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Fabrication of centrifugally spun prepared
poly(lactic acid)/gelatin/ciprofloxacin nanofibers

for antimicrobial wound dressing
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Centrifugal spinning is a novel technology for producing ultrafine fibers in high yield with diameters ranging
from micro to nanometers. The obtained fibers have potential applications in the field of tissue engineering,
wound dressing, and biomedicine etc. In this paper, a system of poly(lactic acid)/gelatin (PLA/GE) nanofibers
loaded with ciprofloxacin (CPF) drug for wound dressings were successfully prepared by centrifugal

spinning. The nanofibers were characterized by scanning electron microscopy (SEM) coupled with

energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), thermal gravimetric analysis (TGA) and
Fourier transform infrared spectroscopy (FTIR). In addition, the nanofibers' properties in terms of
hydrophilicity, antibacterial properties and in vitro drug release were further investigated. The results
showed that the CPF drug was successfully loaded and in an amorphous state in the PLA/GE nanofibers,

the surface of the nanofibers was smooth and the nanofibers' diameter became large after the drug was
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loaded. The thermal stability of the nanofiber was reduced while the hydrophilicity was improved.

Antibacterial and in vitro drug release experiments showed that the nanofibers have obvious antibacterial
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1. Introduction

Centrifugal spinning, a newly developed method for generating
micro to nanofibers, has unique advantages including low cost,
rapid production, wide materials choice, highly aligned nano-
fibers, and is independent of the electric field when compared
with electrospinning.’® During the centrifugal spinning
process, the spinning solution is ejected from the needle to
form a jet when the centrifugal force generated by the direct
current motor is greater than a critical value determined by the
balance between the surface tension of the liquid and the
centrifugal force. The jet then undergoes a stretching process,
accompanied by rapid evaporation of the solvent, and is even-
tually deposited on the collectors forming dried nanofibers.**
Since the centrifugal spinning process does not use a high-
voltage electric field, it alleviates the related safety concern. In
this process, the high rotational speed allows fast and scalable
fiber fabrication, which can dramatically improve the produc-
tion rate by two to three orders of magnitude and reduce the
production cost when compared with the electrospinning

“School of Textile Science and Engineering, State Key Laboratory of Separation
Membranes and Membrane Processes/National Center for International Joint
Research on Separation Membranes, Tianjin Polytechnic University, Tianjin 300387,
China. E-mail: bowen15@tjpu.edu.cn

*School of Mathematical Science, Tianjin Normal University, Tianjin 300387, China
“Tianjin University of Science and Technology, Tianjin 300222, China

35328 | RSC Adv., 2019, 9, 35328-35335

properties and have the positive effect of sustained release of the drug. Drug-loaded PLA/GE nanofibers
could be good candidates for wound dressing.

process.” In 1924, J. P. Hooper firstly proposed a patent called
“centrifugal spinneret”: due to the limitations of the experi-
mental conditions at that time, the fibers produced were rela-
tively large in diameter and unstable in the production process.
It was not until the middle and late 20th century that people
gradually began to pay attention to it, which is still being
developed and perfected. Although it is still in its infancy in
domestic industrial production, it has broad development
prospects due to its simple and flexible equipment and high
production efficiency.

Wound healing is a complicated biological process
involving numerous physiological factors. To accelerate the
healing process, wound dressings have been used since the
ancient times.®* Wound dressings, which were used to treat
wound exudate and protect wounds from bacterial and dust
particles, have developed rapidly and are gradually showing
a trend of functionalization and diversification in recent
years.®'® The drug-loaded fibers obtained by centrifugal spin-
ning have many advantages in wound dressing. For example,
nanofiber can increase the effective surface area of the drug,
and the high porosity is favorable for cell adhesion and
proliferation, and the gas permeability and moisture perme-
ability are good for cell growth. Thus, the formed porous fiber
scaffold provides a good environment for wound repair and
healing, providing a good environment for wound healing,
various anti-inflammatory and analgesic drugs are generally
added to the dressing at the same time."™ Due to the break

This journal is © The Royal Society of Chemistry 2019


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra07826f&domain=pdf&date_stamp=2019-10-31
http://orcid.org/0000-0002-6240-0814
http://orcid.org/0000-0001-7470-8077
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07826f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009061

Open Access Article. Published on 31 October 2019. Downloaded on 12/10/2025 12:34:02 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

release of the drug in the ordinary release system, the
concentration of the drug is too high and repeated drug
administrations, which brings great harm to the living
organism. Therefore, the drug can be loaded into the fibers to
achieve the purpose of reducing the toxic side effects and
repeated administration of the excessive drug to the human
body.12714

Among all different types of synthetic polymers, poly(-
lactic acid) (PLA) has been widely used in recent years
because it is an environmentally benign material for poten-
tial application prospect as a substitute for medical dress-
ings.”® This is owed greatly to the polymer's favorable
biocompatibility and to its safe degradation products. Once
coming in contact with biological media, the polymer begins
breaking down, usually by hydrolysis, into lactic acid or to
carbon dioxide and water. Although PLA represents good
properties, low hydrophilicity undermines cell attachment,
proliferation, and migration."® To deal with low biocompat-
ibility of PLA, gelatin (GE) can be blended, which is a widely
used protein in various fields of biomedical applications due
to its hydrophilicity, biocompatibility, biodegradability, low
cost and numerous available active groups for attaching
targeting molecules."”*®

Ciprofloxacin hydrochloride (CPF) is of the
outstanding representatives of quinolone antibacterial and
a chemically synthesized broad-spectrum antibacterial drug
developed by Bayer Pharmaceuticals in Germany in 1983. CPF
mainly exerts rapid bactericidal action by inhibiting bacterial
DNA gyrase, and has strong antibacterial activity against
bacteria such as Gram-negative bacteria, Gram-positive
bacteria and Mycoplasma.'® In addition, as CPF has few
toxicity and low resistance to drug resistance, it is widely used
in the treatment of infectious diseases in animals and
humans,**** and has a large sales ratio in the international
market, even has developed rapidly in domestic production
in recent years.

At present, there are only few reports on the preparation of
PLA nanofibers by centrifugal spinning. In this paper, PLA was
blended with GE and CPF to improve the hydrophilicity and
antibacterial properties of the PLA nanofibers. According to
a large number of papers, this paper is the first time to
successfully prepare PLA/GE/CPF nanofibers using a self-made
centrifugal spinning machine and the obtained fibers have
potential applications in the medical field.

one

2. Experimental section

2.1. Materials

PLA (M,, 150 000) pellets and GE powder were purchased from
Sigma-Aldrich. CPF drug was purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). 1,1,1,3,3,3-
Hexafluoro-2-propanol and sodium hydroxide (NaOH) was
purchased from Tianjin Kairuisi Fine Chemical Co. Ltd (Tian-
jin, China). Staphylococcus aureus (S. aureus) and Escherichia coli
(E. coli) were purchased from Shanghai Lu Microbiology Tech-
nology Co., Ltd (Shanghai, China). All the chemicals were
analytical grade and were used without further purification.

This journal is © The Royal Society of Chemistry 2019
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2.2. Preparation of PLA/GE/CPF nanofibers

The 5 parts PLA/GE (85 : 15/w : w) solution with a concentration
of 6% was prepared by mixing the materials in 1,1,1,3,3,3-
hexafluoro-2-propanol at stirring on a magnetic stirrer for 6
hours, then the different amounts of CPF (CPF: PLA/GE = 0%,
6%, 8%, 10%, 12%) drugs were added to the above solution
until a homogeneous dispersion was obtained and left it for
several hours to let bubbles disappear. In the experiment, the
polymer solution was placed in two 5 ml plastic syringes with
a needle diameter of 0.11 mm, which were attached to the
rotating blades by nylon cable ties. The solution was ejected
under the centrifugal force generated by a rotation speed of
5500 rpm and the jets were stretched under centrifugal force,
accompanied by the evaporation of solvent before being
collected. The distance between the spinneret and the receiving
device was set 15 cm.

All spinning experiments were performed in ambient room
temperature. Fig. 1 showed the schematic diagram of the
centrifugal spinning apparatus, which was consisted of two
centrifugal chambers with spinneret, a Direct Current (DC)
motor and a series of rod collectors.

2.3. Characterization methods

2.3.1. Scanning electron microscopy (SEM). The surface
morphologies and diameters of the PLA/GE/CPF nanofibers
were investigated by desktop scanning electron microscope
(SEM) (FlexSEM 1000, Japan Hitachi Nake High-Tech Enter-
prise, Japan). The diameters of the nanofibers were measured
using the image analysis software Image J on a minimum of 50
individual fibers per specimen, with two specimens per sample
and with multiple readings per individual fiber to account for
potential variability along the axis of fibers.

2.3.2. Fourier transform infrared (FTIR). The presence of
CPF in the nanofibers were identified using Fourier Transform
Infrared Spectroscopy (FTIR) (Nicolet iS50, Thermo Fisher
Scientific Co., Ltd., China). The FTIR spectra were collected with
a resolution of 4 cm™" at 4000-400 cm ™.

2.3.3. SEM coupled with energy dispersive spectroscopy
(EDS). The morphology of surfaces of nanofibers was studied by
using scanning electron microscopy (SEM). It is a technique of
morphological analysis based on the principle of electron-
matter interactions. To allow surface conduction, the nano-
fibers were metalized by gold-palladium layer (a few um of

rod collector

a centrifugal spinning device

Fig. 1 Schematic diagram of the centrifugal spinning device.*
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thickness) before being introduced into the analysis room. Semi
quantitative chemical analysis on nanofibers surfaces was per-
formed by energy dispersive spectroscopy (EDS) in Model 550i.

2.3.4. X-ray diffraction (XRD). The crystallinity of the CPF,
PLA and GE materials and nanofibers were investigated using X-
ray diffraction (XRD) (D8 Discover with GADDS, Bruker AXS Co.,
Ltd, USA). The XRD was performed in the range of (26) 10-50° at
2 grad min~ ' scanning rate at room temperature.

2.3.5. Thermogravimetric (TG). The thermal degradation
was determined using thermogravimetric analyzer (TGA)
(STA449F3, Germany Netzsch). The heating was performed
from 25 to 600 °C at a heating rate of 10 °C min" in nitrogen
atmosphere.

2.3.6. Contact angle measurements. The static contact
angles of all the samples were measured with deionized water as
a fluid, using optical contact angle measuring instrument (DSA
100, Beijing Shangdetong Technology Co., Ltd., China). Five
measurements were performed on different positions on the
samples.

2.3.7. Antimicrobial test. Round samples (R = 14 mm) were
placed in Petri dishes containing solid agar medium seeded
with Staphylococcus aureus or Escherichia coli. Each plate was
incubated at 37 °C for 24 hours. Inhibition zone was measured
perpendicularly from the center of the sample to the inner
periphery of the bacterial colonies around, after 24 h of
incubation.

2.3.8. In vitro drug release study. The centrifugally spun
nanofibers were cut, accurately weighed and incubated in 10 mL
of phosphate buffer saline (PBS) (pH 7.4) at 37 °C with mild
shaking (110 rpm) in a air bath. At predetermined time points of
1, 5,12, 24, 48, 72, 96, 120, 144 h and 168 h, eluents of 1 ml for
each sample was withdrawn and assayed using a UV-Vis spec-
trophotometer at a wavelength of 276 nm. An equal volume of
fresh buffer was replaced after each withdrawal. The collected
eluents were analyzed by UV-Vis spectrophotometry to obtain
cumulative release amount profiles and cumulative release
percentage profiles. The release study was performed in tripli-
cate and the mean was calculated.

3. Results and discussion

3.1. SEM image analysis

An important factor for the successful centrifugal spinning of
any synthetic or natural polymers consists in the preparation of
solutions with adequate concentrations. At low concentration,
the solution has low viscosity and less entanglement between
molecular chains, which influences the morphology of fibers,
even forms droplets or beads rather than fibers below a certain
concentration. At high concentrations, centrifugal spinning is
prohibited by an inability to control and maintain the flow of
a polymer solution to the nozzle. In this study, nanofibers
loaded with different CPF drugs concentrations were success-
fully prepared by centrifugal spinning, and SEM images of
centrifugally spun PLA/GE/CPF nanofiber samples are shown in
Fig. 2. With the increasing of the CPF concentration, the
diameters of the nanofibers were 513 nm, 565 nm, 584 nm,
594 nm and 622 nm when the CPF concentration were 0%, 6%,
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8%, 10% and 12%, respectively. This is mainly because the
solution viscosity and chain entanglement were gradually
enhanced, resulting in an increase in diameter and in surface
smoothness of nanofibers. In addition, the smooth surface of
the nanofibers is a great advantage for the wound dressing,
which can hardly cause secondary injury to the wound.

3.2. FTIR and EDS analysis

To verify the successful loading of CPF, the CPF drugs and
nanofibers with different CPF concentrations were character-
ized by FTIR testing, as shown in Fig. 3. The absorption peaks of
the infrared spectra of PLA/GE nanofibers curves were observed
at 1184 and 1087 cm™ ', which were caused by C-O-C stretching
vibration, the absorption peaks at 1752 em ' was caused by
C=0 stretching vibration; the absorption peaks at 1654 and
1540 cm™ ' were respectively corresponding to the amide I band
C=0 stretching vibration absorption peak and amide II band
N-H symmetric deformation absorption peak.*® The absorption
peaks of CPF curves at 1626 cm ' was the characteristic vibra-
tion absorption peak of C=0 groups.”*** For the CPF-loaded
nanofibers, besides the characteristic absorption peaks of the
CPF, peaks belonging to were also observed in the FTIR spec-
trum of CPF-loaded nanofibers. In addition, with the increase of
the CPF content, the characteristic vibration absorption peak
attributed to the CPF gradually strengthens.

Although the absorption peak of the CPF-exclusive functional
group was shown in the FTIR spectrum, the absorption peak was
not significant because the amount of CPF added was too small.
To further demonstrate that CPF was successfully loaded on the
nanofibers, the EDS element mapping was employed, which
revealed the presence of F that confirm the CPF was successfully
loaded on the nanofibers, as shown in Fig. 4.

3.3. XRD analysis

Fig. 5 shows the XRD patterns of the CPF drugs and PLA/GE/
CPF nanofibers at different CPF concentrations. According to
the curve, the PLA/GE nanofibers before drug loading showed
half-diffraction peaks at 16.6°, 27° and 28.9° due to insufficient
crystallization of the nanofibers. The 26 value of the peaks in
CPF were 8.3°, 9.1° and 19.3°, etc. However, the characteristic
peaks belonging to CPF disappear after loading the nano-
fibers, and the characteristic peaks belonging to PLA/GE were
weakened, which indicated that the small molecular weight
CPF were existed in amorphous state in nanofibers and
hinders the arrangement of macromolecular chains in the
nanofibers.

3.4. TG analysis

The thermal properties of the PLA/GE/CPF nanofibers prepared
by centrifugal spinning were summarized in Fig. 6. The affect of
the CPF concentrations on the thermal stability of the PLA/GE/
CPF nanofibers was evaluated by TGA and two different stages
of the weight loss were detected on the obtained thermograms.
In the first stage, the observed weight loss of the nanofibers can
be attributed to the degradation of GE and the evaporation of
the adsorbed water. The second stage of mass loss is the

This journal is © The Royal Society of Chemistry 2019
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Fig.2 SEMimages of PLA/GE/CPF nanofibers and diameter distributions at rotational speed of 5500 rpm, collecting distance of 15 cm, spinneret
diameter of 0.11 mm and CPF concentration of (a) 0%, (b) 6%, (c) 8%, (d) 10%, (e) 12%. (f) The average diameter of nanofibers prepared with

different CPF concentration.

degradation of PLA, which can be seen at this stage the thermal
characteristics shift to the lower temperatures and the degra-
dation becomes faster with an increase in the CPF concentra-
tions. This phenomenon may be related to the crystallinity of
the nanofiber. However, the observed effect of the CPF
concentrations on the thermal stability of the nanofibers is not
significant because the change in the decomposition tempera-
ture is relatively small.

3.5. Hydrophilicity of PLA/GE/CPF nanofibers

The hydrophilicity of PLA/GE nanofibers was shown in
Fig. 7(a;). The average contact angle of PLA/GE nanofibers was
81° because the hydrophilicity of pure PLA fibers was improved
by adding GE. The average contact angles of nanofibers were
75°,72°, 68°and 47° when CPF concentration was 6%, 8%, 10%
and 12%, respectively. The contact angles of the nanofibers
loading the drug decreased significantly as the concentration of
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Fig.3 FTIR curves of PLA/GE/CPF nanofibers with CPF concentration of (a) 0%, (b) 6%, (c) 8%, (d) 10%, (e) 12%, and (f) CPF drugs. Spectra (I) from

4000 cm™! to 2000 cm ™t and (Il) from 2000 cm ! to 500 cm™™.
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Fig.4 EDS images of PLA/GE/CPF nanofibers at CPF concentration of (a;) 0%, (b1) 6%, (c1) 8%, (d1) 10%, (e1) 12%. EDS images of N element in the
PLA/GE/CPF nanofibers at CPF concentration of (ay) 0%, (by) 6%, (cp) 8%, (dp) 10%, (e,) 12%. EDS images of F element in the PLA/GE/CPF

nanofibers at CPF concentration of (bsz) 6%, (c3) 8%, (d3) 10%, (ez) 12%.

CPF increased, which is because the loaded CPF is hydrophilic.
The application of hydrophilic nanofibers to wound dressings
not only facilitates cell adhesion, but also facilitates cell
proliferation and differentiation, which provides a good envi-
ronment for wound healing.

3.6. Antibacterial performance analysis

The antibacterial test method in this paper was the standard
agar diffusion method. The antibacterial properties of PLA/GE/
CPF nanofibers in terms of zone of inhibition against Gram-

35332 | RSC Adv., 2019, 9, 35328-35335

positive bacteria (E. coli) and Gram-negative bacteria (S.
aureus) were shown in Fig. 8(a) and (b). The fibers before
loading CPF drugs had no antimicrobial activities against the
two bacteria tested after 24 h of incubation, while the fibers
after loading drugs had significant inhibition zones for both
bacteria. The inhibition zones of fibers to E. coli were 0 mm, 24
mm, 28 mm, 32 mm and 36 mm, and to S. aureus were 0 mm, 36
mm, 38 mm, 40 mm and 44 mm when CPF concentration was
0%, 6%, 8%, 10% and 12%, respectively. The above experi-
mental results showed that the diameter of the inhibition zones

This journal is © The Royal Society of Chemistry 2019
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Fig.5 XRD curves of CPF drugs and PLA/GE/CPF nanofibers with CPF
concentration of 0%, 6%, 8%, 10% and 12%.

increased with the increase of CPF concentration, and the
inhibitory effect of CPF drug on S. aureus was better than that of
E. coli.

3.7. Invitro drug release analysis

Fig. 8(c) and (d) exhibits drug release amount profiles and
percentage profiles of samples in various time intervals. The
release behaviors of CPF drugs from the nanofibers in vitro were
evaluated in PBS (pH 7.4) to simulate the physiological condi-
tions of the human body. As shown in the figures, the release
curve value of the nanofibers without the CPF drug was always
0 while the release profiles of all the nanofibers containing the
CPF drug showed a burst release at the initial stage, and about
30% of CPF drugs were released in 1 h and exhibited a relatively
slow release property after the initial burst time. The relatively
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Fig. 7 The contact angles of nanofibers with CPF concentrations of
(a1) 0%, (az) 6%, (as) 8%, (a4) 10% and (as) 12%. (b) The contact angle line
diagram of nanofibers.

fast release in the early stage was likely attributed to the release
of CPF drugs adsorbed on the surface of the nanofibers. The
dissolution of these drugs opened up several pores through
which the release medium could penetrate the interior of the
nanofibers and dissolve the drugs reserved in the pores, thus
releasing them. The mass transfer process between the release
medium and the drugs within the apertures was hindered by
the PLA polymer chains, and therefore sustained drug release
was observed. In addition, it can be seen from Fig. 8(c) that
during the entire release process, the more drugs were released
by the fibers as the CPF concentration increased during the
same time. In particular, when the CPF concentration was 10%
and 12%, the release of fibers reached 87% in 144 h. This is
mainly due to the increase of CPF content both within and on
the surface of the nanofibers. However, the release percentages
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(@) TG and (b) DTG curves of PLA/GE/CPF nanofibers with CPF concentration of 0%, 6%, 8%, 10% and 12%.
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Fig. 8 The antibacterial effect of different concentrations of CPF ((a;) 0%, (a,) 6%, (az) 8%, (a4) 10%, (as) 12%) on E. coli, and the antibacterial effect
of different concentrations of CPF ((by) 0%, (bp) 6%, (b3) 8%, (bs) 10%, (bs) 12%) on S. aureus. (c) In vitro drug release amount profiles from
nanofibers with different CPF concentrations. (d) In vitro drug release percentage profiles from nanofibers with different CPF concentrations.

of nanofibers with 10% CPF concentration is higher than that of
nanofibers with 12% CPF concentration as shown in the
Fig. 8(d). This is mainly because the diameter of the nanofiber
with 12% CPF concentration is larger than that of the nanofiber
with 10% CPF concentration, and the drug release within the
fiber takes a longer time. In general, the release amount of
nanofibers with 12% CPF concentration is larger than that of
the nanofiber with 10% CPF concentration.

4. Conclusion

In this paper, a design method for improving the antibacterial
properties of PLA/GE nanofibers was prepared by centrifugal
spinning technology. In summary, nanofibers loaded with
different CPF drugs concentrations were successfully obtained by
centrifugal spinning. The results indicated that the diameter of
nanofibers increased as the concentration of CPF increased, and
the surface of the nanofibers were smooth. Fourier transform
infrared spectroscopy test results showed that CPF drugs were
successfully loaded on the nanofibers. The X-ray diffraction
analysis proved that CPF drugs were amorphous in the nanofibers

35334 | RSC Adv., 2019, 9, 35328-35335

and hinders the arrangement of macromolecular chains in the
nanofibers. The results obtained from thermogravimetric indi-
cated that the effect of the concentration of CPF on the thermal
stability of the nanofibers was not significant. The water contact
angle of the nanofibers decreased as the concentration of the drug
loaded increased, which showed that the hydrophilicity of the
nanofibers was significantly improved. Antibacterial tests showed
the antibacterial effect of the fiber was better as the CPF
concentration increased. In addition, at the same CPF drugs
concentration, the inhibition zone of the fibers against S. aureus
was larger than that of E. coli, indicating that the drug is sensitive
to Staphylococcus aureus. In vitro drug release study indicated that
all the nanofibers containing the CPF drugs had a burst release at
the initial stage, and about 30% of CPF drugs were released in 1 h
and exhibited a relatively slow release property after the initial
burst time. In particular, when the CPF concentration was 10%
and 12%, the release of fibers reached 87% in 144 h, which played
a sustained release effect. All the above results proved that PLA/
GE/CPF nanofibers prepared by centrifugal spinning technology
has potential prospects for dressings.

This journal is © The Royal Society of Chemistry 2019
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