#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Sabina chinensis leaf extracted and in situ
incorporated polycaprolactone/
polyvinylpyrrolidone electrospun microfibers for
antibacterial application

i ") Check for updates ‘

Cite this: RSC Adv,, 2021, 11, 18231

Yan Ge, ©25¢ Jiapeng Tang, & 9¢ Azeem Ullah,© Sana Ullah,®

Muhammad Nauman Sarwar® and Ick-Soo Kim @ *<

Sabina chinensis is a valuable reforestation conifer and traditional medicinal plant. In order to retain the
physiological and pharmacological activities of the plant and obtain a fibrous material with better
antibacterial properties, a mixed solvent of dichloromethane and N,N’'-dimethylformamide was used to
obtain the leaf extracts, and Sabina chinensis leaf extract (ScLE)-loaded PCL/PVP microfibers were
successfully fabricated by electrospinning. The whole preparation process was carried out at room
temperature to avoid deterioration of active ingredients. From the antibacterial activity test, it was
observed that ScLE-loaded polycaprolactone/polyvinylpyrrolidone (PCL/PVP) microfibers had potential
antibacterial activity against both Gram-positive and Gram-negative bacteria stains. The morphological
properties of the prepared microfibers were observed by SEM. As the proportion of ScLE increased, the
fiber diameter gradually increased and the surface was smooth. The excess ScLE addition caused the
formation of beads during electrospinning. Considering different characterization results, 33% (v/v)
addition of ScLE to the spinning solution was the optimum ratio. The winding structure obtained by the
interaction of components in ScLE with PCL and PVP was confirmed by FTIR, XRD and WCA tests, which
indicated that ScLE-loaded microfibers possessed excellent thermal stability, tear resistance and
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1. Introduction

Sabina chinensis (L.) Ant, an evergreen tree of the family
Cupressaceae, which is mostly distributed in East Asia, is
a valuable reforestation conifer and traditional medicinal
plant.! It has two forms of leaves, namely scaly leaves and spiny
leaves. The two types of leaves of Sabina chinensis are rich in
terpenoids, including sabinene, limonene, B-pinene, bornyl
acetate, phellandrene, p-menth-1-en-4-ol and cedrol, and
flavonoids, including amentoflavone, hinokiflavone and apige-
nin.>* The Compendium of Materia Medica recorded that
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It is expected that the prepared composite microfibers have potential
applications as robust antibacterial meshes and films in the fields of biomedicine and air purification.

Sabina chinensis can be used as a diuretic to fight inflammation
and relieve congestion and can contribute to regulation of blood
sugar levels. It is very helpful to treat asthma, bladder infection,
fluid retention, gout, obesity and prostate disease.>® The leaf
extract of Sabina chinensis also exhibits mosquito repellent and
antitumor effects.”® In addition to afforestation and medicinal
purposes, the cedarwood oil and cedrol extracted from Sabina
chinensis are the main bioactive components of this plant, and
they are widely used in woody, spicy and oriental flavors for
disinfectants and sanitary products. Previous experiments have
confirmed that volatile oil from Sabina chinensis (L.) Ant leaves
has great bacteriostatic and bactericidal effects on Staphylo-
coccus aureus, Staphylococcus epidermidis and Escherichia coli.®
Experimental data have demonstrated that limonene and -
pinene in the volatile oil can significantly inhibit airborne
bacterial growth and they may be the main active ingredients
for bacteriostasis and sterilization.?

The discovery journey of artemisinin shows that some
natural products lose their physiological activity after heat
treatment.' Many volatile terpenoids with C=C bonds and
phenolic hydroxyl groups in their skeletons are unstable and
susceptible to deterioration in the presence of oxygen, light and
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temperature.” To maximize the utility of natural extracts and
prevent their deterioration, they should be preserved by
blending them with other delivery chemicals without heating.

As a simple and the oldest technology, electrospinning can
produce micro- and nanofibers with smooth and homogenous
morphology. The electrospun fibers can be applied in biomed-
icine, pharmacy, food, water treatment, air purification, energy
electronics and information engineering."”>* The electrospun
fibers can be fabricated using natural polymer or synthetic
polymer as the main substrate materials and the appropriate
solvents based on these different fields. The preparation
process shows a greater deal of autonomy and plasticity. In
particular, a non-heating process can be realized during the
electrospinning process, which is beneficial to protect natural
products and maintain their physiological activity.

Polycaprolactone (PCL) is a biopolymer that is easily soluble
in many polar organic solvents. Due to its good film-forming
ability, biocompatibility and non-toxicity, PCL is widely used
as a medical biodegradable material and drug delivery
system.?*** PCL materials have certain rigidity and strength and
good compatibility with other polymers; they can also be used
as modifiers to improve some properties of other polymers.****
In addition, PCL shows good flexibility, and its products possess
great characteristics of shape memory.***” The high hydropho-
bicity and low biodegradation rate of PCL limit its application in
the biomedical field.”®** As a synthetic water-soluble polymer,
polyvinylpyrrolidone (PVP) has excellent colloidal protection,
film-forming, adhesion, hygroscopicity, solubilization and
coagulation properties.** PVP can be dissolved in both water
and most organic solvents, and it displays low toxicity, good
biocompatibility and appropriate viscoelastic properties, which
are also rare in biopolymers.**** The hydrophilicity and biode-
gradability of electrospun PCL micro- and nanofibers are
improved by incorporating PVP into PCL organic
solution,>®>%3237

In this study, the solution extracted from fresh leaves of
Sabina chinensis by organic solvent at room temperature was
directly used as the spinning solvent. PCL and PVP were directly
added to the spinning solvent to prepare the spinning solution.
Sabina chinensis leaf extract (ScLE)-loaded PCL/PVP microfibers
were fabricated by electrospinning. The surface morphology,
mechanical performance, thermal properties, degradability and
antibacterial activity of the microfibers were characterized to
assess the potential of ScLE in combination with PCL/PVP
microfibers, which will provide a robust and compatible solu-
tion for the efficient utilization of natural extracts.

2. Materials and methods

2.1. Materials

PCL (average M,, = 80 000) and PVP (average M,, = 1 300 000)
were purchased from Sigma-Aldrich Co., Ltd. Dichloromethane
(DCM) and N,N-dimethylformamide (DMF) were purchased
from Wako Chemicals Co., Ltd. All the reagents were used as
received without further purification. The fresh leaves of Sabina
chinensis were obtained from the Faculty of Textile Science and
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Technology in Shinshu University, Tokida, Ueda, Nagano,
Japan.

2.2. Preparation of ScLE

500 g fresh leaves of Sabina chinensis cut into 0.5-1 cm segments
were divided into 5 pieces. The leaf fragments were impreg-
nated into 200 ml of a reagent mixture of DCM and DMF (4 : 1 v/
v) and then stirred in a sealed container at room temperature
for 24 h in turns. The mixture was filtered with crude filter paper
followed by ADVANTEC No. 5C paper to obtain the clarified
filtrate as ScLE for electrospinning.

2.3. Preparation of ScLE-loaded PCL/PVP microfibers

The ScLE was mixed with the mixture reagents of DCM and
DMF (4 : 1 v/v) in volume ratios of 25 : 75, 33 : 67, 50 : 50 and
100 : 0 to prepare a series of mixed solvents containing different
concentrations of ScLE. Then, PCL and PVP were dissolved in
the mixed solvents to obtain PCL/PVP mixture solutions (PCL,
10% w/v and PVP, 3.2% w/v). The resultant solution was elec-
trospun at a voltage of 12 kV, a distance of 15 cm between the tip
and drum collector and a flow rate of 1.2 ml h™". The rotating
speed of the drum collector was 30 rpm. Finally, the prepared
ScLE-loaded PCL/PVP microfibers were dried in air for 24 h and
placed in sealing bags for subsequent characterization and
evaluation. The PCL/PVP microfibers were labeled as ScLE-1,
ScLE-2, ScLE-3, and ScLE-4 according to the concentration of
leaf extract. PCL/PVP microfibers without added leaf extract
were used as a control.

2.4. Characterizations

The surface morphologies of the microfiber samples were
observed using scanning electron microscopy (SEM), JSM-
6010LA, JEOL Ltd, Japan. Before the SEM observations, the
samples were coated with platinum (Pt).

The chemical structures of the microfiber samples were
assayed on a Fourier transform infrared (FTIR) spectrometer
(JASCO FTIR-6600, Japan). All spectra were collected in trans-
mission mode in the wavelength range of 4000-400 cm™*
wavenumbers in a dry atmosphere at room temperature to
observe the possibility of any chemical interaction between
PCL/PVP and ScLE.

X-ray diffraction (XRD) was used to analyze the crystalliza-
tion characteristics of the PCL/PVP microfibers and ScLE-
loaded PCL/PVP microfibers using nickel-filtered Cu-Ka
radiation-assisted XRD diffractometry (Rotaflex RT300 maA,
Rigaku Co., Osaka, Japan). The scanning speed was maintained
at 5° min~ " and the 20 range was located from 5° to 80°.

The thermal behavior of the electrospun fibers with and
without ScLE was examined by a thermal analyzer (Thermo-plus
TG 8120, Rigaku Corporation, Osaka, Japan). The samples were
heated under normal atmosphere from 30 °C to 600 °C with
a heating rate of 10 °C min .

The mechanical properties (i.e. tensile stress, tensile strain,
and Young's modulus) of the microfiber samples were evaluated
using a Universal Testing Machine (UTM), Tesilon RTC 2504;
A&D Company Ltd., Japan. Five specimens for each sample were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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prepared following the ISO 13634 testing standard, and the
thickness of the specimens was tested primordially using
a manual micrometer with a resolution of 0.01 mm. The test
was performed at a crosshead speed of 20 mm min™ "' in
ambient temperature at 24 °C and 65% humidity.

The hydrophilicity of the microfiber samples was analyzed by
water contact angle using an automatic contact angle meter
(CA-VP, Kyowa Interface Science Co., Ltd., Japan). The water
contact angles of the PCL/PVP and ScLE-loaded PCL/PVP
microfibers were measured at room temperature using the
sessile drop method. Five readings were measured for each
sample, and the means were calculated.

2.5. Invitro degradation

The resistance of the PCL/PVP microfiber samples to degrada-
tion was determined by incubating the specimens with pH 7.4
0.01 M phosphate buffered saline (PBS, Sigma, USA) solution
according to our previous report.*® Briefly, the specimens were
immersed in 50 ml sterile PBS solution and incubated at 37 °C
for 7 days. The samples were removed from the buffer on day 3
and day 7 and were washed three times with distilled water.
After that, the specimens were placed in a vacuum drying oven
at room temperature for 24 h. The morphologies and structures
of the microfibers were examined by SEM to observe the
morphological changes after degradation. The results were
analyzed with unpaired T tests using GraphPad Prism 8.3.0.

2.6. Antibacterial test

The antibacterial activity of the PCL/PVP microfibers was tested
by the disk diffusion method.*® 107 cells per milliliter bacterial
suspensions of S. aureus ATCC 6538 (Gram-positive) and E. coli
ATCC 8739 (Gram-negative) were prepared. A 100 pl aliquot of
the resultant bacterial suspension was spread onto a nutrient
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agar plate. All the PCL/PVP microfiber samples were cut into
circular discs (10 mm in diameter) and placed on the top of the
agar plate, which was then incubated at 37 °C for 24 h. The
diameters of the inhibition zones around the specimens were
recorded to assess their antibacterial activity.

3. Results and discussion

3.1. Morphology of the PCL/PVP microfibers

Fig. 1 shows the morphologies of the electrospun microfibers of
PCL/PVP and PCL/PVP mixed with different proportions of
ScLE. The color of the spinning solutions and microfiber films
changed from light to dark with increasing proportion of ScLE
in the spinning solution. The diameter of the PCL/PVP micro-
fibers without adding ScLE was 2186 + 472 nm, and their
surface was smooth. The diameter of the microfibers with a low
ScLE concentration decreased to 1447 + 498 nm and the
observed microfiber surface became rough, which was accor-
dant with the decrease in diameter of chitosan nanofibers by
the incorporation of tea tree oil liposomes.* This probably
occurred because the diameter of the microfibers became small
and the concave-convex surface similar to the surface of the
PCL/PVP fibers was highlighted. As the ScLE proportion
continued to increase, the diameter of the fibers increased to
2621 + 776 nm and the fiber surface became smooth, which
manifested that the ScLE ingredients could be well blended
with PCL and PVP. This was consistent with the finding that the
fiber diameter increased with the increase of concentration of
tea tree oil liposomes incorporated in chitosan nanofibers in
another report.** Obviously, the influence of ScLE doping on
microfiber diameter was nonlinear. The continued increase in
ScLE proportion gradually destroyed the blend system, resulting
in fiber bifurcation and a rough fiber surface. When 100% (v/v)
ScLE was used as a solvent to prepare PCL/PVP microfibers, the
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Fig.1 SEM images of (a) neat PCL/PVP, (b) ScLE-1, (c) ScLE-2, (d) ScLE-3 and (e) ScLE-4 microfibers. (f) The color and texture of the prepared

microfiber films. (g) The average diameters of the microfibers.
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fibers became very thin and were only 1387 £ 630 nm in
diameter, accompanied by numerous beads. These beads were
induced by the fact that the electrostatic field could not effec-
tively stretch the spinning solution.*” Meanwhile, the high
electrostatic field force caused enhancement of the electrostatic
repulsive force on the liquid jet, which then increased the bead
formation on the fibers.”® The hydrophilic components in
Sabina chinensis leaves were inevitably incorporated into the
spinning solvent during the extraction, which may have affected
the stability of the organic solvent system. Moreover, the
hydrophilic components in the spinning solution would also
hinder the volatilization of the solvent in the electrospinning
process, which should be an important reason for the formation
of beads.*»*

3.2. XRD analysis

XRD studies were performed to confirm the crystalline struc-
tures of the neat PCL/PVP and ScLE-loaded microfibers (Fig. 2).
It could be observed that the PCL/PVP microfibers presented
two characteristic peaks at angles (26) of 21.8° and 23.9°, which
correspond to the characteristic peaks of PCL.*” These two
peaks slightly shifted towards high angles as ScLE was loaded
on the PCL/PVP microfibers. The shifting was consistent with
PVA nanofibers containing juniperus chinensis extracts.** In
addition, the ScLE-1 microfibers with a low added proportion of
ScLE exhibited lower intensity compared with the neat PCL/PVP
microfibers, which is coincident with the decrease of fiber
diameter shown in Fig. 1b. This result indicated that the addi-
tion of ScLE destroyed the crystallinity of the PCL/PVP micro-
fibers. With the increase of the ScLE proportion, the intensity of
the characteristic peaks continuously increased; however, the
full width at half maximum of the angle continued to decrease.
The results showed that some components of ScLE formed
small grains after solvent volatilization, whose orientation in
the fibers was enhanced, and the small grains merged into large
grains, causing higher crystallinity.*” The effect of ScLE addition

Control
ScLE-1
ScLE-2
ScLE-3
ScLE-4

—— Control
—— ScLE-1

Intensity

10 20 30 40 5 60 70 80
26(°)

Fig. 2 X-ray diffraction patterns of the neat PCL/PVP, ScLE-1, ScLE-2,
ScLE-3 and ScLE-4 microfibers.
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on the crystal structure of PCL/PVP microfibers displayed that
the hydrogen bonds among the macromolecules were broken
and then ScLE component crystals were constructed, which is
attributed to the new interactions between ScLE and the orig-
inal macromolecules, PCL and PVP.

3.3. FTIR analysis

FTIR spectra can be used to analyze the specific interactions
among molecules in microfibers. Fig. 3 shows the FTIR spec-
troscopy graphs of the PCL/PVP microfibers, ScLE-loaded PCL/
PVP microfibers and ScLE solution. It has been reported
repeatedly in the literature that the absorption peaks of PCL/
PVP microfibers were located at 2947 cm™*, 2866 cm ™' and
1723 cm™ ', which were assigned to the stretching vibration of
-CH,- and vibration of -C=0 bonds to PCL macromolecules,
and at 1667 cm ™', 1420 cm™ ' and 1291 cm™!, which were
assigned to the stretching vibration of C=0, C-C and C-N
bonds in the PVP macromolecules.’”?®* The C=O absorption
peak of the ScLE solution located at 1667 cm ™' may be caused
by DMF, and the broad peak at 3500 cm ™" indicated that ScLE
contained abundant alcohol ingredients, which provided the
possibility for the formation of hydrogen bonds between ScLE
and PVP molecules. As mentioned in the previous literature, the
interactions between PCL and PVP molecules are weak.*” This
may be related to their molecular characteristics. PCL is
a hydrophobic macromolecule that is soluble in many polar
organic solvents but insoluble in aqueous solution. PVP is
a typical hydrophilic macromolecule which has greater solu-
bility in water and most organic solvents. Due to the presence of
the lactam group, the molecular structure of PVP approximates
to the simple protein model, and it has capability to interact
with a wide range of hydrophilic and hydrophilic materials.*®
Therefore, incorporation of the appropriate amount of ScLE did
not significantly change the interaction between PCL and PVP
molecules, and their infrared absorption peaks were parallel to
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S |ScLE4 MM
T
>
£ |ScLE-3 MM
c
2
= /A wa\/‘/\/\__;w_‘.

ScLE-2

ScLE-1 MM

1723, 1291
N o
PCL/PVP 2947\/\,\ , 2866 ~
T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3 Comparison of the FTIR spectra of ScLE (solution) and the neat
PCL/PVP, ScLE-1, ScLE-2, ScLE-3 and ScLE-4 microfibers.
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those of the PCL/PVP microfibers. Notably, the C=0O stretching
vibration peak at 1667 cm™ " in sample ScLE-4 disappeared. This
implied that some hydrophilic components in the ScLE formed
intermolecular hydrogen bonds with the carbonyl oxygen of
PVP. The formation of hydrogen bonds may indicate that the
stability of the system in which the solvent volatilized in the
spinning solution and the polymer stretched to form fibers was
destroyed during the electrospinning process, which coincided
with the appearance of considerable beads shown in Fig. 1le.
The formation of hydrogen bonds was also related to the
increase of grain size in ScLE-4, indicating that the beads were
formed by the aggregation of small grains, which was identical
to the increase in the diffraction peaks corresponding to the
increase of ScLE proportion in Fig. 2.

3.4. The thermal stability of the PCL/PVP microfibers

Thermogravimetric analysis (TGA) is used to investigate the
behavior of PCL/PVP microfibers at high temperature. Fig. 4a
shows the mass loss of the PCL/PVP microfibers with ScLE
during the heating process. At the initial stage of heating (30-
100 °C), the mass of PCL/PVP microfibers containing ScLE did
not decrease significantly, testifying that the ScLE components
were firmly combined with PCL/PVP microfibers. This may be
due to the consistency of plant extracts and spinning solvents,
which was different from the other fibers prepared by adding
plant extracts. Those fibers possessed moisture and highly
volatile components; therefore, their TGA plot demonstrated
almost the same trend.***° It could be observed that the ScLE-1,
ScLE-2, ScLE-3 and PCL/PVP microfibers were thermally stable
up to 280 °C and exhibited consistent degradation until 400 °C,
where they reached the combustion stage. As shown in Fig. 4b,
the maximum rate of oxidative degradation for all samples
occurred at 400 °C. The onset temperature for ScCLE-4 micro-
fibers occurred at a lower temperature (180 °C) because the
amount of ScLE exceeded the encapsulation capacity of PCL/
PVP. The ScLE was dissociated and evaporated firstly from the
microfibers at temperatures above 180 °C. At the same time, the
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excess ScLE may have destroyed the intermolecular interaction
of the PCL/PVP microfibers, and the rate of mass loss was faster
than that of the other microfibers. Therefore, the low thermal
stability of the ScLE-4 microfibers can be associated with their
loose structure. However, ScLE-1, ScLE-2, ScLE-3 and ScLE-4 all
had sufficient thermal stability for antibacterial applications.

3.5. Mechanical properties of the PCL/PVP microfibers

For the aims of biomedicine and air purification, antibacterial
fibers should possess adequate mechanical properties, such as
strength, toughness, softness and elasticity. Human tissues and
organs demonstrate a diversity of mechanical properties. They
are mainly divided into soft tissue and hard tissue. Soft tissue
includes spinal cord, skin, muscle, brain, serpentine, nanowire
on elastomer, metal mesh, endocranium and pericardium,
whose Young's moduli range from 1 kPa to 100 MPa.*® More-
over, antibacterial fiber meshes formed by microfibers are used
as filters and barriers for air purification. They also need to
possess high mechanical strength under the condition of
continuous airflow.** Fig. 5 shows the tensile curves and prop-
erties of the PCL/PVP microfiber meshes. The Young's modulus
of the neat PCL/PVP microfibers was 2.55 + 0.06 MPa, and the
Young's modulus of the PCL/PVP microfibers increased gradu-
ally after adding ScLE. The maximum Young's modulus of ScLE-
2 was obtained at 4.17 £ 0.14 MPa. This indicated that a small
amount of ScLE component crystals could form a benign crystal
structure with the PCL/PVP and PVP macromolecules entangled
on the ScLE component crystals, which was helpful to improve
the rigidity of the fiber. As the ScLE proportion continued to
increase, the Young's modulus of the PCL/PVP microfibers
gradually decreased. The Young's modulus of ScLE-4 was only
0.27 + 0.07 MPa when the spinning solvent was completely
replaced by ScLE. These results showed that the excess ScLE
component crystals combined with PCL/PVP to destroy the
original hydrogen bonds among the PCL molecules, resulting in
a decrease of the fiber strength. ScLE-2 excelled in terms of
ultimate tensile strength among the samples, up to 4.97 MPa.
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and the PCL/PVP microfiber meshes containing ScLE.

The ultimate tensile strengths of ScLE-1 and ScLE-3 coincided
with neat PCL/PVP microfiber mesh. Neat PCL/PVP microfibers
had superior toughness and softness, and their failure stretch
ratio reached 67.76%. The change trend in elongation at break
of the prepared PCL/PVP microfiber mesh was consistent with
the fiber diameter distribution in SEM, which indicated that the
effect of ScCLE on the elongation at break of the PCL/PVP
microfibers was closely related to the fiber diameter. It is
worth noting that although severe deformation or partial frac-
ture in the ScLE-2 occurred in the tensile process, it could still
adapt to the subsequent tensile process by reducing the tensile
stress and avoid complete fracture to a certain extent, which
represented outstanding tear resistance. This may contribute to
the helical structure of most fibers in ScLE-2 and the “broken
lotus root but joined fibers” effect obtained in the tensile
process,® which further displayed the high strength and
toughness of ScLE-2. In contrast, the poor mechanical proper-
ties of ScLE-4 were ascribed to the unstable fiber morphology
caused by the poor interaction between excessive ScLE compo-
nents and polymer molecules.

3.6. Hydrophobic-hydrophilic properties of the PCL/PVP
microfibers

The water contact angle (WCA) can reflect the hydrophilic and
hydrophobic properties of materials. Although PCL has good
cell adhesion and proliferation effects, PCL is water-insoluble
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and a typical hydrophobic polymer, which limits the applica-
tion of PCL in biomedicine. Typically, PVP is mixed with PCL to
improve the hydrophilicity of the fibers.”®**** Fig. 6a shows the
WCA of the PCL/PVP microfibers prepared with different SCLE
concentrations. The WCA of the microfiber membranes without
ScLE was less than 10°, and their surfaces showed good
hydrophilicity, which coincided with the high hydrophilicity of
PCL fibers with added PVP in a previous report.>* When ScLE
was incorporated into the spinning solution, the WCA of the
PCL/PVP microfibers sharply increased to about 90°. The WCA
of the PCL/PVP microfibers slightly increased with the increase
of the ScLE proportion. The water contact angle of 90° was the
dividing line between hydrophilicity and hydrophobicity. The
ScLE-1, ScLE-2 and ScLE-3 microfibers represented interme-
diate states between hydrophilicity and hydrophobicity, which
would aid their application in biomedicine. Meanwhile, the
hydrophobicity was also of benefit to the antibacterial activity
and slow degradation of the microfibers.**** Many hydrophobic
components in ScLE improved the hydrophobicity of the
microfiber membranes, and trace amounts of the hydrophilic
components in ScLE were inserted between the PCL and PVP
molecules to form hydrogen bonds with the carbonyl oxygen of
PVP; this greatly reduced the effect of the hydrophilic groups,
namely lactam bonds, in PVP. The methylene groups of the
alkane chain and the pyrrolidone ring in PVP are hydrophobic
groups, which twined around the hydrophilic zone composed of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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schematic of the interaction between PVP and the hydrophilic components in ScLE.

hydrophilic components and lactams to form a linear structure,
just as DNA tightly wraps around histones (Fig. 6b). Addition-
ally, the winding structure had similar mechanical character-
istics to a helix structure during the stretching process, which
could store more stress as potential energy.*>*® Therefore, the
properties of ScLE-2

outstanding mechanical indirectly

confirmed the existence of winding structure in the microfibers
(Fig. 5).

3.7. Invitro degradation of the prepared microfibers

As tissue engineering materials, the degradation rate of fibers is
an important design factor. The space supported by fibers can

o
1

Y
1
(@)

Diameter of microfibers (Lm)
m

>

Fig. 7

(a) SEM images and (b) statistical results of electrospun fibers treated with PBS solution. p values of <0.05 were considered to be

statistically significant: **, p < 0.01; *** p < 0.001; **** p < 0.0001. ns, p > 0.05, which indicates no significant difference among the two groups.
The circles represent the microfibers in the initial state, and the squares and the triangles indicate that the microfibers are soaked in PBS solution

for 3 days and 7 days, respectively.
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maintain matrix deposition and tissue ingrowth in order to
ameliorate the quality and quantity of regenerated tissue.*
Meanwhile, the fibers also should have capability of retaining
a stable structure and resisting the erosion of water vapor and
salt for application in air purification. Fig. 7a shows the changes
of the morphology of the fibers after treatment with PBS solu-
tion for 3 days and 7 days. After 3 days of treatment, the surface
of the neat PCL/PVP microfibers was smooth, and there was no
significant change compared with the surface before treatment.
A few burrs appeared on the surface of ScLE-1. The burrs on
ScLE-2 and ScLE-3 increased incrementally with the increase of
the ScLE proportion, demonstrating that ScLE was being
released at an accelerated rate. However, the fiber morphology
of ScLE-4 did not seem to change; the reason for this may be
that excessive ScLE significantly enhanced the hydrophobicity
of the fibers to resist the erosion of PBS.>”*® The morphology of
the neat PCL/PVP microfibers remained unchanged after
treatment for 7 days. There were some adherents on the surface
of ScLE-1, which may be the result of partial swelling of the
fibers. The burrs of ScLE-2 and ScLE-3 disappeared gradually,
indicating that the fiber morphology recovered and the struc-
ture was stable after the release of ScLE. Similar to ScLE-1, ScLE-
4 displayed a large number of adherents on the surface of the
fibers and beads, which illustrated that the structure began to
disintegrate. According to the statistical results of the fiber
diameters in Fig. 7b, it could be confirmed that the neat PCL/
PVP microfibers experienced the process of swelling and
thickening first, followed by dissolving and thinning from
outside to inside. There was no statistical difference in diameter
after ScLE-1, ScLE-2 and ScLE-3 were treated with PBS for 3 days
and 7 days, which showed that the ScLE addition improved the
hydrophobicity of the fibers and effectively resisted the erosion
and degradation of PBS solution to the fibers. It is noteworthy
that the fiber diameter of ScLE-4 decreased significantly after 7
days of PBS treatment, manifesting the occurrence of degrada-
tion, which was consistent with the situation reflected in Fig. 7a.
Although excessive ScLE increased the hydrophobicity of the
fiber surface, it also led to an unstable structure (fibers-beads),
which was more likely to cause the fibers to disintegrate in PBS
solution.
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3.8. Antibacterial activity test

The antibacterial activity of the neat PCL/PVP microfibers and
PCL/PVP microfibers loaded with ScLE was assessed using the
disc diffusion test against Gram-positive (S. aureus) and Gram-
negative (E. coli) bacteria. The results of the antibacterial
activity test are shown in Fig. 8. There was no transparent zone
of inhibition around the pure PCL/PVP microfiber disc,
demonstrating that it did not have any antibacterial activity
against S. aureus or E. coli. Meanwhile, the PCL/PVP microfiber
disc prepared with ScLE as the electrospinning solvent revealed
excellent antibacterial properties. The antibacterial activity of
ScLE-loaded PCL/PVP microfibers against S. aureus was
enhanced with the increase of the ScLE proportion (Fig. 8b).
Additionally, the active ingredients of ScLE diffusing from the
PCL/PVP microfiber disc at the edge of the inhibition zone
overlapped with each other, resulting in transparent areas
outside the inhibition zone. This showed that ScLE exhibited
good antibacterial effects on S. aureus and that ScLE had
excellent migration and diffusivity. It was reported that
Cupressus essential oil could kill microorganisms in the air,
which could be applied in commercial air purification.** The
inhibition effects of ScLE-loaded PCL/PVP microfibers against
E. coli increased with increasing ScLE ratio up to ScLE-3
(Fig. 8b). The inhibition zone of ScLE-4 to E. coli was smaller
than that of ScLE-3, which may be due to the instability of the
bead structure in ScLE-4 and the excessive volatilization of
active components in the sample in the process of sample
preservation and the experiment. These results suggest that the
morphology of the fibers is crucial to affect the performance of
antibacterial agents with strong migration and diffusivity.

4. Conclusions

Electrospun ScLE-loaded PCL/PVP microfibers were success-
fully prepared by adding the extracts of Sabina chinensis leaves
extracted with DCM and DMF at ambient temperature. The
hydrophilic components in ScLE interacted with the PVP
macromolecules to form a winding structure, which promoted
the aggregation of microcrystals during electrospinning of the
PCL/PVP solution and enhanced the surface hydrophilicity of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the microfibers. Simultaneously, this winding structure could
store the stress as potential energy, displaying excellent
mechanical properties. The hydrophilic and hydrophobic
components in ScLE were effectively encapsulated by this
winding structure to improve the thermal stability and degra-
dation resistance of the fibers. ScLE-loaded PCL/PVP micro-
fibers showed excellent antibacterial activity for both Gram-
positive and Gram-negative bacteria, and the inhibition effect
was stronger on Gram-positive bacteria. The ScLE-2 microfibers
were considered better, as this sample presented better
morphological, surface, thermal and tear resistance properties;
hence, they are recommended for further production of
microfibers. They can be applied in biomedical and air purifi-
cation fields as antibacterial fiber materials.
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