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It is of great importance and a major challenge to achieve a controlled delivery of specific types of active
ingredients for tissue regeneration. Herein, we report a system comprised of electrospun quad-axial
nanofibers fabricated by quadriaxial electrospinning, with the material components in the different lay-
ers can be well regulated. The quad-axial nanofibers allow the regulation of the type of materials in dif-
ferent layers as well as the manipulation of the location of drug in the nanofibers, representing a
promising controlled drug release system. In one typical example, we apply polycaprolactone to con-
struct both the outermost and second innermost layers while gelatin to construct both the second outer-
most and innermost layers. The nanofibers with a cleared four-layered nanostructure are confirmed by
morphological evaluations. Moxifloxacin, a type of antibacterial drug serving as a model of therapeutic
payload, is encapsulated in the different layers of the nanofibers, realizing an effective control of the drug
delivery. In addition, the efficacy for drug delivery with the use of quad-axial nanofibers is superior to
that of core-sheath and blended nanofibers. This quadriaxial electrospinning technique can be widely
used for the co-delivery of factor cocktails in a designed sequence, which will show great potential for
tissue engineering.
� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The regeneration of defected tissue is a complex process, which
can be usually divided into several stages [1]. For example, the
healing process of bone defects consists of four stages: hematoma
formation (including inflammation), fibrogenic callus formation,
osseous callus formation, and callus reconstruction or remodeling
[2]. In general, during this long rehabilitation process, different
types of drugs or growth factors are required for the typical stages
due to the specific emphases during the healing process [3]. For
instance, controlled co-delivery of bone morphogenetic protein-2
(BMP-2) and connective tissue growth factor could allow the two
factors working together to stimulate the activity of osteoblasts
and promote bone formation [4]. Sustained delivery of vascular
endotheliar growth factor (VEGF) and collagen from hyaluronan-
poly(L-lactide) core-sheath nanofibers also indicated the improve-
ment of bone regeneration [5]. Therefore, it is desirable to fabricate
a scaffold capable of delivering specific types of growth factors or
drugs during the different stages to improve the efficacy of tissue
regeneration.

Among various methods for producing the scaffold, one promis-
ing strategy is based on electrospinning, through which drugs can
be introduced into the nanofibrous scaffold and their release in dif-
ferent time ranges can be controlled [6]. Because of their capability
of mimicking the structure and component of the extracellular
matrix (ECM) in a certain extent, electrospun nanofibers have
gained widespread interests for drug delivery and tissue engineer-
ing [7–11]. Various types of materials have been utilized for elec-
trospinning to fabricate nanofiber platforms for regulating cell
adhesion, proliferation, and differentiation [12,13]. The morphol-
ogy, physical properties, and biodegradability of electrospun nano-
fibers, as well as drug release from the nanofibers can be adjusted
through the optimization of the fabrication parameters [14–16].
Typically, the drug release rate can be controlled through diffusion
or accompanied by polymer degradation [17–20]. For example, a
mixture of three types of active ingredients (i.e., BMP-2, VEGF
and mineralization drug Ca-P) were integrated with polymers to
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produce electrospun nanofiber scaffolds [18,19]. In the case of
retaining their biological activity, the three drugs can be released
simultaneously. However, the use of hybrid electrospinning meth-
ods cannot achieve the orderly release of drugs on demand. There-
fore, it is of great importance to prepare a nanofiber scaffold for
providing the specific type of drug at the targeted therapeutic
stage, which remains to be a challenge.

Tackling these challenges, co-axial electrospinning has been
investigated to prepare co-axial nanofibers [21]. Through a careful
design of the matrix materials and the protective effect of the
sheath layer, two different types of drugs can be separately encap-
sulated in the core and sheath layers and then released at different
rates [22]. In one study, acyclovir was loaded in the sheath and
bovine serum albumin in the core, respectively, of co-axial nanofi-
bers, and a controlled release of the two types of drugs was
achieved [23]. A similar result was also observed by integrating
ampicillin in the core and bovine serum albumin in the sheath of
co-axial nanofibers [24,25]. The core-sheath structure not only
enhances drug encapsulation but also accomplishes controlled
and sustained drug delivery [26–28].

Co-axial electrospinning of multiple-fluids has been further
developed to improve the versatility and controllability of the sys-
tem [29–31]. For example, tri-axial electrospinning is used to fab-
ricate tri-axial nanofibers composed of different biodegradable
polymers in each layer, enabling their application for regulating
the delivery of typical payloads [32]. In one study, tri-axial nanofi-
bers were developed by triaxial electrospinning, with gelatin used
as both the sheath and core layers while polycaprolactone (PCL) as
the middle layer [7]. By regulating the matrix materials of the tri-
axial nanofibers, a controlled release of ibuprofen and ketoprofen
was realized [30]. In order to endow the nanofibers with a more
stratified drug release ability, quadriaxial electrospinning has been
explored recently. Quad-axial fibers made of four different biocom-
patible polymers, i.e., polyethylene glycol, poly(lactic-co-glycolic
acid), PCL, and polymethylsilsesquioxane, in different layers were
fabricated [33]. The incorporation of different dyes within the sys-
tem confirmed the fabrication of the quad-axial core-sheath struc-
ture. To this end, quad-axial nanofibers show great promise in
regulating the release of payloads, and it is of great importance
to investigate their capability for controlling the release of thera-
peutic drugs.

Numerous natural and synthetic polymers have been investi-
gated to fabricate nanofiber scaffolds for drug delivery and tissue
engineering. PCL, a semi-crystalline biodegradable polyester, has
been intensively used in tissue engineering because of its excellent
mechanical properties [34,35]. However, despite its good mechan-
ical strength, PCL shows strong hydrophobicity, poor cell attach-
ment, slow biodegradation rate and lack of bioactive functions
[36]. Co-electrospinning of PCL with other bioactive materials such
as gelatin can increase the biocompatibility of the obtained nano-
fibers and promote the efficacy of the fabricated scaffolds for tissue
regeneration [37]. Gelatin has a unique advantage in controlled
drug delivery owing to its attractive characteristics, such as good
biocompatibility and biodegradability [38]. Electrospun nanofibers
made of the hybrid of PCL and gelatin, with adjustable biodegrada-
tion rates and drug delivery profiles, have been successfully used
for drug delivery and tissue regeneration [39].

In the present work, we applied quadriaxial electrospinning to
form a compound jet made of four-layered fluids in a concentric
manner, and then we investigated the generation of quad-axial
nanofibers by varying the material component of the four different
layers (Fig. 1). Due to its long half-life and less adverse reaction,
without developing drug resistance, moxifloxacin (MXF), a broad-
spectrum antibacterial quinolone drug, is often applied for clinical
treatment of infection in skin and soft tissues [40]. Therefore, MXF
serving as a therapeutic factor was then loaded in the different
2

positions of the nanofibers [41]. Afterwards, we investigated the
release behavior of the drug from the quad-axial nanofibers. As a
comparison, the drug was also loaded in the nanofibers made of
a mixture of PCL and gelatin, or encapsulated in the core of PCL-
gelatin core-sheath nanofibers, which were fabricated by single-
spinneret or core-axial electrospinning, respectively. This work
aims to provide valuable information for the development of a
multifunctional system based on multilayered coaxial nanofibers
for controlled drug delivery.
2. Materials and methods

2.1. Materials

PCL (Mn � 80 kDa), dimethyl sulfoxide (DMSO), and 3-(4,5-dime
thylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were all
obtained from Sigma-Aldrich (USA). Gelatin (Type B) was obtained
from Rousselot (France). MXF was purchased from Shanghai Mack-
lin Biochemical Technology Co., Ltd. (China). Cell Counting Kit-8
(CCK-8), tryptone, yeast extract, nutrient agar, dulbecco’s modified
eagle medium (DMEM), fetal bovine serum (FBS), and phosphate
buffer saline (PBS, PH = 7.4) were purchased from Hyclone (USA).
Trifluoroethanol (TFE) was purchased from Aladdin. L929 mouse
fibroblasts cells were kindly donated by Jishuitan Hospital. Staphy-
lococcus aureus was purchased from China General Microbiological
Culture Collection Center.
2.2. Fabrication of quadriaxial electrospun nanofibers

A quad-axial needle consisting of four concentric hollow nee-
dles, with an inner diameter of 0.40 1.07, 1.90 and 2.54 mm,
respectively, was used as the spinneret during quadriaxial electro-
spinning to generate a quad-axially electrified jet. Four syringe
pumps were used to separately drive four fluids into the outer-
most, second outermost, second innermost, and innermost needles
at controllable flow rates. As shown in Fig. 1, when these fluids
meet at the exit end of the quadriaxial needle, the outer fluids will
wrap around the inner fluids to form a compound Taylor cone in
the presence of an external electric field, followed by the ejection
of a quadriaxial jet. Finally, quad-axial nanofibers with distinct
compositions will be obtained.

In our typical experiment, PCL pellets and gelatin were sepa-
rately dissolved in TFE to obtain homogeneous electrospinning
solutions at a concentration of 6 wt%. The PCL solution was applied
as the outermost and second innermost fluids, and gelatin solution
was applied as the second outermost and innermost fluids, respec-
tively. In order to obtain the quad-axial nanofibers, we optimized
the parameters for the quadriaxial electrospinning by a large num-
ber of pre-experimental explorations, and set the fluid speeds as
1.3, 0.3, 0.3, and 0.1 mL/h, respectively, from the outermost to
the innermost layers. In this case, in the generated quad-axial
nanofibers with multiple-layered structure, the outermost and sec-
ond innermost layers were made of PCL, which were labeled as
PCL-out and PCL-in, respectively; while the second outermost
and innermost layers were made of gelatin, which were labeled
as Gel-out and Gel-in, respectively. To investigate the influence
of the loading position of the drug in the nanofibers on their
release profile, we separately encapsulated MXF in the four differ-
ent layers of the nanofibers by dissolving MXF in the corresponding
electrospinning solutions at a mass ratio of 3 wt% to the corre-
sponding polymer components. Four different types of drug-
loaded quad-axial nanofibers were thus generated.

As control groups, co-axial and blended nanofibers were also
fabricated for drug release. For coaxial electrospinning, PCL pellets
were dissolved in TFE at a concentration of 6 wt% and applied as



Fig. 1. Schematic diagram of quadriaxial electrospinning. The inset in the upper right shows a photograph of the concentric spinneret.
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the outer fluid. Gelatin was dissolved in TFE at a concentration of
6 wt%, and then MXF, at a mass ratio of 3 wt% to gelatin, was added
to the solution. After stirring for 24 h, a homogeneous solution was
obtained and applied as the inner fluid. The outer and inner fluids
were simultaneously pumped out through a coaxial spinneret at a
speed of 1.6 and 0.4 mL/h, respectively, to produce the core-sheath
PCL-gelatin nanofibers. For blending electrospinning, PCL and gela-
tin (at a mass ratio of 4:1) were simultaneously dissolved in TFE at
a concentration of 6 wt%, and then MXF, at a mass ratio of 3 wt% to
the polymer component, was added to the solution. After electro-
spinning with the use of hollow needle, blended nanofibers made
of the mixture of PCL and gelatin and encapsulated with the drug
were generated. To better distinguish the different samples and
evaluate the influence of the fiber structure on the drug release,
the blended, core-sheath, and quad-axial (when MXF was loaded
in the innermost gelatin layer) nanofibers were named as 1-NF,
2-NF, and 4-NF, respectively.

2.3. Morphology characterization of the electrospun nanofiber
membranes

The morphology of the nanofibers was observed under the
scanning electron microscope (S4800, Hitachi, Japan) at a voltage
of 5 kV. The average diameter of the nanofibers was measured
using the Image J software from 200 nanofibers at random loca-
tions of the scanning electron microscopy (SEM) images [42].

2.4. Internal structure of the electrospun nanofibers

During quad-axial electrospinning, a carbon coated copper grid
was placed on the top of the collector, and the nanofibers were
deposited onto the copper grid for several seconds. Afterwards,
the internal structure of the nanofibers was observed under a
transmission electron microscope (H-800, Hitachi, Japan).

2.5. In vitro biodegradation of the electrospun nanofiber membranes

The nanofiber membranes were cut into circles with 2 cm in
diameter, accurately weighed, and then soaked in 5 mL of PBS solu-
tion in the wells of a 12-well plate at 37�C. At predetermined time
3

points, the samples were washed with deionized water for three
times, dried at room temperature until no mass change, and then
weighed. The weights of the samples were plotted against time
to obtain the degradation profile of the nanofiber membranes [42].

2.6. Drug release profile of the electrospun nanofiber membranes

The drug release profiles of different types of electrospun nano-
fiber membranes were tested by soaking the samples in PBS solu-
tion at 37�C. At predetermined time points, the solutions were
collected for UV–vis characterization and replaced with fresh PBS
to maintain the sink condition. The concentration of released drug
was determined by a UV–vis spectrophotometer (UV-1700, Macy
instrument, China) at 296 nm. The percentages of released drug
at typical points of time were calculated based on the weight of
the drug incorporated in the nanofiber membranes. Triplicate sam-
ples were used for each group.

2.7. In vitro biocompatibility of the electrospun nanofiber membranes

L929 mouse fibroblasts were used as the model cells to test the
in vitro biocompatibility of the different types of nanofiber mem-
branes. The cytotoxicity of each type of membrane was evaluated
by MTT assay following the below steps [43]. The sample was
cut into a disc at a diameter of 3 cm, sterilized, and then soaked
in 5 mL DMEM. After 24 h, the culture medium was retrieved, fil-
trated, and then mixed with FBS to obtain the extraction solution
of the sample. Afterwards, the cells were resuspended in 100 lL
of the extraction at a density of 1 � 104 cells/mL and then added
to the well of a 96-well plate. After incubation for 24, 48, and
72 h in a cell incubator at 37�C under 5% CO2 atmosphere, respec-
tively, the morphologies of the cells were observed under an
inverted microscope. To characterize the relative growth rate
(RGR) of the cells after incubation in the extraction solutions of dif-
ferent samples, 20 lL of MTT solution was added to each well fol-
lowed by incubation for another 4 h. Afterwards, the solution in
each well was replaced by 200 lL DMSO. The optical density (O.
D.) of the obtained solution at 630 nm was measured using a
microplate reader. The cells were also incubated in the cell culture
medium and in DMSO, respectively, to serve as the blank control
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group and the negative group. Triplicate samples were used for
each group.

The RGR was calculated by using equation (1):

RGRð%Þ ¼ ODtest � OD0

ODcontrol � OD0
� 100%: ð1Þ

Herein, ODtest, ODcontrol and OD0 represent the optical densities
of the experimental group, negative control, and blank control,
respectively.

The viabilities of L929 cells proliferated on the different types of
nanofiber membranes were evaluated by CCK-8 assay [44–45]. The
membranes were cut into circles at a diameter of 3 cm, sterilized,
and then fixed in the well of a 24-well plate by Cell-CrownTM. L929
cells were resuspended in DMEM supplemented with 10% FBS and
antibiotics at a density of 4.0 � 104 cells/mL. Then, the mixture of
cell culture medium (900 lL) and cell suspension (100 lL) was pla-
ted onto the sample, and the cells were incubated at 37℃ under 5%
CO2 atmosphere. The cell culture medium was changed every two
days. At days 1, 3, 5, and 7, CCK-8 (100 lL) solution was added to
the medium of each well and incubated for 4 h. Then, the culture
medium was transferred into a 96-well plate for O.D. measure-
ments at 450 nm. The cells incubated on the tissue culture plate
was set as the blank control group. To observe the morphologies
of the cells cultured on the different types of nanofiber mem-
branes, the cells were washed with PBS for three times, fixed with
3% glutaraldehyde solution for 2 h, and dehydrated through a ser-
ies of graded ethanol solutions. After totally dried out, the mor-
phologies of the cells on the membranes were characterized
using SEM.

2.8. In vitro antibacterial function of the electrospun nanofiber
membranes

The antibacterial activities of the different types of nanofiber
membranes against Staphylococcus aureus (S. aureus), a typical type
of gram-positive bacterium, were determined by the following
method [46]. Briefly, the suspension of the bacteria was inoculated
into Luria-Bertani (LB) medium and then incubated at 37�C. After
24 h, isolated bacterial colonies were resuspended until the turbid-
ity was compatible with 1.0 Mac Farland. Afterwards, 100 lL bac-
terial suspension was spread onto the agar plate in a culture dish,
and then square sample with a width of 1.0 cm was placed on the
top. Triplicate samples were evenly distributed and placed on the
same petri dish. After incubation for different periods of time at
37�C, photos were taken, and the diameters of the inhibition zones
were measured [45]. Triplicate samples were used for each group.

2.9. Statistical analysis

All quantitative data were expressed as mean ± standard devia-
tion (SD). Statistical analyses were performed using the OriginPro 8
software (Hampton, OriginLab).
3. Results and discussion

3.1. Morphologies of the electrospun nanofiber membranes

Nanofiber membranes composed of blended, core-sheath, and
quad-axial nanofibers were fabricated using 1 single hollow needle
(1-NF), co-axial needle (2-NF), and quad-axial needle (4-NF),
respectively, and their morphologies are reflected by the SEM
images, as shown in Fig. 2a-c. For all the three types of the nanofi-
ber membranes, the nanofibers exhibited a smooth surface with no
beads formed and were deposited randomly with interconnected
pores. The average diameters of the nanofibers for the 1-NF, 2-
4

NF, and 4-NF membranes were 440 ± 170, 650 ± 210, and
780 ± 110 nm, respectively, indicating the increase of the diameter
with the layers in the individual nanofiber. It is rather remarkable
that the diameter of the nanofibers and the thickness of the differ-
ent layers can also be changed by modifying the flow rates of the
fluids. The porous structure provided the nanofiber membranes
with both permeability and flexibility, which are desirable for the
competent drug release for tissue regeneration.

To ensure a robust and reproducible generation of quad-axial
nanofibers with four layers, a high co-axiality of the quad-axial
needle is the preliminary request. In addition, the four fluids
should have sufficient viscosities to keep the jet continuous. The
miscibility among the four fluids is also an important factor, as it
will be difficult to generate a quadriaxial jet from four fluids that
are rapidly miscible. The different parts of the jet should be
stretched simultaneously to generate four-layered nanofibers by
avoiding possible mixing or inversion of the four fluids. The four
fluids should also have similar dielectric properties to ensure a
similar electrical force. In addition, the flow rates of the fluids need
to be carefully adjusted to ensure that the inner fluids will be fully
wrapped by the outer fluids. Under the premise of meeting these
technical requirements, we obtained the quad-axial nanofibers
through quadriaxial electrospinning. Fig. 2d depicted a transmis-
sion electron microscopy (TEM) image of the generated nanofibers.
It exhibited a clear four-layered structure, with the PCL layer
showed a dark gray color and the gelatin layer showed a light gray
color. From the innermost core to the outermost sheath, the four
layers were made of gelatin, PCL, gelatin, and PCL, respectively.
These differences in color could be attributed to the different
matrix in each layer. To further confirm the quad-axial structure
of the nanofibers, we also added phalloidin (yellow) and Rho-
damine B (red) to the gelatin and PCL components, respectively,
by adding the dyes to the corresponding polymer solutions for
electrospinning. From the fluorescence micrographs of the nanofi-
bers in Fig. 2, e and f, an obvious four-layered structure, which
were marked as green and red from innermost to outermost alter-
nately, were observed. Compared with the electrospun core-sheath
nanofibers, the addition of the third and fourth layers were
realized.
3.2. In vitro biodegradation of the nanofiber membranes

It is of great importance that the implanted nanofiber mem-
branes can synchronize their degradation and tissue regeneration
to minimize long-term interference [47,48]. Fig. 3 shows the mass
losses of the different nanofiber membranes within 7 days. The
hydrophilic natural polymer gelatin hydrolysis rapidly in PBS while
PCL takes about two years to fully degrade [49]. Due to the degra-
dation of gelatin, all the three types of nanofiber membranes
showed an obvious mass loss within the first week. The nanofiber
membranes composed of 2-NF exhibited the fastest degradation
rate, which could be attributed to the quick dissolution of the
hydrophilic gelatin in the core component and the percent differ-
ence of the gelatin component in the nanofibers. The percentage
of mass loss of the 4-NF membrane was similar to that of 2-NF,
which could be attributed to the dissolution of the two layers made
of gelatin. Even though under the protection of the two PCL-layers,
when the surrounding fluid contacted with gelatin to make it start-
ing dissolve, the dissolution of gelatin would be accelerated. For
the membrane made of blended nanofibers, the mass loss was also
attributed to the degradation of gelatin, during which the gelatin
was mixed with PCL component, leading to a slower degradation
rate.



Fig. 2. SEM images of the nanofiber membranes composed of (a) 1-NF, (b) 2-NF, and (c) 4-NF, respectively. (d) TEM image and (e-f) optical micrographs of a quad-axial
nanofiber.

Fig. 3. Mass loss of the different types of nanofiber membranes after in vitro
degradation for 7 days.
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3.3. Drug release profiles of the electrospun nanofiber membranes

The drug release profile of a scaffold greatly affects its efficacy
for disease treatment and tissue regeneration. Securing an appro-
priate drug release profile is essential for the nanofiber membranes
to be used in an in vivo application. The drug release profiles of the
three types of nanofiber membranes are presented in Fig. 4. For all
5

the three types of nanofiber membranes, a burst release of about
50–60% of drug was observed. Afterwards, the drug was released
at a slower rate. In addition to diffusion of the drug component
from the nanofibers into the surrounding environment, polymer
degradation also contributes to the drug release [49]. When the
percentage of drug released from the nanofiber membrane was cal-
culated to measure the degradation rate, drug release accompanied
by gelatin degradation illustrated the sorting of drug release rates
herein. From Fig. 4a, the rate of drug release from the 4-NF mem-
brane was the slowest, which could be attributed to that the drug
was loaded in the innermost layer of the nanofibers and protected
by the three outer layers. For the nanofiber membranes made of
core-sheath nanofibers and blended nanofibers, they did not show
significant differences for the drug release rates. From the degrada-
tion experiments, the degradation rate of 2-NF was quicker than
that of 1-NF due to the core-sheath structure and the dissolution
of the gelatin layer. At the same time, however, the sheath layer
in a core-sheath nanofiber could retard the release of drug from
the inner core. Therefore, these two reasons led to the results of
the non-significant difference in their drug release rates.

In order to evaluate the influence of the drug loading position in
the nanofibers on the release profile, we separately loaded the drug
in the four different layers of the quad-axial nanofibers to fabricate
different types of nanofiber membranes. The drug was loaded in
the innermost gelatin, inner PCL, outer gelatin, and outermost



Fig. 4. The cumulatively released percentage of drug from the different types of
nanofiber membranes composed of blended (1-NF), core-sheath (2-NF), and quad-
axial (4-NF) nanofibers, respectively. The cumulatively released (b) percentage and
(c) concentration of drug when loaded in the different position of the nanofiber
membranes.
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PCL layers, respectively, and the obtained nanofiber membranes
were labeled as Gel-in, PCL-in, Gel-out, and PCL-out. The cumula-
tively released percentages and concentrations of the drug are pre-
sented in Fig. 4, b and c, respectively. For all the nanofiber
membranes, the curves of the drug release profiles exhibited a
downtrend of the slope of the tangent line, indicating a sustained
drug release performance of 4-NF. Moreover, when drug was
loaded in the innermost layer, the slope of the tangent line reached
a minimum value, which proved that the slowest drug release rate
was obtained when the drug was loaded in the Gel-in layer, provid-
ing valuable information for fabricating controlled drug release
system based on multilayered nanofibers. From the curve indicat-
ing the cumulatively released percentage of the drug, we found
that the release rate of the drug loaded in the two inner layers
made of gelatin and PCL was the slowest, while the release rate
when the drug was loaded in the outermost PCL was the fastest.
The degradation of gelatin and the diffusion of drug happened
6

simultaneously for the two groups of loading drug in the gelatin
layer. Defects in the outermost PCL layer and exposure of the inner
gelatin layer both led to the quicker release of the drug from Gel-
out than PCL-out, for the degradation rate of gelatin far outweighed
that of PCL. Regarding the Gel-in and PCL-in, a slower drug release
rate could be attributed to the outer layers’ protection, under
which they showed a delayed drug release profile compared to
Gel-out and PCL-out. The third layer’s surrounding accounted for
the slowest drug release rate of the Gel-in.

3.4. In vitro biocompatibility of electrospun nanofiber membranes

The good biocompatibility of a scaffold is one of the basic
requirements for its in vivo application. As shown in Fig. 5a, all
the nanofiber membranes showed no cytotoxicity towards L929
cells, with RGR > 90% after incubation in the extracted media of
the membranes for 24 h. After incubation for 48 h and 72 h, the
RGR of the cells still exceeded 80%, indicating that the three types
of nanofiber membranes showed no cytotoxicity towards L929
cells. As shown in Fig. 5b, L929 cells exhibited healthy morpholo-
gies as spindle shapes, which further proofed that the electrospun
nanofiber membranes did not adversely affect the growth of L929
cells. To this end, the cytotoxicity results indicated the safety of
using the quad-axial electrospun nanofiber membranes as a poten-
tial drug delivery system in vivo.

Attachment and proliferation are the first phase in cell-material
interactions and have significant influence on cell proliferation rate
and morphology [45]. As shown in Fig. 6a, all the nanofiber mem-
branes supported the proliferation of cells, on account of the
increasing number of cells and the consistently good growing con-
dition of cells. In the first 3 days, cells exhibited a preference to
interact with the tissue culture plate (TCP). After incubation for
7 days, the proliferation of cells on the nanofiber membranes
showed no significant differences with that on TCP, indicating
the good biocompatibility of the drug loaded nanofiber
membranes.

Fig. 6b shows the SEM images of the cells after incubation on
the different types of nanofiber membranes for 5 days. The cells
grew healthily and could spread on the surface of the membranes
without infiltrating into the thickness direction owing to the small
pore sizes of the membrane. The L929 cells tended to achieve high
degree of confluency on the surface of the nanofiber membranes.
Additionally, they were observed to have fibroblasts–filopodia
and lamellipodia, which are related to the cell motility, indicating
the adhesion and migration of cells on the nanofiber membranes.
All the evidence indicated that the different types of nanofiber
membranes had no adverse effect on the cell morphology and pro-
liferation. To conclude, the results of in vitro biocompatibility
experiments confirmed that even with the use of organic solvent
during the electrospinning process and the encapsulation of drug,
the electrospun nanofibers with different nano-structures had no
negative influence on the cell morphology, viability, and
proliferation.

3.5. In vitro antibacterial capability of the electrospun nanofiber
membranes

The antibacterial capabilities of the nanofiber membranes were
evaluated by bacterial inhibition experiments. The growth of S.
aureus could be visualized directly from the plates to assess the
antibacterial activity. In our previous work, no inhibition zone for
S. aureus had been observed around the drug-free core-sheath
PCL-gelatin nanofiber membranes [46]. Herein, as shown in
Fig. 7, the inhibition zone on the plate was visualized evidently
in the three types of the nanofiber membranes at the initial stage
of experiment. After incubation the bacteria with the nanofiber



Fig. 5. The in vitro cytotoxicity evaluation of the electrospun nanofiber membranes by incubating L929 cells in the extracted solutions of the samples. (a) RGR of L929 cells
after incubation for different time, and (b) microscope images of L929 cells after incubation for 72 h.

Fig. 6. (a) O.D. values of L929 cells after incubation on the TCP and different types of electrospun nanofiber membranes for different periods of time. (b) SEM images of L929
cells after proliferated on different types of membranes for 5 days.
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membranes for one day, the diameters of the inhibition zone for
the groups of 1-NF, 2-NF and 4-NF were 23.3, 23.3, and 20.0 mm,
respectively. After incubation for 7 days, the inhibition zone grew
and the diameters reached 26.7, 28.3, and 23.3 mm, respectively,
indicating a long-term antibacterial activity for all the drug loaded
electrospun nanofiber membranes.

As shown in the drug release experiments, the drug release rate
of 2-NF was quicker than that of 1-NF, meanwhile, the 4-NF pre-
sented the slowest and sustained drug release rate due to the
four-layered core-sheath structure. As shown in the figures, the
size of the inhibition zone of 2-NF remained to be the largest
through the whole process of the antibacterial experiment, while
the 4-NF sustained to possess the smallest diameter, which
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demonstrated that the 4-NF would be released more persistently
to maintain long term antibacterial effect.

The sizes of inhibition diameters varied for the different drug
release rates, and consequently showed various antibacterial activ-
ity of different samples. Herein, drugs loaded in the nanofibermem-
branes were all sufficient to resist bacterial growth within 7 days.
Hence, similar antibacterial activity was found during 7 days, indi-
cating that the three groups of nanofibermembranes all had equally
durable antibacterial capabilities. Additionally, owing to the diffu-
sion of MXF into the agar, the nanofiber membranes could inhibit
bacterial growth in an area much larger than the membrane size.
All these evidences indicated that the drug-loaded nanofiber mem-
branes could inhibit the colonization of bacteria.



Fig. 7. Optical images of the inhibition zones around the electrospun nanofiber
membranes against S. aureus after incubation for 1, 4, and 7 days, respectively.
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4. Conclusions

In this study, we fabricated quad-axial nanofibers by quadriax-
ial electrospinning to develop a controlled and sustained drug
release system. The components of the four different layers of
the quad-axial nanofibers could be regulated by changing the
injected fluids. Both the degradation and drug release profiles of
the nanofiber membranes were affected by the nano-structure of
the nanofibers. The quad-axial nanofibers prolonged the period
of drug release effectively in comparison with core-sheath nanofi-
bers and blended nanofibers. In addition, the position of the drug
loaded in the four different layers of the quad-axial nanofibers also
showed influence on the drug release rate, indicating the potential
of applying this system for the sequential release of multiple ther-
apeutic components. The in vitro cytotoxicity and proliferation
experiments indicated that the nanofiber membranes had no
adverse effect on cell morphology and proliferation, suggesting
their good biocompatibility as drug release systems. The in vitro
antibacterial evaluation proved the excellent antibacterial function
of the quad-axial nanofiber membranes loaded with antibacterial
drugs. The increasing sizes of inhibition zones further demon-
strated the release of antibacterial drug from the nanofiber mem-
branes. The generated nanofiber membranes composed of quad-
axial nanofibers can be broadly applied for therapeutic approaches
in which precise and effective drug delivery are necessary.
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