stresses. Stress concentration in anasto-
motic regions and compliance mismatch between the native vessel and the scaffold are the
two factors that contribute to abnormal WSS. Therefore, it is critical to avoid compliance
mismatch in order to reduce these disruptive flow patterns [64]. Shear stress can also lead
weakly adhered ECs to detach from the lumen, resulting in thrombosis in vascular grafts
lacking endothelial lining when blood encounters a surface other than the endothelium.
In numerous investigations, exposing vascular grafts to shear forces in pre-implantation
improved EC adhesion [148].

6.2. Luminal Pressure

Pulsatile blood flow creates a tensile stress as a result of the normal force that is
perpendicular to the vessel wall and results in cyclic strain [149]. ECs can sense and
respond to normal stresses. Cell adaptation systems can be inappropriate and cause disease
and significant changes in the cell phenotype when they are subjected to extreme conditions
such as mechanical stress from continuous and high-intensity stretching [150].
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6.3. Cyclic Circumferential Stress

This is the periodic stretching of arterial wall components that is produced by periodic
increments in transmural pressure difference and normal forces caused by blood flow [143].
Axial and circumferential strains have a significant impact on EC morphology, vascular
cell proliferation, and matrix remodeling [151]. Endothelial cells adjust their phenotype
and active signaling mechanisms in response to cyclic circumferential strain by orienting
themselves perpendicular to the force vector [152]. Mechanical stretch, which is detected by
mechanoreceptors, also controls how the SMC responds. Physiological pulsatile circumfer-
ential stress on the arterial wall enables SMCs to show contractile response. Circumferential
stress consequently influences gene expression as well as SMC processes such as prolifer-
ation, survival/apoptosis, diffusion, and ECM remodeling. Circumferential stress varies
from 1 to 2 × 106 dynes/cm2, based on the anatomical region [151].

Circumferential stress is studied more extensively as it provides data on the dimen-
sions of the vascular luminal diameter and wall thickness changes based on blood pressure
variations. It is possible to determine circumferential stress (σcir), which is frequently
represented in dynes/cm2, as follows:

σcir = (P.ri)/t (2)

where P is the internal pressure, ri is the inner radius, and t is the wall thickness of the
graft [153,154]. The mean circumferential stress is considered to better respond to slight
variations in the intima thickness and increases with larger wall thicknesses [155,156]. The
internal pressure also can be calculated as follows:

P = F/(2riL) (3)

where F is the force when it is exposed to P, and L is the length in the z direction [157]. In
addition, the circumferential strain measures the change in the internal diameter brought on
by a change in the intraluminal pressure. The following formula can be used to determine
strain (εi), which has no units:

εi = (Di − D0)/D0 (4)

where Di is the diameter at a particular pressure, and D0 is the reference diameter [153].
Under physiological blood pressure of 100 mmHg, the mean circumferential stress of the
coronary arteries is around 150 kPa, whereas the strain is approximately 10–15% [158].

6.4. Longitudinal Stress

All arteries experience longitudinal (axial) stresses varying from 40% to 65% in vivo [159].
Physiological alterations can alter these longitudinal stresses because arterial tethering
exposed by surrounding tissues maintains them. Key mechanical signals that encourage
arterial remodeling are also provided by longitudinal stresses, such as changes in shear
stress and circumferential strain [160]. A longitudinal strain also promotes cell proliferation
in the artery wall while preserving arterial wall function [161]. The distending force in
the longitudinal direction results in internal longitudinal stress (σL-P). On the other hand,
a second tensile force creating longitudinal stress in the latter direction exists due to the
arterial tethering (σL-T) caused by surrounding tissue along its length. The formulas given
below can be used to calculate the internal longitudinal stress (σL-P), the longitudinal stress
caused by arterial tethering (σL-T), and total longitudinal stress (σL):

σL−P =
Pri
2t

(5)

σL-T = FL-T/(π (re
2 − ri

2) (6)

σL = σL-P + σL-T (7)
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where the variables are the P, ri, external radius (re), t, and the longitudinal forces comprising
the forces resulting from the blood pressure (FL-P) and tethering (FL-T) in Equations (5) and (6).
The total longitudinal stress (σL) equals the sum of stress due to pressure (σL-P) and stress
due to tethering (σL-T) given in Equation (7) [19]. All dimensional variables and the force
components used in these equations are represented based on the vascular graft in Figure 4.
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The human femoral artery has a longitudinal elastic modulus of 978 kPa and lon-
gitudinal maximum stress of 65 kPa, placing it at the maximum limit of small-diameter
vascular grafts [162]. Additionally, it has been discovered that when the artery is stretched
longitudinally by 48% of its load-free length in vivo, the longitudinal stresses are greater
than the circumferential stresses [163].

Therefore, the physical and mechanical properties of vascular grafts, such as dimen-
sions, compliance, bursting strength, elasticity, and Young’s modulus, must be properly
provided by considering the design criteria that have a major impact on their long-term
performance in order for them to resist all of the aforementioned forces.

7. Mechanical Characteristics of Vascular Grafts

Recent methods for enhancing the clinical efficacy of vascular grafts and preventing
graft failure brought on by intimal hyperplasia, thrombosis, aneurysm, blood leakage, and
occlusion have been documented in the literature. These methods include creating grafts
with adequate compliance, elasticity, ultimate tensile strength, ultimate strain, Young’s
modulus, burst pressure, and suture retention strength to withstand all of the physiological
stresses that native vessels experience [81,164–167].

According to recent studies, it is essential to develop vascular prostheses that have
sufficient tensile strength and strain and also exhibit a nonlinear, J-shaped stress–strain
behavior similar to human coronary arteries [101]. The stress–strain curve shows that
blood vessels have nonlinear J-shaped mechanical behavior, with an initial elastic region
at low strain due to the presence of elastin, followed by an increase in stiffness with a
curved transition at high strain due to the presence of collagen. Collagen and elastin, two
structural proteins, work together synergistically to produce the J-shaped curve observed
in strained materials. This mechanical response provides adaptation and protection to
aneurysm generation, which is identified as a localized expansion or ballooning of a section
of an artery higher than 50% of its normal diameter, primarily induced by a weakening
of the vascular wall exposed to primary stress [168,169]. Unfortunately, the J-shaped
mechanical behavior of native vessels has not been replicated in most trials fabricating
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vascular prostheses to substitute coronary arteries. Some techniques have been used to
solve these issues, such as constructing the middle and outer layers to approximate the
structural configurations of collagen and elastin fibers found in native blood vessels [170].

Native blood vessels are dynamic, flexible, and strong tissues that can withstand
physiological stresses. The constructed vessel must resist pressure and pulsatile blood
flow without rupturing or membrane leakage. Burst pressure is, therefore, among the
most crucial elements in assessing whether a material is suitable for implantation and
describes the amount of pressure the scaffolds can endure before failing [171]. Gener-
ally, TEVGs designed for replacement are expected to have burst pressures greater than
2000 mmHg [172]. In addition, TEVGs must be able to withstand distortion and compres-
sion and show adequate tensile and shear strength to guarantee that the scaffold can resist
the tensile stress caused by suturing during implantation, to prevent rupture, scattering,
wear of the edges, and tearing of the seams, and to sustain circumferential strength to
withstand hemodynamic forces [84]. The suture retention strength analysis is employed to
calculate the magnitude of force needed to rupture the scaffold wall or rip a suture from a
structure. The suture retention strength of the human saphenous vein is 1.81 N [173].

Compliance, also known as the inverse of stiffness or the change in vessel diameter
over time as a function of pressure, is a term used in vascular tissue engineering to describe
the ability of the vascular scaffold to stretch circumferentially as a reaction to pulsatile
pressure [87,88,174]. The performance of the prosthesis is affected by compliance mismatch
between a native artery and a vascular replacement, which results from different mechanical
behaviors that cause a mismatch in diameter change and can reduce patency due to intimal
hyperplasia [87,175]. Low WSS is considered to be the outcome of the compliance mismatch
interrupting the flow at the distal anastomosis. Because of the low WSS, the vessel wall tries
to restore the flow disruption by thickening the intima, which finally causes the scaffold to
occlude [174]. Additionally, a longer residence duration of atherogenic particles, associated
with the low WSS, may trigger blood particle accumulation or adherence to the artery wall,
encouraging plaque growth and intimal thickening. Thus, lower WSS may be negatively
impacted by arterial compliance mismatch, which could lead to particle deposition in
stiffer vascular wall regions and increase the risk of arterial disease [176]. In many studies,
a compliance mismatch results from the stiffness of commercially available synthetic
polymers, such as ePTFE and Dacron [177]. Moreover, it is well reported that intimal
hyperplasia, anastomotic aneurysms, or pseudoaneurysms can result from excessive stress
at the suture locations caused by a compliance mismatch between the native vessel and
the Dacron scaffolds [178]. Therefore, avoiding these issues and obtaining effective graft
performance depend on developing a scaffold with compliance properties close to native
vessels. Figure 5 illustrates how the compliance level affects blood flow patterns and WSS.
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8. Current Studies Guiding the Literature

Some studies focusing on the effect of design criteria on both cellular activities and
mechanical properties and shaping the literature with seminal findings are discussed below.

Fiber diameter and pore geometry, which vary accordingly, are among the design pa-
rameters that should be prioritized in determining mechanical properties. Matsuzaki et al. [179]
studied the influence of pore size on neoarterial tissue regeneration and graft stability over
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the regeneration phase using electrospun scaffolds. Scaffolds with an inner diameter of
5 mm were constructed using electrospun PCL fibers with four distinct porosity and pore
sizes in the outermost layer (79% (4 µm), 82% (7 µm), 83% (10 µm), and 85% (15 µm) and
heparin-conjugated PLCL sponge as the inner layer. All of the grafts were implanted in
adult female sheep. Only scaffolds with pore sizes of 4 µm were demonstrated to resist
dilatation for up to a year. Grafts with wider pore sizes improved cell infiltration, but
neotissue could not regenerate quickly enough to provide the mechanical strength required
to resist dilatation. Grafts with pore sizes of 10 and 15 µm had lower strength than that of
the sheep carotid artery, which was approximately 3 MPa, but grafts with pore sizes of 4 and
7 µm had higher strength, around 4 MPa. Furthermore, the highest level of compliance was
attained with the 10 µm pore-sized graft at roughly 1% mmHg−1, which was still lower
than that of the sheep carotid artery. It is also possible to examine the effect of pore size
on mechanical properties through fiber diameter. Wang et al. [51] used electrospinning
to manufacture PCL vascular grafts with an inner diameter of 2 mm, and thicker fibers
were generated to achieve a structure with macroporosities to improve the scaffold’s cell
infiltration capabilities. While the fiber and pore diameters of these macroporous scaffolds
were around 5–6 µm and 40 µm, respectively, these values were around 0.7 µm and 5 µm,
respectively, in microporous scaffolds. The strain value of grafts with thicker fibers was
approximately 639.20% higher than the strain value of grafts with thinner fibers, which
was 168.40%, indicating that thicker-fiber grafts were substantially more rigid than thinner-
fiber grafts. Grafts with thinner and thicker fibers had Young’s moduli of 17.44 MPa and
21.00 MPa, respectively, indicating that an increase in fiber diameter resulted in a slight rise
in Young’s modulus. The ultimate tensile stress value of a thinner fiber graft was 13.35 MPa,
but the ultimate tensile stress of thicker fiber grafts was 8.72 MPa, suggesting that increas-
ing fiber diameter generated decreased tensile stress. Similarly, Valence et al. [56] used
electrospinning to create PCL bilayered grafts with a 2 mm inner diameter, integrating
a high-porosity layer with a low-porosity layer on either the luminal or adventitial side.
There were four types of grafts produced: no barrier (high-porosity scaffold), inside barrier
(low-porosity inner layer and high-porosity outer layer), outside barrier (high-porosity
inner layer and low-porosity outer layer), and only a barrier (low-porosity scaffold). The
results show that high-porosity grafts had a greater strain at break, burst pressure, and
suture retention strength than low-porosity scaffolds. The maximum stress (6.09 MPa) and
Young’s modulus (12.0 MPa) of the low-porosity scaffold were greater than those of the
high-porosity scaffold, at 4.98 MPa and 6.09 MPa, respectively. The only-barrier scaffold
was more rigid than the no-barrier, inside-barrier, and outside-barrier grafts. On the other
hand, the burst pressure and suture retention strength was higher for the more compliant
no-barrier graft than for the only-barrier graft. Thus, it was emphasized that, despite
using the same material, different microarchitectures could result in significantly different
mechanical properties.

The wall thickness of vascular scaffolds, on the other hand, is another structural
parameter that directly affects mechanical features, including compliance, burst pressure,
suture retention, and tensile strength. Johnson et al. [31] investigated the effect of polymer
choice and wall thickness on the mechanical properties of a vascular prosthesis. First, they
evaluated the biomechanical properties of electrospun vascular grafts made of various
biopolymers such as PCL, chitosan, PLCL, and PLLA, with a diameter of 6 mm and a
wall thickness of 650 µm. The burst strength of the scaffold made of PLGA was 3.3 MPa,
while the burst strength of the scaffold built of PCL was 0.8 MPa. The burst strengths of
the human carotid artery, human saphenous vein, and ePTFE graft were all much lower
than those of the electrospun scaffolds, ranging between 0.1 and 0.5 MPa. Among all,
the PLLA graft exhibited the highest suture retention strength value of 1022 g. The best
compliance value was 8.2% mmHg−1 in PLCL grafts, while PLLA had a compliance value
of approximately 3.8% mmHg−1, close to that of the human coronary artery. The ePTFE
graft had the lowest compliance value of 1.6% mmHg−1. They also electrospun PCL grafts
with varying wall thicknesses and studied their mechanical properties to see if sidewall
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thickness affects scaffold compliance and burst pressure. For wall thicknesses ranging
from 400 to 1000 µm, compliance remained constant at 2–4% mmHg−1. On the other hand,
PCL grafts exhibited significant variance in compliance values, ranging from 2 to 11%
mmHg−1 at wall thicknesses of less than 400 µm. The burst pressure increased as the graft
sidewall thickness increased. For PCL grafts with wall thicknesses ranging from 200 to
1000 µm, the burst pressure values increased linearly from 0.6 to 2.9 MPa. As a result,
it was underlined that the wall thickness has a significant and more robust effect on the
mechanical properties. The wall thickness can be adjusted by increasing or decreasing the
electrospinning time. Therefore, optimizing this time to see the wall thickness effect is an
important research topic. The goal of Bazgir et al. [180] was to evaluate the properties of
PLGA and PCL-based nanofibrous scaffolds, as well as the effect of degradation on their
structural properties. Six scaffolds were built by electrospinning, three with PCL and the
others with PLGA, with processing times of 30, 60, and 90 min. It was observed that there
was a clear relationship between the duration of the electrospinning and the tensile strength.
In the case of PCL scaffolds, the ultimate stress and strain values were 0.99 MPa and 24.03%
for the scaffolds fabricated in 30 min and 1.49 MPa and 28.15% for the scaffolds produced
in 90 min, respectively, whereas 1.03 MPa and 34.36% for PLGA scaffolds manufactured in
30 min and 1.76 MPa and 36.33% for PLGA scaffolds produced in 90 min. Thus, both types
of scaffolds demonstrated more robust mechanical properties with longer spinning periods,
resulting in higher wall thicknesses. When the tensile strength and elongation values
of PCL and PLGA scaffolds with a 90-min processing time were compared, the PLGA
membrane was demonstrated to be more elastic and durable than the PCL membrane. The
research reveals a relation between the electrospinning processing time and tensile strength.
The scaffold became thicker and stronger when the electrospinning duration was increased.

Aside from the aforementioned criteria, several studies have focused on the effect of
fiber orientation on the mechanical properties of vascular grafts. Many researchers claim
that, based on the architecture of the native artery, fiber orientation can aid in improving
mechanical properties, particularly tensile strength and burst pressure. Yalcin et al. [71]
generated vascular scaffolds with a 6 mm diameter and a wall thickness ranging between
200 and 300 µm made of randomly distributed or radially oriented PCL and PLCL mi-
crofibers, and the effect of fiber orientation, polymer type, and the number of layers on the
mechanical properties of the prosthesis was investigated. Bilayered grafts were created by
combining layers with randomly distributed fibers in the inner layer and radially orientated
fibers in the outer layer. In general, the fiber orientation in the radial direction utilized in
the outer layers contributed to the burst and tensile strengths of the samples in the same
direction. Among the single-layer grafts, the PCL grafts with oriented fibers had the highest
ultimate tensile strength at 6.7 MPa in the radial direction and the lowest elongation at
break, which was 80%. Oriented PLC samples, on the other hand, displayed elongation
values greater than 900% due to their inherent high elasticity. In the case of bilayered
samples, all of the samples had higher tensile strength and lower elongation values in the
radial direction rather than the axial direction, owing to a greater number of fibers in that
direction to bear stress but also fewer crossing points. Due to their extraordinarily elastic
nature, both randomly distributed and radially orientated PLCL samples swelled at a lower
pressure of around 562 mmHg but had the highest bursting resistance at 1500 mmHg.
The findings supported the significant influence of polymer and graft construction on the
mechanical behavior of scaffolds. Similarly, Grasl et al. [94] used an adjustable electrostatic
field to alter the direction of the electrospinning jet, resulting in 2-mm-caliber vascular
scaffolds containing circumferentially, axially, fenestrated, and randomly distributed PU
and PLLA fibers. The influence of polymers and fiber orientations on the mechanical
behavior of the prosthesis was evaluated and compared to that of the native rat aorta. The
ultimate tensile force of PU and PLLA grafts composed of randomly oriented fibers was
lower than that of the other fiber orientations. The grafts with circumferentially oriented
fibers, on the other hand, had at least six times higher ultimate tensile forces than the grafts
with randomly aligned fibers. Furthermore, the PU and PLLA prosthesis consisting of
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randomly oriented fibers showed a significantly lower maximum tensile force than the rat
aorta (1.1 N) while the samples with circumferentially oriented fibers had much higher
tensile forces than the rat aorta. Scaffolds built of both materials with randomly oriented
fibers exhibited considerably lower burst pressures than other fiber orientations. Each
fiber orientation contributed to bursting strength, close to or greater than the rat aorta’s
burst pressure (1043 mmHg). All directions of the alignment resulted in a decrease in
compliance. The PU scaffolds with randomly oriented fibers displayed the maximum
compliance of 29.7% 100 mmHg−1, which is the closest value to the compliance of rat aortas
(37.2% 100 mmHg−1). Because of their rigidity, PLLA scaffolds have a lower compliance
value. None of the grafts with alternative fiber alignments or polymers could replicate
the J-shaped mechanical behavior of the rat aorta, supporting the researchers’ view that
multi-layered vascular scaffolds should be constructed to imitate the structure of the native
blood vessel.

Polymers in mixed forms have been thought to be far more promising in tissue engi-
neering applications than utilizing them alone. All polymers have unique properties that
contribute to the various characteristics of the scaffolds. Finding the appropriate blend ratio
is critical for attaining these scaffolds’ required and optimum properties. Gao et al. [37]
investigated the influence of polymer ratios on the mechanical properties and degradability
of 2-mm-caliber electrospun vascular grafts made of PCL and PLGA in several blending
ratios, including 95/5, 90/10, 80/20, and 60/40. When the findings were analyzed, it was
revealed that the mechanical properties of PCL/PLGA (95/5) and PCL/PLGA (90/10) were
adequate for use as vascular prostheses because they did not exhibit ultimate tensile stress,
strain, or bursting strength values under the range of original grafts. The stress-strain
graphs indicated that the strength and elongation of blended samples decreased as the
proportion of PLGA increased. Furthermore, increasing the amount of PLGA reduced
the suture strength and burst pressure of the PCL/PLGA blended scaffolds. The burst
strength of the PCL/PLGA (95/5) and PCL/PLGA (90/10) scaffolds was found to be
greater than 1500 mmHg, allowing them to be employed as a replacement for the native
vessel. In another study examining the blend ratio effect on mechanical properties, Yang
et al. [181] used electrospinning technology to create hybrid grafts of PCL and fibrin with
blend ratios of 0/100, 10/90, 20/80, and 30/70. The results show that adding PCL to fibrin
scaffolds significantly enhanced their mechanical properties. The burst pressure increased
from 1347.43 to 1811.6 mmHg as the PCL ratio rose from 10% to 30%. On the other hand,
the scaffold’s Young’s modulus dropped when the PCL content increased in all of the
scaffolds. Finally, the PCL/fibrin (20/80) scaffold demonstrated balanced mechanical and
degradability properties and high cell compatibility, indicating that it might be used as a
tissue engineering platform for vascular grafts. However, the blend effect may not always
combine the best result of both polymers as desired. Bolbasov et al. [182] used an electro-
spinning method to manufacture scaffolds comprised of PCL, PLLA, blended PCL/PLLA,
and PLLA/PCL copolymer (PLC7015), emphasizing the relevance of material selection.
Due to their highly crystalline structure, PLLA nanofibrous scaffolds showed the highest
tensile strength (13.2 MPa) and lowest elongation (95%) values with uniaxial stretching.
PCL and PLC7015 nanofibrous scaffolds’ semicrystalline structures resulted in moderate
strength values of 8.2 MPa and 9.1 MPa, respectively. PLC7015 has a lower crystalline
structure than PCL, resulting in a maximum elongation value of 560%. According to the
researchers, the PCL/PLLA exhibited the lowest strength at 4.7 MPa due to thermodynamic
incompatibility at the molecular scale. The PCL/PLLA graft differed significantly from
the PLC7015 graft in strength and elongation. Thus, when establishing design parameters,
the effect of polymers and the method used to combine different types of polymers (either
copolymerization or blending) on the properties of the scaffolds should be considered.

9. Conclusions

In this review, in-depth research has been conducted by firstly giving the fundamentals
of the structure of the blood vessels, the requirements for the ideal vascular prosthesis,
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and the electrospinning method for fabricating vascular membranes. The significance
of the correct determination of the design parameters to achieve the most ideal vascular
grafts was then emphasized by giving their impact on material function, particularly from
the standpoint of the mechanical and biological performance of the scaffolds. In order
to have a better understanding of the importance of the mechanical properties of the
vascular graft that can be used as a replacement to maintain the damaged tissue functions,
the physiological forces acting on blood vessels and their consequences on physical and
biological activities are also explained in detail. In the final stage, the theoretical part of
the review is supported by the examination and comparison of the recent experimental
findings in the literature. This study aims to guide researchers working in this field by
providing the literature with a comprehensive and comparative summary of the most
recent studies.
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Abstract: Responsive membranes for hydrophobic interaction chromatography have been fabricated
by functionalizing poly(N-vinylcaprolactam) (PVCL) ligands on the substrate of electrospun regen-
erated cellulose nanofibers. Both static and dynamic binding capacities and product recovery were
investigated using bovine serum albumin (BSA) and Immunoglobulin G (IgG) as model proteins.
The effects of ligand chain length and chain density on static binding capacity were also studied.
A static binding capacity of ~25 mg/mL of membrane volume (MV) can be achieved in optimal
ligand grafting conditions. For dynamic binding studies, protein binding capacity increased with
protein concentration from 0.1 to 1.0 g/L. Dynamic binding capacity increased from ~8 mg/mL MV
at 0.1 g/L BSA to over 30 mg/mL at 1.0 g/L BSA. However, BSA recovery decreased as protein
concentration increased from ~98% at 0.1 g/L BSA to 51% at 1 g/L BSA loading concentration. There
is a clear trade-off between binding capacity and recovery rate. The electrospun substrate with thicker
fibers and more open pore structures is superior to thinner fibrous membrane substrates.

Keywords: electrospun membranes; protein purification; hydrophobic interaction chromatography

1. Introduction

The rapid development of biopharmaceutical products has led to an increased demand
for purification of high product titer feed, and regulatory agencies have implemented strict
requirements for product purity [1]. However, downstream purification accounts for
50–80% of the entire production cost [2]. There is a severe bottleneck for cost-effective
purification of biopharmaceuticals due to the dramatic increase in the number of products
and the increased product titer and purity requirements [3]. Significant efforts have been
made in recent years to overcome these challenges in order to improve the efficacy of
purification during downstream processing.

Hydrophobic interaction chromatography (HIC) is often used as a chromatographic
polishing step to remove the remaining host cell proteins (HCP), product aggregates and
other more hydrophobic impurities during the downstream purification of biologics such
as monoclonal antibodies (mAbs), Fc-fusion proteins and other recombinant therapeutic
proteins as well as many other biologics including hormones, vaccines, growth factors and
interferons [4,5]. The mechanism for HIC purification comes from the different hydrophobic
binding interaction strengths between molecules with different hydrophobicity in the feed
and the hydrophobic ligand immobilized on the stationary phase [4]. As hydrophobic
interaction is modulated by the ionic strength of the solution, high ionic strength buffer
is often used to bind the hydrophobic species in the feed whereas low ionic strength
buffer is often used to elute the bound species. Currently, HIC is often operated in the
flow-through mode where the product of interest passes through the stationary phase
and impurities, including aggregates and other more hydrophobic species, are captured
by the immobilized ligands. In addition, our previous studies [2,6–8] show that salt type
and salt concentration, as well as ligand chain length and chain density, affect overall

87



Membranes 2022, 12, 714

chromatographic performance of HIC membranes. Both protein binding capacity and
recovery are observed to depend on both mobile phase conditions and stationary phase
properties as well as to be protein dependent [6,8–10].

Packed-bed column chromatography has been widely used in downstream purifica-
tion of proteins, nuclei acids and other biologics [2]. However, one major drawback of
packed-bed column chromatography is the slow pore-diffusion which severely restricts its
separation efficiency. The diffusion of targeted products to the ligands on the chromato-
graphic bed is a slow process leading to a dramatic drop in binding capacity as the feed
flow rate increases. Besides diffusion limitation, packed-bed chromatography also suffers
from large buffer consumption as well as extra costs for packing and testing.

An alternative approach is to use adsorptive membrane chromatography during
downstream processing [2]. Adsorptive membranes, known as membrane adsorbers, are
macroporous membranes functionalized by ligands attached on the membrane pore surface
to remove containments, such as product aggregates, viruses and DNAs [11]. Compared
to resin-based chromatography, the pore diffusion limitation is eliminated in membrane
adsorbers where convection becomes the dominant transport mechanism [12]. Moreover,
the operation can be performed at relatively low pressure, which reduces denaturation and
aggregation of the sensitive biologics. Buffer usage of membranes is lower than resins due
to reduced void volume.

Membranes have substantially lower material cost compared to packed beds. Single-
use membrane processes greatly reduce the cost of revalidation. In addition, the membrane
system is easier to scale up and the cost of packing and testing is subsequently reduced
significantly. Traditionally, membrane-based purification is always limited by its low ca-
pacity. Recent advances in materials engineering have led to high-capacity membranes that
can now compete with resins [13,14]. Currently, there is interest in developing HIC mem-
brane chromatography in the bind-and-elute mode for protein fractionation [5,7,9,12,14,15].
However, application of HIC has been limited due to the overall low capacity of the ligands
and the efficiency of eluting the bound proteins [15].

Thermo-responsive polymer, such as poly(N-isopropylacrylamide) (PNIPAM) and
poly(N-vinylcaprolactam) (PVCL), has a low critical solution temperature (LCST), above
which the polymer adopts a collapsed hydrophobic conformation and below which the
polymer has a coil-like hydrophilic conformation [16,17]. The LCST of the polymer is also
affected by the salt type and salt concentration in the solution [16,18–22]. The reduction in
LCST follows the Hofmeister series and sometimes an inverse Hofmeister series [5,18,21].
The microscopic mechanisms of the Hofmeister effect are not completely understood yet;
however, the impact of salt ions and salt concentrations on the properties of polymers
and biological molecules is tremendously significant. PVCL has a LCST between 30 ◦C
and 50 ◦C in water [16,23]. Transition temperature is also affected by its molecular weight
and polymer concentration in aqueous solution due to the presence of the bulky seven-
member ring on the polymer side chain. The polymer switching to a hydrophobic state
will promote stronger hydrophobic interaction and thus binding of the protein. In contrast,
the polymer transitioning to a hydrophilic state will promote protein desorption [18,24].
Both PVCL and PNIPAM have been investigated for application as HIC ligands for protein
purifications [4–8,10,24–27]. However, the advantages of using PVCL are its biocompat-
ibility and low toxicity. The hydrolysis of PNIPAM at acidic or basic conditions could
generate low molecular weight amines which are toxic to biological systems. On the other
hand, PVCL does not produce small amine molecules since the amide bond is located on
its seven-member ring [6,16].

During the past few years, we have investigated the responsive HIC membranes by
grafting PVCL chains to the surface of regenerated cellulose (RC) membranes [6,8,10,23].
The static binding capacity for BSA at around 10–15 mg/mL MV (membrane volume)
and dynamic binding capacity (DBC) at around 8–12 mg/mL MV in 1.8 M (NH4)2SO4
solution are already comparable, if not better, than the commercial HIC membranes avail-
able. The effects of PVCL chain length and chain density on protein binding and recovery

88



Membranes 2022, 12, 714

are also investigated. Our previous results suggest that there is a trade-off between ca-
pacity and recovery for the PVCL ligands immobilized on the flat-sheet commercial RC
membrane substrates. Longer and denser chains lead to higher binding capacity but
reduced recovery, due largely to constriction of the pores during elution. In order to fur-
ther improve the performance of these responsive HIC membranes, it seems that a more
porous membrane substrate with a higher surface area or higher surface-to-volume ratio
than that of commercial RC membranes is more desirable. Previously, PNIPAM and its
thermo-responsive copolymers were investigated for antibody purifications [25–27]. The
functionalized copolymers possess negatively-charged sulfonic acid groups at neutral
pH. As a result, these polymers can selectively bind antibodies based on both charge and
hydrophobic interactions.

Membranes made from electrospun fibers have high porosity with a high surface-
to-volume ratio [28]. Electrospun membranes have demonstrated broad applications
in water treatment, tissue engineering and protein purifications with ion-exchange
membranes [14,29–36]. We previously fabricated weak electrospun anion-exchange mem-
branes, for protein capture [14], as well as mixed matrix membranes, for ammonium
removal [36]. Compared to flat sheet membrane substrates, significantly higher binding
capacity was obtained for protein capture [14]. However, there are no previously reported
studies on the fabrication of electrospun HIC membranes. In order to overcome the current
limitations of HIC membranes and to achieve higher protein binding capacity and better
product recovery, electrospun RC membrane substrates were fabricated and used for graft-
ing PCVL ligands using controllable atom-transfer radical polymerization (ATRP) while
varying polymer chain density and chain length. The electrospun RC membrane substrates
were characterized using Fourier transform infrared spectroscopy (FTIR), X-ray photoelec-
tron spectroscopy (XPS) and scanning electron microscopy (SEM). The performance of these
responsive electrospun HIC membranes was investigated to determine both static and
dynamic binding capacities of BSA under industrially applied (NH4)2SO4 salt solutions.
Finally, the membranes were used in the bind-and-elute mode chromatography of an indus-
trial IgG4. The main objective of this research is to investigate electrospun HIC membranes
for bind-and-elute application with both enhanced protein binding capacity and improved
product recovery to meet the high product titer demands of the biopharmaceutical industry
and the high product purity requirements of regulatory agencies.

2. Materials and Methods
2.1. Materials

N,N,N,N,N-pentamethyl diethylenetriamine (PMDETA, 99%), 2-bromo-2-methylpr-
opionyl bromide (BIB, 98%), 2-hydroxyethyl methacrylate (98%), N-vinylcaprolactam (98%),
4-(dimethylamino) pyridine (DMAP, >99%), copper (I) chloride (Cu(I)Cl, >99.99%), copper
(II) chloride (CuCl2, >99.99%) and cellulose acetate (CA, Mn ~30 kD) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Triethylamine (TEA, >99%) and N,N dimethylac-
etamide (DMAc, 99%) were sourced from Alfa Aesar (Ward Hill, MA, USA). Acetonitrile
(>99.8%), methanol (99.8%), acetone (>99.5%) and ammonium sulfate (proteomics grade)
were purchased from VWR (Radnor, PA, USA). Boric anhydride and BSA were acquired
from Avantor Performance Materials (Center Valley, PA, USA). Purified human IgG4 mono-
clonal antibody was donated by industry. Deionized (DI) water was generated using the
Thermo Fisher Scientific (Waltham, MA, USA) DI water system.

2.2. Fabrication of Electrospun Membrane Substrate

In a typical experiment, cellulose acetate (13.8 wt%) was dissolved in an acetone/DMAc
(2:1, w/w) mixture. It was then stirred at room temperature to obtain a homogenous so-
lution and used as the casting solution. The casting solution was subsequently filled into
a syringe pump and electrospun onto a piece of aluminum foil using an Electrospinning
Apparatus. The applied voltage was kept at 12.5 kV while collector–needle tip distance
was maintained at 15–20 cm. The flow rate of the syringe pump was kept at 0.3 mL/h.
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A nanofiber mat was obtained after collecting the nanofibers for 8 h. The thus electrospun
cellulose acetate (CA) membrane was placed in a fume hood for one day to let the residual
solvent evaporate. After annealing, the cellulose acetate membrane was peeled from alu-
minum foil and hydrolyzed in aqueous 0.1 M NaOH solution overnight without stirring
to remove the acetyl groups from the acetate. Thereafter, the regenerated cellulose (RC)
membrane samples were stored in a DI water bath until further use.

2.3. Ligand Grafting

The reaction scheme for grafting the PVCL ligand using ATRP is shown in Figure 1
and follows our previously published protocol [6]. Briefly, the electrospun RC membrane
was dried in a vacuum oven for 8 h to remove residual moisture. The membrane was
then immersed in the solution containing 40, 80 and 200 mM initiator BIB in acetonitrile
for a predetermined period of time. In the meantime, a mixed solution was prepared
by adding monomer VCL, catalyst CuCl and CuCl2 and conjugating ligand PMDETA
into the 50:50 methanol/water v/v% solution. The ratio of VCL monomer, CuCl, CuCl2
and PMDETA was fixed at 200:1:0.2:2. Argon was used to degas the mixture solution for
15–20 min. The previously initiator-immobilized membrane was then placed into a clean
round-bottom three-necked flask. Finally, the polymerization process was initiated by
pouring the derived mixture solution into the flask under an inert gas environment. After
a predetermined period of ATRP reaction, the modified membranes were rinsed three
times using 50:50 v/v% methanol/water and then three times with DI water. The resultant
membrane was kept in a DI water bath on the shaker to remove any residual solvent.

Figure 1. Reaction scheme for grafting poly(N-vinylcaprolactam) (PVCL) ligands on electrospun
membranes with atom-transfer radical polymerization (ATRP).

2.4. Characterization of the Functionalized HIC Membranes

All membrane samples were cleaned with DI water and dried in a vacuum oven (12.5 L,
VWR International, Radnor, PA, USA) overnight prior to characterization. Static contact
angle measurements were carried out at different ionic strengths of solution. Quintuplicate
measurements were made to determine the standard deviation.

FTIR (IRAffinity, Shimadzu, MD, USA) was performed to determine characteristic
functional groups of the modified membranes. XPS (Thermo Fisher Scientific Inc., Waltham,
MA, USA) was used for analyzing the chemical compositions of the membranes before and
after modification. SEM (FESEM S-4800, Hitachi Co., Tokyo, Japan) was used to characterize
the surface fiber structures of both modified and unmodified membranes.

Grafting degree (GD) was calculated to quantitatively determine the amount of PVCL
grafted. The membranes before and after modification were dried in a vacuum oven at
40 ◦C and the weight of the samples was thereafter measured. GD was calculated based on
the following equation:

GD (%) =
Wmodified − Wunmodified

Wunmodified
× 100% (1)
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2.5. The Static and Dynamic Binding Capacities of HIC Membranes

The fabricated HIC membranes were cut into 4.9 cm2 disks for the static binding capac-
ity tests. Each membrane was placed in a 60 mL glass bottle from VWR (Radnor, PA, USA)
and equilibrated for 1 h with the adsorption buffer (20 mM phosphate buffer with 1.8 M
(NH4)2SO4 at pH 7.0, buffer A). Subsequently, the equilibrated membranes were challenged
with model protein BSA at 5 different concentrations for 5 h at room temperature under
gentle shaking. The final equilibrated BSA solutions were measured by UV absorbance
at 280 nm with a UVVIS spectrophotometer (Thermo Scientific™ GENESYS 10S UV-Vis,
Waltham, MA, USA) and their concentrations determined using a standard curve.

ÄKTA Pure (GE Healthcare Bio-Sciences Corp., Boston, MA, USA) was used to con-
duct the fast protein liquid chromatography (FPLC) experiments for dynamic binding
capacity measurements. Unicorn software version 7.3 was used to automate experiments
on BSA binding and elution. BSA solutions were prepared by dissolving 10 mg of BSA into
10 mL of buffer A, which contained 1.8 M (NH4)2SO4. IgG4 feed solutions were prepared
by dissolving 1 mg of IgG4 into 10 mL of buffer A. Prior to the binding tests, both protein
and buffer solutions were filtered using Whatman 0.2-µm Polyethersulfone (PES) mem-
brane filters. Subsequently, four fabricated HIC membranes (0.04 mL membrane volume)
were loaded into a stainless-steel flow cell (Mustang Coin module, Pall Corporation, Port
Washington, NY, USA) equipped with two flow distributors to establish a uniform flow
across all membranes. The membranes were equilibrated in the forward flow configuration
in buffer A (adsorption buffer) for 10 min at 1 mL/min. A protein solution (1 mg/mL)
was loaded onto the membrane for 10 min at a flow rate of 1 mL/min. Unbound proteins
were then washed from the membrane surface using adsorption buffer (buffer A) for 5 min
at 1 mL/min, followed by a step change to running the elution buffer (20 mM phosphate
buffer with 0 mM (NH4)2SO4 at pH 7.0, buffer B) through the membranes at the same flow
rate. The chromatographic run was stopped when the UV absorbance at 280 nm became
constant. The elution and washing fractions, as well as the loading fraction, were collected
and their protein concentrations were subsequently determined.

Both static and dynamic binding capacities were calculated based on the
following equation:

Binding capacity =
Mass (bound protein, mg)

Membrane Volume (mL)
(2)

Protein recovery from the FPLC chromatographic run was determined using the
equation below:

Recovery =
Mass (eluted protein)
Mass (bound protein)

× 100% (3)

3. Results and Discussion
3.1. Physicochemical Properties of Fabricated HIC Membranes

FTIR, XPS and SEM methods were used to characterize the chemical and structural
properties of electrospun membranes before and after surface modification. The FTIR
spectra of the originally fabricated cellulose acetate (CA) membrane, the subsequently
hydrolyzed RC membrane and PVCL modified membranes are shown in Figure 2. As can
be seen, the electrospun CA membrane exhibits a significant characteristic carbonyl (C=O)
peak at around 1630 cm−1 [8]. As the acetal group was hydrolyzed to the hydroxyl group in
the RC membrane, a new broad peak was observed at around 3400 cm−1, which is charac-
teristic of the –OH group. In the meantime, the carbonyl peak completely disappeared after
hydrolysis indicating the successful completion of the hydrolysis reaction. After grafting
the PCVL ligand, a new weaker carbonyl group peak from the ligand reappears, indicating
the successful grafting of PVCL on the membrane surface [8]. The stretching vibrations
of the N–H and O–H groups of the PVCL chain on the RC membrane correspond to the
broad bands at 3000–3700 cm−1 [37]. Elemental composition was determined from XPS
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analysis as shown in Figure 3. The N peak was observed after surface modification with
PVCL, indicating successful modification of the ligand.

Figure 2. FTIR spectra of the cellulose acetate (CA), regenerated cellulose (RC) and surface–modified
RC PVCL membranes.

Figure 3. X-ray photoelectron (XPS) spectroscopy of the electrospun RC membranes before and after
PVCL ligand grafting.

Figure 4 shows SEM images of the original electrospun CA membrane as well as
the RC membranes after hydrolysis and after surface modification. Based on these SEM
images, the average fiber diameter of the membranes was estimated. For the CA membrane,
the diameters are estimated to range between 330 and 440 µm, similar to the previously
reported results [29]. After hydrolysis converting CA to RC membranes, no significant
change in fiber diameter or membrane morphology was observed except that the RC
membrane became slightly rougher. However, after surface modification with PVCL, the
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membrane surface morphology altered significantly with much rougher surfaces. This is
partly due to the organic solvent used, which could have affected the fiber morphology,
and partly due to the presence of grafted PVCL ligands on the membrane substrate.

Figure 4. Scanning Electron Microscopy (SEM) images of cellulose acetate (CA) electrospun mem-
brane (a), regenerated cellulose (RC) membrane (b) and PVCL modified RC membrane (c).

Contact angle measurements using the air bubble method were performed to deter-
mine the relative hydrophobicity of the fabricated membranes [38]. The converted water
contact angles are shown in Figure 5. The electrospun CA membrane exhibited a contact
angle of approximately 130◦, whereas the flat-surface CA membrane had a contact angle
of nearly 80◦ [39], which can be attributed to the presence of air gaps in its scaffold-like
structure. After hydrolysis and conversion to the RC membrane, the contact angle of the
electrospun membrane was reduced considerably to approximately 18◦, mainly due to the
presence of the hydroxyl groups. After PVCL ligand grafting, the water contact angle was
increased to approximately 63◦. The PVCL ligand grafted membrane is somewhat more hy-
drophobic compared to the RC membrane substrate due to the slightly more hydrophobic
nature of the PVCL ligand compared to cellulose substrate. Since PVCL is temperature-
and salt ion-responsive with its hydrophobicity affected by solution conditions, contact
angles were also measured for the functionalized RC membrane by increasing the ionic
strength of the ammonium sulfate solution from 0.4 to 1.8 M. The measurements are also
shown in Figure 5. It can be seen that the membrane surface becomes more hydrophobic as
the salt concentration increases with contact angle increasing from 63◦ in water to 120◦ in
1.8 M (NH4)2SO4.

Grafting degree (GD) was determined based on Equation (1) by calculating the per-
centage of weight increase compared to the unmodified membrane. As shown in Figure 6,
membrane GD increases as the ATRP time increases almost linearly, indicating the well-
controlled nature of the polymerization reaction. However, it is still rather challeng-
ing to quantify the exact chain length and chain density of the PVCL grafted on the
membrane substrate.

3.2. Static Binding Capacity

Static binding experiments were performed using BSA as the model protein to evaluate
the performance of the fabricated HIC membranes. Initially, the static binding capacity of
BSA was evaluated as a function of ATRP grafting time for 1 g/L BSA in 20 mM phosphate
buffer with 1.8 M ammonium sulfate, as shown in Figure 7. The concentrations of BSA were
measured after 5 h of equilibrium. The results show that static binding capacity increases as
ATRP time increases, indicating that longer polymer chains have higher binding capacity.
However, after more than 6 h of polymerization, further enhancement of binding capacity
is not significant, increasing from ~22 mg/mL MV at 6 h to 25 mg/mL MV at 10 h. Further
increases in ATRP time led to a slight decrease in BSA binding capacity. For the subsequent
experiments, an ATRP time of 6 h was used for both static and dynamic binding studies.
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The adsorption isotherm was investigated for 1 g/L BSA in 1.8 M ammonium sulfate
buffer solution as shown in Figure 8. A Langmuir–Freundlich isotherm model [40,41] was
able to describe the adsorption behavior using the following equation:

q =
Qmax

(
aLFCeq

)nLF

1 +
(
aLFCeq

)nLF
(4)

where q represents the amount of proteins adsorbed at equilibrium (mg/mL MV), Qmax
represents the maximum adsorption capacity of a membrane (mg/mL MV), Ceq represents
the protein concentration at equilibrium (mg/mL), aLF represents the adsorption affinity
constant (mL/mg) and nLF represents the heterogeneity index. In this study, a fitting
R2 value of 0.9988 was obtained indicating a high-quality fit. The fitting parameters
are shown in Figure 8. It can be seen that Qmax is about 24 mg/mL MV which is in
agreement with earlier results. The heterogeneity index nLF is 0.99, indicating that BSA
adsorption by the electrospun HIC membrane follows a Langmuir isotherm model with
monolayer adsorption.

Figure 5. Contact angles of the electrospun CA, the subsequently hydrolyzed RC membrane sub-
strates, as well as PVCL immobilized RC membranes under different concentrations of (NH4)2SO4

salt solutions.

3.3. Protein Dynamic Binding Capacity and Recovery

Experiments were conducted to evaluate the performance of the fabricated HIC mem-
branes under actual chromatographic runs. The experiments were run with a range of
BSA feed concentrations ranging from 0. 1 to 1 g/L BSA to determine protein dynamic
binding capacity (DBC) and recovery. Initially, the electrospun RC membranes grafted with
PVCL at two different chain lengths were tested for BSA binding and recovery, as shown in
Table 1. At GD 6% (6 h ATRP) and 9% (10 h ATRP), DBC and recovery are quite different
at the same BSA concentration. At 6% GD, a DBC of 8.0 mg/mL MV and a recovery of
98.2% can be achieved when the BSA concentration is 0.1 g/L. As the BSA concentration
increased to 1.0 g/L, the DBC reached 30.7 mg/mL MV. However, recovery reduced to only
51.5%. At 9% GD, a DBC of 14.3 and 43.4 mg/mL MV was obtained at 0.1 and 1.0 g/L BSA
feed solution, respectively, much higher than the corresponding values at 6% GD. However,
recovery was only at 80.6% and 21.1%, respectively, significantly reduced compared to the
values at 6% GD. Again, we can see that the longer polymer chain tends to have a higher
DBC but also leads to reduced product recovery consistent with previous results [8]. Longer
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polymer chains lead to increased coverage of the ligand on the membrane surface and
inside the membrane pores for protein binding which in turn leads to higher binding
capacity. However, longer polymer chains with higher surface/pore coverage of the grafted
polymer could also trap the proteins and prevent them from eluting, thereby leading to
lower recovery. For subsequent studies, membranes with 6 h ATRP time were investigated.

Figure 6. Grafting degree as a function of polymerization time for PVCL immobilized on the
electrospun RC membrane substrate.

Figure 7. Static binding capacity as a function of polymerization time for PVCL grown on membranes.
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Figure 8. Langmuir–Freundlich curve for ATRP of a 6 h PVCL modified membrane.

Table 1. The effect of grafting degree on dynamic binding capacity (DBC) and recovery of bovine
serum albumin (BSA) at two protein loading concentrations.

Grafting Degree
(DG) (%)

BSA Loading
Concentration (g/L)

Protein Binding Capacity
(mg/mL) Recovery (%)

6 0.10 7.95 ± 0.75 98.17 ± 0.02
6 1.0 30.69 ± 0.34 51.54 ± 1.96
9 0.10 14.29 80.64
9 1.0 43.43 21.09

In addition to the effect of polymer chain length on protein binding and elution, the
effect of ligand density on DBC and product recovery was also investigated. Chromato-
graphic runs for electrospun membranes with different ligand densities were performed.
The variation of chain densities was achieved by immobilizing BIB initiator for 3 h at
40, 80 and 200 mM. Two sets of experiments were performed for each condition, with the
final result as an average of the two. As shown in Table 2, the functionalized electrospun
membrane using 80 mM initiator has the highest DBC of 8.0 and 30.7 mg/mL MV at
0.1 and 1.0 g/L BSA loading conditions, respectively. With 40 mM initiator and lower
ligand density, DBCs are 4.8 and 25.0 mg/mL MV for the two protein feed conditions,
respectively. Increasing initiator concentration to 200 mM and with higher ligand density,
the DBC values are slightly reduced to 6.2 and 28.4 mg/mL MV, respectively. With regard
to product recovery, at 40 and 80 mM initiator concentrations with relatively lower ligand
densities, recovery at around 98% was achieved at 0.1 g/L BSA feed concentration. When
feed concentration increases to 1.0 g/L, recovery is reduced to 57.2% and 51.5% for the
two ligand densities. At the highest ligand density with 200 mM initiator concentration,
the recovery is only 83.4% for 0.1 g/L BSA feed and 41.4% for 1 g/L feed. It can be seen
that protein dynamic binding capacity of functionalized electrospun HIC membranes is
significantly higher than the DBC of the functionalized flat sheet HIC membrane at similar
conditions [5–8,10,23]. Previous studies [8] achieved an optimal dynamic binding capacity
of 12.6 mg/mL MV and a recovery of 78% with 1.0 g/L BSA feed on HIC ligand functional-
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ized on the flat sheet membrane. A binding capacity of 30.7 mg/mL MV can be achieved
on electrospun membranes with a slightly lower recovery of 51.5% at the same feed con-
dition. It seems that there is a trade-off between binding capacity and recovery [8]. High
binding capacity leads to lower recovery which is in agreement with previous observations.
Of the three ligand densities, 80 mM initiator concentration appears to provide the best
compromise between binding capacity and recovery. Therefore, the ligand density with
80 mM initiator concentration was used.

Table 2. The effect of ligand density and BSA concentration on DBC and recovery.

Initiator (mM) BSA Loading
Concentration (g/L)

Protein Binding
Capacity (mg/mL) Recovery (%)

40 0.1 4.79 ± 0.11 97.54 ± 2.27
40 1.0 24.95 ± 0.56 57.24 ± 2.33
80 0.1 7.95 ± 0.75 98.17 ± 0.02
80 1.0 30.69 ± 0.34 51.54 ± 1.96

200 0.1 6.22 ± 0.11 83.39 ± 0.22
200 1.0 28.38 ± 1.75 41.44 ± 0.01

The effect of the amount of protein loaded on the functionalized membrane on DBC
and recovery was also investigated systematically. BSA feed streams in 20 mM phosphate
buffer with 1.8 M (NH4)2SO4 at 0.1, 0.3, 0.5 and 1.0 g/L concentrations were loaded on
the functionalized HIC membranes. These membranes had a GD of 6% functionalized
by a 3 h immobilization in 80 mM initiator followed by a 6 h ATRP reaction. Table 3
shows the DBC and recovery at different BSA loading concentrations. It can be seen that as
BSA concentration increases DBC increases, whereas recovery decreases. This agrees with
previous observations that higher binding capacity typically correlates with lower protein
recovery for a given membrane. Nevertheless, a moderate DBC of 16.6 mg/mL MV and
a recovery of 75.7% can be achieved when BSA loading concentration is 0.5 g/L.

Table 3. The effect of protein feed concentration on DBC and product recovery for PVCL grafted with
80 mM initiator and 6 h ATRP.

BSA Loading
Concentration (g/L)

Protein Binding
Capacity (mg/mL) Recovery (%)

0.1 7.95 ± 0.75 98.17 ± 0.02
0.3 9.93 91.56
0.5 16.55 ± 2.09 75.67 ± 3.32
1.0 30.69 ± 0.34 51.54 ± 1.96

The effect of flow rate on dynamic protein binding capacity and recovery is shown in
Table 4. In previous studies, flow rate was kept at 1.0 mL/min. Here, flow rates of 0.5 and
2 mL/min were investigated. It can be seen from Table 4 that as flow rate decreases from
1 to 0.5 mL/min, DBC decreases slightly from 30.7 to 28.9 mg/mL MV, whereas recovery
increases from 51.5% to 57.5%. When flow rate increases from 1 to 2 mL/min, both DBC
and recovery decrease to 27.4 mg/mL MV and 41.7%, respectively. It is clear that flow
rate has a strong effect on product recovery since the elution and migration of the protein
from the binding sites are affected by both hydrodynamic and diffusive forces. The slow
flow rate will allow the protein molecules to migrate out of the membrane. On the other
hand, the effect of flow rate on DBC only slightly indicates that it is possible to improve the
performance of these functionalized responsive HIC membranes by reducing flow rate.

The effect of electrospun fiber diameter on protein binding capacity and recovery
was also investigated, as shown in Table 5. The concentration of the polymer solution
for electrospinning was kept the same at 13.8%. However, the voltage applied during
electrospinning increased from 12.5 to 20 kV, which decreased fiber diameter from 330–440
to 220–350 µm as shown in Table 5. The pore size of the membrane formed also decreased
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from 3.24 to 2.88 µm. The modification conditions for these two membranes remained at
80 mM initiator concentration and 6 h ATRP time. The membrane with smaller fibers
exhibited a smaller average pore size. The DBCs are 8.0 and 9.8 mg/mL MV for membranes
with larger and smaller fiber diameters, respectively, when the BSA loading concentra-
tion is 0.10 g/L. Recovery was 98% for the larger fiber and was reduced to 79% for the
smaller fiber. It seems that the small gain in binding capacity is compensated by the
significant reduction in recovery. At a high BSA loading concentration of 1.0 g/L, the
DBCs are 30.7 and 33.6 mg/mL MV, respectively, for the larger and smaller fiber mem-
branes. However, recovery is reduced from 51.5% to only 37.9%. Clearly, larger fiber
diameter membranes have better overall performance for bind-and-elute applications of
these responsive HIC membranes.

Table 4. The effect of flow rate on DBC and recovery of BSA for PVCL grafted with 80 mM initiator
and 6 h ATRP.

BSA Loading
Concentration (g/L) Flowrate (mL/min) Protein Binding

Capacity (mg/mL) Recovery (%)

1 0.5 28.87 ± 0.79 57.51 ± 1.23
1 1 30.69 ± 0.34 51.54 ± 1.96
1 2 27.36 ± 0.93 41.72 ± 1.80

Table 5. The effect of fiber diameter on DBC and recovery.

Voltage (kV) Fiber Diameter (nm) Pore Size (µm) BSA (g/L) DBC (mg/mL) Recovery (%)

12.5 330–440 3.24 ± 0.27
0.1 7.95 ± 0.75 98.17 ± 0.02
1.0 30.69 ± 0.34 51.54 ± 1.96

20 220–350 2.88 ± 0.39
0.1 9.84 79.08
1.0 33.58 37.86

Finally, binding capacity and recovery of IgG4 were investigated using our respon-
sive HIC membranes at three different loading concentrations of 0.1, 0.5 and 1 g/L. The
membrane (80 mM initiator, 6 h ATRP) and feed buffer (20 mM phosphate buffer with
1.8 M (NH4)2SO4) conditions remained the same as the previously performed experiments.
The results are shown in Table 6. Average binding capacities of 16.3, 28.8 and 47.8 mg/mL
MV were obtained at 0.1, 0.5 and 1.0 g/L IgG loading concentrations. However, recovery
decreased from 85.3% to 24.0% and finally to 14.2% as IgG concentration increased. It is
clear that IgG has an overall higher binding capacity compared to BSA. However, its recov-
ery is much reduced compared to that of BSA, particularly at high protein concentrations.
Himstedt et al. [23] observed an IgG capacity of 21 mg/mL, whereas Liu et al. [6] reported
an IgG capacity of 12 mg/mL using flat sheet PVCL functionalized membranes with 1 g/L
IgG loading concentration. These results highlight the potential benefits derived from using
an open and more porous electrospun membrane as a substrate for ligand functionalization.

Table 6. Dynamic protein binding capacity and recovery results for IgG4.

IgG4 Loading
Concentration (g/L)

Protein Binding
Capacity (mg/mL) Recovery (%)

0.1 16.31 ± 0.23 85.32 ± 1.38
0.5 28.78 ± 0.18 23.95 ± 1.17
1 47.68 ± 1.29 14.22 ± 1.93

4. Conclusions

Responsive HIC membranes were successfully fabricated by functionalizing electro-
spun RC membrane substrate. The PVCL functionalized electrospun membranes exhibit
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a much higher binding capacity compared to the corresponding flat sheet membranes.
A maximum static BSA binding capacity of ~25 mg/mL MV can be achieved. The longer
polymer chains lead to higher static binding capacity up to a grafting degree of 6%. Binding
capacity also increases with salt concentration which is in agreement with previous studies.
Static binding follows the monolayer Langmuir adsorption isotherm.

For the dynamic binding studies, protein binding capacity increased with protein con-
centration while protein recovery decreased as its concentration increased. There is a clear
trade-off between binding capacity and recovery rate. There is an optimal chain density for
the performance of these responsive HIC membranes. In addition, it also appears that larger
fiber diameter leads to slightly reduced protein binding capacity but significantly higher re-
covery, indicating better performance for electrospun membranes with thicker fibers. This is
due to the larger pores that resulted from the thicker fibers. There is some influence of flow
rate on protein binding and elution. A slow flowrate (e.g., 0.5 mL/min) leads to slightly
reduced binding capacity but slightly enhanced recovery compared to the corresponding
values at 1 mL/min. On the other hand, a higher flowrate (e.g., 2 mL/min) leads to both
slightly reduced binding capacity and much reduced recovery. The performance of these
responsive HIC membranes is protein dependent due to their different hydrophobicity and
other properties. The IgG4 tested showed much higher binding capacity compared to BSA
at the same conditions but highly reduced protein recovery.
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Abstract: Electrospinning is an electrohydrodynamic technique that transforms a polymer solution
into nano/microscopic diameter fibers under the influence of a high-voltage electric field. Its use in
the fabrication of nano/micro fibrous membranes as scaffolds for tissue engineering has increased
rapidly in recent years due to its efficiency and reproducibility. The objective of this study is to show
how the use of the same polymeric solution (polycaprolactone 9% w/v in chloroform: isopropanol
50:50) and identical electrohydrodynamic deposition parameters produces fibers with different
characteristics using a flat collector platform with movements in the X and Y axes vs. a conventional
rotary collector. The manufactured nano/microfibers show significant differences in most of their
characteristics (morphology, roughness, hydrophilicity, and mechanical properties). Regarding the
diameter and porosity of the fibers, the results were similar. Given that scaffolds must be designed to
guarantee adequate survival and the proliferation and migration of a certain cell type, in this study
we analyze how the variations in the characteristics of the fibers obtained are essential to defining
their potential application.

Keywords: electrospinning; polycaprolactone; scaffold; tissue engineering

1. Introduction

The low availability of donors and the morbidity associated with transplants mean
that ET is considered a useful strategy to restore or reestablish the function of pathologically
altered tissues and organs. The tissue engineering (TE) approach involves the regeneration
of tissue on a suitable support and implanting it at the goal site. Tissue regeneration
functionally requires a microenvironment that mimics the original site to obtain an adequate
cellular response and to provide optimal conditions for regeneration. Traditionally, TE
is defined as “the body persuasion of to re-pair itself, releasing, at the appropriate sites,
molecular signals, cells and/or supporting structures”. It seeks to manufacture tissues,
directing molecular and mechanical signals to specific cells to restore or reestablish normal
function [1]. TE uses three basic components, cells, scaffolds, and a chemical environment
(hormones, growth factors, etc.). The scaffolds’ role is to mimic the extracellular matrix
(ECM), a multiphase nano/microstructure material that is essential for cell viability, and
to maintain the morphological, mechanical, and functional characteristics of the tissue.
Several strategies are used in TE. In one of them, the construct (cells + scaffold + growth
factors) is placed in a bioreactor that reconstructs the designed tissue in vitro. Another
strategy is the implantation of the scaffold in the patient so that it fulfills its regenerative
role in vivo, The first strategy is known as TE in vitro (or ex vivo) and the second TE in vivo
(or in situ). Bioreactors are used to mimic in vitro environmental conditions in vivo and/or
to provide the chemical environment that regulates cell proliferation and differentiation and
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the production of ECM prior to implantation in vivo [2,3]. Nano/microfibrous polymeric
membranes have been widely used as biomaterials for the fabrication of scaffolds in
TE due to their properties (biocompatibility, high surface-to-volume ratio, high porosity,
biodegradation, and mechanical properties). The most used natural polymers for the
manufacture of scaffolds are silk, collagen, gelatin, fibrinogen, alginate, and chitosan.
Among the most used synthetic polymers are polycaprolactone (PCL), poly(lactic acid),
polyglycolide and poly(l-lactide-co-glycolide), among others [4].

Ideally, nano/microfibrous polymeric membrane used as scaffold should have the
following characteristics: biocompatibility and nontoxicity properties, a three-dimensional
structure, high porosity, it should be biodegradable or bioresorbable, have controllable
degradation and reabsorption rates, a chemically appropriate surface to promote prolifera-
tion and cell differentiation, hierarchical organization, and mechanical properties similar to
the tissue where it will be implanted. Additionally, the technique with which it is manufac-
tured must be versatile and easily controllable and reproducible [5,6]. However, some of
the scaffolds used have shown some limitations, such as inadequate physicochemical and
mechanical properties, as well as inappropriate porosity, wettability, alignment, roughness,
and surface-to-volume ratios, which leads to insufficient tissue regeneration. Therefore,
there is a need to explore techniques and obtain materials for scaffold manufacturing that
mimic and simulate the structural, topographic, mechanical, and conductive properties of
a specific ECM to promote the regeneration of the tissue function [7–13].

Numerous techniques have been used to manufacture scaffolding: freeze-drying,
thermal-induced phase separation, gas foaming, rapid prototyping, stereolithography,
fused deposition modeling, selective laser sintering, three-dimensional printing, bioprint-
ing, etc. [14]. However, these systems have drawbacks, such as their limited print resolution,
in which cells cannot be formed and organized precisely. Another drawback is the solidifi-
cation and gelation requirements during the printing process, which limit the materials
(hydrogels) that can be used [15]. Indeed, it is necessary to rely on other systems and
methods to complement and improve the efficiency, survival, and proliferation of cells.
Electrohydrodynamic techniques improve the properties of materials and devices. Due to
the simplicity and flexibility of the experimental setup of these techniques, they have been
used successfully in the fabrication of particulate materials with controllable compositions,
structures, sizes, morphologies, and shapes. These attributes, in addition to not having
as many limitations in the working materials, make electrohydrodynamic techniques an
extraordinary tool for preparing and assembling a wide range of micro- and nanostructured
materials [16,17]. Electrospinning, in which a polymer in solution is subjected to a high
voltage to produce nano/microfibers, is one of the most widely used techniques today
due to its cost, ease of manufacture, low material requirements, and the evaporation of the
solvents used, reducing the risks of toxicity inherent in some solvents and favoring greater
biocompatibility. By adjusting variables such us the diameter of the fibers (and therefore
the surface-to-volume ratio), the surface roughness of the fibers, and the porosity, the inter-
connectivity of the pores and mechanical properties of the scaffolds can be controlled to
adjust them to specific conditions (bone regeneration, heart, skin, etc.). The main variables
considered depend on the characteristics of the polymer solution (the molecular weight
of the polymer, solvent, surface tension, concentration, and the viscosity of the solution,
among others); the process (solution flow, the voltage applied between the needle through
which the solution passes and the collector, the type of collector, needle–collector distance);
and the environment (temperature and humidity) [11,13,14,18]. In addition, the fibers
can be enriched with drugs and/or growth factors so that the scaffold works as a release
system that favors or controls specific cellular functions, contributes to the management of
pathologies, modulates the response of the immune system towards the biomaterial and, in
general, increases its bioactivity [19–21].

The effect that the collector has on the evaporation of the solvent and on the orientation,
diameter, density, fiber–fiber junction points, and mechanical properties of the fibers
obtained is known. The rotary collector (RC) is the approach most frequently used in TE

104



Membranes 2022, 12, 563

applications. There are numerous studies on how the diameter and rotation speed can
determine the type of fibers obtained, and the changes that occur in them when compared
to those obtained with flat collectors [22–25]. More recently, collectors have been adapted
to combine electrospinning principles with 3D printing. In this sense, the 3D configuration
depends on the deposition time and the displacement of the collector used, since it can be
designed to move in several axes, with the aim of modifying certain characteristics (for
example, tensile strength and elasticity) [26–29]. The effect on fiber characteristics of using
an RC versus the configuration of the flat collector on a moving platform in the X–Y axes
has not been compared and analyzed in detail.

In this study, PCL fiber scaffolds were constructed in a known standard solution [30].
The fibers were collected in two types of collectors: a conventional RC and a flat collector
platform that moved in two axes (XYP) to compare the diameter and roughness of the
individual fibers and the mechanical properties, porosity, and hydrophilicity of the fibers.

2. Materials and Methods
2.1. Materials

PCL (CAS # 134490-19-0 and average Mn = 80.000 g/mol), chloroform (99.5%, CAS
# 67-66-3 and Mn = 119.38 g/mol), and isopropyl alcohol (99.7% CAS # 67-66-3 and
Mn = 60 g/mol) were used. All the chemical agents used were supplied by Sigma-Aldrich
(San Luis, MO, USA).

2.2. Preparation of the Solution

PCL was used in a 9% w/v solution in a 50:50 v/v mixture of chloroform and isopropyl
alcohol. The resulting solution was stored at room temperature for 48 h and, prior to its
use, it was subjected to homogenization using ultrasound (Model ATM40-2LCD, ATU
UL-TRA-SON-IC) with a frequency of 50 Hz for 60 min at 17 ◦C.

2.3. Electrospinning Process

The scaffolds were developed using electrospinning equipment composed of a high-
voltage source Model CZE1000R (Spellman high voltage corporation, Hauppauge, NY,
USA), a dosing pump KDS 100 (KD Scientific Inc., Holliston, MA, USA), syringe and
needle (Upchurch Scientific Inc., Oak Harbor, WA, USA), and two types of collectors: XYP
(own manufacture) and RC ESD30s (Nanolab Instruments Sdn Bhd, Malaysia) (Figure 1).
The definitive parameters were voltage (14 kV), distance between the needle tip and the
collector (14 cm), solution flow (1 mL /h), and two deposition times (45 and 90 min). The
collection of fibers was completed on aluminum sheets placed on the collector. A linear
velocity was set in the XYP, in both axes, of 0.0025 m/s. To obtain equivalent parameters,
the angular velocity of the RC (r: 0.04 m) was calculated based on the linear velocity of
the platform, resulting in a speed of 6 rpm. The scaffolds produced were divided into
four groups: scaffolds developed in the RC during 45 and 90 min of deposition (RC45 and
RC90), and scaffolds developed in the XYP with equal deposition times (XYP45 and XYP90).
The process was performed at 20 ± 2 ◦C room temperature and 60 ± 5% RH.

2.4. Roughness of the Individual Fibers

The surface roughness of the fibers was measured by means of atomic force microscopy
AFM; (Asylum Research—MFP-3D-BIO (Oxford Instruments, Santa Barbara, CA, USA) in a
sampling area of 1 × 1 µm2. The roughness values (root mean square (Rms) and arithmetic
mean (Ra)) were calculated in triplicate using the open-source software Gwyddion, version
2.56. Since the objective was to determine the roughness of individual fibers (and not of the
scaffold produced) and taking in count compression forces with longer deposition times,
the fibers used in this test were collected 30 s after their deposition.
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Figure 1. Schematic illustration of the electrospinning process performed: XY platform (flat collector
platform with movements in the X and Y axes) vs rotary collector.

2.5. Mechanical Tests

Mechanical tests were performed on the four groups of scaffolds. The scaffolds were
cut into rectangular samples of 10 mm × 110 mm with a thickness 0.0385 mm. The tensile
strength testing of the samples was performed using a universal testing machine AG-
IS 5KN, (Shimadzu corporation, Kyoto, Japan). The tests were carried out according to
ASTM D882 with a preload of 0.003 N and at a speed of 20 mm/min at room temperature
(20.8 ◦C) and 60% RH. The orientation of the samples for the mechanical tests was longitu-
dinal. The tests were carried out in triplicate.

2.6. Morphology and Fibers Diameter

The fiber morphology of the four groups of the scaffolds was studied using high-
vacuum scanning electron microscopy (SEM) Tescan Vega 3, (Tescan Analytics, Brno, Czech
Republic) with an operating voltage of 10 kV and a magnification of 500× to find the
areas of interest. The fiber diameter was analyzed using the public domain image analysis
software Image J (National Institutes of Health) at a magnification of 5000×. Measurements
were made before and after the mechanical tests.

2.7. Contact Angle of the Scaffolds

Contact angle tests, (ASTM D5725-99/2008, American Society for Testing and Materi-
als, West Conshohocken, Pennsylvania, U.S) were performed on all four scaffold groups.
Samples of 10 mm × 10 mm were placed on slides and 10 µL drops of deionized water
were deposited on the surface. Images were obtained with a digital camera Canon eos
rp, Lens: Canon rf 24–105 mm, f4 (Canon Inc., Melville, NY, USA) Contact angles were
calculated using the public domain image analysis software Image J (National Institutes
of Health).
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2.8. Porosity Measurement of the Scaffolds

A methodology previously described in another study [31] was used due to its effec-
tiveness in measuring various layers of nano/microfibers. Using the public domain image
analysis software Image J, SEM images of the four groups of scaffolds were converted
to binary images using three thresholds and the porosity of each scaffold was measured
in three layers. Three thresholds were calculated to convert the original image to binary
form based on the mean and standard deviation of the pixel values of the image across the
equations: T1 = (µ + σ)/255, T2 = µ/255 and T3 = (µ − σ)/255, where µ and σ are the mean
and the standard deviation of the image matrix, respectively. The percentage of porosity (P)
of each binary image was obtained using the average intensity of the images, as indicated
in the equation: P = (1 − n/N) * 100, where n is the number of white pixels and N is the
total number of pixels in the total volume of the binary image [31]. Measurements were
made before and after the mechanical tests.

2.9. Statistical Analysis

Variance analysis (ANOVA) and the F-test were performed to assess the amount of
variability between group means in the context of within-group variation to determine if
the mean differences were statistically significant. In this study, if the p-value was ≤0.05
and the calculated F-value was greater than the critical value F (the ratio of two variances),
the differences were considered significant.

3. Results
3.1. Roughness of the Individual Fibers

Figure 2 shows the appearance of a sector of fibers made on RC and XYP. Table 1
shows the Rm and Ra values obtained in the fibers, as well as their averages and standard
deviation. The average Ra of the surface of the RC fibers was 42.72 ± 12.12 nm and the Rms
was 51.47 ± 15.32 nm, whereas the surface roughness values for the XYP fibers decreased to
38.25 ± 23.7 nm and 36.94 ± 15.6 nm for Ra and Rms, respectively. Despite the differences
in the averages of the RC fibers versus the XYP fibers, the analysis of variance did not show
significant differences between the two groups either for Rm (p = 0.31, F = 1.32 and critical
F = 7.71) or for Ra (p = 0.79, F = 0.08 and critical F = 7.71).

Table 1. Surface roughness of the samples collected using the RC and XYP.

Collector Type Root Mean Square (Rms)
(nm)

Arithmetical Average (Ra)
(nm)

RC

Mean
(nm) 51.47 42.72

SD 15.33 12.13

XYP

Mean
(nm) 36.94 38.25

SD 15.62 23.72

3.2. Mechanical Tests

Figure 3 shows the stress-strain curves for the scaffolds obtained on RC and XYP with
deposition times of 45 min (Figure 3A) and 90 min (Figure 3B).
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Table 2 shows the stress and strain values for the scaffolds obtained on RC and XYP at
45 min and 90 min of deposition, as well as their arithmetic averages and standard deviation.
For a deposition time of 45 min, the scaffold deposited on RC showed a tensile stress value
of 0.39 ± 0.05 MPa, Young’s modulus of 1.11 MPa, and an elongation at break of 114.91%
compared to the scaffold deposited in XYP, which showed lower average values, with a
tensile stress value of 0.12 ± 0.02 MPa, Young’s modulus of 2.49 MPa, and an elongation at
break of 70.98%. For a deposition time of 90 min, the scaffold deposited on RC showed a
tensile stress value of 0.41 ± 0.08 MPa, Young’s modulus of 1.69 MPa, and an elongation
at break of 119.88% compared to the scaffold deposited in XYP, which also showed lower
average values: tensile stress of 0.33 ± 0.03 MPa, Young’s modulus of 1.24 MPa, and an
elongation at break of 75.87%. A highly significant difference was observed between the
maximum stress value for the RC scaffolds versus XYP scaffolds when the deposition time
was 45 min (p = 0.0008, F = 81.55, and critical F = 7.71); however, no significant difference
was observed for the elongation at break (p = 0.24, F = 1.89, and critical F = 7.71). For the
deposition time of 90 min, no significant differences were observed either in the maximum
stress value (p = 0.15, F = 3.24, and critical F = 7.71) or in the elongation at break (p = 0.07,
F = 5.45, and critical F = 7.71).

Table 2. Mechanical testing results of PCL membranes.

Collector Type Deposition
Time Sample Max_Force

N
Max_Disp

mm
Max_Stress
N/mm2 MPa

Max_Strain
%

RC

45 min
Mean value 0.18 105.06 0.39 114.91

SD 0.02 19.39 0.05 25.44

90 min
Mean value 0.19 118.87 0.41 119.88

SD 0.04 13.83 0.08 21.05

XYP

45 min
Mean value 0.06 80.53 0.12 70.98

SD 0.01 32.99 0.02 49.14

90 min
Mean value 0.15 77.47 0.33 75.87

SD 0.02 24.51 0.03 24.95

Abbreviations: Max force, maximum force; Max Disp, maximum disposition; Max Stress, maximum Stress; Max
Strain, maximum strain; min, minutes.

3.3. Morphology and Fiber Diameter

Table 3 shows the fiber diameters, their means and standard deviations for the four
groups of scaffolds before and after the mechanical tests. No significant differences were
found in the diameter of the fibers, according to the type of collector used, before the
mechanical tests, or after 45 min of deposition (p = 0.24, F = 1.51, and critical F = 4.96) or
90 min of deposition (p = 0.47, F = 0.57, and critical F = 4.96). The differences are also not
significant when comparing the type of collector at 45 min (p = 0.41, F = 0.74 and critical
F = 4.96) and 90 min of deposition (p = 0.55, F = 0, 37 and critical F = 4.96) after mechanical
tests. Figures 4 and 5 show the SEM morphology for deposition times of 45 min (Figure 4)
and 90 min (Figure 5) in each collector used. The orientation of the fibers in both types of
collectors was observed randomly, without any predominant pattern. The fibers obtained
with RC were more uniform and did not present pearls or beads, whereas those obtained
with XYP presented numerous pearls and beads, especially with 45 min of deposition.
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Table 3. Diameter and statistics of different fibers of the samples collected using RC and XYP before
and after mechanical testing.

Collector
Type

Deposition
Time

Diameter (nm)

Mean
(nm) SD

Before After Before After

RC
RC45 1819 1147 549 424

RC90 1386 1267 674 404

XYP
XYP45 548 1357 502 672

XYP90 1472 1005 846 820
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Figure 5. Fiber diameter in SEM micrographs, 90 min of deposition. (A) RC90 before mechanical tests,
(B) XYP90 before mechanical tests, (C) RC90 after mechanical tests, (D) XYP90 after mechanical tests.

3.4. Contact Angle of the Scaffolds

The contact angle values obtained are shown in Table 4. The RC45 scaffolds had an
average contact angle of 51.95◦ ± 1.8◦. The RC90 scaffolds achieved a 1.2% increase in their
contact angles (58.19◦ ± 6.6◦). For XYP45 scaffolds there was a significant 55% increase
compared to RC45 contact angles (80.52◦ ± 3.8◦) and a 7% decrease compared to XPY90
scaffold contact angles (74.77◦ ± 15.6◦). An increase in hydrophilicity was observed in
RC45 scaffolds, with significant differences in the contact angle (p = 1.08−5, F = 178.77,
and critical F = 5.98) when compared to XYP45 scaffolds. No significant differences were
observed between RC90 versus XYP90 scaffolds.
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Table 4. Contact angles according to collector type.

Deposition Time Contact Angle

RC45
Mean 51.95◦

SD 1.80

RC90
Mean 58.19◦

SD 6.66

XYP45
Mean 80.52◦

SD 3.87

XYP90
Mean 74.77◦

SD 15.63

3.5. Porosity Measurement

Table 5 shows the values of the porosity measurements of binary images of different
samples with various thresholds before and after mechanical tests. It was observed that
the porosity was greater in the superficial layers of the scaffold and decreased with depth.
On average, there was 11% less porosity per threshold. Additionally, the number of pores
was reduced by approximately 10% when the XYP collector was used. The collection time
showed no relationship with the porosity of the scaffolds. The binary SEM images of the
three thresholds for the four samples produced using the RC and XYP as collectors with
deposition times of 45 min and 90 min are shown in Figures 6–9.
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Table 5. Porosity measurements of binary images of different samples with various thresholds before
and after mechanical tests.

Collector
Type

Deposition
Time Sample Type T1% T2% T3%

RC

45 min
Before 38.19 25.95 12.71

After 48.09 34.97 22.36

90 min
Before 39.32 26.39 17.11

After 29.29 19.88 15.68

XYP

45 min
Before 28.06 18.89 9.26

After 47.80 31.42 15.45

90 min
Before 29.42 19.47 9.66

After 46.30 28.34 10.16

4. Discussion

The design and manufacture of nano/microfibrous membranes that function as scaf-
folds, mimic the ECM, and thus optimize tissue regeneration is one of the main challenges
in TE and represents an alternative to the limited number of donors and the implications
involved with the use of autologous grafts. Allografts may be capable of transmitting
disease and eliciting host immune responses. A scaffold must be manufactured consid-
ering the porosity, the balance between hydrophilicity/hydrophobicity, the mechanical
properties, the three-dimensional architecture, the biocompatibility, and the non-toxicity
of its components. For its manufacturing, electrohydrodynamic techniques, such as elec-
trospinning, are the most frequently used given their possibilities, versatility, low cost,
and the simplicity and reproducibility of the process. The modification of parameters in
the polymeric solution used and the process (voltage, solution flow, distance from the
collector needle) and environmental conditions (temperature and RH), allows one to ob-
tain scaffolds with particular characteristics in terms of their morphology, the dimensions
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and orientation of the fibers, their porosity, hydrophilicity, and their tensile strength for a
specific use, especially in bone, musculoskeletal, cutaneous, cardiovascular, or neurological
applications, among others [19–21,32]. Numerous studies have demonstrated the effect
that the type of collector used has on the characteristics of the fibers and the scaffold itself.
Multiple variants of RC and static flat collectors have traditionally been used [22–25]. More
recently, the use of platforms with displacements in the X and Y axes has been introduced
to facilitate the manufacturing of three-dimensional scaffolds with greater control over
their shape and dimensions [33]. In this work, nano/microfibers were manufactured with
PCL, a biodegradable polymer accepted by the FDA for surgical implants, drug delivery
systems, and applications in TE and regenerative medicine [34]. To evaluate whether
there were significant differences in the scaffolds produced on a RC versus XYP, all the
parameters were standardized: the composition of the solution, the process variables, and
the environmental conditions, including the displacement speed of the XYP in each axis
with the angular velocity of the RC, although this implied an rpm much lower than the one
normally used.

Determining whether there are differences in roughness is essential because it is
considered a critical factor in cell adhesion, proliferation, and differentiation. To avoid
compression deformations due to the deposition of several layers, the fibers used in the
roughness tests were collected 30 s after their deposition. Although no significant dif-
ferences were observed in the fibers obtained in the two types of collectors, the surface
roughness of the XYP scaffolds showed a higher standard deviation than that of RC, espe-
cially the Ra value. This allows us to assume that the roughness of the scaffold deposited
on the CR is more homogeneous due to the intrinsic rotation movement and the traction it
exerts when picking up the fiber. High roughness favors osteogenic differentiation, neurite
outgrowth, and Schwann cell proliferation, but impairs chondrogenic differentiation and
endothelial function, to cite a few examples [33], hence the collecting type is an important
consideration when scaffolds are to be used in a specific application.

Mechanical test results are affected by material composition, microscopic imperfec-
tions, the manufacturing process, the loading rate, and the temperature during testing [35].
The results showed that it is also necessary to consider the total deposition time when
fabricating a scaffold by means of electrospinning. The results obtained using the two
types of collectors showed that the collection time is an important parameter since, by
increasing the deposition time, a greater number of fibers was generated on the surface,
causing changes in the mechanical properties. That is, a greater presence of fibers produces
a structure with greater mechanical resistance. When comparing the scaffolds, we deter-
mined that the increase in the elongation at break value when using RC was possibly due
to the absence of pearls in the fibers obtained compared to those observed in XYP. The
SEM images indicated that the RC fibers had a more homogeneous morphology in terms
of the length of the fibers. The diameter of the fibers did not present great variation with
respect to those observed in the XYP. Additionally, the area under the curve of the graphs
(Figure 3) indicated that the fibers obtained via RC presented greater deformation due to
the localized and directed shape as they fell into the collector. Scaffolds made in the RC
system with a deposition time of 45 min had a significantly higher tensile strength than
scaffolds made in XYP. This difference was not observed when the deposition time was
90 min. The higher tensile strength of the scaffolds obtained in RC correlated with their
higher porosity. The larger spaces between the fibers allow the scaffolds to buffer stress ef-
fectively and slow down structural deterioration. This is essential in scaffolds designed for
interfaces between soft and hard tissues (for example, in surgery to reconstruct ligaments
or articular cartilage with their reattachment to bone tissue), in which the scaffold acts as a
material developed to perform a gradual mechanical transfer between ECM of different
properties [36]. RC usually produces aligned fibers, in the case of this work, due to the low
angular velocity used, and scaffolds with randomly oriented fibers were obtained with
both types of collectors, but with a higher number of pearls in the XYP. The presence of
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beads modifies the mechanical properties of the scaffolds and must be considered when
using the mentioned interfaces [37].

In this study, our goal was to compare the type of collector, keeping the concentration
of the polymer the same; therefore, it was not possible to analyze the influence of the
amount of the polymer on the mechanical properties. On the other hand, in previous
studies, they determined that, after increasing the concentration of PCL or the load of
another component in the fibers, such as drugs and proteins, the tensile strength of the
PCL nanofibrous membranes decreased notably [38,39]. It should be noted that the fibers
produced by means of electrospinning exhibit a relatively smooth deposition process;
therefore, collisions can occur with neighboring fibers that move in different directions.
This can cause periodic blockages of larger-diameter fibers in which a microstructural
failure appears to occur sequentially, involving a balance between localized strain in the
direction of traction and anisotropic point junction that locally resists deformation [40].
This could explain why the scaffolds made in the RC90 system showed slightly higher
Young’s modulus values compared to the scaffolds in the XYP90 system.

Electrospinning allows one to obtain fibers with diameters between micrometers and
nanometers. The critical factors that determine the diameter of the fibers are the flow, the
concentration of the polymer solution, and the voltage used [41]. When the concentration
of PCL solutions is increased, the diameter of the fibers generally increases, although with
this technique it is necessary to consider the other variables involved [42]. When comparing
fibers deposited on a fixed-plate collector versus RC, the latter have a smaller diameter that
decreases as the rotation speed (rpm) increases [43]. Differences in mechanical properties
were observed with speeds greater than 640 rpm. In this work, due to the low angular
velocity used, there were no significant differences between the diameters of the fibers
deposited on RC versus XPY, independently of the deposition time. The low speed can also
be considered an important factor regarding why differences in fiber diameters were not
observed before and after the mechanical tests [44].

The wettability of surfaces depends on the chemical composition and the microgeome-
try of their roughness. Models made to predict the contact angle of fibers manufactured
via electrospinning show that the concentration of the solution is the determining parame-
ter [45]. For other authors, surface roughness is the critical factor and, in some polymeric
fibers, changes in wettability can be achieved by modifying roughness, without the need
for chemical changes [46]. When other parameters were studied, it was observed that PCL
fibers can behave in a hydrophilic or hydrophobic character, depending on the solvent
used [47]. However, these studies did not consider the type of collector used. When the
fibers deposited on copper collectors (sheet versus mesh) were compared, it was observed
that the fibers collected in the copper sheet had a greater diameter, less roughness, and
showed a more hydrophilic behavior than those collected in the copper sheet [48]. In this
work, significant differences were observed in the fibers collected in XYP versus RC when
the deposition time was 45 min. We observed that the fibers manufactured on RC had lower
contact angle values and therefore a more hydrophilic behavior, which is a critical factor
in the biocompatibility and bioactivity of a material, since wettability generally favors
adhesion and cell proliferation and increases biomineralization in engineering for bone
tissues [49]. Although the scaffolds manufactured in XYP cannot be considered hydropho-
bic, their values were close to 90◦ and they could be used in applications in which cell
adhesion must be controlled or inhibited, for example, to reduce bacterial contamination or
the formation of biofilms on medical devices, since decreasing their wettability results in a
deterioration of the stability of the bacterial colonies and favors their detachment [50].

The effect of the ECM in cell proliferation, gene expression, differentiation, and mi-
gration highlight its importance as a design parameter for scaffolds with specific applica-
tions. Scaffold designs with controlled mechanical properties, roughness, porosity, and
hydrophilicity, among others, can have a great impact on improving the success of TE
applications in various medical treatments.
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5. Conclusions

The scaffolds fabricated and observed in this study showed significant differences
in most of their characteristics—morphology, roughness, hydrophilicity, and mechanical
properties. Regarding the diameter and porosity of the fibers, the results were similar
between the scaffolds. It has been validated that when scaffolds are manufactured using the
electrospinning technique, differences in important properties can be obtained, even when
using the same solution and the same manufacturing parameters, merely by changing
the type of collector in the process. Given that scaffolds must be designed to guarantee
the adequate survival, proliferation, and migration of a certain cell type, in this study we
analyzed how the variations in the characteristics of the fibers obtained were essential to
defining their potential application. For example, scaffolds with high roughness can be
used in bone regeneration, whereas those with minimal roughness could be used to mimic
the tunica intima of blood vessels. Therefore, the implementation of new technologies such
as 2D moving platforms in this technique presents multiple applications in the design of
scaffolds applied to TE. An important advantage of the XYP approach is the control of the
shape of the scaffold produced. This is the first study to date, to our knowledge, that has
compared the effects of electrospinning on the characteristics of the fibers and scaffolds
while utilizing both a rotating collector and a displacement platform in the X-Y axes.
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Abstract: Copper-coated nanofibrous materials are desirable for catalysis, electrochemistry, sensing,
and biomedical use. The preparation of copper or copper-coated nanofibers can be pretty challenging,
requiring many chemical steps that we eliminated in our robust approach, where for the first time,
Cu was deposited by magnetron sputtering onto temperature-sensitive polymer nanofibers. For the
first time, the large-scale modeling of PCL films irradiation by molecular dynamics simulation was
performed and allowed to predict the ions penetration depth and tune the deposition conditions.
The Cu-coated polycaprolactone (PCL) nanofibers were thoroughly characterized and tested as
antibacterial agents for various Gram-positive and Gram-negative bacteria. Fast release of Cu2+ ions
(concentration up to 3.4 µg/mL) led to significant suppression of E. coli and S. aureus colonies but
was insufficient against S. typhimurium and Ps. aeruginosa. The effect of Cu layer oxidation upon
contact with liquid media was investigated by X-ray photoelectron spectroscopy revealing that, after
two hours, 55% of Cu atoms are in form of CuO or Cu(OH)2. The Cu-coated nanofibers will be great
candidates for wound dressings thanks to an interesting synergistic effect: on the one hand, the rapid
release of copper ions kills bacteria, while on the other hand, it stimulates the regeneration with the
activation of immune cells. Indeed, copper ions are necessary for the bacteriostatic action of cells of
the immune system. The reactive CO2/C2H4 plasma polymers deposited onto PCL-Cu nanofibers
can be applied to grafting of viable proteins, peptides, or drugs, and it further explores the versatility
of developed nanofibers for biomedical applications use.

Keywords: PCL nanofibers; XPS; copper; antibacterial coating; ion release; cytotoxicity
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1. Introduction

The preparation of copper/copper oxide nanofibrous materials became a prevalent
topic thanks to a vast range of applications of such nanomaterials, including catalysis [1,2],
disinfection [3], antiviral nanocomposites [4], antibacterial wound dressings [5,6], sen-
sors [7], CO2 electrocatalytic reduction [8] and others. The advantage of using Cu nanofibers
instead of other forms of nano or micromaterials is their high surface-to-volume ratio, the
possibility to prepare sheets or foils of Cu nanofibers without any limitations in terms of
their size, the opportunity to run the continuous roll-to-roll process, and its scalability.

Several approaches were employed to prepare Cu-containing nanofibers: electroless
deposition on a nanofibrous foil as a template [8], self-assembly method using PANI
nanofibers as a template [9], incorporation of Cu by admixture of Cu nanoparticles to the
electrospinning solution [10], and decoration of nanofibers with Cu nanoparticles [5].

The area of applications of nanofibrous mats is vast. Mainly, the biomedical use
of nanofibers attracts the attention of many researchers because they efficiently accel-
erate wound healing [11,12], may filter bacteria and viruses [13,14], and regenerate the
bones [15–18]. The use of nanofibers with Cu/Cu-oxide coatings for biomedical applica-
tions was not fully covered in the literature compared to, e.g., Ag nanoparticles. In most
instances, the material was prepared using methods with high consumption of chemicals,
i.e., either by soaking the nanofibers in the Cu2+ containing solution, the addition of Cu
salts into the electrospinning solutions [19], grafting of Cu nanoparticles [20], or by admix-
ture of Cu nanoparticles in the solution [6]. In general, authors witnessed both antibacterial
and cytotoxic effects of their Cu-containing nanofibers and, interestingly, various forms of
Cu (Cu0, Cu+, Cu2+, CuO, and Cu(OH)2) behave differently in different cultures.

Polyacrylonitrile (PAN) nanofibers with embedded CuO were tested for antimicrobial
breathe masks with high antibacterial effects [21]. PVA nanofibers with Cu nanoparticles
have shown significant inhibition zones against Gram-negative Escherichia coli and Gram-
positive Staphylococcus aureus bacteria [10]. Haider et al. have shown that PLGA/CuO
nanofiber scaffolds exhibited excellent antibacterial activity against E. coli and S. aureus
bacterial strains [20]. The mechanism of the antibacterial action is based on the Cu2+ ion
release. Phan and co-authors made a similar conclusion for E. coli and B. subtilis [19]. They
also concluded that CuO and Cu(OH)2 embedded into polyacrylonitrile nanofibers would
be less effective than CuSO4 but more efficient than metallic Cu thanks to the faster release
of Cu2+ ions from oxidized surfaces. However, the authors did not reveal the cytotoxicity
of such structures.

This work presents a facile, robust, and scalable method for preparing Cu-coated
nanofibers based on magnetron sputtering of copper onto the FDA-approved biodegradable
polycaprolactone (PCL) nanofibers. The temperature-sensitive polymer nanofibers have
never been tested as a substrate for the Cu deposition by magnetron sputtering. The main
challenge is the deposition of a well-adhered metallic coating with high Cu content PCL
membrane without degradation of the nanofibrous structure. The antibacterial properties
against Gram-negative and Gram-positive bacteria and cell viability of mesenchymal
stromal cells were studied, and the mechanism of Cu-coated PCL nanofibers onto different
strains was discussed.

2. Materials and Methods
2.1. Electrospinning of PCL Nanofibers

The electrospun nanofibers were prepared by the electrospinning of a 9 wt% solution
of polycaprolactone PCL (80,000 g/mol). The processing of the sample can be found
elsewhere [22]. Briefly, the granulated PCL was dissolved in a mixture of acetic acid (99%)
and formic acid (98%). All compounds were purchased from Sigma Aldrich (Darmstadt,
Germany). The weight ratio of acetic acid (AA) to formic acid (FA) was 2:1. The PCL
solutions in AA and FA were stirred at 25 ◦C for 24 h. The PCL solution was electrospun
with a 20 cm long wired electrode using a Nanospider™ NSLAB 500 machine (ELMARCO,
Liberec, Czech Republic). The applied voltage was 50 kV. The distance between the
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electrodes was set to 100 mm. The as-prepared and non-treated PCL nanofibers are referred
to as PCL-ref throughout the text.

2.2. Magnetron Sputtering

The Cu coatings were deposited by magnetron sputtering of a copper target in an
ultra-high-vacuum deposition chamber (BESTEC, Germany). The input power to the
magnetron was set to 37 W. Before the deposition, the chamber was evacuated down
to 6.2·10−8 mbar. A 30 sccm flow of a high purity Ar gas (99.99%) was introduced into
the deposition chamber, setting the operation pressure to 1.5·10−3 mbar. During the film
deposition, the distance between the targets and the substrate was kept at 30 mm and
the substrate holder was rotated at 10 rpm to obtain a homogenous film thickness. The
deposition time was adjusted to deposit a 50 nm thick film (controlled by deposition onto
Si wafer). The Cu-coated nanofibers are referred as PCL-Cu throughout the text.

2.3. Plasma COOH Coating

The COOH plasma polymer layers were deposited using the vacuum system UVN-2M
equipped with the rotary and oil diffusion pumps. The residual pressure of the reactor
was below 10−3 Pa. The plasma was ignited using radio frequency (RF) power supply
Cito 1310-ACNA-N37A-FF (Comet, Flamatt, Switzerland) connected to the RFPG-128 disk
generator (Beams & Plasmas) installed in the vacuum chamber. The duty cycle and the RF
power were set to 5% and 500 W, respectively.

CO2 (99.995%), Ar (99.998%), and C2H4 (99.95%) were fed into the vacuum chamber.
The flows of the gases were controlled using a Multi-Gas Controller 647C (MKST, Newport,
RI, USA). The flow rates of Ar, CO2, and C2H4 were set to 50, 16.2, and 6.2 sccm, respectively.
The pressure in the chamber was measured by a VMB-14 unit (Tokamak Company, Dubna,
Russia) and D395-90-000 BOC Edwards controllers. The distance between RF-electrode
and the substrate was set to 8 cm. The deposition time was 15 min and it led to the growth
of ~100 nm thick plasma coatings. The plasma coated PCL-Cu nanofibers are referred to as
PCL-Cu-COOH throughout the text.

2.4. Chemistry and Morphology Analysis

The microstructure of the nanofibers and the deposited plasma polymers was studied
by scanning electron microscopy (SEM) using a Tescan Mira (Tescan, Brno, Czech Republic)
device. The SEM micrographs were obtained in secondary emission mode with the acceler-
ating voltage of 10 kV and working distance of 9 mm. Micrographs of 1024 × 1024 pixel
were acquired. The elemental mappings were obtained using energy dispersive X-ray
(EDX) detector (Oxford Instruments, High Wycombe, UK).

The chemical composition of the sample surfaces was determined by the X-ray photo-
electron spectroscopy (XPS) using an Axis Supra spectrometer (Kratos Analytical, Manch-
ester, UK) equipped with the monochromatic Al Kα X-ray source. The maximum lateral
resolution of the analyzed area was 0.7 mm. The spectra were fitted using the CasaXPS
software after subtracting the Shirley-type background. The binding energies (BE) for all
carbon and oxygen environments were taken from the literature [22]. The BE scale was
calibrated by setting the CHx component at 285 eV.

2.5. The Ion Release Measuring

The High-Resolution Spectrometer iCAP 6500 (Thermo Fisher Scientific, Pittsburgh,
PA, USA) was used. Samples size of 1 × 1 cm were placed in 5 mL of PBS and H2O,
respectively, and incubated at 37 ◦C. After 1, 2, 4, and 24 h, an aliquot of 1 of 500 µL was
taken. The sample solution was injected into the plasma through a nebulizer of SeaSpray
type using a peristaltic pump with a rate of 0.7 mL/min. Analysis conditions: cooling
argon flow—12 L/min, secondary—0.5 L/min; registration time on the first slit—15 s;
on the second slit—5 s. The power supplied to the ICP inductor was 1150 W (recom-
mended by the manufacturer of the spectrometer). The registration of emission spectra
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was carried out at the axial observation of plasma. In the process of sample prepara-
tion, the following reagents were used: concentrated nitric acid extra pure, 69.0–71.0%
(Sigma-Aldrich, Darmstadt, Germany), deionized water purified with the Direct-Q3 system
(Millipore) >18 MΩ/cm; high purity argon; single component standard solution—copper
(Cu) (Merck). Samples dissolution was performed using concentrated nitric acid with
heating ~ 100–150 ◦C. Sample preparation was performed using disposable plastic tubes
with a volume of 5–15 mL, polypropylene container with a volume of 10 mL, and auto-
matic pipette with variable volume (1.00–5.00 mL, 100–1000 µL 10–100 µL,). To determine
analytes of Cu, the most intense spectral lines were used (without the spectral influence
of the matrix)—328.068, 338.289; 324.754, 327.396 nm, respectively. The validation of the
technique by spike experiment was provided.

2.6. Modeling

The classical molecular dynamics method in the LAMMPS [23] software package was
applied to the irradiation simulations of PCL by Cu atoms. All interatomic interactions in
the system were described by ReaxFF potentials [24]. The dimer energies were calculated
by the selected potential to estimate the parameters of the interaction of copper atoms
with polymer atoms (see Table 1) and comparisons were made with similar calculations
by the DFT method [25,26] in the Vienna Ab initio Simulation Package (VASP) [27,28].
Despite that the ReaxFF potentials underestimate the energies of individual dimers, they
qualitatively describe changes in the energy of interactions of Cu atoms with Cu, H, C, O,
since the energy decreases from Cu-Cu to Cu-O both in the case of DFT and in the case of
ReaxFF calculations. In addition, the difference in link lengths between DFT and ReaxFF is
negligible.

Table 1. Dimer binding energy calculated by DFT and ReaxFF potentials, the energy difference
between DFT and ReaxFF, bond length in angstroms.

Dimer E, eV (PBE) E, eV (ReaxFF) ∆E, eV R, Ǻ (PBE) R, Ǻ (ReaxFF)

Cu-Cu −2.75 −1.38 −1.36 2.22 2.33

Cu-H −4.27 −2.58 −1.69 1.46 1.53

Cu-C −4.28 −2.65 −1.63 1.76 1.61

Cu-O −5.25 −4.05 −1.21 1.69 1.75

2.7. Cell Tests

Cell viability was assayed by the MTT method and fluorescent microscopy. Human
mesenchymal stromal cells were extracted from bone marrow using standard methods
(the Ethics Committee approved the study of the RICEL-branch of ICG SB RAS (No 115
from 24.12.2015) and cultured in Dulbecco’s modified Eagle’s Medium (DMEM, Sigma
Aldrich) that was supplemented with 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA,
USA). Cells were seeded in 96-well plates on scaffolds (round samples of diameter 0.5 cm)
in concentration 7 × 103 cells/well. Additionally, cells were cultivated in 96-well plates
in a medium in which the PCL-Cu and PCL-Cu-COOH were soaked (round samples of
diameter 0.5 cm in 200 µL) for 1 h and then incubated for 72 h under 5% CO2 atmosphere. A
fresh culture medium was added to control cells. After that 5 µL of the MTT solution with
the concentration of 5 mg/mL was added to each well, and the plates were incubated for 4 h
and then solubilized with a dimethyl sulfoxide solution, as indicated in the manufacturer’s
instructions. The optical density was measured with a plate reader Multiskan FC (Thermo
Fisher Scientific, Singapore) at the wavelength of 570 nm. The experiment was repeated
three times on separate days. For fluorescent microscopic analysis, cells were incubated at
37 ◦C in the dark with stain solution (199 cell culture media with 5 µg/mL Hoechst 33,342
and 2 µM calcein AM (Thermo Fisher Scientific, St. Louis, MO, USA) for 30 min. Live cells
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are determined distinguished by the presence of ubiquitous intracellular intense uniform
green fluorescence.

2.8. Microbiology

E. coli ATCC25922, S. aureus ATCC25923, S. Typhimurium ATCC14028, P. aeruginosa
ATCC27853 strains were obtained from Remel™, Thermo Fisher Scientific, USA, and Becton
Dickenson, France. The bacterial strains were grown in liquid Lysogeny broth (LB) medium
at 37 ◦C for 24 h and then were diluted in saline to give concentrations of 0.675–2.5 × 105

colony-forming units (CFU) mL−1. Antibacterial activity against each strain was deter-
mined by the emersion of nanofibers (round samples in diameter 0.5 cm) in a medium
volume of 300 µL with bacteria for 24 h. The number of viable microorganisms was esti-
mated via counting of CFU after 24 h of cultivation. All experiments were performed in
triplicate.

3. Results
3.1. Modeling of Cu Ions Penetration Depth

In order to correctly select the conditions where no destruction of such sensitive mate-
rial as PCL occurs, the computational simulation was performed before the experiments of
Cu deposition. The PCL unit cell (Figure 1) was taken from [29] and relaxed in VASP, after
which it was used to create a slab supercell.
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Figure 1. The PCL unit cell. The carbon, hydrogen and oxygen atoms are indicated by brown, gray
and red colors.

To simulate the irradiation of a film of finite thickness, a PCL slab with a size of 22.7 ×
3.94 × 5.31 nm, consisting of 64,800 atoms, was constructed. Periodic boundary conditions
were applied in the direction of the y and z axes, and the irradiation was carried out along
the x-axis. Before irradiation the slab was relaxed for 100 ps at constant pressure (NPT
thermostat), then at a constant temperature (NVT thermostat) equal to T = 300 K.

The metal atom was placed randomly at a distance of 1.8 nm from the PCL slab
surface, mainly in the center of the YZ plane of the supercell (Figure 2). The atom was
given an initial velocity component normal to the slab plane following the energy under
consideration. In the simulation, a variable time step was used, which was selected from
the condition that the maximum displacement of atoms did not exceed 0.001 nm. This
procedure made it possible to avoid unreasonably large approaches of atoms and kept the
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simulation stable. For example, at the largest energies of the metal atom considered, the
minimum step was 0.012 fs.
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Figure 2. A diagram of a model with characteristic dimensions.

To simulate the dissipation of energy into an infinite volume of material, a 0.5 nm
thick region was isolated from the side of the PCL slab to the atoms of which temperature
control was applied (NVT thermostat, T = 300 K). An NVE thermostat was applied to the
remaining atoms of the system, including the metal atom. The simulation continued until
the energy of the metal atom exceeded the average thermal energy of the PCL slab.

The energies of a swooped Cu atom in the range from 500 eV to 2400 eV were consid-
ered. For each selected energy, a series of computer experiments were made, consisting of
five simulations. The average values are shown in Figure 3.
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Figure 3. Dependence of the penetration depth of Cu atom into PCL depending on its initial energy.

In the energy range under consideration, a power-law dependence of the penetration
depth on the atom’s energy is obtained, described by the equation L=4.07·10−2·E0.7739. It
is worth noting that in the process of penetration into the PCL, the copper atom has the
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ability to change the movement direction due to collisions with polymer atoms. Herewith,
the penetration angle of the copper atom is random, and the average deviation angle for all
simulations is 5.96 degrees.

3.2. PCL-Cu Nanofibers

The SEM micrograph of Cu-coated PCL nanofibrous mat is in Figure 4a. The fiber
diameter was around 250 nm, and the structure of nanofibrous mesh was homogenous
with no defects observed. The EDX mapping of the same sample (Figure 4b) revealed
homogenous coverage of the nanofibers by copper. The XPS analysis also confirmed that
the PCL-Cu sample is well covered by the copper layer. The percentages of all elements are
shown in Table 2.
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Figure 4. SEM micrograph (a) and EDS Cu signal cartography (b) of PCL-Cu sample.

Table 2. Composition of samples (in at. %) derived from XPS analysis.

Sample Name Cu O C

PCL-ref 0.0 26.1 73.9

PCL-Cu 20.4 29.0 50.6

PCL-Cu-PBS-2h 17.2 35.7 47.1

PCL-Cu-PBS-24h 8.6 43.5 47.9

PCL-COOH 0.0 27.5 72.5

PCL-Cu-COOH 0.4 26.5 73.1

The Cu layer covering PCL nanofibers is relatively thick, as sputtering by Ar cluster
gun revealed. As shown in Figure 5, the Cu concentration increased to 53.7 at.% after the
sputtering for 3 min, and the sputtering for 100 min led to its decrease to 27 at.%. Hence,
a deep penetration depth of Cu ions, i.e., below 20 nm is expected as predicted by the
computational analysis.
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Figure 5. XPS depth profiling results for PCL-Cu sample.

To investigate the chemical bonds of copper and other elements presented in the
samples, the fitting of high-resolution XPS Cu2p 3/2, C1s, and O1s signals was performed
(Figures 6–8). We analyzed the copper environment solely by the fitting of Cu2p 3/2
signal (without the fitting of Cu2p 1/2) due to a higher signal of the Cu2p 3/2 line. The
XPS Cu2p 3/2 signal was fitted by a sum of six peaks: metallic copper or copper oxide
(I) Cu0/Cu+ (BE = 932.5 ± 0.1 eV, FWHM = 1.1 ± 0.1 eV), copper oxide (II) CuO (BE =
934.5 ± 0.1 eV, FWHM = 1.7 ± 0.2 eV), copper hydroxide Cu(OH)2 (BE = 935.8 ± 0.2 eV,
FWHM = 1.9 ± 0.2 eV) and three Cu(II) satellites centered at 940 ± 0.2 eV, 942.2 ± 0.2
eV and 944.3 ± 0.2 eV. The BE values for all Cu2p and O1s peaks were employed from
the literature: Cu0/Cu+ from [30,31], Cu(OH)2 from [31], and CuO 934 [32,33]. The curve
fitting with percentages of each contribution is reported in Figure 6. The presence of
copper oxide (II) was evident both by the high percentage of CuO peaks, high intensity of
Cu(II) satellites as well by the peak of oxygen attributed to the metal oxide contribution
Cu-O (BE = 530.5 eV, FWHM = 1.3 eV) in the O1s spectrum. The XPS O1s spectra also
revealed peaks attributed to C-O (BE = 533.1 eV, FWHM = 1.6 eV) and OH (BE = 531.6 eV,
FWHM = 1.6 eV) that most probably came from Cu(OH)2. Hence, the XPS O1s spectrum of
PCL-Cu is completely different as compared to the spectrum of PCL-ref that was fitted by a
sum of two peaks: C-O (BE = 533.4 eV) and C = O (BE = 532.2 eV), as shown in Figure 8a,b.
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The shape of C1s spectra of PCL-ref and PCL-Cu additionally confirmed significant
changes in the surface chemistry after Cu deposition. The XPS C1s spectrum of PCL-
ref (Figure 7a) was fitted by the sum of three components, namely hydrocarbons CHx
(BE = 285 eV), carbon neighbored to ester group C-C(O)O (BE = 285.5 eV), ether group
C-O (BE = 286.4 eV) and ester group C(O)O (BE = 289.0 eV). The FWHM for all peaks was
1.0 ± 0.1 eV. A sum of only three components fitted the XPS C1s spectrum of PCL-Cu:
CHx, C-O and C(O)O (Figure 7b), where CHx contribution with the concentration of 73%
dominated over other environments. The nature of carbon presented at the surface of
PCL-Cu related to the surface contaminations as well as to the signal coming from the area
of nanofibers with thinner Cu coating.
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Figure 7. XPS C1s curve fitting of pristine PCL nanofibers PCL-ref (a), PCL-Cu as-deposited (b), PCL-Cu after two hours in
PBS (c), PCL-Cu after 24 h in PBS (d) and PCL-Cu-COOH (e).
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3.3. Cu-PCL Nanofibers Coated with Plasma Polymer

The deposition of the COOH layer of PCL-Cu allows improving the wettability of
PCL-Cu nanofibers and the COOH groups play a role of active sites for grafting other
compounds. The successful coating was evidenced by significantly different surface
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composition of COOH-plasma-coated samples (PCL-Cu-COOH) compared to PCL-Cu. As
shown in Table 2, the composition of PCL-Cu-COOH exhibited a deficient Cu concentration
(0.4 at.%), whereas C and O percentages were similar to PCL-COOH. Additionally, the
C1s and O1s curve fitting also revealed significant changes in the carbon and oxygen
environments (see Figures 7e and 8e). The high concentration of C(O)O environment of
15% confirmed efficient grafting of COOH moieties because C(O)O directly correlates with
the concentration of carboxylic acid reactive groups [34]. The PCL-Cu-COOH was very
hydrophilic, as its water contact angle decreased from 99◦ to 18◦.

3.4. Stability in Water and Cu Ions Release

The antibacterial properties of PCL-Cu and PCL-Cu-COOH samples are expected to
be induced by the leaching of Cu2+ ions. The stability of Cu layers was inspected visually
and by XPS analysis of samples after soaking in PBS and by ICP-OES analyses of PBS and
water after PCL-Cu and PCL-Cu-COOH soaking.

Very rapid dissolution of Cu layer was evident even by visual inspection as shown in
Figure 9. The dissolution rate depends on the liquid’s temperature and composition (culture
media, PBS or deionized water). The highest dissolution rate was visually observed for
PCL-Cu and PCL-COOH samples soaked in culture media at 37 ◦C, where no red/yellow
was visible at the sample surface. It is worth noting that no flakes were floating in the
liquid (Figure 9).
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Figure 9. Pictures of PCL-Cu (denoted NF + Cu) and PCL-Cu-COOH (denoted as NF + Cu + COOH) after soaking in PBS
and culture media.

Nevertheless, although no coating was visible for samples after soaking in PBS, XPS
analyses revealed that even after 24 h soaking, some amount of Cu still remained at the PCL-
Cu-PBS24h sample (Figure 6b,c). Indeed, the oxidation and formation of hydroxide during
soaking was revealed by Cu2p 3/2 curve fitting. Thus, oxidation and rapid dissolution
should induce high Cu ions release.

As shown in Figure 10, the concentration of Cu2+ ions released in water or PBS at
37 ◦C is very high and recalculated concentration that is expected to be in the culture media
while PCL-Cu cell tests (left Y-axis) exceeds 4.2 µg/mL.
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Figure 10. Cu ions release at 37 ◦C measured by ICP-OES.

3.5. Antibacterial Properties

The antimicrobial activity of nanofibers was studied on the most common pathogenic
microorganisms, namely Gram-negative E. coli, S. Typhimurium, P. aeruginosa, and Gram-
positive S. aureus. The PCL-ref was used as a negative control and did not have any
antibacterial effect. The results are presented in Figure 11 and Table 3 as the percentage of
colony-forming units (CFU) relative to the CFU of the control. The data was obtained by the
emersion of nanofibers in a medium with bacteria for 24 h indicated that the PCL-Cu and
PCL-Cu-COOH nanofiber reliably retard the rate of development of E. coli and S. aureus.
In turn against S. Typhimurium and P. aeruginosa scaffolds had no significant antibacterial
effect.
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Figure 11. Antimicrobial effects of the PCL-ref, PCL-Cu and PCL-Cu-COOH as the percentage of
colony forming units (CFU) relative to the CFU of the control.
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Table 3. Antibacterial activity. The percentage is of CFU relative to the CFU of the control. The reliability of the differences
was calculated according to the Student’s criterion with the degree of freedom number 4 (3 + 3-2), (p < 0.01). Positive control
was performed using PCL-COOH with covalent bonded of Penicillin-Streptomycin-Neomycin (PSN) Antibiotic Mixture
under the same conditions.

Microorganism
Sample Name

PCL-Cu PCL-Cu-COOH PCL-Ref Control

E. coli ATCC25922 7.9 ± 2.9 8.1 ± 1.4 67.4 ± 12.5 100 ± 7.9
S. aureus ATCC25923 12.1 ± 7.2 18.8 ± 4.8 146.9 ± 92.0 100 ± 34.6

S. typhimurium ATCC14028 95.9 ± 9.3 108.5 ± 8.5 116.4 ± 6.2 100 ± 8.1
PS. aeruginosa ATCC27853 86.3 ± 10.3 85.6 ± 7.5 143.9 ± 76.2 100 ± 40.7

Gray—differences are significant compared to control.

3.6. Cytotoxicity

Cells seeded on PCL-Cu and PCL-Cu-COOH did not survive (data not shown).
Figure 12 shows the results of the released copper ions formed during the soaking of
nanomaterials in the medium effect on the MSCs viability. It has been determined that
cell survival reaches 80% at copper concentrations of less than 0.87 µg/mL (Figure 12).
Assessment of the viability of MSCs on nanofibers after their incubation in culture media
for 1 h demonstrated an increase in their biocompatibility, the number of adhered cells
on the surface of the nanomaterial was significantly higher (Figure 13). However, the
functional activity of the cells, assessed with the calcein-AM fluorescent dye, was low.
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Figure 12. Cell viability effect of media after soaking PCL-Cu and PCL-Cu-COOH for 1 and 2 h.
Cells were seeded in 96 well plates after 24 h media was replaced by medium soaked PCl-Cu and
PCL-Cu-COOH. For PCL-Cu 1 h: conc 1 = 2.3 µg/mL; conc 2 = 1.15 µg/mL, conc 3 = 0.57 µg/mL
and conc 4 = 0.29 µg/mL. PCL-Cu 2 h: conc 1 = 3.5 µg/mL; conc 2 = 1.75 µg/mL, conc 3 = 0.87
µg/mL and conc 4 = 0.44 µg/mL. For PCL-Cu-COOH 1 h: conc 1 = 1.8 µg/mL; conc 2 = 0.9 µg/mL,
conc 3 = 0.45 µg/mL and conc 4 = 0.23 µg/mL. PCL-Cu-COOH 2 h: conc 1 = 2.9 µg/mL; conc 2 =
1.45 µg/mL, conc 3 = 0.73 µg/mL and conc 4 = 0.36 µg/mL.
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Figure 13. Mesenchymal stromal cells viability on the surface of PCL-ref, PLC-Cu, PCL-Cu-COOH,
and on cultural plastic (control) after 3 days of cultivation. PCLs were preliminarily incubated
in a culture medium for 1 h. Live cells were determined using calcein-AM, which changes from
a non-fluorescent state to a fluorescent state (green) due to enzymatic conversion of intracellular
esterases. The cell nuclei were stained by Hoechst 33342 (blue). Magnification 40x.

4. Discussion

The antibacterial properties of copper have been known since the ancient period.
Now, in the era of antibiotic resistance, researchers again attract much attention, including
the development of Cu-based antibacterial materials. Various forms of copper are used:
nanoparticles [35], Cu containing wound dressing [6,35], soluble Cu2+ salts, copper per-
oxide CuO2, or copper hydroxide Cu(OH)2. The antibacterial properties of the designed
materials described in the literature differ significantly. Thus, when comparing the an-
tibacterial action of CuO2 and Cu(OH)2, it was shown that Cu(OH)2 has a significantly
lower antibacterial activity compared to CuO2 [36]. It is interesting to note that sometimes
the antibacterial activity is not directly related to the concentration of copper ions. Thus,
the authors demonstrated the antibacterial activity decreased with an increase of the Cu
concentration [37]. In contrast, Lei et al. demonstrated that polyurethane nanofibers con-
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taining 5 wt% of CuO have no antibacterial effect and a minimum of 10 wt% of CuO is
required to stimulate antibacterial effect against E.coli [38].

Our work demonstrated the very rapid dissolution of the Cu layer from Cu-coated
PCL nanofibers and its antibacterial activity against Gram-negative E. coli and Gram-
positive S. aureus. However, we did not find significant activity against the S. typhimurium
and Ps. aeruginosa strains. This phenomenon is most probably related to different sensitiv-
ity towards copper for different strains. Bacteria have a number of defense mechanisms
against the toxic effects of copper ions: the relative impermeability of the outer and in-
ner membranes of the cell, which leads to a restriction of the intake (sequestration) of
copper inside and the inner bacterial membranes to copper ions (intracellular sequestra-
tion), metallothionein-like proteins that absorb copper, in the cytoplasm and periplasm
and energy-dependent efflux, precipitation as CuS, and extracellular complexation. Also
in the cytoplasm and periplasm, some proteins actively remove copper from cells. For
S.typhimurium and Ps. aeruginosa the following are known as the next copper-resistant
proteins: copper detection proteins (SctR GolS, CueP for S.typhimurium), copper efflux
proteins (GolT for S.typhimurium and CopA1, CopA2 for PS. aeruginosa) and copper se-
questration proteins (CueP for S.typhimurium) [39,40]. The multicomponent copper efflux
system CusCFBA and the multicopper oxidase CueO control the copper level and redox
state in the periplasmic space, respectively [41,42]. It was shown that minimum inhibitory
concentrations (MICs) of Cu against S.typhimurium are 8-16 times higher than for E.coli [42].

As a result, the MIC of Ps. aeruginosa to copper ions is reported at 44.8 µg/mL,
significantly higher than the concentration released from nanomaterials (<10 µg/mL).
Hence, possibly, the Cu2+ concentration leached from our PCL-Cu layers is insignificant in
inducing the antibacterial effects against S.typhimurium and Ps. aeruginosa.

Our work demonstrated that largely different amounts of copper are dissolved by dis-
tilled water, phosphate buffer, and culture media. We showed that the highest dissolution
rate was visually observed for PCL-Cu and PCL-COOH samples soaked in culture media.
The increased rate of copper release in the nutrient medium is most likely associated with
the presence of chelating compounds in it, including low-density lipoproteins, proteins (for
example, ceruloplasmin), which is the carrier of copper in the body. Using various media,
it is possible to control the rate of release of copper ions and, accordingly, the antibacterial
effect.

Molteni et al. compared the release of copper ions in various media [41]. The authors
demonstrated that the highest copper release rate was in Tris-HCl and M17 media equal
2688 and 896 µg/mL, respectively. The Cu2+ release in PBS and water was only 3.5 and
3.6 µg/mL, respectively. Hashmi et al. achieved Cu2+ concentrations up to 33.98 ppm
(33.98 µg/mL) for PAN nanofibers with CuO soaked in deionized water during 72 h [21].
Hence, the media that is used for Cu2+ antibacterial analysis plays a significant role and
affects the results.

It is worth noting that the dynamics of copper precipitation from the surface also
differ. In some cases, there is a prolonged exposure for several days. In our work, similarly
as in a majority of other reports [6], the rapid release of copper was observed in the first
hours, followed by reaching a plateau.

Since the materials developed in our work have a great potential for biomedical
use, including regenerative medicine, they must exhibit biocompatibility and activate
the regenerative activity of cells. The PCL-Cu and PCL-Cu-COOH were tested for their
biocompatibility towards the mesenchymal stromal cells. As mentioned earlier, the rate
of copper release from the surface differs significantly depending on the medium. For
MSCs cultivation we use standard culture media rich in ions, protein factors, and amino
acids, which contribute to the copper extraction and binding. As a result, we have shown
that seeded MSCs on PCL-Cu and PCL-Cu-COOH had a high death rate due to the
high concentration of copper ions. Since the release of copper ions is fast enough, its
concentration is high and cells seeded on fresh PCL-Cu/PCL-CU-COOH nanofibers have
a high percentage of death. So in the reference [20], the concentration of copper released
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during the first 3 days is about 0.6 µg/mL, while in our work, in the first 2 h it varies from
2.9 to 3.5 µg/mL (for samples soaked in PBS). Accordingly, we experimented to assess the
biocompatibility of these materials when they were previously soaked in a medium for 1 h.
As a result, it was shown that cell survival increases significantly.

The influence of copper on tissue regeneration is enormous, thus the nanofibers
developed in this work have excellent prospects for future research. Therefore, it will
be necessary to check the effect of low pH environment, purulent wounds, with a high
hydrogen peroxide content, which may increase the antibacterial activity. In this case,
the high rate of copper release plays a positive role, since after cleaning the wound,
Cu2+ concentration will decrease to the optimal level for cell regeneration. It is known
that copper ions are required for collagen synthesis, stimulate VEGF production, and
enhance angiogenesis [43]. Moreover, angiogenin-bound copper is a potent inducer of
blood vessel development, and it binds to endothelial cell receptors and extracellular
matrix components [44]. Since in our work, we also developed PCL-Cu-COOH (containing
active COOH groups), which promotes strong binding of protein factors and facilitates
the proliferative activity of cells [45,46]. In the future, it is planned to test the effect of the
developed nanofibers on angiogenesis. It is assumed that applying platelet reach plasma
(PRP) with angiogenin will reduce the toxicity of copper while having regenerative activity.

5. Conclusions

The Cu-coated PCL nanofibrous mats were successfully prepared by using a robust
and scalable approach based on Cu magnetron sputter-deposition onto electrospun poly-
mer nanofibers. For the first time, the large-scale modeling of PCL films irradiation by
molecular dynamics simulation was performed and allowed to predict the ions penetration
depth and tune the deposition conditions. The copper-coated PCL nanofibers exhibited the
antibacterial effect against E. coli and S. aureus due to a fast release of Cu2+ ions (concen-
tration up to 3.4 µg/mL), and sufficient biocompatibility. Thus, they may demonstrate an
interesting synergistic effect when applied for wound healing. On the one hand, the rapid
release of copper ions kills bacteria, while on the other hand, it stimulates the regeneration
with the activation of immune cells, because copper ions are necessary for the bacteriostatic
action of cells of the immune system [47]. The effect of Cu layer oxidation upon contact
with liquid media was investigated by X-ray photoelectron spectroscopy revealing that,
after two hours, 55% of Cu atoms are in form of CuO or Cu(OH)2. The reactive COOH
groups available at the surface of PCL-Cu coated with carboxyl plasma polymers may be
used for grafting viable proteins, peptides, or drugs. It further explores the versatility of
developed nanofibers for biomedical applications use.
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Abstract: Chronic wounds are caused by bacterial infections and create major healthcare discomforts;
to overcome this issue, wound dressings with antibacterial properties are to be utilized. The require-
ments of antibacterial wound dressings cannot be fulfilled by traditional wound dressing materials.
Hence, to improve and accelerate the process of wound healing, an antibacterial wound dressing is to
be designed. Electrospun nanofibers offer a promising solution to the management of wound healing,
and numerous options are available to load antibacterial compounds onto the nanofiber webs. This
review gives us an overview of some recent advances of electrospun antibacterial nanomaterials used
in wound dressings. First, we provide a brief overview of the electrospinning process of nanofibers
in wound healing and later discuss electrospun fibers that have incorporated various antimicrobial
agents to be used in wound dressings. In addition, we highlight the latest research and patents
related to electrospun nanofibers in wound dressing. This review also aims to concentrate on the
importance of nanofibers for wound dressing applications and discuss functionalized antibacterial
nanofibers in wound dressing.

Keywords: nanofiber; nanomaterial; wound dressing; antibacterial; tissue engineering; biomedi-
cal; electrospinning

1. Introduction

The skin is the body’s largest organ, covering the entire external surface, which shields
the internal organs from germs and thus aids in the prevention of infections. However,
cuts, burns, surgical incisions, and illnesses such as diabetes can affect the structure and
function of this organ.

Skin is divided into two layers, the epidermis and dermis. The epidermis is responsible
for the healing process of the skin. A major part of the epidermal barrier is the stratum
corneum, which plays an important role in this process. Several factors influence the health
of the epidermal barrier, including the individual and the environment. The pH of the skin,
the epidermal hydration, trans-epidermal water loss, and sebum excretion are the most
important biophysical parameters that characterize the status of this barrier. In addition,
the thickness of the epidermis’s outer layer, the size of corneocytes, and the composition
of superficial lipids all impact the regenerative properties of the skin, which contributes
to the various courses of dermatological diseases during the healing process [1–3]. The
understanding of biophysical skin processes could be useful in the development of wound
dressing materials to restore barrier functionality.

Wound dressings serve three functions: (a) Absorption of wound secretions, (b) pro-
tection of the wound from injury, and (c) protection of the wound from bacterial contami-
nation [4]. There are high rates of morbidity and mortality associated with skin and soft
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tissue infections (SSTIs). Although some SSTIs can be successfully treated with medication,
those that affect the subcutaneous tissue, fascia, or muscle can delay the healing process
and lead to life-threatening conditions resulting from the delayed healing process. This
necessitates the use of more effective treatments [5].

Over the last few decades, a wide range of wound barrier materials have been studied,
such as films, hydrogel, emulsions, composites, nano/microfibers, and so on [6–12]. Among
them, nano/microfibers, in particular, have shown a promising future in wound dressing
applications in recent years, making them very appealing to researchers. Figure 1 shows
the growing number of publications in electrospinning for wound healing applications
from the Web of Science database.

Figure 1. Recent publications related to electrospinning for wound dressing (September 2021).

Nano-sized materials have a high surface area/volume ratio, facilitating efficient drug
encapsulation and controlled release kinetics. Furthermore, the physicochemical properties
of nanomaterials, such as hydrophobicity, surface charge, or particle size, can easily be
modified and can be specifically designed to mimic the extracellular matrix (ECM) or other
cellular components while avoiding natural clearance mechanisms such as the immune
system [13–15]. The ECM is crucial in controlling cell behavior and regulates the cells and
sends environmental signals to them for site-specific cellular regulation and distinguishes
one tissue area from another [16]. In the early 1960s, researchers speculated that nanometer-
sized features influence cell behavior [17]. According to recent studies, cells attach better to
fibers that are smaller in diameter than the diameters of the cells [18,19]. Hence, it is critical
to replicate the natural ECM size to create an ideal dressing that functions as a synthetic
ECM to guide the wound healing process. The application of nanometer-sized fibers in
wound dressings has been demonstrated over and over again of for its value in medical
healing treatments.

It is critical to figure out how to create an in-vivo-like architecture that supports cell
growth and re-creation as closely as possible. Due to the various parameters that can be
controlled, the process of electrospinning is of paramount importance in the production of
nanofibers. Using the process of electrospinning, nanofibrous wound dressing materials
can be produced that have diameters ranging from a few nanometers to hundreds of
nanometers, along with specified pore size, porosity, and patterns and alignments to meet
various requirements.

Basic wound dressing properties include absorbency, bacterial barrier, oxygen per-
meability (gas transfer), non-adhesion to healing tissue, and bioactivity, all provided by
electrospun nanofiber structures [20,21]. Abrigo et al. [22] gave an evolution of electrospun
wound dressings. This classification is based on the previous commercial dressing classifi-
cations: Passive, interactive, advanced, and bioactive. Passive meshes in wound dressings
provide physical (i.e., water and gas permeability) and morphological (i.e., adequate poros-
ity and nanometer-scale) properties. Interactive electrospun meshes combine the necessary
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morphological and physical requirements for wound healing with the value-added capa-
bility to address optimal cell responses and limit bacterial proliferation in the wound bed.
The primary strategy used to develop interactive systems is a combination of synthetic
polymers and biopolymers with antibacterial properties and an affinity towards ECM
components. Multicomponent systems are more similar to the ECM. Many researchers are
currently developing drug-loaded nanofibrous meshes to manufacture interactive dress-
ings capable of treating bacterial infection. The goal of bioactive electrospun meshes is to
be a multifunctional system that combines various properties that are capable of treating
all aspects of the wound. Adequate mechanical and physicochemical properties protect the
wound, stimulate the healing process, and control the bacterial load in the wound bed [23].

Researchers are currently experimenting with various strategies to create electrospun
meshes that can support wound healing while preventing infection. Table S1 in the
supplementary information lists the most recent patents for wound dressing materials
using electrospinning methods.

In this review, the main process associated with electrospinning are described, wound
dressings which are currently available are presented; the advances in the fabrication of
electrospun meshes as wound dressings are highlighted, focusing on the current strategies
for developing effective antibacterial nanofibrous wound dressing. Compared to previous
papers, this review highlighted the most recent, up to date literature about functional
nanofibers and their application in the wound healing process. Furthermore, the recent
achievements, developments and current challenges in antibacterial nanofiber webs for the
purpose of wound dressings are discussed.

2. Electrospinning Process (Parameters and Biomedical Applications)

Electrospinning is a voltage-driven technique in which a liquid droplet is electrified
to create a jet, which is then stretched and elongated to create fibers. The main setup
for electrospinning, shown in Figure 2, includes a spinneret (syringe needle) connected
to a high-voltage (5 to 50 kV) supplier, a syringe pump, and a grounded or oppositely
charged collector.

Figure 2. Electrospinning setup.

The liquid is extruded from the spinneret during electrospinning, producing a pendant
droplet due to surface tension. When a droplet is electrified, electrostatic repulsion between
surface charges with the same sign deforms it into a conical shape known as the Taylor
cone, from which a charged jet is released. As soon as the electric field reaches a critical
value (where the repulsive electric forces overcome the surface tension forces), a charged
solution jet is ejected from the tip of the Taylor cone. Because of bending instabilities, the
jet initially extends in a straight line and subsequently undergoes severe whipping motions.

143



Membranes 2021, 11, 908

An electric field can control the route of the jet as the jet is charged. As the jet flies in the air,
the solvent evaporates, leaving behind a charged polymer fiber [23–26].

Certain factors have an impact on the electrospinning process. These factors are
divided into three groups, as shown in Table 1. Researchers studied the effect of the control-
ling parameters, voltage, solution flow rate, concentration, molecular weight, distance, and
solvent grade on the polymer jet’s electric current and charge density during electrospin-
ning. The viscosity of the solution has been found to influence the fiber diameter linked
to the polymer concentration and molecular weight. Increasing the solution viscosity has
been linked to the formation of larger-diameter fibers [24,25]. Solution conductivity is also
linked to the voltage and effect on fiber diameter; the high solution conductivity results
from thin fibers [26,27]. The molecular weight is linked to viscosity, surface tension, and
conductivity, which affects fiber diameter; if it is low, bead structures form [28,29]. The
applied voltage is linked to the tip-to-collector distance, conductivity, and feed rate. Higher
voltage results in thinner fibers, but jet instabilities occur if the voltage is too high, resulting
in thicker fibers [30]. Temperature is linked to viscosity, and an increase in temperature
results in a decrease in fiber diameter thanks to a decrease in viscosity [31].

Table 1. Effecting parameters of electrospinning.

Parameters Effect on Fibers References

Solution Parameters

Viscosity
A higher viscosity results in a large fiber diameter. If the viscosity is
very low, there will be no continuous fiber formation; if the viscosity

is too high, the jet will be difficult to eject from the needle tip.
[24,32,33]

Solution Concentration
A minimum solution concentration is required for fiber formation in

the electrospinning process. Increased concentration leads to
larger diameters.

[34]

Molecular weight
Low molecular weight solutions tend to form beads rather than

fibers, whereas high molecular weight nanofiber solutions produce
fibers with a larger average diameter.

[25]

Solution electrical conductivity

When the electrical conductivity of the solution increases, the
diameter of the electrospun nanofibers decreases significantly. Beads
may also be observed due to the solution’s low conductivity, which
results in insufficient elongation of a jet by electrical force to produce

uniform fiber.

[27,35]

Surface tension
The surface tension of the solution can drive droplets, beads, and
fibers and the solution’s low surface tension ensures that spinning

occurs with a lower electric field requirement.
[36–38]

Process Parameters

Applied voltage
It has been discovered that increasing the electrostatic potential leads
to thinner fibers. However, if too much voltage is applied, the jet may

become unstable, and the fiber diameters may increase.
[39]

Distance from needle to the collector The traveling time of the polymeric jet is affected. Traveling time
should be long enough for complete evaporation of the solvent. [40,41]

Volume feed rate Increasing the feed rate resulted in an increase in fiber diameter and
the formation of a bead structure. [36,37]

Environmental Parameters

Humidity High humidity can cause pores on the surface of the fiber. [33,42]

Temperature Temperature increases cause a decrease in fiber diameter due to a
decrease in viscosity. [42]

144



Membranes 2021, 11, 908

Electrospun nanofibers are widely used in biomedical applications such as tissue-
engineered scaffolds (vascular implants) [43], drug-delivery systems [44–46], and medical
treatments in healthcare to improve wound healing [8,12,47]. Figure 3 shows the medical
applications of electrospinning. Wound dressings are one of the most well-known of these
applications. Thanks to the electrospinning technique, the fibers can be patterned or aligned
to increase the contact efficiency of the cells. Furthermore, nanofibrous scaffolds have been
shown to improve cell adhesion, protein adsorption, and cell growth and differentiation.

Figure 3. Medical applications of electrospinning.

Antibacterial nanofibers have received special attention. With the incorporation of
antimicrobial agents, the design goal of wound dressing materials has been to avoid or
reduce infection, which is the cause of bacteria. Antimicrobial nanofibrous wound dressings
have recently emerged as a viable technique to decrease infection and wound bacterial
colonization to improve the healing process (Table S2 shows recent studies for antibacterial
electrospun wound dressings).

3. Antibacterial Nanofibers for Wound Dressing

One of the major causes of chronic infections can be linked to bacterial infections [48–51],
which fester at a very high rate in existing wounds; thus, the need to use antibacterial
materials is of paramount importance. With a large surface area, antibacterial nanofibers
allow for the efficient integration of antibacterial agents [52]. In recent years, nanotechnol-
ogy has advanced at a blistering pace. The areas of research under nanotechnology are
also expanding at an exponential rate. One of the research areas under this revolution is
nanomedicine, and over recent decades, this field has shown great potential of becoming
a major field of research. Research in this field has led to drastic improvement of human
health [53]. Several techniques have been utilized to produce nanofibers, such as melt spin-
ning, chemical vapor deposition, sinter technology, solution spinning, and electrospinning.
Among these techniques, the electrospinning technique has been determined as the most
cost-effective method in producing continuous nanofibers from numerous polymers or
compounds [54–58]. The nanofibers produced via electrospinning have a large specific
area, a high porosity, and huge interest in applications in tissue engineering, regenerative
medicine, and wound dressing.
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The foremost function of the skin is to protect the internal organs, muscles, and bones,
which can be affected by burns, cuts, or illnesses. The process of healing a wound starts
instantly when the skin is affected. The presence of bacteria will reduce the efficacy of
healing the wound and increase the chances for an infection to occur and fester. The absence
of Gram-positive organisms such as staphylococcus aureus and streptococcus pyogenes
would exponentially increase the wound’s healing rate. Thus, these microorganisms
must be eliminated quickly. After surgery or an injury, the exposed tissues may be in
danger of contracting an infection, which may lead to diseases, and in severe cases, it may
even lead to death [48]. Thus, the dressing of the wounds would help prevent infections
and maintain an environment conducive to healing wounds [59]. For wound healing,
electrospun nanofibers have the following features that are imperative for their usage:

• Mimicry of the composition.
• Mimicry of the structure.
• Incorporation of bioactive materials.
• Mechanical mimicry.
• Regulation of the skin cell response [48].

3.1. Mimicry of the Composition

Various materials have been used in the field of wound healing, such as hydrogels,
gas-foaming formed scaffolds, or decellularized porcine dermal matrices [60–62]. However,
these materials cannot reproduce the skin’s extracellular matrix (ECM) [63]. Electrospin-
ning has found traction in recent years for wound healing, as it can be used to produce
biomimetic nanofibers with the required features from numerous synthetic and natural
polymers [64]. Collagens, laminins, elastins, proteoglycans, and polysaccharides are some
of the proteins present in the ECM of skin [65]. Due to electrospinning’s multifaceted
nature, nanofibers of type I and III, which make up a major portion of the dermal matrix,
can be produced [66]. By direct electrospinning, surface immobilization, or blending,
electrospun nanofibers can be produced that have a high degree of similarities with the
ECM of the skin. Table 2 shows the various electrospun nanofibers that can be utilized to
recreate the ECM of the skin.

Table 2. Electrospun nanofibers mimicking the ECM of the skin.

Composition Approximate Diameter Reference

Collagen 460 nm [66,67]

Collagen/chitosan (134 ± 42) nm [68]

Collagen/PCL (170 ± 0.075) nm [69]

Collagen/Zein (423–910) nm [70]

Collagen/elastin/PEO (220–600) nm [71]

Laminin I (90–300) nm [72]

PCL/gelatin (470 ± 120) nm;
(409 ± 88) nm [73,74]

Gelatin (570 ± 10) nm [75]

Polyurethane/gelatin (0.4–2.1) µm [76,77]

HA/PEO (70–110) nm [78]

Silk fibroin/chitosan (185.5–249.7) nm [48]

Silk fibroin/PEO (414 ± 73) nm; 1 µm [79,80]

Chitin 163 nm [81]

Carboxyethyl chitosan/PVA (131–456) nm [82]

Chitosan/gelatin (120–220) nm [83]
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Table 2. Cont.

Composition Approximate Diameter Reference

PLGA (150–225) nm [84]

PLGA/collagen (170–650) nm [85]

Chitosan/PEO (130–150) nm [86]

Hyperbranched polyglycerol (58–80) nm [87]

3.2. Mimicry of the Structure

Upon observation under an electron microscope [88], human skin was found to have
three zones (papillary, mid, and deep zones), which are composed of a fine layer of fibers
near the epidermis with a thick layer of fiber bundles and a loosely arranged fiber bundle
layer. The fiber bundles consist of parallelly aligned fibrils. It was later found that the
collagen present in the skin has a basket-weave structure [89–91]. To achieve this structure,
numerous attempts were made to produce electrospun nanofibers similar to it [92–94];
using the weaving techniques present in the industry, forays have been made to produce
nanofiber yarns with a basket-weave [95,96]. Using a process called ‘noobing’, 3D nanofiber
scaffolds with a basket-weave structure were produced [97].

3.3. Incorporation of Bioactive Materials

With the introduction of therapeutic agents, the process of wound healing can be accel-
erated at the site of a wound. The local delivery of therapeutic agents such as antioxidants,
anesthetics, enzymes, growth factors, and antimicrobial agents can be comprehensively
achieved with the help of electrospun nanofibers [98]. The advantage of using electrospun
nanofibers to deliver these agents over the commonly used drug delivery system is that
the nanofibers have a fast response rate with greater control over the release rate [99,100].
The therapeutic agents can be introduced into the electrospun nanofibers via co-axial elec-
trospinning or emulsion electrospinning [101,102]. The process of CO2 impregnation or
infusion or surface immobilization can be utilized to introduce the therapeutic agents into
the electrospun nanofibers [103,104]. Table S3 in Supplementary Materials lists therapeutic
agents that can be incorporated with electrospun nanofibers.

3.4. Mechanical Mimicry

The parameters of the scaffold can influence the process of tissue regeneration, and
cellular behavior used [105]. Thus, the mechanical properties of late have come into the
limelight [106]. Due to a low degree of orientation and extension of polymer chains, elec-
trospun nanofibers have low tensile strength and Young’s modulus [107]. Thus, it is of
preponderant importance to select the appropriate raw material that can encompass the de-
sired properties [108]. Surface coating, mechanical treatments, and thermal treatments can
be utilized to introduce the required properties into the electrospun nanofibers [109–111].
In Table 3, a collection of nanofibers that come close to the mechanical properties of the
human skin and a comparison with the mechanical properties is presented.

Table 3. Nanofibers mimic the mechanical properties of the human skin with a comparison.

Human Skin PCL/Collagen HA/PLGA PLGA/Collagen

Tensile modulus
(MPa) 15–150 21.42 ± 0.04 28.0 40.43 ± 3.53

Ultimate tensile stress
(MPa) 1–32 8.63 ± 1.44 1.52 1.22 ± 0.12

Ultimate tensile strain
(%) 35–115 24.0 ± 7.16 60.07 96 ± 13

Reference [112] [113] [114] [112]
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3.5. Regulation of the Skin Cell Response

For a wound to heal ECM deposition, skin cell proliferation and migration must take
place. It was found that a spreading morphology was shown by cells when electrospun
nanofibers with type I collagen, laminin, and integrin ligands were used for wound
dressings [67]. In a study conducted by Yoo et al., it was found that the mRNA levels for
loricin and keratin 1 were higher when the PCL nanofibers were cultured with keratinocytes
and chemically conjugated human epidermal growth factors were utilized [115]. To increase
re-epithelialization when scaffolds are used, aligned PVA nanofibers can be used, as they
would assist the keratinocytes in the wound healing process [116].

4. Biopolymeric Nanofibrous Antibacterial Wound Dressings

The ecofriendly nature and biocompatibility of biopolymers are some of the character-
istics due to which biopolymers are extensively studied to create wound dressings with the
desired characteristics. Since the biopolymers show a high degree of similarity to the ECM
structure, high bioactivity, and are biodegradable, polysaccharide biopolymers, among the
many biopolymers utilized, are comprehensively studied. The following are the various
biopolymers used in the study of wound healing:

• Collagen.
• Alginate.
• Chitosan.
• Gelatin [117].
• Fibronectin and fibrin [118].

Collagen is used in wound dressing due to the following reasons:

- Low antigenicity and inherent biocompatibility.
- Increase in fibroblast production and permeation.
- Helps to preserve leukocytes, macrophages, fibroblasts, and epithelial cells.
- Attracts fibroblasts and encourages the deposition of new collagen to the wound bed.

Collagen nanofiber webs are similar to native tissue architecture and are easily remod-
eled due to their simple structure, easy preparation, availability, and relative uniformity.
Collagen nanofiber helps the healing process but does not show anti-bacterial proper-
ties. An antibacterial additive or treatment is needed. On the other hand, chitosan not
only shows biocompatibility and biofunctionality but also antibacterial, analgesic, antioxi-
dant, and neuroprotective properties. Electrospun chitosan nanofiber webs are promising
candidates for wound healing.

Gelatin nanofibers are interesting for use in the wound healing process due to their
biodegradable, easy to spin, controllable thickness, and physical stability properties.
Gelatin nanofiber does not show antibacterial properties. However, mixing with antibacte-
rial materials such as chitosan, curcumin, or nanoparticles can improve the antibacterial
property of gelatin nanofibers [119–121].

To treat burn injuries, a cellulose nanofibril wood-based wound dressing has been de-
veloped. Cellulose is a very commonly available polysaccharide that helps speed up wound
healing by providing assistance in the processes of epithelialization, granulation, and tissue
regeneration [122]. Cellulose can be obtained from bacteria (Acetobacter xylinum) and
plants. The cellulose obtained from the bacteria is called bacterial cellulose; this cellulose
has great mechanical characteristics, biocompatibility, biodegradability, and physicochem-
ical properties required to produce a wound dressing material [123]. Bacterial cellulose
can be used to regenerate blood vessels, reconstruct the damaged tissues, and wound
healing since it can mimic the structure of the ECM with great ease and similarities [124].
The cellulose-based wound dressing properties can be elevated by introducing antimi-
crobial drugs, hormones, antioxidants, and enzymes [125]. Gallic acid can be used to
functionalize cellulose acetate nanofibers, as it is a polyphenol compound with antioxidant,
anti-inflammatory, and antibacterial characteristics [126]. The ECM of vertebrates contains
Hyaluronic acid (HA), a naturally occurring nonimmunogenic linear polysaccharide [127].
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For wound healing, numerous hydrogels based on HA were examined. The HA was
functionalized with thiol [128], glycidyl methacrylate [129], and DNA [130], to help with
networking. The HA used in wound dressing materials mostly supports cellular migration,
proliferation, and absorbing exudates, hence, leading to the regeneration of tissues and
healing of the wound [131]. Shell fibers of HA core-poly (lactic-co-glycolic acid, PLGA)
with epigallocatechin-3-0-gallate (EGCG) were produced and developed by Shin et al. [100]
and used as a wound dressing on diabetic rats, and it was found that the HA/PLGA-E
fibers used helped to increase the rate of the wound healing process. A blend of HA/poly
(vinyl alcohol) (PVA) nanofibers was also developed for wound dressing [132]; here, the
HA is carried by the PVA polymer along with the addition of hydroxypropyl-βcyclodextrin
(HP βCD), which is used a stabilizing agent in electrospinning, to allow a water-based
fabrication process. Due to a high degree of biocompatibility and biodegradability, chitosan
(CS) and chitin are good options in developing wound dressing materials, with chitin being
one of the most available natural amino polysaccharides whose production is equal to that
of cellulose and can be found in fungi cell walls as well as the exoskeletons of crustaceans,
insects, and invertebrates. For the purpose of wound dressing, PVA/CS/tetracycline hy-
drochloride (TCH) [133], honey/PVA/CS [134], and bacterial cellulose/CS/polyethylene
oxide (PEO) CS-based antibacterial nanofibers have been suggested. With very low toxicity
levels, good biocompatibility, and inexpensive cost, alginate, an anionic polymer derived
naturally [132], can be utilized to produce wound dressings made from collagen alginate,
gelatin alginate calcium alginate, and calcium sodium alginate [125]. When used for wound
healing, alginate maintains appropriate levels of moisture and greatly reduces bacterial
activity at the wound site and accelerates the wound’s healing process [135]. It is blended
with various synthetic polymers to produce an electrospun nanofibrous wound dressing
based on alginate [136]. Collagen nanofibers were used to produce wound dressing materi-
als by Zhou et al. [137], which were used to vitalize epidermal differentiation and human
keratinocytes and increase the rate of healing of the wound. The collagen fibrils were
paired with synthetic and natural polymers, which would help maintain the moisture and
help absorb the exudate from the wound and accelerate the process of wound healing [138].
Yao et al. [139] developed a gelatin/keratin blended nanofiber wound dressing material,
which enhanced the migration, adhesion, and cell proliferation leading to vascularization
and healing of the wound, which was observed in the animal test model.

Natural biopolymers such as silk fibroin (SF) obtained from the mulberry silkworm,
Bombyx mori, are utilized in biomedical applications due to their inexpensiveness, biocom-
patibility, biodegradability, green processing, and very low inflammatory response [140].
Along with these properties, SF has great exudate absorption capacity, pliability, and ad-
herence. This can be used as a stand-alone or combined with alginate, multiwalled carbon
nanotubes, chitosan, etc. [125]. The skin’s environment can be mimicked to a high degree
by the SF, leading to an accelerated wound healing process and minimized scarring [141].
Thus, wound dressing materials based on SF are being researched and developed [142].
Antioxidant Fenugreek/SF nanofiber wound dressing material was fabricated by Selvaraj
and Fathima [143], which, along with wound healing characteristics, also helps with colla-
gen deposition and complete re-epithelialization. The potential for wound healing using
biopolymeric nanofibers is excellent, but the properties offered are seldom enough to
fulfill both disinfection and wound healing. Functional agents that help in accelerating the
wound healing rates must be used, hence hybridizing the biopolymeric nanofibers [118].

5. Nanoparticle Containing Nanocomposite Antibacterial Nanofibers

The wound healing process is continually put on the line and tested with the presence
of bacteria. When bacteria are present, they may lead to inflammation of the wound and
delay the process of healing. Bioactive wound dressings are a new field of wound dressing
and show great potential in displacing the conventional wound dressing methods [118].
Wound dressing materials can be modified with surface-functionalized agents, bio blends,
and antibacterial nanocomposites or nanoparticles to have antibacterial action. In recent
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years, silver nanoparticles were used in polymeric nanofibers due to their ability to resist
bacterial activity [144]. The wound dressing material physically shields the wound from
bacterial activities and helps with the differentiation of fibroblasts and their migration
at the wound site. According to the mode of loading and the type of antibacterial agent
utilized, various types of wound dressings are present such as hydrogels, films, foams,
or sponges [118].

An open wound is open for bacterial attacks, increasing inflammation and leading
to long periods of wound healing. As a result, it would lead to impeding the production
of new granulation tissues and damage the ECM’s constituents. When an antimicrobial
dressing is applied at the site of the wound, pathogens cannot enter the wound as their
pathway is blocked, and those that entered prior to applying the wound dressing will be
eliminated efficiently. Moreover, the immune system is induced to promote the migration
of keratinocytes/fibroblasts, leading to faster wound healing [145].

Nanoparticles such as zinc oxide, silver, iron oxide, and gold are used for biodetection,
medical devices, drug delivery, and wound healing [146]. Because of their ability to fight
human pathogens, they can be used to design wound dressings. For this reason, metallic
nanoparticles have recently attracted much interest from researchers. Silver nanoparticles
are of particular interest. They have strong toxicity and a large surface area, increasing
contact with pathogens [147]. Silver nanoparticles and silver complexes have already found
wide use in producing antimicrobial materials and wound healing [6]. The incorporation of
metal nanoparticles and metal oxide into the polymeric membrane structure is considered
one of the better solutions for developing dressings with antimicrobial properties. Materi-
als such as hydrogels, nanocomposites, and nanofibers have high porosity, excellent gas
permeability, and a high surface-area-to-volume ratio. These are required in wound healing
as they ensure proper cellular respiration, hemostasis, exudate removal, improved skin
regeneration, and hydration [148]. In the design of wound healing materials, it is believed
that the best strategy is to combine various non-conventional antimicrobial formulations in
order to harness their synergistic effects to overcome microbial resistance [146]. Combining
hydrogels, nanocomposites, or nanofibers with nanoparticles seems to be the optimal
solution for creating wound healing materials. The introduction of Ag nanoparticles into
the polymer structure can be carried out by different methods such as electrospinning,
chemical modification, or hydrogel formation [149,150]. Hongli et al. managed to obtain
porous silver nanoparticle/chitosan composites with wound healing activity by in situ
reductions of silver nanoparticles with gelatin [6]. Kumar et al. created a chitin hydro-
gel/nano ZnO composite bandage [148], while Jatoi et al. obtained poly(vinyl alcohol)
composite nanofibers embedded with silver-anchored silica nanoparticles [150]. Table 4
summarizes various research studies using nanocomposites, nanofibers, hydrogels, and
nanoparticles to produce materials suitable for wound healing.

Table 4. An overview of recent wound dressing materials constructed from nanoparticles and nanomaterials.

Material Nanoparticles Bacterial Species Ref.

Carboxymethyl Chitosan/Polyethylene
Oxide Nanofibers (CMCTS–PEO) Ag (12–18 nm) S. aureus, P. aeruginosa, E. coli,

fungus Candida albicans [149]

Alginate/Nicotinamide Nanocomposites Ag (20–80 nm) S. aureus and E. coli [150]

Nanofibrous Poly vinyl alcohol, chitosan Ag S. aureus and E. coli. [151]

Nanofibrous mats from cellulose acetate Ag S. aureus and E. coli. [152]

Nanofibrous membrane from Gum Arabic,
polycaprolactone, polyvinyl alcohol Ag S. aureus, E. coli, P. aeruginosa

and C. albicans [153]

PVA-co-PE nanofibrous membrane Ag S. aureus and E. coli. [154]

Electrospun peppermint oil on polyethylene
oxide/Graphene oxide CeO2 S. aureus and E. coli. [155]
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Table 4. Cont.

Material Nanoparticles Bacterial Species Ref.

Hyaluronic acid ZnO S. aureus, B. subtilis, E. coli,
P. aeruginosa, and V. cholerae [156]

Chitosan/cellulose acetate CeO2 S. aureus and E. coli. [157]

Chitosan/poly(N-vinylpyrrolidone) TiO2
E. coli, S. aureus, B. subtilis

and P. aeruginosa [158]

Chitosan/pectin TiO2
E. coli, S. aereus, A. niger,
B. subtilis, P. aeruginosa [159]

Electrospun Chitosan/Gelatin Fe3O4 S. aureus and E. coli. [160]

B-Chitin Hydrogel Ag (4–8 nm) S. aureus and E. coli. [161]

Chitosan/Polyvinyl Alcohol
Hydrogel, Collagen Ag (4–19 nm) P. aeruginosa and S. aureus [162]

Linseed hydrogel Ag (10–35 nm)

E. coli, S. mutans, A. niger,
S. epidermidis, P. aeruginosa,

S. aureus, acillus subtilis,
Actinomyces odontolyticus

[163]

6. Biofunctionalized Antibacterial Nanofibers

Biofunctionalized antibacterial nanofibers are a type of wound dressing material where
the biopolymeric nanofibers are surface functionalized with amino acids and antimicrobial
peptides [118]. The two most important biopolymers are chitosan and silk fibroin when
dealing with biofunctionalized nanomaterials, since they allow various antimicrobial agents
to be attached via the numerous functional groups present. The antimicrobial peptides
(AMPs) bound to the surface of the nanofibers are studied widely [164–166]. Due to the
biocompatibility offered by the AMPs, they have now become one of the most utilized
antimicrobial additives for wound dressings. This wound dressing system produced is
a hybrid system, and the type of AMP tailors the antimicrobial activity of these hybrid
systems utilized [118]. For the AMP to be immobilized on the surface of the nanofiber,
numerous approaches are utilized. Co-spinning and covalent binding are approaches
implemented in producing the nanofibers with AMP immobilized onto the surface [166].
The process of covalent immobilization provides the best process, as this leads to negligible
leaching of the AMP and long-term stability and nontoxicity [167]. Various antibacterial
biohybrid nanofibrous wound dressings are produced based on the surface functionality of
silk fibroin (SF). On the SF nanofibers, various functional groups such as carboxyl, hydroxyl,
phenol, and amines are loaded [168]. It has been observed that SF biohybrid nanofibers
do not allow the growth of bacteria [118]. If the immobilized factor amount is higher, the
antibacterial activity is higher. Over a period of three weeks, the effect of biofunctionalized
nanofibers remains constant, disregarding the temperature of storage. It has been found
that the bacteria S. Aureus can reduce the efficiency of AMPs by lowering the negative
surface charge, changing the fluidity of their membrane, or using their pumps to keep the
AMPs away [169].

Another biopolymer that is biocompatible and biodegradable is chitosan, and this
has excellent antimicrobial properties against various microorganisms such as fungi, al-
gae, viruses, and bacteria [170–174]. The electrostatic interactions of the amine groups
present in chitosan undergo electrostatic interactions on the cell wall [172]; due to this, the
permeability of the cell wall is altered. Hence, the osmotic balance is disrupted, which
leads to the restriction of the growth of the microorganism. In addition, the leakage of
intracellular electrolytes occurs due to the hydrolysis of peptidoglycans [175]. Due to this,
several blends of functionalized chitosan nanofibers have been suggested [118]. The posi-
tive charge of the amino acids is the key factor in the protection against microorganisms; to
this end, L-asparagine [176], L-arginine [177], and L-lysine [118] have been grafted onto the
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nanofibers of chitosan to increase the density of positive charge present. A wound dressing
made from deacetylated/arginine functionalized chitosan has been developed [178]. The
bio functional component helps with the higher deposition ability of collagen; this, in turn,
helps with the healing of the wound at a greater rate [118]. Table 5 below shows examples
of biofunctionalized antibacterial materials.

Table 5. Biofuntionalized antibacterial materials with proteins.

Protein Co-Polymer Antimicrobial Agent Bacterial Species Ref.

Zein PU Ag NPs E. coli, S. aureus [151]

Zein PU/CA Streptomycin V. vulnificus, S. aureus,
B. subtilis [177]

Keratin PVA, PEO Ag NPs E. coli, S. aureus [178]

Collagen CS ZnO S. aureus, E. coli [179]

α-lactoglobulin PEO Ampicillin E. coli, P. aeruginosa,
B. thailandensis [180]

Silk fibroin PEO TiO2 NPs E. coli [181]

Silk fibroin - Ag NP coating S. aureus, P. aeruginosa [182]

Silk fibroin PEO Cu2O NPs S. aureus, E. coli [47]

Lactoferrin Gelatin - E. coli, S. aureus [183]

Gelatin Alginatedialdehyde Ciprofloxacin,
gentamicin

P. aeruginosa,
S. epidermidis [184]

Proteins can be combined with polymer structures using electrospinning. However,
this is a very challenging process due to their molecular weight, the ionic, hydrogen, and
disulfide bonds present, and the complexity of their structure. During the electrospinning
of proteins, the most important factor is the proper choice of solvent. One must consider
their solubility in a given solvent and the degree of unfolding and entanglement of the
protein chain. In addition, the solvent affects the fiber size, crystallinity, morphology,
and mechanical properties of the protein. Therefore, adding a synthetic polymer during
electrospinning is necessary for this to occur continuously and without interference. The
production of wound healing dressings during electrospinning uses animal or plant-based
proteins [185–188]. The activity, degradation, and stability of the material are determined
by the proteins’ size, chemical structure, purification process, and protein isolation. The
purity and composition of the obtained raw material affect the reproducibility of the
electrospinning process and the properties of the final product [47,188].

Silver-based compounds have been used since the early 1970s for wound care ap-
plications [189] and hence the combination of silver with sulphadiazine was established,
which led to the usage of silver in wound dressings [190]. The active antimicrobial entity
in wound dressings that makes use of silver is the silver ion, and these ions react with the
thiol (-SH) groups, leading to the generation of reactive oxygen species (ROS), and this is
the major contributor to the antibacterial efficacy of the wound dressing used. Silver ions,
when released, have the potential to cross various biological partitions [189].

Due to the history of the usage of silver in therapeutic agents, the potential toxicity
of silver is a well-documented fact. The ingestion or dermal exposure or inhalation of
salts of silver in sufficient amounts lead to Argyria and Argyrosis, which is blue–grey
discoloration of the skin and eyes. This occurs mainly due to the deposition of the silver
precipitates. Although argyria is not toxic in nature, it leads to disfigurement and, hence,
this is considered an undesirable effect [191,192]. Historical studies have shown that high
dosages of silver nitrate lead to gastrointestinal damage and rarely lead to fatalities [191].
There has been little to no evidence to support the fact that silver in any form might be
toxic in nature to the cardiovascular or immune, reproductive, or nervous systems in
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humans [193,194]. A threshold limit value of 0.01 mg/m3 for metallic silver in soluble
form and 0.1 mg/m3 for metallic silver has been set by the American Conference of
Governmental Industrial Hygienists (ACGIH). These values have been set based on the
limit values for protection against Argyria [195].

Liu et al. [196] conducted a cytotoxicity study of the nanofibrous membranes produced
from PEU and CA for 3 days in in vitro conditions with rat skin fibroblast cells according to
DS/EN ISO10993-5 [197]. The results of these tests showed that the pure PEU and co-spun
PEU/CA nanofibers containing PHMB had no toxicity towards the fibroblast cells of the
rats, as the cells showed adhesion to the nanofibrous membranes and showed growth.
Thus, this led to the conclusion that the polymers used were biocompatible and safe to use
as wound dressing materials.

To determine the biocompatibility of nanofiber-based wound dressing materials, clinical
trials have to be undertaken to gain extensive knowledge, but the number of studies being
undertaken at the clinical phase is very limited [198]. The number of clinical trials to
determine the effects of electrospun nanofibers can be found on the clinical trial website [199].

7. Conclusions

The interest in electrospun nanofiber mats has risen drastically due to their unique
properties such as high specific surface area, highly porous structure, tight pore size and
pore size distribution, interconnected pores, and good chemical and biological activity.

Herein, we have briefly reviewed the role of the nanofiber web in wound dressing
applications. For an ideal wound dressing, a future perspective, the requirements are:

• Nontoxic to mammal cells.
• Nonantigenic.
• Good mechanical resistance.
• Elastic and flexible.
• Antibacterial.
• Permeable for gas exchange.
• Inexpensive.
• Long shelf-life.

Incorporating functional nanoparticles or bioactive agents into nanofibers improves
the antibacterial property of wound dressing materials. There is no doubt that the nanofiber
web has provided a promising wound dressing material in biomedical applications for
its unique properties. In recent years, the limitation of low production behind the elec-
trospinning process has been due to industrial production devices. On the other hand,
bringing nanofiber webs into the clinical field still needs to be improved. With more clinical
research and improved functional nanofiber web, the electrospun nanomaterials can offer
an unprecedented breakthrough in biomedical applications.
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Abstract: The essential oil from Zingiber cassumunar Roxb. (Plai) has long been used in Thai herbal
remedies to treat inflammation, pains, sprains, and wounds. It was therefore loaded into an elec-
trospun fibrous membrane for use as an analgesic and antibacterial dressing for wound care. The
polymer blend between poly(lactic acid) and poly(ethylene oxide) was selected as the material
of choice because its wettability can be easily tuned by changing the blend ratio. Increasing the
hydrophilicity and water uptake ability of the material while retaining its structural integrity and
porosity provides moisture balance and removes excess exudates, thereby promoting wound healing.
The effect of the blend ratio on the fiber morphology and wettability was investigated using scanning
electron microscopy (SEM) and contact angle measurement, respectively. The structural determi-
nation of the prepared membranes was conducted using Fourier-transform infrared spectroscopy
(FTIR). The release behavior of (E)-1-(3,4-dimethoxyphenyl) butadiene (DMPBD), a marker molecule
with potent anti-inflammatory activity from the fiber blend, showed a controlled release characteristic.
The essential oil-loaded electrospun membrane also showed antibacterial activity against S. aureus
and E. coli. It also exhibited no toxicity to both human fibroblast and keratinocyte cells, suggesting
that the prepared material is suitable for wound dressing application.

Keywords: controlled release; electrospinning; essential oil; fibrous membrane; wound dressing;
Zingiber cassumunar Roxb.

1. Introduction

Zingiber cassumunar Roxb., named Plai in Thailand, is a medicinal plant that has long
been used in Thai traditional herbal remedies for pain, sprains, inflammation, wounds,
skin diseases, asthma, and rheumatism [1–3]. The essential oil and extract from the fresh
rhizome of Zingiber cassumunar Roxb. have been reported to exhibit local anesthetic and
analgesic effects [4,5], reduce pain and inflammation [6–9], and inhibit the growth of
fungi and bacteria [10–12]. Due in part to its reported medical uses and pharmacological
activities, Zingiber cassumunar Roxb. is a good candidate for development as a medical or
health care product.

Wound dressing plays an essential role in accelerating the wound healing process.
The ideal dressing should prevent bacterial infection, remove excess exudates, allow the
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ease of gas exchange, and maintain moisture balance on the wound bed [13,14]. Compared
with typical dressings such as gauzes, lint, bandages, and cotton wool, nanofibers are
more attractive, owing to their large specific surface area, high porosity, and excellent
pore interconnectivity. These extraordinary characteristics exert several advantages for
wound healing, such as assisting cell attachment and proliferation as well as facilitating
the permeability of moisture and gas, which are beneficial for cell growth and allowing the
absorption of additional exudates containing nutrients for bacterial growth. In addition,
nanofiber scaffolds closely mimic the structure of the extracellular matrix (ECM) [15–17].
Therefore, nanofibers are promising candidates for wound dressing materials as they
provide a suitable environment for wound healing.

In recent years, both natural and synthetic polymers have been used to prepare
nanofiber-based wound dressings via the electrospinning process. Among these different
polymers, poly(lactic acid) (PLA), an FDA-approved synthetic biodegradable polymer
derived from renewable resources, is of particular interest. Due to its biodegradability,
biocompatibility, good mechanical properties, and low cost, PLA has become a candidate
of choice in bio-related applications [18–20]. The hydrophobic nature of PLA could render
better interaction with lipophilic drugs or plant essential oils. However, this property
could also reduce cellular interactions and limit exudate uptake capability. Therefore, PLA
needs to be modified in order to adjust its wettability property while retaining its structural
integrity and porous morphology. In bulk modification, hydrophilic polymers such as
polyethylene oxide (PEO) are usually incorporated into the electrospinning solution [21–24].
PEO is biodegradable, biocompatible, non-toxic, and FDA-approved. Thus, it is considered
a suitable choice to produce PLA-based composite nanofibers. It has been reported that PLA
mixed with PEO could successfully be electrospun, resulting in nanofibers with a smooth
surface, high porosity, and enhanced hydrophilicity while maintaining structural integrity
when compared with pure PLA nanofibers [21]. In a previous study, the incorporation
of rapamycin, a water-insoluble antibiotic and antiproliferative agent, into the PLA and
PEO blend solution in the appropriate ratios produced smooth and uniform nanofibers
with high encapsulation efficiency [25]. The blended PLA/PEO nanofiber was also shown
to manipulate and control the release of loaded natural and synthetic compounds [25,26].
In addition, the PLA/PEO fiber blend loaded with grape seed extract (GSE) enhanced
fibroblast cell adhesion and proliferation in comparison with the PLA/GSE nanofiber as a
result of increased hydrophilicity [27].

The electrospun nanofiber loaded with Plai oil has been studied previously by Tonglairoum
et al. using polyvinylpyrrolidone (PVP), a hydrophilic polymer, blended with 2-hydroxypropyl-
β-cyclodextrin (HPβCD) [28]. It was found that a maximum of 20% of Plai oil could be
loaded into the nanofiber with high entrapment efficiency. However, entrapment efficiency
decreased markedly when the incorporated amount of Plai oil was increased to 30%. These
findings were primarily due to less hydrophilic-hydrophobic interaction between the PVP
polymer and Plai oil. In addition, the PVP nanofiber showed a relatively short shelf life of
up to one week before they fused together, which could be a result of the hygroscopic nature
of PVP. PLA has been proven to be a promising matrix to improve the entrapment efficiency
of Plai oil as well as prolong nanofiber shelf life [29]. Therefore, this work incorporated
Plai essential oil into a PLA/PEO fiber blend. PEO was blended with PLA to produce a
matrix with enhanced hydrophilicity, resulting in the increased water uptake capacity of
the fiber. The Plai essential oil-loaded fiber blend was prepared through electrospinning
(Scheme 1). Characterization of the prepared materials was carried out using various
techniques. In vitro release, antibacterial, and cytotoxicity tests were also performed to
demonstrate the potential of using the prepared materials as wound dressings.
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2. Materials and Methods
2.1. Materials

Plai essential oil was obtained from Thai China Flavours & Fragrances Industry
Co., Ltd. (Bangkok, Thailand). PEO (Mw ~ 100,000) and PLA (Mw ~ 60,000) were ac-
quired from Sigma Aldrich. Dulbecco’s modified Eagle’s medium (DMEM, Gibco®, MD,
USA) with 10% fetal bovine serum (FBS, Gibco®), 1 mM sodium pyruvate (Gibco®), and
penicillin/streptomycin (Gibco®) were supplied by Life Technologies. In addition, (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner
salt was from obtained Promega Corporation. All buffer salts and organic solvents were of
analytical grade from Merck.

2.2. Analysis of Plai Essential Oil

The chemical constituents and DMPBD content in Plai essential oil were determined
using GC/MS (QP2020, Shimadzu, Japan). Briefly, the analysis was performed using
a capillary column (SH-Rxi-5Sil MS; 30 m length; 0.25 mm ID; 0.25 µm film thickness,
Shimadzu, Japan) with an injection volume of 1 µL. The temperature of the injection port
was fixed at 200 ◦C. The temperature of the oven was increased from 60 ◦C to 150 ◦C
within 18 min, from 150 ◦C to 180 ◦C within 3 min, and then kept at 180 ◦C for 5 min.
The mass scan was operated using the electron impact ionization mode over the mass
range of 45–400 amu. DMPBD was isolated and characterized as previously described
by Wongkanya et al. [29]. Briefly, Plai oil was loaded onto the silica gel column and then
eluted with hexane/ethyl acetate (95:5 v/v). DMPBD, as a colorless oil, was obtained after
solvent evaporation under reduced pressure.

2.3. Fabrication of Electrospun Fiber Blend Membranes

PLA/PEO solutions were prepared in DCM/DMSO (8:2 v/v) at 8%, 10%, and 12% w/v.
The weight ratios of PLA and PEO were 9:1, 8:2, and 7:3 w/w. The effects of polymer
concentration and PLA/PEO weight ratio on fiber morphology were studied. Plai oil
at 30% (w/w, to the polymer content) was added into the polymer solutions and then
thoroughly mixed. The prepared solutions were filled in a 10 mL glass syringe connected
with a blunt needle (20-gauge). The syringe was assembled to the infusion pump, and the
polymer solution was delivered at 0.5 mL/h. The electrospinning was operated using a
high-voltage power supply (ES30P-5W, GAMMA, Ormond Beach, FL, USA) at 20 kV with
the collector/needle tip distance of 15 cm. The experiments were carried out at 25 ◦C and
40% RH. The electrospun fibers were collected on a spinning drum and thereafter stored in
a desiccator in the dark until further study.
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2.4. Materials Characterization
2.4.1. Scanning Electron Microscopy

The electrospun membranes were mounted to the stubs. The samples were subse-
quently coated with gold using a sputter coater. Then, the fiber morphology was visualized
using a scanning electron microscope (Quanta 450, FEI, Eindhoven, The Netherlands) at an
accelerating voltage of 15 kV. Fiber diameters from the SEM micrographs were analyzed
using the ImageJ software (NIH), and the distribution and average of fiber diameters were
determined from 100 random fibers.

2.4.2. Contact Angle Measurement

Water contact angle measurement was conducted by an optical contact angle measur-
ing system (Dataphysics OCA 20). A 5 µL water droplet was dispensed onto the fiber mat,
and the corresponding image of the water droplet was taken. In total, 10 different positions
on the fiber mat were tested, and the average contact angle was calculated.

2.4.3. ATR-FTIR

The pristine fiber, fiber blend, and Plai oil-loaded fiber blend membranes were an-
alyzed by a Fourier-transform infrared spectrometer (Perkin-Elmer Spectrum One FTIR,
USA). The spectra were collected from 4000 cm−1 to 650 cm−1 with 64 scans and a resolu-
tion of 4 cm−1.

2.4.4. Entrapment Efficiency of DMPBD in the Fiber Blend

Solvent extraction of DMPBD from the fiber blend was performed by placing the fiber
membrane in a sealed glass vial containing 20 mL hexane. After continuously agitating
for 6 h, the extraction solvent was collected and the amount of DMPBD extracted was
analyzed by GC/MS. The entrapment efficiency was calculated using Equation (1):

EE% = (wt/wi) × 100 (1)

where wt is the weight of DMPBD extracted from the fiber blend and wi is the initial weight
of DMPBD loaded into the fiber blend.

2.5. In Vitro Release

The in vitro release of DMPBD from the fiber membrane was conducted in PBS
solution (pH 7.4) at ambient temperature. The pre-weighed fiber samples with a diameter
of 16 mm were placed onto a regenerated cellulose membrane and mounted between the
donor and receptor chambers of Franz diffusion cell. At specific time intervals of 0.17,
0.33, 0.5, 0.67, 0.83, 1, 2, 4, 6, 8, 10, 12, 24, and 48 h, 1 mL of solution was withdrawn and
directly replaced with an equal amount of fresh PBS solution. The collected samples were
subsequently extracted with 500 µL hexane twice. After solvent extraction, the hexane
layer was collected, combined, and evaporated. The obtained residue was redissolved in
hexane, and the amount of DMPBD released was quantified using GC/MS.

Release kinetics were assessed using the Ritger–Peppas equation [30], which is often
used to describe the release from the polymeric system. An initial 60% of the cumulative
release data were fitted to Equation (2):

Mt/M∞ = ktn (2)

where Mt/M∞ is the fraction of compound released at time t, k is the rate constant, and n is
the release exponent, which identifies the release mechanism. When n ≤ 0.5, the release is
governed by a Fickian diffusion mechanism. When n ≥ 1.0, the release mechanism follows
the case II transport. The mechanism lies between the previous means for 0. 5 < n < 1 and
is considered an anomalous non-Fickian transport.
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2.6. In Vitro Antibacterial Test

The in vitro antibacterial activity of the fiber blend was tested using a disk diffusion
method. Staphylococcus aureus (S. aureus) (ATCC 25923) and Escherichia coli (E. coli) (ATCC
25922) were chosen as representatives for gram-positive and gram-negative bacterial strains
frequently involved in wound infections [31]. These bacteria were cultured at 37 ◦C for
24 h. Subsequently, the bacterial suspension of 1 × 108 CFU/mL was spread over the
Mueller–Hinton agar (MHA) plate. The fiber membranes (Ø 6 mm) were sterilized with UV
light for 30 min prior to testing. Then, the fiber membranes were mounted on the agar plates
and incubated at 37 ◦C for 24 h. The antibacterial activity of the fiber blend membranes was
thereafter calculated from the diameter of the clear inhibition zone. The experiments were
conducted in triplicate, and the results were reported as the mean ± standard deviation.

2.7. In Vitro Cytotoxicity Test

Human primary fibroblast cells (Normal, Human, Adult (HDFa), ATCC® PCS-201-
012™, Manassas, VA, USA) and immortalized human keratinocytes (HaCaT, human ker-
atinocyte cells, ATCC® Number PCS-200-011™, 300493, CLS, Eppelheim, Germany) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS), 1 mM sodium pyruvate, 100 U/mL penicillin, and 100 µg/mL streptomycin. The
cells were cultured at 37 ◦C and 5% CO2 and were serially passaged at 70–80% confluence.
Then, the experiments were performed with subconfluent cells at passage three in the
proliferation phase.

In this test, cytotoxicity was evaluated by MTS assay. The cultured cells were seeded
1 day prior to the test in 96-well plates (10,000 cells/well for fibroblast and 8000 cells/well
for keratinocyte). The fiber membranes were immersed in PBS for 24 h to obtain the
extraction media at 0.63, 1.25, 2.5, and 5 mg/mL. The extract was then filtered through the
0.22 µm syringe filter. Then, cells were exposed to the extraction media at the different
concentrations. PBS was used as a negative control for the test. The supernatant was
removed after 24 h of incubation, and cells were rinsed twice with PBS. Fresh media
(100 µL) containing MTS (20 µL) was added in each well plate. Then, cells were incubated
at 5% CO2 at 37 ◦C for another 3 h. For viable cells, the colorless MTS reagent was converted
into a soluble-colored 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan product, which
absorbed light at 490 nm. Cell viability was then calculated based on a change in absorbance
at 490 nm compared to the negative control.

2.8. Statistical Analysis

The experimental data are reported as mean ± standard derivation (SD). The re-
sults were analyzed by one-way ANOVA. The p-values of less than 0.05 were statistically
accepted as significant.

3. Results and Discussion
3.1. Fabrication and Characterization of Fiber Blend Membranes

The oil-free PLA/PEO fiber blend membranes were successfully prepared through the
electrospinning of the PLA/PEO mixture solutions at the polymer concentrations of 8%,
10%, and 12% w/v. The weight ratios of PLA and PEO were 9:1, 8:2, and 7:3 w/w. The effects
of polymer concentration and PLA/PEO weight ratio on fiber size and morphology were
studied by SEM. As shown in Figure 1, the fibers prepared at the polymer concentrations
of 8% and 10% exhibited a grooved and wrinkled structure at every blend ratio. The
formation of this secondary surface morphology is attributed to the fast solvent evaporation
(dichloromethane) at the early stage of electrospinning, followed by phase separation and
the creation of tiny holes on the fiber surfaces. After the elongation and solidification of the
polymer jet, the created voids turned themselves into grooves and wrinkles on the fiber
surfaces [32]. On the contrary, at 12% of the polymer blend, uniform fibers with a smooth
surface were obtained. This suggests that the low polymer concentration is preferable for
the formation of grooves and wrinkles, as previously reported by Liu et al. [33]. Hence,
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12% of the polymer blend concentration was chosen to prepare the essential oil-loaded
fibrous membranes for further investigation. There are no obvious differences in the SEM
images at the same polymer concentration, suggesting that the PLA/PEO weight ratio
had no apparent effect on fiber morphology. The Plai oil-loaded fiber blend membranes at
different PLA/PEO ratios were obtained by electrospinning the polymer blend solutions
(12% w/v) incorporated with Plai oil. As seen in Figure 2a–c, the oil-loaded fibers had
a round shape with smooth surfaces similar to those without Plai oil, revealing that the
loading of Plai oil did not affect fiber morphology.

The average fiber diameters were determined from the SEM micrographs and are
summarized in Table 1. At the same polymer concentration but different PLA/PEO blend
ratios, the fiber diameters were not statistically different, suggesting that the blend ratio
exerted no apparent effect on the fiber size. When the polymer concentration increased,
the mean diameter increased as a result of the increase in molecular entanglement and
viscosity of the solution. On the contrary, the mean diameters of the Plai oil-loaded fiber
blend membranes were relatively smaller than those without Plai oil. This is possibly due
to the decrease in solution viscosity after incorporating Plai oil into the blend solution.
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Figure 1. SEM images of the PLA/PEO fiber blend prepared at different polymer concentrations and PLA/PEO ratios:
(a) 8% PLA/PEO (90:10), (b) 8% PLA/PEO (80:20), (c) 8% PLA/PEO (70:30), (d) 10% PLA/PEO (90:10), (e) 10% PLA/PEO
(80:20), (f) 10% PLA/PEO (70:30), (g) 12% PLA/PEO (90:10), (h) 12% PLA/PEO (80:20), and (i) 12% PLA/PEO (70:30).
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Figure 2. SEM images of the Plai oil-loaded fiber blend prepared at 12% polymer concentration with different PLA/PEO
ratios: (a) PLA/PEO (90:10) + Plai oil, (b) PLA/PEO (80:20) + Plai oil, (c) PLA/PEO (70:30) + Plai oil, and their corresponding
images after three months storage: (d) PLA/PEO (90:10) + Plai oil, (e) PLA/PEO (80:20) + Plai oil, and (f) PLA/PEO
(70:30) + Plai oil.

Table 1. Mean fiber diameters of electrospun membranes.

Fiber Membranes Mean Diameter (µm)

8% PLA/PEO (90:10) 0.53 ± 0.12a

8% PLA/PEO (80:20) 0.54 ± 0.09a

8% PLA/PEO (70:30) 0.57 ± 0.12a

10% PLA/PEO (90:10) 0.61 ± 0.14b

10% PLA/PEO (80:20) 0.62 ± 0.12b

10% PLA/PEO (70:30) 0.64 ± 0.14b

12% PLA/PEO (90:10) 0.71 ± 0.13c

12% PLA/PEO (80:20) 0.72 ± 0.12c

12% PLA/PEO (70:30) 0.74 ± 0.11c

12% PLA/PEO (90:10) + Plai oil 0.67 ± 0.12d

12% PLA/PEO (80:20) + Plai oil 0.68 ± 0.13d

12% PLA/PEO (70:30) + Plai oil 0.70 ± 0.12d

The statistically significant differences (p < 0.05) are indicated with different superscript letters.

The water contact angle measurement was performed to investigate the surface wetta-
bility of the prepared fibrous membranes after blending PLA with PEO at different weight
ratios. As evidenced by the water contact angle measurement in Figure 3, the average
contact angle of the fibers tended to decrease with the increasing amount of PEO. The mean
contact angles of the PLA fiber and the blend at the PLA/PEO weight ratios of 90:10, 80:20,
and 70:30 were 143.7◦ ± 3.1◦, 112.9◦ ± 3.3◦, 77.2◦ ± 2.8◦, and 41.5◦ ± 3.6◦, respectively. As
the weight amount of PEO increased, the contact angle decreased, similar to the previous
report by Athanasoulia et al. [34]. The contact angle of the blend at the PLA/PEO ratio of
70:30 was the lowest, indicating the most hydrophilic surface and suggesting the highest
water uptake ability. Increasing those properties is particularly important for the dressing
application as they enhance the wound exudate absorption, thereby promoting the wound
healing process. Hence, the blend at the 70:30 weight ratio was chosen for further study.
After loading Plai oil into the fiber blend, the contact angle increased to 47.8◦ ± 4.4◦, indi-
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cating a slightly more hydrophobic surface due to the lipophilic nature of Plai oil. However,
the fiber blend membrane still exhibited high surface wettability, even in the presence of
Plai oil.
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Although the hydrophilic Plai oil-loaded PVP electrospun fiber mat has already been
established [28], it has a limited storage life of less than one week due to the hygroscopic
property of PVP, which causes the fibers to melt and fuse together. On the contrary, the
Plai oil-loaded fiber blend membrane prepared within this work was found to be stable
for at least three months. No change in fiber morphology was found in the SEM images
of the membranes after three months of storage (Figure 2d–f). This indicates that the
PLA/PEO blend is an excellent polymeric matrix for fabricating hydrophilic fiber-based
wound dressing. Its physical stability against moisture in the air remained high, even after
long-term storage. Furthermore, its wettability can also be promptly tailored by altering
the blend ratio.

To further confirm the suitability of the PLA/PEO blend as a platform for Plai oil
loading, the entrapment efficiency of Plai oil was evaluated. The entrapment efficiency
was determined based on the amount of DMPBD entrapped within the fiber blend. The
DMPBD underwent solvent extraction from the Plai oil-loaded fiber blend membrane and
was then quantified by GC/MS. The entrapment efficiency was found to be as high as
94.6 ± 3.2%, indicating that the electrospinning did not cause any apparent changes to the
bioactive compound. This high entrapment efficiency can be primarily attributed to the
excellent miscibility of Plai oil with PLA [29]. In the previous report on the Plai oil-loaded
HPβCD/PVP nanofiber, the entrapment efficiency was found to be only 55.5% [28]. This
further confirms that the PLA/PEO blend is a good matrix for Plai oil loading.

Structural determination and compatibility between Plai oil and the blend were stud-
ied using Fourier-transform infrared spectroscopy (FTIR). As shown in Figure 4, the PLA
fibrous membrane exhibited strong characteristic peaks of C=O, stretching of the carbonyl
group at 1755 cm−1, and corresponding bending at 1267 cm−1. It also showed strong
peaks of C–O–C as well as stretching of the ester entity at 1184 cm−1 and 1088 cm−1. C–H
stretching peaks at 2996 cm−1 and 2946 cm−1 as well as C–H bending at 1455 cm−1 are
also typically found in the PLA spectrum. The pristine PEO showed typical C–H stretching
peaks of the methylene group at 2948 cm−1 and 2884 cm−1, C–H bending at 1466 cm−1,
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CH2 wagging at 1340 cm−1, and CH2 rocking and twisting at 960 cm−1. Its spectrum also
exhibited the C–O–C stretching peaks of the ether moiety at 1108 cm−1 and 1059 cm−1,
and bending at 841 cm−1. As a blend, the PLA/PEO fibrous membrane showed all of the
characteristic peaks of the pristine PLA and PEO at the same positions, suggesting that
blending did not change the chemical structures of both polymers. After incorporating
Plai oil into the fiber blend membrane, all of the characteristic peaks of PLA and PEO were
still present in the same position as the blend without oil loading, suggesting that Plai oil
also did not affect the chemical structures of both polymers. Furthermore, it also means
that the interactions between Plai oil and the polymer blend were not strong enough to
shift the peak positions. As the majority of chemical components in Plai oil are monoter-
penes, their typical C–H stretching and bending peaks overlapped with those of PLA and
PEO. This resulted in a slight increase in peak intensity at those stretching and bending
regions after incorporation of Plai oil. The additional C–H stretching peak can also be
observed at around 2906 cm−1 after the oil loading. Furthermore, the oil-loaded fiber blend
membrane also showed vibrational peaks of aromatic constituents between 1575 cm−1 and
1513 cm−1 [29,35]. This confirms the presence of DMPBD in the fiber blend membrane.
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3.2. In Vitro Release Study

The cumulative release of DMPBD from the essential oil-loaded PLA and PLA/PEO
(70:30) fiber blend membranes is depicted in Figure 5. The release of DMPBD for both
membranes was fast at the initial state, mainly due to the burst release of the loosely
bound DMPBD located at or near the essentially large fiber surfaces. After the initial fast
desorption, a sustained release of the DMPBD embedded within the fibers was observed.
The release at this region gradually decreased until reaching equilibrium.

At the early stage of release, the fiber blend showed a steeper slope than that of the
PLA-based membrane. Afterward, the release of the marker compound from the blend
increased continuously and nearly reached a plateau at an interval of 12 h. On the contrary,
only ca. 80% of DMPBD was discharged from the PLA fibrous membrane at 12 h and
almost 100% was released after 24 h. These findings reveal that the fiber blend exhibited
a faster discharge of DMPBD. The higher hydrophilicity and water uptake ability of the
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blend membrane is believed to be a driving force in accelerating the release of non-polar
DMPBD from the blend matrix. Contrarily, the release of DMPBD was delayed by the more
hydrophobic nature of PLA. Although both membranes showed different release rates,
their cumulative release eventually reached 100%. This high release may well arise from
the large surface-area-to-volume ratio and the highly accessible interconnected pores of
the fibrous membranes. Thus, the liquid medium can thoroughly penetrate the membrane.
Therefore, the active compound can be released effectively from the matrix. The faster
release of the active compound from the blend membrane will be beneficial for wound
dressing applications to exert immediate local anesthetic and analgesic on wounds. On the
other hand, slower release from the PLA membrane will facilitate transdermal application
to prolong the pain-relieving and anti-inflammatory effects on the muscles [28]. This
indicates that the blending of different proper polymers can modulate the properties of the
material as well as tailor their applications.
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Figure 5. Cumulative release of DMPBD from the Plai oil-loaded fibrous membranes.

To explain the release mechanism, the Ritger and Peppas model was used to fit the
release data. The correlation coefficients (R2) signifying the goodness of the curve fitting
were found to be 0.9923 and 0.9905 for the PLA/PEO blend and PLA fibrous membranes,
respectively, revealing that the release kinetics of DMPBD were well-fitted to the Ritger
and Peppas model. The calculated kinetics exponent (n) value was used to categorize the
release profile. When n is lower than 0.5, the release is governed by a Fickian diffusion
mechanism. When n is equal to 1.0, the release follows a swelling-controlled mechanism
(case II transport). When n is between 0.5 and 1.0, the release is defined as an anomalous
non-Fickian transport. It combines the swelling-controlled drug release with diffusion. The
n value was found to be 0.46 for the PLA-based membrane, suggesting that the release of
DMPBD was diffusion-controlled. The release depends on the concentration gradient of the
drug between the release media and the polymer matrix [27]. In the case of the PLA/PEO
blend membrane, the n value was 0.53, meaning that the blend exhibited an anomalous
(non-Fickian) transport mechanism, in which the release was caused by diffusion and
matrix swelling [36] due to the presence of hydrophilic PEO. The combination of both
phenomena explains the faster release of DMPBD from the fiber blend membrane.

3.3. Antibacterial Test

Antibacterial activity of the fiber blend membranes was tested against two represen-
tative bacterial strains (i.e., S. aureus, E. coli) typically found in wound infection by the
disk diffusion method. The fibrous membranes were mounted and incubated on the MHA
agar plates for 24 h. Then, the clear inhibition zones were measured. In Figure 6, the
PLA/PEO fiber blend, as a control, shows no inhibition zones against both bacterial strains,
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but the oil-loaded membrane exhibits the clear zones with the diameters of 17.33 ± 0.29
and 12.67 ± 0.76 mm against S. aureus and E. coli, respectively. This indicates that the Plai
oil is responsible for the inhibition rather than the PLA/PEO blend. Therefore, the pre-
pared Plai oil-loaded fiber blend membrane can be considered an alternative antibacterial
wound dressing.
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3.4. In Vitro Cytotoxicity

The indirect in vitro cytotoxicity study of the PLA/PEO blend fiber membrane with
and without Plai oil was carried out through MTS assay on human dermal fibroblast and
keratinocyte cells (HaCat). The membranes were cut into pieces and immersed in PBS
buffer for 24 h to obtain the extract media at 0.63, 1.25, 2.5, and 5 mg/mL. After 24 h
incubation of the tested cells to the extraction media, the cell viability was evaluated, as
shown in Figure 7. A cell viability higher than 80% is considered non-toxic in this test.
The viability of both fibroblast and keratinocyte cells after treatment with the extraction
media of both membranes at every concentration was in the range of 95–116%, indicating
that both materials are non-toxic to the tested cells. This suggests that the present Plai
oil-loaded fiber blend membrane is safe for use as a wound dressing material.
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4. Conclusions

In this study, Plai essential oil with analgesic, anti-inflammatory, and antibacterial
activities was successfully loaded into the electrospun PLA/PEO fiber blend. The mem-
brane obtained consisted of smooth fibers with diameter in the nanometer range. The
hydrophilicity of the membrane can be simply modulated by blending PLA with PEO at
different weight ratios. Although the membrane was hydrophilic, the Plai oil entrapment
efficiency and physical stability against moisture in the air were still high, implying that the
blend is a good platform for the loading of Plai oil. The hydrophilic fiber blend membrane
loaded with Plai oil initially showed a fast release of DMPBD, followed by a sustained
release in the following hours. This will be beneficial for wound care to exert immediate
local anesthetic and analgesic on wounds and to maintain these effects for several hours.
As the fibrous membrane had a large surface to volume ratio and highly interconnected
macropores, the liquid medium could thoroughly impregnate the membrane. As such, the
complete release of DMPBD was as expected. Further in vitro antibacterial and indirect
cytotoxicity tests also showed that the Plai oil-loaded fiber blend membrane could inhibit
the growth of both S. aureus and E. coli and exhibited no toxicity to human skin cells. This
suggests that the present fiber blend membrane has promising potential for use in a new
generation of analgesic and antibacterial wound dressings.
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Abstract: In this study, we developed a three-dimensional (3D) in vitro infection model to investigate
the crosstalk between phagocytes and microbes in inflammation using a nanofibrous membrane
(NM). Poly(ε-caprolactone) (PCL)-NMs (PCL-NMs) were generated via electrospinning of PCL
in chloroform. Staphylococcus aureus and phagocytes were able to adhere to the nanofibers and
phagocytes engulfed S. aureus in the PCL-NM. The migration of phagocytes to S. aureus was evaluated
in a two-layer co-culture system using PCL-NM. Neutrophils, macrophages and dendritic cells (DCs)
cultured in the upper PCL-NM layer migrated to the lower PCL-NM layer containing bacteria.
DCs migrated to neutrophils that cultured with bacteria and then engulfed neutrophils in two-
layer system. In addition, phagocytes in the upper PCL-NM layer migrated to bacteria-infected
MLE-12 lung epithelial cells in the lower PCL-NM layer. S. aureus-infected MLE-12 cells stimulated
the secretion of tumor necrosis factor-α and IL-1α in 3D culture conditions, but not in 2D culture
conditions. Therefore, the PCL-NM-based 3D culture system with phagocytes and bacteria mimics
the inflammatory response to microbes in vivo and is applicable to the biomimetic study of various
microbe infections.

Keywords: nanofiber; poly(caprolactone); 3D culture; neutrophil; dendritic cell; inflammation;
Staphylococcus aureus

1. Introduction

The recognition of pathogenic microorganisms is the first step of host defense. Com-
ponents derived from bacteria, such as N-formylmethionine-leucyl-phenylalanine (fMLP),
trigger chemotaxis and activation of phagocytes such as neutrophils and macrophages
in infectious tissues [1]. Early-recruited neutrophils phagocytose the bacteria and subse-
quent chemoattractant signals from the activated and necrotic neutrophils can directly
and indirectly recruit more neutrophils and other phagocytes, including macrophages and
dendritic cells (DCs) [2]. In addition, a variety of infected host cells, such as fibroblasts,
endothelial cells and epithelial cells, secrete phagocyte chemoattractants [2,3].

Observing the migration of phagocytes in infected tissue is technically challenging.
Numerous in vitro studies of host immune responses to bacteria have been carried out
under two-dimensional (2D) co-culture of phagocytes and bacteria, although in tissues,
these exist and interact under three-dimensional (3D) conditions. Investigation of cell
functions such as phagocytosis and cell migration requires accurate mimicry of the in vivo
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microenvironment. The migration rate significantly relies on the chemoattractant gradi-
ent in tissue. The transwell-based (Boyden chamber) assay is widely used to assess cell
migration; however, it provides a bulk end-point measurement and does not measure
directionality of cell migration [4]. The assay is not appropriate for assessing migration of
cells to a variety of bacteria because non-adherent bacteria grow as a suspension culture
in the bottom chamber and can float, adhere, or migrate freely to the upper chamber
through the permeable filter of transwell, thus inhibiting chemoattractant gradient forma-
tion. Microfluidic devices have been used to study the migration of phagocytes in stable
chemokine gradients [5]. A previously developed DC migration assay in fibronectin-coated
micro-channels is complementary to more complex 3D migration systems [6,7]. In addition,
it has been reported that DCs and T cells readily migrate through the pores in composite
macroporous poly(ethylene glycol) hydrogel scaffolds infused with collagen [8]. Recently,
Huh et al. developed a microfluidic lung-on-a-chip system consisting of a human alveolar
cell layer and a human pulmonary microvascular endothelial cell layer separated by a
porous membrane made of poly(dimethylsiloxane) (PDMS) and demonstrated that this
system mimics the innate cellular response of bacteria to pulmonary infection [9].

Phagocytes continue to migrate through the extracellular matrix (ECM), a 3D fiber
mesh, until they reach an infected or inflamed tissue. Nanofibrous scaffold mimics the
configuration of native ECM of tissues [10]. For optimal cellular infiltration, we developed
a hybrid electrospun poly(ε-caprolactone) (PCL)-nanofibrous membrane (NM) (PCL-NM)
consisting of nano- as well as submicron-scale fibers and we used the PCL-NM to mimic
the naturally occurring crosstalk between immune and cancer cells [11]. Additionally,
we demonstrated that neutrophils migrate against interleukin (IL)-8 in an electrospun
PCL-NM [12]. PCL is a Food and Drug Administration (FDA)-approved biocompatible
and biodegradable aliphatic polyester [13]. Furthermore, DCs cultured on PCL nanofibers
show a baseline inactive form [11], indicating that PCL is a suitable material for immune
cell culture. Thus, we used electrospun PCL-NM to mimic the 3D fibrillar environment in
studying the inflammatory response to bacterial infection.

S. aureus is a leading cause of human bacterial diseases, including skin and soft
tissue infections, food-borne illness, toxic shock syndrome and sepsis. A number of 3D
in vitro culture systems have been developed to study the interactions between bacteria
and cells [14]. S. aureus infection in skin tissue and bone has been studied using 3D co-
culture models [15,16]. Ding et al. demonstrated that macrophages can transmigrate across
a polyethylene terephthalate membrane to reach the epithelial cell layer cultured with
S. aureus [17]. In the present study, we used the in vitro infection system to analyze the
early events associated with S. aureus infection of phagocytes. Cells in 3D cell culture
form multilayers of cells, whereas cells grown in 2D form a monolayer. In this study,
we designed a chemotaxis assay system using PCL-NM-based two layers, attempting
to mimic inflammatory microenvironment, to evaluate early recruitment of phagocytes
induced by S. aureus. The PCL-NM-based 3D co-culture system can be used to evaluate
in vivo-mimicking bacteria-host interactions and immune responses.

2. Materials and Methods
2.1. Materials

PCL (Mn = 700,000–900,000), chloroform, PKH26, PKH67, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), lipopolysaccharide (LPS), thioglycollate, dimethyl
sulfoxide (DMSO) and 4′,6-diamidino-2-phenylindole (DAPI) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM), RPMI-
1640 medium, fetal bovine serum (FBS), penicillin/streptomycin, glutamine and 0.05%
trypsin-ethylenediaminetetraacetic acid (EDTA) were purchased from Gibco (Rockville,
MD, USA). Granulocyte macrophage-colony stimulating factor (GM-CSF), M-CSF, IL-4
and antibodies against CD11, Ly6G and F4/80 were obtained from R&D Systems Inc.
(Minneapolis, MN, USA). Boc-Met-Leu-Phe (Boc-MLF) and Trp-Arg-Trp-Trp-Trp-Trp-NH2
(WRW4) were obtained from Tocris bioscience (Bristol, UK). CellTracker Red CMTPX dye
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was purchased from Molecular Probes, Inc. (Eugene, OR, USA). PDMS was purchased
from Dow-Corning Korea, Inc. (Seoul, Korea).

2.2. Electrospinning and Fabrication of the PCL Nanofibers

Porous PCL nanofibers were prepared according to the procedure published ear-
lier [11,18]. Briefly, the polymer for electrospinning was dissolved in 99.5% pure chloro-
form at a concentration of 8.8 wt% and stirred for 5 h to obtain a homogeneous solution.
PCL-NMs were fabricated by electrospinning (NanoNC, Seoul, Korea). Two-nozzle spin-
nerets were used with an average flow rate of approximately 8 µL/min, using a syringe
pump. Each nozzle had an inner diameter of approximately 210 µm (27G). Nanofibers were
collected onto a rotating metallic mandrel at 100 rpm at ambient temperature for 4 h. The
nozzle tip-to-collector distance was set at 20 cm, with an electrical potential of 17.5 kV from
the grounded collector plate. An aluminum plate was used for fabricating conventionally
electrospun PCL-NM. Membrane thickness was measured using a high-precision caliper
(Mitsutoyo Co., Kawasaki, Japan). The morphology of electrospun fibers was observed
using scanning electron microscopy (SEM) with a model SEM4500 (Sec, Suwon, Korea).
The electrospun PCL-NMs were sterilized by soaking in a solution of 70% ethanol for 12 h
and dried under UV exposure for 12 h.

2.3. Preparation of Phagocytes from Bone Marrow

BALB/c mice were maintained in accordance with institutional animal care and use
guidelines. All experimental procedures involving mice were performed according to
protocols approved by the Committee on the Ethics of Animal Experiments of the Ajou
University Medical Center (Permit Number: 2015–0028). Bone marrow (BM) cells were
harvested from the femurs and tibias of the mice and BM-derived neutrophils were purified
using anti-Ly6G antibody-bound microbeads [19]. BM-derived DCs were obtained from
BM precursors, as described previously [20]. Briefly, BM cells plated in complete RPMI-
1640 containing recombinant murine GM-CSF (20 ng/mL) plus recombinant murine IL-4
(20 ng/mL). On the third day of incubation, the same concentration of IL-4 and GM-CSF
was added and half of the DC culture medium was refreshed. All BM cells were harvested
on day 7 of incubation. By immunomagnetic selection of CD11c+ cells, BMDCs were
purified to >90% using CD11c Microbeads Ultrapure (Miltenyi Biotec, Bergisch-Gladbach,
Germany). BM-derived macrophages were obtained by culturing of mouse BM cells with
recombinant murine M-CSF (20 ng/mL) for 7 days [21]. BM-derived DCs and macrophages
were purified using anti-CD11c and anti-F4/80 antibody-bound microbeads, respectively.
The purity of neutrophils, DCs and macrophages was verified to be >90% by flow cytometry
using surface markers, Ly6G, CD11c and F4/80, respectively.

2.4. Preparation of Peritoneal Neutrophils and Macrophages

BALB/c mice were treated with 3% thioglycollate in distilled water (intraperitoneal
injection) for 6 h and 3 days to purify peritoneal neutrophils and macrophages, respectively,
which were isolated by lavage with phosphate-buffered saline (PBS) and purified with
anti-Ly6G- and anti-F4/80 antibody-bound microbeads, respectively.

2.5. MLE-12 Cell Culture

MLE-12 mouse lung epithelial type II cells were purchased from American Type
Culture Collection (ATCC) (Manassas, VA, USA) and cultured in ATCC-formulated DMEM
supplemented with 10% FBS, 1% penicillin/streptomycin at 37 ◦C in 5% CO2 incubator.
MLE-12 cells were subcultured every 3–4 days and cells at passages 6–10 were used herein.

2.6. Bacterial Culture and Adhesion Assay

S. aureus strain RN4220 was grown to mid-log phase in Luria-Bertani (LB) broth,
washed and resuspended in PBS [22]. The bacterial concentration was estimated by
determining colony forming units (CFUs) and the optical density at 600 nm (OD600) using a
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spectrophotometer. The bacterial suspension was diluted to an OD600 of 0.1. Bacteria were
also stained with PKH67 Green and PKH26 Red Fluorescent Cell Linker Kits (Sigma) and
washed with PBS three times. PDMS (100 µL) was poured in an 8-well plate (SPL, Seoul,
Korea) and kept on a slide warmer at 100 ◦C for 3 min. The PCL-NM (1.1 cm × 1.3 cm)
was attached to the surface of gel-state PDMS on an 8-well plate and immersed in DMEM
(700 µL) for 6 h to increase cell adhesion at 37 ◦C. For bacterial culture in the PCL-NM, a
bacteria suspension (1 × 107 CFU/200 µL) was seeded on the surface of a wet PCL-NM.
After incubation at 37 ◦C and under 5% CO2 for the indicated times to allow the bacteria
to settle and attach to the nanofibers, the PCL-NMs were gently rinsed thrice with PBS to
remove not-adherent bacteria.

2.7. Laser Confocal Microscopy

Fluorescence-labeled phagocytes and S. aureus on a culture dish and in the PCL-NM
were observed using a K1 confocal microscope (Nanoscope, Daejeon, Korea) at the 3D
immune system imaging core facility of Ajou University. Images was analyzed using the
ImageJ software.

2.8. SEM

Phagocytes and/or bacteria cultured in the PCL-NM were affixed to aluminum mounts
with double-sided carbon tape (SPI Supplies Inc., Seoul, Korea) and coated with gold-
sputter. Cell structure and nanofiber morphology were observed using SEM.

2.9. FACS Analysis of Phagocytosis

Neutrophils, macrophages and DCs were labeled with the PKH67 fluorescent dye and
S. aureus were labeled with the PKH26 fluorescent dye. The cells were washed thrice with
PBS. The labeled phagocytes (1 × 105) were allowed to adhere to the culture dish for 1 h
and cultured with labeled S. aureus (1 × 106 CFU) in RPMI 1640 medium (200 µL) in the
absence or presence of 5% FBS at 37 ◦C in a humidified atmosphere containing 5% CO2.
For the phagocytic assay in the PCL-NM, labeled phagocytes (1 × 105) were top-seeded on
the PCL-NM surface and incubated for 1 h; then, the bacterial suspension (1 × 106 CFU/
200 µL) was added. For the assay with formyl peptide receptor (FPR) inhibitors, Boc-MLF
and WRW4 were dissolved in DMSO and PBS, respectively, and 0.1% DMSO solution was
used as a control. Phagocytes and bacteria were detached from the PCL-NM by soaking
in trypsin-EDTA solution for 5 min. The percentage of PKH26-stained cells among total
PKH67-stained phagocytes was analyzed using flow cytometry.

2.10. Live Imaging of Phagocytosis

The dynamic interactions between S. aureus and phagocytes were visualized using a
K1 confocal microscopy. Neutrophils, macrophages and DCs (1 × 105) were labeled with
CellTracker and S. aureus cells (1 × 107 CFU) were labeled with PKH67 fluorescent dye.
Labeled phagocytes were top-seeded on PCL-NMs in 3D culture and on culture dishes in
2D culture. After a 4 h incubation of phagocytes (1 × 105/100 µL) for cell attachment to the
culture dish or PCL-NM, S. aureus suspension (1 × 106 CFU/100 µL) in RPMI-1640 culture
media was added to the labeled phagocytes. Time-lapse videos of phagocytes engulfing
bacteria were generated by taking pictures every 60 s for 1 h.

2.11. Migration Assay in PCL-NM-Based Two-Layer System

We assembled a two-layer system of two PCL-NMs for cell migration, as shown in
supplementary material Figure S1, in a modified Transwell chamber [18]. To construct
the upper PCL-NM in the apical chamber, the polycarbonate filter of a Transwell insert
was removed and replaced with a 5-mm-diameter circular section of PCL-NM, which
were attached with gel-state PDMS. Neutrophils, macrophages and DCs were labeled with
PKH26 dye and 10 µL of cell suspension (1 × 105) was seeded onto the PCL-NM in the
apical chamber. After 4 h, the scaffold was washed with PBS. For the lower PCL-NM layer,
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PDMS (220 µL) was poured in the lower cultivation well to maintain constant distance from
upper surface of the lower membrane to the lower surface of the upper membrane and a
PCL-NM was attached on top of the surface of the gel-state PDMS. S. aureus suspension
(1 × 107 CFU) was added to the surface of the PCL-NM in the basal chamber and bacteria
were allowed to adhere for 2 h. The phagocyte- and S. aureus-seeded membranes were
then assembled layer-by-layer by placing the insert in the well. The chamber contained
600 µL of medium and phagocytes were allowed to migrate at 37 ◦C in a humidified CO2
atmosphere. Migrated PKH26-labeled cells in the lower PCL-NM layer were counted under
a confocal microscope in three random fields at a magnification of 100×. A lower PCL-NM
layer without bacteria served as a control to evaluate migration of the phagocytes.

2.12. Cytokine Assay

Secretion of cytokines and chemokines was determined using a Proteome Profiler
Mouse Cytokine Array Kit (R&D Systems). Neutrophils and lung epithelial cells (1 × 105)
in the presence or absence of S. aureus (1 × 107 CFU) were cultured on a culture dish
and in the PCL-NM. After culture for the indicated times, supernatants were taken and
assayed as described in the user manual. Chemiluminescence signal density was quan-
tified with ImageJ. IL-8 levels were measured by ELISA (R&D Systems) according to
manufacturer’s instruction.

2.13. Statistical Analysis

The results are presented as means ± standard deviations (SDs). Student’s t-test
was used to compare the means of paired or unpaired samples. A p-value of <0.05 was
considered significant.

3. Results
3.1. Culture of S. aureus and Phagocytes in Electrospun PCL-NM

The PCL-NM had an average thickness of 57.0 ± 5.5 µm (n = 10). The ultrastructure
of PCL-NM was analyzed by SEM to assess the fiber size, fiber uniformity and surface
topography [11]. The electrospun samples were homogeneous and the majority of fiber
diameters in the membranes was between 400 nm and 2 µm (data not shown). The most
frequent fiber diameter was between 200 nm and 600 nm, but substantial microfibers
with a diameter of 1–10 µm were deposited in the PCL-NM (data not shown) [18]. Thus,
microfibers in the PCL-NM introduced larger pores than nanofibers. The mercury intrusion
data for electrospun PCL-NM showed pores with a diameter of approximately 10–100 µm
(data not shown) [11]. The large pores in the nano-submicron PCL-NM were expected to
allow phagocytes to infiltrate deep into the membrane [11].

First, we evaluated the attachment of the bacteria to the nanofibers by SEM in an
experiment using bacteria alone. S. aureus were top-seeded on a PCL-NM and allowed
to infiltrate. S. aureus are Gram-positive round cells of 0.5–1 µm diameter. As shown
in Figure 1A, the bacteria were well distributed throughout the membrane and attached
along the nanofiber surfaces. Small bacterial agglomerates were seen between two or more
fibers in areas of fiber cross over. Bacteria cultured for 12 h formed aggregates inside the
PCL-NM. Bacterial viability and the proliferation of PKH-labeled and unlabeled cells are
identical, indicating that PKH fluorescent dyes are nontoxic to bacteria [23]. In addition,
the fluorescence intensity of PKH-labeled bacteria remains constant during the lag phase,
whereas replication results in a 50% decrease in fluorescence with each cell division [23].
As shown in Figure 1B, the density of PKH-labeled bacteria exhibiting fluorescence in the
PCL-NM increased up to 12 h, but then decreased at 24 h. Next, we quantified bacteria
after detachment from nanofibers. The numbers of S. aureus adhering to the nanofibers
increased in a time-dependent manner up to 12 h, but then decreased at 24 h (Figure 1C).
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Figure 1. Adhesion of S. aureus to the PCL-NM. (A) S. aureus (1 × 107 CFU) were top-seeded on the PCL-NM for the
indicated times and adhesion of S. aureus to the nanofibers was evaluated by SEM. Images are representative of three
independent experiments. (B) PKH67- and PKH26-labeled S. aureus (1 × 107 CFU) were top-seeded on the PCL-NM and
cultured for the indicated times (n = 3). The adhesion and proliferation of fluorescence-labeled S. aureus in the PCL-NM
were evaluated by confocal microscopy. High magnification image (×1000) in the box shows numerous spots along the
nanofibers. (C) S. aureus (1 × 107 CFU/200 µL) were cultured in the PCL-NM for the indicated times. Non-adherent bacteria
were gently recovered from culture media (50 µL) and adherent bacteria on nanofibers were harvested by vigorous pipetting
after the addition of culture media (100 µL) to the PCL-NM. The numbers of non-adherent and adherent bacteria in the
PCL-NM were estimated by determining CFUs. Data are presented as means ± SDs (n = 3).
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In comparison, the numbers of non-adherent S. aureus increased up to 24 h. These
results indicated that the bacteria could proliferate on the fibers, producing agglomerates,
but are not able to maintain large colonies in the PCL-NM after prolonged culture, possibly
because of the small diameter (400 nm–2 µm) of the nanofibers. To rule out the toxic
effect of PCL-NM, PCL-NM alone was soaked in culture media for 24 h and bacteria
were cultured in the media for 24 h. We confirmed that the growth of S. aureus was not
affected (data not shown). The spreading and infiltration of bacteria and neutrophils in
the PCL-NM were evaluated 1 h after cells were seeded on the membranes. A focus-
stacking analysis of confocal microscopy images captured at 3 µm intervals showed that
fluorescent-labeled bacteria and neutrophils infiltrated the membrane from the upper
surface to a depth 15–30 µm (Figure 2A). Bacteria and neutrophils were homogeneously
distributed at a similar level inside the PCL-NM. Moreover, the green fluorescence of
bacteria co-localized with red fluorescence of neutrophils, indicating internalization of
the bacteria by the neutrophils (Figure 2B). In addition, co-localization of bacteria with
neutrophils, macrophages and DCs cultured in the PCL-NM was confirmed by SEM
(Figure 2C). PCL nanofibers have various fiber diameters and pore sizes, which depend
on polymer concentration, flow rate and others. Fabrication of PCL nanofibers through
electrospinning facilitated PCL-NM to allow the infiltration of bacteria and phagocytes.
Therefore, the PCL-NM can be used for the 3D culture of bacteria and phagocytes.

3.2. Engulfment of S. aureus by Phagocytes in the PCL-NM

In live cell imaging analysis, PKH67-labeled S. aureus were caught and ingested by
CellTracker red CMTPX-labeled neutrophils and DCs in 2D as well as 3D culture. In
monolayer co-culture, neutrophils adhered to the surface of culture dish but did not show
chemotactic migration toward bacteria because the latter were floating around in the
media (Supplementary Video S1). On the other hand, the DCs adherent on the plastic
surface showed dynamic changes in intracellular red dye, which we first hypothesized to
represent cell spreading to pick up bacteria; however, careful observation learned that the
changes in dye levels were located inside the cytoplasm and did not represent dynamic
cell extensions (Supplementary Video S2). In contrast, single-cell tracking in the PCL-NM
revealed changes in neutrophil morphology and migration, with directional movement
toward the bacteria (Supplementary Video S3). Neutrophils extended long protrusions of
cell body along the nanofibers and then retracted the protrusion, indicating transition from
the spreading to the migratory state. When assuming a cell size of 10 µm, the leading edge
elongated several folds. Time-lapse microscopy clearly showed CellTracker-labeled DCs
crawling along the nanofibers to nearby green-fluorescent PKH67-labeled S. aureus, with
high motility to pick up the bacteria (Supplementary Video S4). These results suggested
that co-culture of bacteria and phagocytes in the PCL-NM allows assessing phagocytosis of
bacteria in 3D condition.
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Figure 2. Co-culture of phagocytes and S. aureus in the PCL-NM. (A,B) Peritoneal neutrophils were
labeled with PKH26 (A) and CellTracker red (B). The labeled neutrophils (1× 105) and PKH67-labeled
S. aureus (1 × 106 CFU) were top-seeded on the PCL-NM and cultured for 1 h in the membranes
(n = 3). Co-localization of neutrophils and bacteria was evaluated by focus-stacking images of the
PCL-NM. Images of 3 µm (A) and 2 µm (B) in thickness from the top to bottom are shown. Arrows
indicate green-fluorescent spots inside of red-fluorescent areas. (C) Neutrophils, macrophages and
DCs (1 × 105) were top-seeded on the PCL-NM and cultured with (+) or without (−) S. aureus
(1 × 106 CFU) for 1 h in the PCL-NM. The localization of S. aureus and phagocytes in the PCL-NM
was evaluated by SEM. Data are representative of three independent experiments.
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3.3. Differential Rate of Phagocytosis in 2D and 3D Culture Conditions

It has been demonstrated that there is a significant difference in phagocytosis of
S. aureus between adherent and suspended neutrophils; the phagocytosis by adherent
neutrophils is largely unaffected by opsonization with serum [24]. We compared the rate of
phagocytosis of live bacteria between phagocytes cultured in 2D and 3D conditions. Flow
cytometry can be used for the fluorescence quantitation of the phagocytosis of labeled
bacteria [23]. PKH26-labeled neutrophils were incubated for 1 h on a culture dish and in the
PCL-NM and cultured with PKH67-labeled S. aureus for 2 h. Flow cytometry assays showed
that double positive-stained cells correspond to neutrophils that internalized bacteria and
the fluorescence intensity of PKH67-labeled S. aureus remained constant during 2 h of
culture in the presence of neutrophils on a culture dish and in the PCL-NM (Figure 3A).
Thus, we can rule out the possibility that fluorescence was lost during bacterial culture and
that the rate of phagocytosis was underestimated in 2D and 3D conditions. The uptake of
bacteria by BM-derived neutrophils occurred in a time-dependent manner on culture dishes
and in the PCL-NMs containing 5% FBS (Figure 3B). Next, we measured the phagocytosis
rate on culture dishes and in the PCL-NMs containing serum-free media. The phagocytic
rates of neutrophils on the culture dish and in the PCL-NM were significantly lower in
serum-free media than in FBS-containing media. The reduction in the rate of phagocytosis
in serum-free media was greater in the PCL-NMs than on culture dishes. The levels of
phagocytosis 4 h after the co-culture of neutrophils and bacteria increased to 80–90% on
culture dishes containing serum-free media and FBS-containing media. In contrast, the
uptake of bacteria by neutrophils after 4 h of bacterial and neutrophil co-culture was
significantly lower in serum-free condition than in FBS-containing media in the PCL-NM
(32.0± 5.6% vs. 62.3± 8.0%, p < 0.05). The uptake of bacteria by BM-derived and peritoneal
phagocytes in the presence of FBS occurred in a time-dependent manner (Figure 3C). Half
of total peritoneal neutrophils (50.3 ± 5.1%) and the majority of peritoneal neutrophils
(79.5 ± 6.5%) were double positively stained after 1 h and 2 h of 2D culture, respectively.
In contrast, in the PCL-NM, the number of BM-derived and peritoneal neutrophils that
had phagocytosed bacteria was lower than that in 2D culture. BM-derived macrophages
and DCs rapidly phagocytosed bacteria, but the phagocytic rate and ability in the PCL-NM
were lower than those on the culture dish.

3.4. Effects of FPR Inhibitors on the Phagocytosis of S. aureus in 2D and 3D Culture Conditions

Phagocytes sense chemotactic gradients produced by bacteria, triggering phagocytosis.
The bacterial peptide, fMLP is a highly potent leukocyte chemoattractant and chemotactic
activity of phagocytes is mediated by FPR [25]. We next compared the effect of Boc-MLF
and WRW4, selective FPR1 and FPR2 inhibitors in murine neutrophils [26], on phagocytosis
by neutrophils and macrophages in 2D and 3D culture conditions. Boc-MLF and WRW4
decreased the phagocytic rate of neutrophils in the PCL-NM when compared to that of
neutrophils grown in control condition (44 ± 5% and 45 ± 6% vs. 60 ± 8%, respectively,
p < 0.05) (Figure 3D). Similar results were obtained for macrophages treated with Boc-MLF
and WRW4 when compared to macrophages without inhibitors (35 ± 4% and 30 ± 3% vs.
50 ± 7%, respectively, p < 0.05). In contrast, no inhibition of phagocytosis was observed
when FPR inhibitors were added to co-culture of S. aureus and neutrophils or macrophages
in 2D culture. These results suggested that phagocyte migration plays a role in phagocytosis
in 3D, but not in 2D culture.
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Figure 3. Phagocytosis of S. aureus by neutrophils, macrophages and DCs in the PCL-NM. (A) PKH67-labeled S. aureus
(1 × 106 CFU) was cultured with PKH26-labeled BM-derived neutrophils (1 × 105) for the indicated times on a culture
dish and in the PCL-NM and double-positive cells among PKH26-positive cells were detected by flow cytometry (n = 4).
Numbers represent the percentages of cells within the indicated gates of PKH26-labeled neutrophils. (B) BM-derived
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neutrophils were stained with PKH26 and cultured with PKH67-labeled S. aureus (1 × 106 CFU) in the presence (+FBS) or
absence (−FBS) of 5% FBS for the indicated times on a culture dish and in the PCL-NM. Rates of phagocytosis were evaluated
by counting double-positive cells among PKH26-labeled phagocytes. Data are presented as means ± SDs (n = 3). Asterisks
(*) denote significant differences compared to culture with FBS (p < 0.05). (C) BM- and peritoneal-derived phagocytes
were prepared as described in the Materials and methods. BM- and peritoneal-derived neutrophils, macrophages and DCs
(1 × 105) were stained with PKH26 and cultured with PKH67-stained S. aureus (1 × 106 CFU) for the indicated times in the
presence of 5% FBS on a culture dish and in the PCL-NM. Rates of phagocytosis were evaluated by counting double-positive
cells among PKH26-labeled neutrophils, macrophages and DCs. Data are presented as means ± SDs (n = 4). Asterisks
(*) denote significant differences compared to culture on a culture dish (p < 0.05). (D) Phagocytosis of S. aureus (1 × 106 CFU)
by BM-derived neutrophils and macrophages (1 × 105) in the PCL-NM containing 5% FBS was measured in the presence of
0.1% DMSO (Control), Boc-MLF (20 µM) and WRW4 (4 µM) (n = 4). Numbers in the left panel represent the percentage of
cells within the indicated gates of PKH26-labeled neutrophils. Data are presented as means ± SDs. Asterisks (*) denote
significant differences compared to the control (p < 0.05).

3.5. 3D Migration of Phagocytes to S. aureus in PCL-NM-Based Two-Layer Culture System

As shown in supplementary Figure S1, 3D migration of phagocytes to bacteria was
assessed quantitatively using PCL-NM-based two-layer system in a Transwell chamber.
PKH26-labeled phagocytes and PKH67-labeled bacteria were cultured in the upper and
lower PCL-NM layers, respectively. After indicated times of incubation, the numbers of
phagocytes that had migrated from the upper to the lower PCL-NM were counted. As
shown in Figure 4A, increasing numbers of neutrophils and DCs were detected in the lower
PCL-NM over time, while the numbers of phagocytes in the upper PCL-NM gradually
decreased. Neutrophils migrated rapidly in response to S. aureus, when compared to DCs.
Next, we performed a similar assay, in which equal numbers of PKH26-labeled neutrophils
and PKH67-labeled macrophages were top-seeded on the upper PCL-NM and bacteria
on the lower PCL-NM. While both macrophages and neutrophils migrated to the lower
PCL-NM, the numbers and rates of migration of macrophages were lower than those of
neutrophils (Figure 4B).

3.6. Neutrophil-Induced Recruitment of More Neutrophils to S. aureus in PCL-NM-Based
Two-Layer Culture System

Neutrophil migration is mediated by chemokines derived from bacteria and phago-
cytes. When PKH67-labeled neutrophils were pretreated with FPR inhibitors and then
cultured with PKH26-stained bacteria in the presence of the inhibitors in the PCL-NM-
based two-layer system, the numbers of PKH67-positive neutrophils in the lower PCL-NM
were significantly decreased when compared to those of untreated neutrophils (Figure 5A).
The effects of FPR inhibitors on migration were only obvious in the first hour after co-
culture of neutrophils in the upper PCL-NM and bacteria in the lower PCL-NM, indicating
that the early phase of migration is mediated by bacteria-derived chemoattractants, such
as fMLP. It is possible that the secretion of chemokines by neutrophils migrated from the
upper to the lower PCL-NM may trigger a later, second phase of neutrophil migration. It
has been shown that DAPI staining does not impact the growth of Listeria monocytogenes
in culture media and macrophages [27]. Thus, we measured the migration rate of PKH26-
labeled neutrophils in the upper PCL-NM using cultures of PKH67-labeled neutrophils
and/or DAPI-stained bacteria in the lower PCL-NM. More PKH26-labeled neutrophils
were observed in the lower PCL-NM containing both S. aureus and neutrophils than in
the lower PCL-NM containing S. aureus or neutrophils alone (Figure 5B). Neutrophils
cultured with bacteria in PCL-NM as well as in culture dish secreted IL-8 into the medium
(Figure 5C). The concentrations of IL-8 secreted by neutrophils cultured with bacteria
in the PCL-NM were lower than those in 2D culture, but increased in a time-dependent
manner (Figure 5D). These results indicated that neutrophil-derived chemokines in the
lower compartment, such as IL-8, enhance the migration of neutrophils from the upper to
the lower PCL-NM.
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the upper PCL-NM were cultured in the presence (+ S. aureus) or absence (−S. aureus) of bacteria in the lower PCL-NM for 
the indicated times (n = 3). The graphs depict the numbers of red- (Neutrophil) and green- (Macrophage) fluorescent spots 

Figure 4. Migration of phagocytes to S. aureus in the PCL-NM-based two-layer culture system. (A) PKH26-labeled BM-
derived neutrophils and DCs (1 × 105) and PKH67-labeled S. aureus (1 × 107 CFU) were seeded and cultured in the upper
and lower PCL-NMs, respectively, for the indicated times (n = 4). The graphs depict the numbers of red-fluorescent spots
detected in the upper (�, �) and lower (•, #) PCL-NMs when bacteria were absent (•, �) or present (#, �) in the lower
PCL-NM. Data are presented as means ± SDs (n = 4). Asterisks (*) denote significant differences compared to culture
without bacteria (p < 0.05). (B) PKH26-labeled peritoneal neutrophils (1 × 105) and PKH67-labeled peritoneal macrophages
(1 × 105) were seeded in the upper PCL-NM and S. aureus (1 × 107 CFU) was seeded in the lower PCL-NM. Phagocytes in
the upper PCL-NM were cultured in the presence (+ S. aureus) or absence (−S. aureus) of bacteria in the lower PCL-NM for
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the indicated times (n = 3). The graphs depict the numbers of red- (Neutrophil) and green- (Macrophage) fluorescent spots
detected in the lower PCL-NM containing the bacteria. Data are represented as means ± SDs (n = 3). Asterisks (*) denote
significant differences compared to culture with macrophages (p < 0.05).
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(20 µM) and WRW4 (4 µM) for 1 h in the upper PCL-NM. The migration rates of control and FRP inhibitor-pretreated
neutrophils to the lower PCL-NM containing PKH26-labeled S. aureus (1 × 107) were measured for the indicated times in
the presence of 0.1% DMSO (control), Boc-MLF (20 µM) and WRW4 (4 µM) (n = 4). Green-fluorescent spots in the lower
PCL-NM were counted. Asterisks (*) denote significant differences compared to the control (p < 0.05). (B) PKH26-labeled
neutrophils (1 × 105) in the upper PCL-NM were cultured with or without PKH67-labeled neutrophils (1 × 105) and/or
DAPI-stained S. aureus (1 × 107 CFU) in the lower PCL-NM (n = 4). Red-fluorescent spots were detected in the lower
PCL-NM. The graphs depict the numbers of red-fluorescent spots detected in the lower PCL-NM in the absence (#, �) or
presence (•, �) of neutrophils with (#, •) or without (�, �) S. aureus. Data are presented as means ± SDs (n = 4). Asterisks
(*) denote significant differences compared to the culture condition lacking neutrophil with S. aureus in the lower PCL-NM
(p < 0.05). (C) Neutrophils (1 × 105) were cultured in media alone (None), with S. aureus (1 × 107 CFU) and with LPS
(1 µg/mL) for 12 h on a culture dish and in the PCL-NM. Data are presented as means ± SDs (n = 3). Asterisks (*) denote
significant differences compared to untreated control (p < 0.05). (D) Neutrophils (1 × 105) were cultured with (+) or without
(−) S. aureus (1 × 107 CFU) for the indicated times in the PCL-NM. IL-8 concentrations in culture media were measured by
ELISA. Data are presented as means ± SDs (n = 4). Asterisks (*) denote significant differences compared to culture without
S. aureus (p < 0.05).

3.7. Engulfment of Neutrophils by DCs in the Presence of S. aureus in PCL-NM-Based
Co-Culture Condition

Co-culture of DCs and neutrophils showed internalization of live neutrophils by
DCs [28]. This study confirmed that DCs engulfed live neutrophils in the presence or
absence of S. aureus when neutrophils and DCs were co-cultured at a ratio of 10:1 on
a culture dish (Figure 6A). However, it is unknown whether the engulfment of viable
neutrophils by DCs occurs in bacteria-infected tissues in vivo. Moreover, we cannot rule
out the possibility of experimental artifact during co-culture of different types of phagocytes
in 2D culture. Thus, we investigated whether DCs in the upper PCL-NM migrate to and
are able to uptake bacteria-engulfing neutrophils in the lower PCL-NM using a two-
layer culture system. S. aureus was labeled with DAPI and cultured with PKH26-labeled
neutrophils for 2 h in the lower PCL-NM. Neutrophils and bacteria in the lower PCL-NM
were further cultured for 4 h with PKH67-labeled DCs in the upper PCL-NM. As shown in
Figure 6B, DCs migrated to the lower PCL-NM containing both neutrophils and bacteria,
but did not migrate to the lower PCL-NM harboring neutrophils alone. Focus-stacking
images of the lower PCL-NM showed that PKH67-labeled DCs extended dendrites to
PKH26-labeled neutrophils. In z-stack analysis of confocal microscopic images, the red
fluorescence of CellTracker red-labeled neutrophils co-localized with green fluorescence of
CellTracker green-labeled DCs, indicating internalization of the neutrophils by the DCs
(Figure 6C). This result indicated that DCs migrate to neutrophils phagocytosing bacteria
and then engulf neutrophils in 3D in vitro culture.
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(1 × 106) were cultured with or without S. aureus (5 × 106 CFU) for 6 h in culture dishes and stained with Giemsa solution
(n = 3). Arrows indicate live neutrophils inside of DCs. (B) PKH26-labeled neutrophils (2 × 106) were cultured for 2 h with
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or without DAPI-stained S. aureus (2 × 107 CFU) in the lower PCL-NM. PKH67-labeled DCs (2 × 105) in the upper PCL-NM
were cultured for 4 h with bacteria and neutrophils in the lower PCL-NM (n = 3). Green-fluorescent spots were detected in
the lower PCL-NM (in the left panel). The right panel depicts focus-stacking images of the lower PCL-NM. (C) CellTracker
green-labeled DCs in the upper PCL-NM were cultured with CellTracker red-labeled neutrophils and DAPI-stained bacteria
as described in figure B (n = 3). Arrows indicate red-fluorescent spots inside of green-fluorescent areas in the lower PCL-NM.
Images show stacks of 2 µm in thickness from the top to bottom.

3.8. Migration of Phagocytes to S. aureus–Infected Epithelial Cells in PCL-NM-Based Two-Layer
Culture System

Fibroblasts, epithelial cells and endothelial cells are potentially important targets for
S. aureus infection [29]. PKH67-labeled MLE-12 cells and DAPI-stained S. aureus were
co-cultured for 12 h in the lower PCL-NM layer and then, PKH26-labeled phagocytes
were top-seeded on the upper PCL-NM layer. The migration of phagocytes to infected
epithelial cells was measured. As shown in Figure 7A, the neutrophils migrated toward
the lung epithelial cells when these were infected with S. aureus. Immunofluorescence
analysis of the upper PCL-NM showed that the numbers of red-fluorescent neutrophils
decreased but those of green-fluorescent epithelial cells from the lower PCL-NM increased
in a time-dependent manner (Figure 7B). In contrast, S. aureus-infected epithelial cells
were not detected in the upper PCL-NM when it had not been seeded with neutrophils
(data not shown). These results indicated that neutrophils in the upper PCL-NM migrated
to the lower PCL-NM and damaged epithelial cells in the lower PCL-NM floated up
to the upper PCL-NM. On the basis of these observations, we tested the production of
chemokines by lung epithelial cells treated with S. aureus in 2D and 3D culture conditions.
IL-8 secretion by MLE-12 cells was increased in cells cultured with S. aureus in both 2D and
3D culture conditions (Figure 7C). MLE-12 cells treated with S. aureus in the PCL-NM, but
not on culture dishes, stimulated the secretion of tumor necrosis factor (TNF)-α and IL-1α
(Figure 7D). This result indicated that S. aureus infection of epithelial cells in 3D culture
condition induces proinflammatory response.
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fluorescent spots were detected in the lower PCL-NM containing PKH67-labeled uninfected and S. aureus-infected MLE-
12 cells (Epithelial cell) (n = 3). The graphs depict the numbers of red-fluorescent spots detected in the lower PCL-NM. 
Data are presented as means ± SDs (n = 3). Asterisks (*) denote significant differences compared to uninfected MLE-12 
cells (p < 0.05). (B) Green-fluorescent spots of MLE-12 cells (Epithelial cell) were detected on the upper PCL-NM containing 
PKH26-labeled neutrophils (Neutrophil) (n = 3). (C) MLE-12 cells (1 × 105) were cultured with media alone (None), S. 
aureus (1 × 107 CFU) and LPS (1 µg/mL) for 12 h on a culture dish and in the PCL-NM. The secretion of IL-8 was measured 
by ELISA. Data are presented as means ± SDs (n = 3). Asterisks (*) denote significant differences compared to None (p < 
0.05). (D) MLE-12 cells (1 × 105) were cultured with (+) or without (−) S. aureus (1 × 107 CFU) for 12 h on a culture dish and 
in the PCL-NM. Cytokines and chemokines secreted in the culture media were detected using cytokine and chemokine 
arrays (n = 3). 

Figure 7. Migration of neutrophils to S. aureus-infected epithelial cells in the PCL-NM-based two-layer culture system.
(A) PKH67-labeled MLE-12 cells (1 × 105) were incubated with or without DAPI-stained S. aureus (1 × 107 CFU) for 12 h in
the lower PCL-NM and washed with culture media. PKH26-labeled peritoneal neutrophils (1 × 105) were seeded on the
upper PCL-NM and cultured for the indicated times with untreated and bacteria-infected MLE-12 in the lower PCL-NM.
Red-fluorescent spots were detected in the lower PCL-NM containing PKH67-labeled uninfected and S. aureus-infected
MLE-12 cells (Epithelial cell) (n = 3). The graphs depict the numbers of red-fluorescent spots detected in the lower PCL-NM.
Data are presented as means ± SDs (n = 3). Asterisks (*) denote significant differences compared to uninfected MLE-12
cells (p < 0.05). (B) Green-fluorescent spots of MLE-12 cells (Epithelial cell) were detected on the upper PCL-NM containing
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PKH26-labeled neutrophils (Neutrophil) (n = 3). (C) MLE-12 cells (1 × 105) were cultured with media alone (None), S.
aureus (1 × 107 CFU) and LPS (1 µg/mL) for 12 h on a culture dish and in the PCL-NM. The secretion of IL-8 was measured
by ELISA. Data are presented as means ± SDs (n = 3). Asterisks (*) denote significant differences compared to None (p <
0.05). (D) MLE-12 cells (1 × 105) were cultured with (+) or without (−) S. aureus (1 × 107 CFU) for 12 h on a culture dish
and in the PCL-NM. Cytokines and chemokines secreted in the culture media were detected using cytokine and chemokine
arrays (n = 3).

4. Discussion

The ability of phagocytes to uptake bacteria in vitro may depend on culture condi-
tions and methodology. To date, no method for evaluating phagocytosis of bacteria in
3D co-culture system, which may mimic bacterial infection in vivo, has been reported.
Phagocytosis of S. aureus by human neutrophils in suspension has been shown to depend
on opsonization, while adherent neutrophils do readily internalize bacteria, independent
of opsonization [24]. In addition, persistence of free extracellular bacteria in suspension
culture has been shown to the poor killing [24]. Adherence to ECM or plasma proteins
of host cells is mediated by bacterial surface proteins. In addition, fibronectin-binding
proteins of S. aureus bind to fibronectin on the surface of epithelial cells [29]. Bacterial
adhesion to nanofibers occurs by a number of mechanisms. The adhesion of bacteria to
nanofibers is influenced by the surface chemistry, fiber morphology, fiber diameter and
physical characteristics of the fiber surface [30]. In addition, specific interactions between
bacteria and nanofibers involve macromolecules on the bacterial surface, such as fimbriae
and pili [31]. Nanofibers with an average diameter close to bacterial sizes were found to
offer support for bacterial adhesion [31], although it is unknown which protein mediates
the binding. In this study, S. aureus and phagocytes adhered onto the surface of electrospun
PCL nanofibers and infiltrated the PCL-NM, allowing 3D evaluation of phagocytosis in
PCL-NM-based in vitro culture system. The cell number and ratio of phagocytes to bacteria
were the same in 2D and 3D culture conditions, but phagocytosis was lower in 3D than in
2D conditions. In addition, the effect of FBS on the phagocytosis of S. aureus by neutrophils
in the PCL-NM was more evident than that in culture dishes. Lu et al. demonstrated
that more S. aureus are phagocytosed by adherent neutrophils compared with those in
suspension and that serum opsonization of S. aureus enhances phagocytosis by neutrophils
in suspension, but has no apparent impact on the phagocytosis of bacteria by adherent
neutrophils [24]. They suggested that adherent neutrophils are primed for enhanced phago-
cytosis [24]. Thus, phagocytes adhered to nanofibers may be less primed for phagocytosis
than adherent cells on the culture dish. It is also possible that both phagocytes and bacteria
adhere to nanofibers and distribute in 3D space, rather than on the 2D surface. Thus,
phagocytes need to sense chemotactic signals from bacteria in 3D culture.

Inflammation is characterized by an influx of phagocytes to the site of infection.
While neutrophils are very rapidly recruited into infection site, macrophages constitute
the majority of immune cells residing in the tissue at steady state. In a mouse infection
model, DCs were actively recruited to infected tissue and phagocytosed S. aureus, but
they did not actively kill the bacteria [32]. Phagocytes reach the site of infection through
directed migration along an increasing gradient of chemoattractants, which are derived
from bacteria as well as secreted by activated cells including leukocytes and epithelial cells.
In vitro studies have been crucial in understanding cell migration, but the direct exposure
of phagocytes to bacteria is in most cases poorly justified. Methods such as Transwell and
microfluidic-based assays have been used to evaluate the migration of immune cells in
response to chemokines and the migration of phagocytes in vitro is usually measured by
chemotaxis through a filter in Transwell chambers. Neutrophils transmigrate through the
pulmonary alveolar-endothelial barrier by passing through pores in the PDMS membrane
and engulf bacteria in a lung-on-a-chip microfluidic system [9]. When compared to the
Transwell assay and lung-on-a-chip microfluidic system, the 3D PCL-NM system has
some advantages. First, it is easy to observe the movement of phagocytes over time in
the PCL-NM. Second, 3D migratory behavior of neutrophils, macrophages and DCs can
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be evaluated. We found that neutrophils and DCs on nanofibers become elongated and
motile in the vicinity of bacteria and travel along the nanofiber to reach the nearest bacteria.
Finally, it is easy to quantitatively evaluate the rates of migration of phagocytes and the
phagocytosis of bacteria.

Cell components released from S. aureus may act as a phagocyte chemoattractant
and bacteria-activated phagocytes secrete cytokines and chemokines, thereby sustaining
and prolonging inflammation [33,34]. It has been demonstrated that FPR is required for
neutrophil migration to and killing of bacteria, but not for bacterial phagocytosis [35].
This study showed that FPR inhibitors partially inhibited phagocytosis of S. aureus by
neutrophils and macrophages in 3D, but not in 2D culture, suggesting that FPR agonist
released from bacteria may be involved in the detection of bacteria by phagocytes only
in 3D culture. Host-derived chemotactic factors, such as IL-8 have been shown to recruit
additional neutrophils to areas of infection [36]. This chemokine may be crucial during the
early phase of bacterial infection. Thus, the first wave of neutrophil migration is dependent
on bacterial chemokines and the second wave of migration of neutrophils, macrophages
and DCs is dependent on chemokines secreted from already migrated neutrophils in the
infected regions. In this study, the migration of phagocytes through the microstructure
of the PCL-NM should be correlated to chemotactic gradients. In this aspect, there was
increased secretion of chemokines in the PCL-NM, indicating that phagocytes were further
recruited to chemokine-secreting cells via a chemoattractant gradient in the PCL-NM-based
two-layer system. Therefore, the compartmentalization and directional orientation of the
two-layer system can be applied for the analysis of migration of phagocytes in response to
a chemotactic gradient.

Neutrophils and macrophages migrated to S. aureus-infected lung epithelial cells in
the PCL-NM-based two-layer culture system. By using this system, we can compare the
capacity of various bacteria in addition to S. aureus to cause phagocyte influx into an
infected area. The secretion of TNF-α and IL-1α was increased in lung epithelial cells
cultured with S. aureus in 3D, but not in 2D culture. TNF-α functions as an initiator of the
inflammatory response. Thus, an in vivo inflammation-mimicking response occurred in
3D culture condition. In addition to neutrophil migration to the lower PCL-NM containing
epithelial cells and bacteria, epithelial cells were also detected in the upper PCL-NM. The
detachment of S. aureus-infected epithelial cells was observed only in the presence of
migrating neutrophils from the upper to the lower PCL-NM. It is possible that activated
neutrophils produce reactive oxygen species and release cytoplasmic granules, which
results in significant host cell damage or death as well as the killing of bacteria. This
finding suggests that epithelial integrity is lost in 3D culture condition, as observed in
infected lung tissue.

In conclusion, the PCL-NM-based culture system provides a 3D space for cell at-
tachment and migration. In the PCL-NM, cell-derived products can diffuse easily and
tight cell-to-cell contact can be avoided. Technically, the PCL-NM can be easily assembled
into the two-layer system, which mimics multilayers of cells in tissue. Moreover, PCL
nanofibers are inert and biocompatible in immune cell culture because the adhesion of DCs
to PCL nanofibers does not affect their activation status [12,13]. Finally, 3D migration to
surrounding bacteria and phagocytosis processes in the PCL-NM can be visualized though
a live cell-imaging setup. Thus, our PCL-NM-based 3D culture system is widely applicable
to the biomimetic study of various microbe infections.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/membranes11080569/s1, Figure S1: Workflow for setup of a migration assay with two layers
of PCL-NMs. Video S1: Time-lapse images of neutrophils cultured with S. aureus on a culture dish
depicting phagocytosis of PKH67-labeled S. aureus (green) by CellTracker red-labeled neutrophils
(red). Video S2: Time-lapse images of DCs cultured with S. aureus on a culture dish depicting
phagocytosis of PKH67-labeled S. aureus (green) by CellTracker red-labeled DCs (red). Video S3:
Time-lapse images of neutrophils cultured with S. aureus in PCL-NM depicting phagocytosis of
PKH67-labeled S. aureus (green) by CellTracker red-labeled neutrophils (red). Video S4: Time-lapse
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images of DCs cultured with S. aureus in PCL-NM depicting phagocytosis of PKH67-labeled S. aureus
(green) by CellTracker red-labeled DCs (red).
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