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ABSTRACT: Electrospun materials made from biodegradable
polycaprolactone are used widely in various tissue engineering and
regenerative medicine applications because of their morphological
similarity to the extracellular matrix. However, the main
prerequisite for the use of such materials in clinical practice
consists of the selection of the appropriate sterilization technique.
This study is devoted to the study of the impact of traditional
sterilization and disinfection methods on a nanofibrous poly-
caprolactone layer constructed by means of the needleless
electrospinning technique. It was determined that hydrogen
peroxide plasma treatment led to the loss of fibrous morphology
and the creation of a foil. However, certain sterilization (ethylene oxide, gamma irradiation, and peracetic acid) and disinfection
techniques (ethanol and UV irradiation) were found not to lead to a change in morphology; thus, the study investigates their impact
on thermal properties, molecular weight, and interactions with a fibroblast cell line. It was determined that the surface properties that
guide cell adhesion and proliferation were affected more than the bulk properties. The highest proliferation rate of fibroblasts seeded
on nanofibrous scaffolds was observed with respect to gamma-irradiated polycaprolactone, while the lowest proliferation rate was
observed following ethylene oxide sterilization.

■ INTRODUCTION

Biomaterials used in the field of medicine must fulfill a wide
range of requirements including sterility, which is defined as a
process that destroys or eliminates all forms of microbial life
and is accomplished in health-care facilities via the application
of both physical and chemical methods.1 The sterility of the
final material is usually achieved by means of the use of one of
two methods, that is aseptic fabrication in the case of, for
example, bioprinted scaffolds or terminal sterilization.2

Disinfection is sometimes mistakenly confused with the term
sterilization; however, it is important to bear in mind that
disinfection describes a process that eliminates many or all
pathogenic microorganisms, with the exception of bacterial
spores, on inanimate objects. The efficacy of both sterilization
and disinfection procedures is dependent on the purity of the
material, its chemical and physical properties, microbial
contamination, and the sterilization/disinfection process
parameters such as the concentration of germicide, exposure
time, temperature, pH, and relative humidity.1

The autoclaving, ethylene oxide (EtOx), gamma radiation,
peracetic acid (PAA), and hydrogen peroxide plasma
techniques all constitute commonly applied approaches to
the sterilization of tissue engineering scaffolds. Although
autoclaving can be used for the sterilization of thermoresistant

polymers such as silk fibroin3,4 and polyvinylidene fluoride,5 as
the majority of polymeric materials are thermosensitive, low-
temperature sterilization approaches must be employed such as
the widely used EtOx chemical low-temperature sterilization
method. However, even though the EtOx technique is seen as
particularly suitable for the sterilization of heat- and moisture-
sensitive materials, its disadvantages lie in its relatively high
cost and the potential hazard it poses to medical staff, that is,
EtOx is known to be a human carcinogen; thus, it is
particularly important that EtOx residuals be provided with a
sufficient period of aeration as defined by ISO 10993-7:2008.
Gamma irradiation is also widely used for the sterilization of
biomaterials at a minimum recommended dose of 25 kGy;
however, its sterilization parameters must be optimized for
each material separately.6 No FDA recommendations yet exist
with respect to ionizing radiation sterilization. The advantage
of gamma sterilization lies in its being a large-scale low
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temperature process,1 however, its disadvantages consist of its
high cost and the change it exerts in the polymeric structure in
terms of chain scission and/or crosslinking.7 PAA is used for
sterilization purposes in concentrations of 50−10,000 ppm
(0.05−1%) and a time exposure of 15−30 min1 The
advantages of PAA sterilization lie in its low cost and the
rapid and effective processing of heat-sensitive polymers.8

Hydrogen peroxide gas plasma can also be used for the
sterilization of thermosensitive polymers because the temper-
ature attained during the sterilization cycle varies between 37
°C and a maximum of 44 °C; moreover, aeration is not
necessary because the byproducts of the cycle are nontoxic.
Disinfection techniques, particularly ethanol soaking and
ultraviolet (UV) radiation, are widely applied in the develop-
ment of novel biomaterials prior to in vitro testing; ethanol
solutions in the concentration range 60−90% in water and UV
radiation in wavelengths of between 240 and 280 nm are
known to possess bactericidal properties.1

Tissue engineering and the development of the appropriate
scaffolds for the regeneration of the target tissues requires the
mimicking of the native structure, including via the use of
nanofibrous materials produced by means of the electro-
spinning method. Such materials possess special properties
such as a high surface to volume ratio and porosity that may
exert an unpredictable effect on the sterilization technique
used, that is, with respect to the efficacy thereof and the impact
on the final properties of the material. A review by Rediguieri
et al. provides a summary of the impact of sterilization and
disinfection techniques on nanofibrous materials in terms of
their morphology, surface wettability and other physicochem-
ical properties, mechanical performance, and interactions with
cell lines.2 Recently, the use of portable devices capable of the
immediate production of nanofibers on the wound bed has
been reported, for example by Xu,9 Aydogdu,10 and Yan.11

Such an approach does not count with the sterilization of the
produced materials. On the other hand, the translational
process of these materials into clinical practice will be more
difficult because sterility constitutes a key factor in terms of the
use of medical devices.
This study focused on the investigation of electrospun

polycaprolactone (PCL), an FDA-approved polymer used in
various applications, such as wound dressings,12−14 vascular
grafts,15 cartilage tissue-engineering scaffolds,16 sealing of
gastrointestinal anastomoses, thus preventing the occurrence
of life-threatening complications,17 and many others. As the
melting temperature of PCL is in the range 59−64 °C, it is
essential that low-temperature sterilization methods be applied
to this material.18 Therefore, the consideration of autoclaving
was omitted from the study because of the low melting point of
PCL. The effect of EtOx sterilization has been studied by
Horakova et al.19 and Bhaskar et al.20 in the form of a
comparison with ethanol solution soaking. It was found that
EtOx sterilization does not affect the mechanical or
degradation properties of electrospun PCL and that the
proliferation rate of fibroblasts seeded on EtOx-sterilized
materials was delayed compared to that on the ethanol-treated
samples.19 However, the examination of the in vivo environ-
ment via the implantation of such scaffolds into a murine
tendon model revealed no effect on cell infiltration and
proliferation and other healing characteristics with respect to
both the EtOx- and ethanol-treated samples.20 Studies of
various doses of gamma irradiation and the impact on
electrospun PCL conducted by Augustine et al.6 and Bosworth

et al.21 revealed a shift toward a lower molecular weight in a
dose-dependent manner accompanied by an increase in both
the melting point and crystallinity; no effect was observed with
concern to cell response.21 A study by Augustine et al.
concluded that gamma irradiation led to improved hydro-
philicity resulting in increased fibroblast proliferation.6 A study
by Dai et al. compared hydrogen peroxide gas plasma, ethanol
soaking, and UV radiation. The results revealed the enhanced
hydrophilicity of the plasma-sterilized samples, which led to a
higher degree of osteoblastic differentiation than that of the
other investigated methods.22

As the above-mentioned studies addressed only the limits of
the various sterilization and disinfection procedures available
without providing a mutual comparison, we decided via this
study to compare the effects of widely used sterilization
techniques such as EtOx sterilization, gamma irradiation, PAA
treatment, hydrogen peroxide plasma sterilization, and
disinfection techniques (ethanol and UV irradiation) on
electrospun PCL with respect to changes in the fibrous
morphology, molecular weight, crystallinity, and interaction
with a fibroblast cell line.

■ MATERIALS AND METHODS
Preparation of the Materials. Fibrous materials were

prepared from poly-ε-caprolactone (PCL, Mn 45,000 g/mol;
Merck KGaA, Germany); granules of the polymer were
dissolved in a solvent system composed of chloroform/
ethanol/acetic acid (8/1/1, v/v/v, Penta s.r.o., Czech
Republic) in a final concentration of 16 wt %. The solution
was stirred at room temperature until complete dissolution was
achieved. The solution was then immediately electrospun using
a Nanospider 1WS500U (Elmarco s.r.o., Czech Republic)
device. The conditions had been optimized previously in the
preliminary experiments that led to the fabrication of a
macroscopically homogeneous nanofibrous layer. The con-
ditions applied to the needleless electrospinning of the PCL
are listed in Table 1. The resulting fibrous layer was collected
on a nonwoven textile layer (polypropylene spunbond40 g/
m2).

Sterilization of the Nanofibrous Samples. The samples
intended for EtOx, gamma irradiation, and plasma treatment
were packed into the appropriate packages with specific
indicators and subsequently sterilized by means of the various
techniques listed in Table 2. These sterilization techniques
were conducted with electrospun PCL together with a
spunbond layer in order to ensure enhanced handling for
further analysis purposes (the spunbond layer was removed
prior to the characterization of the materialmorphology,
molecular weight, thermal properties). Sterilization/disinfec-
tion techniques, including soaking (ethanol and PAA treat-

Table 1. Electrospinning Conditions Applied for the
Fabrication of Nanofibrous PCL

PCL
distance between electrodes [mm] 180
high voltage [kV] −10/+40
rewinding speed [mm/min] 40
steel orifice diameter [mm] 0.6
temperature [°C] 22
relative humidity [%] 50
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ment) and UV light irradiation, were applied with the
nanofibrous material without the spunbond layer.
EtOx sterilization was performed at the Military University

Hospital, Prague, applying a low-temperature cycle (37 °C).
The samples were sterilized by means of 3M Steri-Vac 5XL
(3M Česko s.r.o., Czech Republic). Electrospun nanofibrous
PCL with a spunbond layer was placed in an appropriate
package with a specific indicator that proved the suitability of
the EtOx concentration and the duration.
The samples subjected to gamma irradiation (PCL +

spunbond layer) were placed in a specific container and
sterilized by Bioster Ltd. (Czech Republic). The required
dosage was >25 kGy, and the samples were irradiated at 29 ±
3.4 kGy.
PAA (36%, Delta Chem s.r.o., Czech Republic) was diluted

with 20% ethanol to 5000 volume ppm as recommended by
Yoganarasimha et al.8 The samples were soaked in a PAA
solution for 15 min whereupon they were rinsed twice in
phosphate-buffered saline (PBS, pH 7.4) for in vitro
assessment purposes and in distilled water with respect to
material characterization. Finally, the samples were allowed to
dry prior to further testing.
Plasma sterilization was performed at the Military University

Hospital, Prague, using the STERRAD 100S (Advanced
Sterilization Products; Johnson & Johnson, USA) device;
sterilization was based on hydrogen peroxide plasma, the direct
injection of which ensured the sterilization of the porous
materials. The sterilization cycle ran for 47 min, and the
temperature was maintained between 47 and 56 °C. The
samples (PCL + spunbond) were placed in specific packages
with an indicator that proved the accuracy of the sterilization
parameters.
Ethanol (Penta s.r.o., Czech Republic) was diluted to 70%

and the samples soaked in the resulting solution for 30 min.
The samples were then rinsed twice in PBS for in vitro
assessment purposes and in distilled water with respect to
material characterization. Finally, the samples were allowed to
dry prior to further testing.
Disinfection via UV light was conducted in a Topsafe

(Bioair, USA) laminar flow box. Samples were placed in the
laminar box and UV light was applied for 30 min on each side.
Morphology Assessment of the Fibrous Mats. The

samples were sputter-coated with a 7 nm layer of gold and
imaged by means of a TESCAN Vega 3SB Easy Probe
(TESCAN s.r.o., Czech Republic) scanning electron micro-
scope. Images of both the inner (in contact with the underlying
spunbond layer) and outer sides of the fibrous mats prior to
and following sterilization were taken in three independent
positions. The fibers (500 nos.) were assessed by means of NIS
Elements software (LIM s.r.o., Czech Republic) for fiber
diameter measurement purposes. The data is shown in box
plot form with the representation of the upper and lower

quartiles and the median as boxes and the variability showing
the maximum and minimum measured values.

Molecular Weight Analysis. Shifts in molecular weight
following sterilization were assessed by means of gel
permeation chromatography (GPC). The samples were
dissolved in tetrahydrofuran (THF) prior to analysis so as to
obtain a final concentration of 1 mg/mL. The Dionex Ultimate
3000 HPLC system with a diode array and a Varian LC-385
ELSD detector was used for analysis purposes with a polymeric
Phenomenex Phenogel 1E4 GPC column with a length of 30
cm with an i.d. of 4.6 mm and particle size of 5 μm. Pure THF
of HPLC quality was used as the mobile phase, the flow rate of
which was set at 1 mL/min for each sample. The chromato-
graphs were recorded using a Varian LC-385 ELSD detector
for a total of 23 min. The temperature of the nebulizer and the
evaporator was set at 80 °C and the nitrogen flow rate at 1.1
mL/min. The injection volume of the dissolved polymers was
set at 30 μL.
The change in the molecular weight was evaluated from the

shift of the maximum peak of the chromatogram representing
the most numerous molecular weight in the sample. A peak
shift toward longer elution times corresponded with decreasing
molecular weight.

Thermal Behavior. Differential scanning calorimetry
(DSC) was employed for the evaluation of changes in the
thermal properties of the materials following sterilization/
disinfection using a DSC 1/700 METTLER TOLEDO
(Metler-Toledo GmbH, Germany) device. The materials
were first tempered for 120 s and then heated in two cycles
(the rate of temperature change was set at 10 °C/min).
Measurements were taken in an inert nitrogen atmosphere.
The PCL samples were analyzed within a temperature range of
−20 to 100 °C. The resulting values were taken from the first
heating cycle because this cycle reflected the sterilization
changes. The thermal properties of the PCL such as the
melting temperature (Tm) and the enthalpy of fusion (ΔHm)
were determined from the DSC curves. A constant of 135.44 J/
g (corresponding to 100% crystalline PCL) was employed for
the calculation of the crystallinity (ΔΧ) of PCL according to a
study by Crescenzi et al.23 The samples were measured in
triplicate; the data was presented in the form of the mean ±
standard deviation.

In Vitro Testing. Sterile materials were cut into spherical
shapes with a diameter of 15.6 mm (so as to fit in 24-well
plates); the spunbond layer was removed prior to testing. The
resulting materials were seeded with 3T3 mouse fibroblasts
(ATCC, USA) at a concentration of 104 cells/well. The cells
were cultured in Dulbecco’s modified Eagle medium (Lonza
Biotec s.r.o., Czech Republic) supplemented with 10% fetal
bovine serum (Lonza Biotec s.r.o., Czech Republic), 1%
glutamine (Biosera, Czech Republic), and 1% penicillin/
streptomycin/amphotericin B (Lonza Biotec s.r.o., Czech
Republic). Cell adhesion and proliferation were evaluated 1
and 7 days following cell seeding by means of metabolic MTT
assay (n = 4) and fluorescence microscopy (n = 1), which
captured the cells and the spreading thereof.
The colorimetric MTT test is based on the reduction of

yellow MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide] to violet crystals of formazan in the
presence of viable cells. The materials were transferred into
new wells containing 250 μL of MTT and 750 μL of the
complete media and incubated for 4 h at 37 °C. The crystals
produced as a result were subsequently dissolved using

Table 2. List of the Sterilization and Disinfection Methods
Used in the Study

sterilization/disinfection technique abbreviation used

EtOx EtOx
gamma irradiation gamma
PAA PAA
hydrogen peroxide plasma plasma
ethanol 70% EtOH
UV light UV
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acidified isopropanol and the final absorbance of the resulting
solution was measured in two wavelengths (λsample 570 nm,
λreference 690 nm). The difference between the sample and
reference wavelength was plotted on a graph which compared
the viability of the cells on the samples. Four materials were
assessed by means of metabolic testing on each testing day.
The cells were captured via fluorescence microscopy after

the double staining of the cellular actin filaments and nuclei at
the same time points of 1 and 7 days following cell seeding.
The materials were rinsed twice in PBS and fixed in 2.5%
glutaraldehyde in PBS for 15 min at 4 °C following which a
blocking solution composed of 0.1% Triton X-100 in 0.1%
bovine serum albumin solution in PBS (10 min, room
temperature) was applied. Furthermore, the cells were stained
using phalloidin-FITC (Merck KGaA, Germany, dilution
1:1000, 1 h), which resulted in the actin filaments of the
cells being colored green. Following double rinsing in PBS,
DAPI (Merck KGaA, Germany, dilution 1:1000, 5 min) was
used for the counterstaining of the cell nuclei in blue. The
surfaces of the materials with the stained cells were observed
using a Nikon Eclipse-Ti-E (Nikon Imaging, Czech Republic)
inverted fluorescence microscope. The cell nuclei stained with
DAPI were quantified from 10 fields of view as described in
Horakova et al.19 The cell density was then quantified.
The statistical analysis of cell viability and cell quantification

was processed by means of GraphPad Prism software (USA).
The data thus obtained was assessed using 2way ANOVA with
the Bonferonni multiple comparison test.

■ RESULTS
Needleless Electrospinning of the PCL. PCL was

successfully electrospun into the form of planar sheets
according to the aforementioned conditions that had
previously been optimized based on the research team’s
long-term experience with such polymeric layer fabrication.
The morphology of the resulting layers is depicted in Figure 1.
As the structure of the layer replicates its underlying material
(spunbond textile material), both elevations and dips are
present as can be seen in the first SEM image in Figure 1B.
Higher magnifications revealed fibers with very small diameters
of mere tens of nanometers (minimum value of 73 nm) as well
as thicker fibers with diameters in the order of a few
micrometers (maximal measured value of 4.0 μm).
Impact of Sterilization on the Fibrous Morphology.

The electrospun layers were subjected to various sterilization
techniques which resulted in the layer morphologies depicted
in Figure 2. As described above, PCL layers are composed of
very small as well as thicker fibers; therefore, minor changes
can be attributed to the non-homogeneity of the PCL fibers
rather than the sterilization technique. The most visible
changes were observed following hydrogen peroxide plasma
sterilization; the fibers were found to have completely melted
and a foil was formed in place of the fibers. Further assessment
of the materials addressed only those layers which exhibited
the preservation of the fibrous morphology.
The fiber diameter characteristics can be seen in Figure 3G

in the form of a box plot. The mean fiber diameter of the
control PCL layer was around 210 nm. In addition to these
nanofibers, occasional microfibers with fiber diameters of up to
4 μm were detected within the structure (marked as outliers in
the boxplot and depicted in the SEM pictures in Figures 1B
and 2A). Similarly, following the sterilization/disinfection
process, layers composed of nanofibers (200−400 nm) as

Figure 1. (A) Scheme of the Nanospider technology: 1steel wire as
the positive electrode, 2steel orifice with a polymer solution
reservoir, 3fiber formation, 4nanofiber layer collected on a
supportive textile material, 5steel wire as the negative electrode.
(B) SEM images of an electrospun PCL layer: magnification bars
100, 10, and 3 μm.

Figure 2. SEM pictures of electrospun PCL after sterilization by EtOx
(A), gamma irradiation (B), PAA (C), disinfected by ethanol (D), UV
irradiation (E), and nonsterile control (F); scale bar is 5 μm. Box plot
graph of the fiber diameter characteristics (G).
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well as microfibers were detected; thus, no visible effect on the
fibrous layer morphology was confirmed.
Molecular Weight Analysis. The shift in molecular

weight following the application of the various sterilization
and disinfection techniques was assessed by means of GPC
chromatography, and the results are summarized in Table 3

and Figure 3. The tested materials were eluted after similar
periods of time as the elution of the control sample, that is
after 6.4 min. A slightly higher elution time of 6.5 min was
attained following EtOx sterilization and 6.6 min after gamma
sterilization, which suggested slight decreases in the molecular
weight following the application of these two sterilization
techniques. None of the other tested methods (PAA, ethanol,
UV) resulted in a shift in retention times to greater than 6.4
min.
Thermal Behavior. The effect of the sterilization/

disinfection of nanofibrous PCL was studied by means of
DSC. The resulting melting temperature, melting enthalpy, and
degree of crystallization were recorded (see Table 4) following
the assessment of the measured thermographs. The DSC
curves were found to have the same appearance in all tested
samples. None of the treatments resulted in changes in the
thermal behavior of the electrospun PCL. The melting
temperature was 61−63 °C and the degree of crystallinity
61−67%.
In Vitro Testing. Fibroblasts were seeded on the PCL

samples following sterilization by means of EtOx, gamma
irradiation, and PAA and disinfection via ethanol and UV light.
The metabolic assay and cell density were then evaluated 1 and
7 days following cell seeding as depicted in Figure 4. No
statistically significant differences were observed between the
samples exposed to the various sterilization/disinfection

techniques during day 1. After 7 days, however, the highest
number of cells and highest level of metabolic activity was
determined on the PCL that had been sterilized by means of
gamma irradiation followed by the samples disinfected using
ethanol. The lowest metabolic activity and cell density were
determined on those PCL samples that had been exposed to
EtOx sterilization and UV light disinfection.
The morphologies of the fibroblasts after a week of culturing

are depicted in Figure 5. The coverage of the cell surface
correlates with the proliferation rate of the fibroblasts. An
almost confluent layer of cells is evident following gamma
sterilization (Figure 5B). The lowest cell number can be seen
on those samples exposed to EtOx sterilization and UV
irradiation disinfection (Figure 5A,E). The cell number also
correlates with cellular spreadingthe best spread morphology
of the fibroblasts was observed on the PCL following gamma
irradiation, PAA and ethanol treatment, while the lowest rate
of fibroblast spreading was captured on those materials
subjected to EtOx sterilization and UV irradiation.

■ DISCUSSION
Various sterilization techniques have been researched world-
wide with concern to electrospun PCL, all of which are subject
to limitations such as availability and high cost. With respect to
electrospun materials, terminal sterilization rather than
fabrication under aseptic conditions is considered the preferred
option. However, the application of terminal sterilization
during the development of medical devices and tissue
engineering scaffolds must be considered very carefully due
to its non-negligible influence on the final material properties
of such devices. Thus, the study provides a summary of the
impact of the most commonly applied sterilization and
disinfection methods on nanofibrous PCL in terms of its
morphology and molecular weight and the analysis of its
thermal properties and cell material interaction. The materials
used as scaffolds in the field of tissue engineering differ in
terms of their material compositions and structures. Our study
focused on electrospun PCL with a molecular weight of 45,000
because of its utilization for wound dressings as reported in
previous studies.24,25 The use of other polymeric materials
(even in their nanofibrous forms) will have to be tested and
verified separately as summarized in a review by Rediguieri.2

Although it is possible that similar chemical structures, for
example, within the biodegradable polyesters group, such as
polylactide, may behave in a similar way, research will have to
be conducted to confirm this supposition. The PCL structure
studied consisted of nanofibers with diameters of around 200
nm as well as microfibers of up to 4 μm in diameter. This
combined structure was found to provide benefits from the
mechanical point of view as well as in terms of facilitating cell

Figure 3. GPC chromatograms of the PCL electrospun layers: blank
(pure solvent), control (prior to sterilization), following EtOx, PAA,
gamma sterilization (Gamma), following ethanol (EtOH), UV
disinfection.

Table 3. Molecular Weight of the Electrospun PCL Prior to
(Control) and Following Sterilization/Disinfection:
Retention Time Tm, Number Average Molecular Weight Mn

Tr [min] Mn [g/mol]

control 6.38 21,000
EtOH 6.35 21,700
PAA 6.43 19,900
EtOx 6.48 18,900
gamma 6.55 17,600
UV 6.43 19,900

Table 4. Thermal Characteristics of Electrospun PCL Prior
to (Control) and Following Sterilization/Disinfection:
Melting Temperature Tm, Melting Enthalpy ΔHm, and
Crystallinity Degree ΔΧ

Tm [°C] ΔHm [J/g] ΔΧ [%]

control 62 ± 2 84 ± 6 62 ± 4
EtOx 62 ± 1 86 ± 6 64 ± 4
gamma 61 ± 2 86 ± 2 63 ± 2
PAA 63 ± 2 91 ± 11 67 ± 8
EtOH 62 ± 2 82 ± 11 61 ± 8
UV 62 ± 2 86 ± 2 63 ± 2
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material interactions.26,27 The impact of sterilization techni-
ques on PCL-based scaffolds prepared via differing fiber-
forming methods such as centrifugal spinning28,29 and ac
spinning30 will have to be further confirmed. If similar fibrous
structures are obtained, the results presented herein will be
useful in terms of their transfer to the consideration of such
materials.
The research determined that it is not possible to employ

hydrogen peroxide plasma techniques for the sterilization of
nanofibrous PCL because they lead to the complete loss of the
fibrous structure. With respect to hydrogen peroxide plasma,
however, the temperature during the cycle should not exceed
55 °C (during the sterilization process between 10 and 40 °C).
Dai et al.22 also investigated the impact of low-temperature
hydrogen peroxide plasma on electrospun PCL; however, in
contrast to our results, the morphology of the electrospun mats
exhibited no change, that is, the samples retained their fibrous
morphology following plasma sterilization. We explain this
apparently conflicting outcome by the fact that the input
material differed with concern to its molecular weight; our
study involved the use of PCL with an Mn of 45,000 g/mol,
while Dai et al. used PCL with a higher Mn of 110,000 g/mol.
Moreover, the study by Dai et al. proved the effectiveness of
hydrogen plasma sterilization along with a lower level of
surface wettability than that of the corresponding non-
sterilized sample.22 A study by Franklin et al.31 which studied
the application of the hydrogen peroxide plasma sterilization
technique to a porous PCL scaffold prepared via fused
deposition modeling concluded that this sterilization method
was significantly cytotoxic for canine chondrocytes.31

EtOx treatment is suitable for the sterilization of
thermosensitive polymers such as PCL. The application device

allows for the running of two cycles under different
temperatures, that is 37 and 55 °C. Our study used the low-
temperature application because our previous research (data
not shown) proved that higher temperatures lead to the
melting of fibrous structures. Although no changes were
observed in the fibrous morphology or molecular weight
following the sterilization of the electrospun PCL, it was noted
that fibroblast proliferation occurred later on the samples
sterilized with EtOx than on those exposed to the other
sterilization and disinfection techniques applied in the study.
This outcome was reported in our previous study which
involved the investigation of more material characteristics than
were covered by the research described herein and which
included the observation that EtOx sterilization did not
influence mechanical properties in terms of ultimate tensile
strength and elongation at break. Although the initial Young’s
modulus was observed to increase following EtOx sterilization
(by around 2.5 times), the degradation rate of the electrospun
PCL mats sterilized via this method showed no variation from
the non-sterilized samples with respect to the accelerated
enzyme environment.19 However, as this sterilization techni-
que evinced no cytotoxic effects, it can be concluded that it
provides a suitable method for the purpose.
Gamma treatment represents the most extensively studied

sterilization method for electrospun PCL, with respect to
which gamma irradiation of 29 kGy did not lead to a change in
morphology. One week following cell seeding, the fibroblasts
seeded on the gamma-irradiated samples exhibited the highest
level of viability and cell density per unit area of all tested
techniques, the explanation for which may lie in a change in
the wettability of the surface as reported by Augustine et al.
After applying a dosage of 25 kGy, the water contact angle

Figure 4. Graphs of fibroblast metabolic activity measured via MTT assay (A) and cell density on PCL samples (B) exposed to EtOx, PAA, and
gamma sterilization and ethanol (EtOH) and UV disinfection.* denotes p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001 (2 way
ANOVA, Bonferonni).

Figure 5. Fluorescence microscopy images of the fibroblasts following 7 days of culturing on nanofibrous PCL samples sterilized using EtOx (A),
gamma irradiation (B) and PAA (C) and disinfected using ethanol (D) and UV irradiation (E); scale bar 100 μm.
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decreased from 106 ± 5 to 84 ± 0.6° and the cells were found
to prefer slightly hydrophilic to hydrophobic surfaces.6 Cell
interactions are mediated by proteins adsorbed from the cell
culture medium and with respect to hydrophobic substrates;
these adhesion proteins are bound in their rigid or denaturated
state.32 This assumption was confirmed by the same study.
Increased doses of gamma irradiation supported fibroblast cell
proliferation due to the decreased water contact angle.7

Bosworth et al.21 also studied the effect of the gamma
irradiation dose on electrospun PCL. They discovered that the
molecular weight changed when a dose of 25 kGy was applied,
which was not the case in our study which revealed only a
slight switch toward a lower molecular weight (the retention
time was shifted by 0.1 min compared to the non-sterilized
sample).21 However, it is important to mention that the input
polymer in the study by Bosworth et al. had a molecular weight
of 80,000 g/mol as opposed to 45,000 g/mol as used in our
study. Cottam et al.,33 when investigating gamma-irradiated
films made of PCL, observed a decreased number average
molecular weight, indicating polymeric chain scission and an
increased weight average molecular weight, which was
explained via cross linking and the increased polydispersity
index. The full explanation for changes in the molecular
structure following gamma irradiation remains to be
determined. Moreover, the dosage applied may differ in each
cycle; although it is recommended that the value should exceed
25 kGy, it never attained the same value (in our study a dose of
29 ± 3.4 kGy was applied).
Sterilization using PAA, which was performed based on the

results obtained by Yoganarasimha et al.,8 did not exert an
impact on the fibrous morphology and molecular weight.
Fibroblast proliferation on the PAA-sterilized mat was at a
lower level than that on the gamma-treated samples but higher
than on the EtOx-sterilized materials, which could have been
due, again, to the decreased surface wettability, as reported by
Yoganarasimha et al.8 Although PAA soaking can be used for
immediate sterilization purposes prior to implantation, this
technique is not applied at the same scale as are gamma
irradiation and EtOx sterilization. The necessity for the soaking
of materials for a period of 15 min may be problematic if active
substances are incorporated within the structure, that is it may
lead to the occurrence of the unwanted effect of the burst
release of such substances.
Disinfection methods are used routinely prior to the in vitro

assessment of electrospun scaffolds. However, as the use of
these methods has not been approved by regulatory agencies
for further translation to clinical use, their usage is necessarily
limited. This study compared the impact of the application of
70% ethanol soaking and UV irradiation for disinfection
purposes. It was determined that neither of these methods
influenced the morphology of the fibers, the molecular weight,
or the thermal properties of electrospun PCL. In terms of the
fibroblast proliferation rate, ethanol soaking proved to be a
more effective disinfection method than UV in terms of higher
cell viability and cell number per area.
All factors considered, the most suitable methods for the

sterilization of electrospun PCL with a molecular weight of
45,000 g/mol were found to be the application of EtOx and
gamma irradiation, and it is strongly recommended that both
approaches be further investigated and compared and that
future studies should be devoted to the detailed research of the
impact of both these sterilization techniques on surface
wettability, mechanical properties, degradation rate, and so

forth. Moreover, sterilization efficacy will be verified against all
types of microorganisms in order to prove the suitability of
these sterilization methods in terms of their translation to
clinical applications.

■ CONCLUSIONS

Samples of an electrospun PCL mat were subjected to various
sterilization and disinfection techniques in order to compare
their impact on the surface and bulk properties of the samples.
As hydrogen peroxide plasma sterilization techniques led to
changes in the morphology of the fibrous layers, their use was
excluded with respect to this material. The most promising
results were achieved with concern to the gamma irradiation
and EtOx sterilization methods, and it is reasonable to
conclude that they be considered for future clinical application.
Improved fibroblast interactions were achieved following
gamma irradiation. On the other hand, EtOx sterilization led
to decreased cell proliferation with no observed cytotoxic
effect.
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