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ABSTRACT

Natural polymer-based drug carriers have been developed for antimicrobial applications but
several problems remain with their poor controllability of drug loading and degradation. We
introduce a novel method to produce improved antibiotic alginate fiber with high drug
entrapment properties and a delayed degradation profile. A microfluidic spinning system with a
low-polarity isopropyl alcohol (IPA) sheath flow was used to dehydrate an alginate/ampicillin
aqueous solution and to form densely packed fiber with enhanced drug loading efficiency. The
amounts of ampicillin initially loaded in the IPA-fiber were much higher than in the conventional
water-based fiber and they released more prolonged profile. The fibers were characterized by
analyzing the morphology, mass loss and structural properties. The fibers were also used to in
vivo infected wound healing study. The results showed that the IPA-based fibrous alginate drug
carrier possess the superior properties for load drugs and potentials for wound healing

applications with easy management.

INTRODUCTION

The targeted delivery of a drug to a specific region and its controlled release over long periods
have been critical aims in the pharmaceutical industry toward enhancing patients’ compliance
and the therapeutic efficacy of pharmaceutical agents. In recent decades, a variety of
biodegradable controlled release drug carrier technologies have been developed using simple and
cost-effective processes [1, 2]. Despite a splendid progress in these technologies, the loading of
drugs as large as possible and release of drugs for long duration still remains a critical issue.

Diverse biodegradable drug carriers for use in living organisms have been developed based on



Page 3 of 30

RSC Advances

several promising natural and synthetic polymers, lipids, surfactants, and dendrimers [3-5].
Natural polysaccharides, such as chitosan, alginate, and starch, have been broadly used in the
pharmaceutical and biomedical industries as drug carriers and scaffolds. These natural
biomaterials can incorporate drugs and be delivered by oral administration or implantation, with
the subsequent gradual degradation and diffusion of the drugs into the living organism [6-8].
Among these materials, alginate has been extensively employed as a biopolymer drug carrier
material due to its low toxicity, biodegradability, high biocompatibility to the host, and the safe
gelation with divalent cations under mild conditions [9, 10]. Furthermore, the ability of alginate
to form various conditioned gels enabled the large-scale and well-organized fabrication of drug-
embedded carriers through simple and cost-effective processes, with the subsequent controlled
release of the embodied drug. Despite these huge advantages, alginate faces several hurdles
before it may be widely used as a drug carrier. Recent progress in microfabrication technologies
allows the mass production of micro- or nano-scale microstructures (e.g.: particle, fiber and tube),
which may overcome several limits of alginate drug carrier. However, there still remain some
problems to be resolved. First, the handling of size-controlled microstructures and the
construction of macroscale shapes (e.g.: patch shape) by assembling microstructures are difficult.
Second, the swelling and the degradation at a certain ratio of alginate could cause fast diffusion
of the loaded drugs which in turn, can result in burst releases in aqueous media or the body [11,
12]. Especially, the alginate microparticles degrade rapidly, and that makes it unsuitable for
commercial use despite its excellent features as drug carrier; therefore, delaying the degradation
profiles remains a significant challenge. Third, an effective carrier requires uniform loading of
drug in sufficient quantities as possible. However, the alginate in aqueous condition does not

satisfy these requirements because it is easily swollen, and thus cannot carry the sufficient
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amount of drug. Nowadays, some of these problems have been addressed and improved by
blending the alginate with other materials [13-16], but not all of these complications have yet
been resolved.

This paper describes a microfluidically-spun fibrous alginate carrier, the degradation of which
can be delayed in a controllable manner and the drug-loading capability of which is highly
enhanced. Recent progress in microfluidic technology has allowed the mass production of micro-
and nano-scale fibrous and tubular structures without the use of complicated devices or facilities
[17-19]. The microfluidic spinning systems enabled the physicochemical coding with various
composition and morphology on continuous fibers, and are emerging as advanced tools for a
variety of applications in tissue engineering, drug delivery and cell biology [20-23]. Here, we
have demonstrated the production of fibers with highly enhanced drug loading capability by
using microfluidic platform and by changing sheath flow with different polarity. The
performance of the material as a drug carrier was demonstrated by loading the ampicillin, a
representative model drug, to the alginate fibers. The loading capability of drug was enhanced by
high and compact ordering of polymer chain using isopropyl alcohol (IPA) as a sheath flow.
Unlike the water-based sheath flow, the IPA-based sheath flow facilitated the highly condensed
aggregation of alginate polymer chains [24, 25], which minimized the swelling, while entrapping
the drug within the fibrous matrix as large as possible. The highly ordered fiber structure
contributed to the delayed degradation. To slow down the degradation process more, drug-loaded
fibers were immersed in a calcium ion bath to increase the degree of cross-linking within the
alginate network. A previous study reported that adequately calcium cross-linked fibers were
mechanically stronger and displayed prolonged degradation times compared to the less cross-

linked fibers [26-28]. The curing time for the alginate fibers mediates the calcium ion cross-
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linking of the polymer chains, and thus governs the degree of crosslinking [29]. The efficacy of
the fibers as a drug carrier was determined by measuring the morphological profile of the fibers
during the drug release, and the effectiveness of the ampicillin-loaded fibers was tested by
placing them on bacteria growing dish. For in vivo evaluation, a chitosan patch containing
ampicillin-laden fibers was placed on a wounded site of a mouse infected with bacteria and the
wound-healing effect by the drug-laden patch was observed. The proposed microfluidic spinning
method enable the high loading capability of drugs and will be broadly applied for the efficient

delivery of diverse drugs.

MATERIALS AND METHODS

Materials

A 3% (w/w) sodium alginate solution was prepared by dissolving alginic acid powder (Sigma,
St. Louis, MO, USA) in deionized water (DW). 100mg of ampicillin sodium salt (Sigma, St.
Louis, MO, USA) was mixed with 1mL alginate solution as the core flow. Sheath solution
containing 3% (w/w) CaCl, in DW and IPA (Sigma, St. Louis, MO, USA) was prepared to
induce the instant gelation of alginate solutions. Solutions containing 10% (w/w) CaCl, in DW
and IPA were used for curing of fiber in coagulation baths to enhance crosslinking. The solutions
were purified by filtration (Dismic 25CS020AS, Advantec Toyo Co., Tokyo, Japan).
Microfluidic chips were fabricated using an SU-8 patterned photoresist mold. The PDMS pre-
polymer and the crosslinker (Sylgard 184, Dow Corning) were mixed in a 10:1 ratio, poured onto
the mold, and cured at 75°C for at least 20 min. The PDMS substrates were then bonded together

using the oxygen plasma treatment. A staphylococcus aureus (S. aureus) strain ATCC®25923
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was purchased from American Type Culture Collection (Manassas, VA, USA). Tryptic soy broth

and agar were purchased from BD Diagnostic Systems.

Preparation of antibiotic fibers

The fibers containing ampicillin were fabricated in a PDMS microfluidics chip bearing
cylindrical and coaxial flow channels [30]. Four distinct fiber-spinning conditions were applied:
two different sheath fluids were used either in the presence or absence of the treatment in a
calcium coagulation bath. Continuous microfibers were produced through the PDMS microchip
using a core fluid containing 2g of ampicillin sodium salt in 20ml of 3 %w/v alginate solution
and one of two sheath fluids—(3% CaCl,-DW (Figure 1a) or 3% CaClL-IPA (Figure 1b)). The
two types of drug-loaded fibers spun with two different sheath solutions were collected and
stored under two different conditions, thus preparing four types of sample fibers in total. The
first fiber sample is fabricated using 3% CaCl,-IPA sheath solution and immediately washed
with pure IPA without curing process to enhance crosslinking (named as IPA-Oh-fiber). The
second sample fiber was spun using 3% CaCl2-IPA sheath solution and cured in 10% CaCl>-IPA
bath for further crosslinking with calcium ions. After 24 hours, this second fiber sample was
washed in pure IPA (named as I[PA-24h-fiber). The third sample fiber was fabricated using 3%
CaCl-DW sheath solutions and was immediately washed with deionized water (named as DW-
Oh-fiber). The fourth sample fiber was spun using 3% CaCl>.-DW sheath solution and cured in a
10% CaCl,-DW bath for 24 hours and washed with deionized water (named as DW-24h-fiber).
For storage, the DW-based groups (DW-0Oh-fiber and DW-24h-fiber) were dehydrated using a
series of graded ethanol (50, 70, 95, and 100%) solutions and were dried at ambient conditions.

The IPA-based groups (IPA-Oh-fiber and IPA-24h-fiber) were dried at room temperature after
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formation because they had already been dehydrated. The fibers were imaged using green
fluorescent polystyrene microspheres (300 nm size PS bead, Thermo, Fremont CA, USA) in

place of the ampicillin sodium salt to demonstrate the loading capability.
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Figure 1. Schematic diagram showing the loading of drugs into the alginate fibers. The polymers
aggregated and encapsulated the drug molecules along the flow direction of each channel. (a)
Fiber formation using the water sheath fluid, and further fiber coagulation in a calcium ion
solution. (b) Fiber formation via dehydration by the IPA sheath fluid, and further fiber

coagulation in a calcium ion solution.

Morphological characterization

The morphologies of the fibers were observed using scanning electron microscopy (SEM). The
changes in the four groups (DW-0Oh-fiber, DW-24h-fiber, IPA-Oh-fiber and IPA-24h-fiber) of
drug-loaded fibers were examined after they had been immersed in phosphate buffered saline

(PBS), which has an ionic condition similar to that of human body. Each sample fibers were
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stored for 7 days to give them sufficient time for hydration and ionic interaction between alginate
matrix and media. The hydrated fibers were processed for imaging on the 7" day by washing and
dehydrating the fibers in a series of graded ethanol solutions (50, 70, 95, and 100%) and dried at
RT for 1 day. The fiber samples were fixed on conductive carbon tape and sputter-coated with a
thin gold/palladium (Au/Pd) layer. The prepared samples were observed using SEM (JSM-

5600LV SEM, Tokyo, Japan) at an acceleration of 10 kV.

Degradation determination

The extent of degradation was characterized by immersing a certain quantity of each sample
fibers in PBS at 37°C. After a fixed time interval, the fibers were washed and dried in an oven at
75-80°C, allowed to cool under ambient conditions, and their weight was measured. The drying
step was continued until a constant weight was achieved. The degree of fiber degradation was
represented by the mass loss, calculated with the following equation:

Mass Loss (%) = [(Wi— Wr)/Wi]x 100%,

where Wi denotes the initial starting weight of the fiber, and Wr is the weight of the partially

eroded sample. All experiments were performed in triplicate.

In vitro ampicillin release studies.

The in vitro release of ampicillin from the fibers was investigated by measuring the
concentration of ampicillin released into the PBS solution at RT. The alginate fibers loaded with
ampicillin were immersed in a 12 well plate containing 5Sml PBS for 7 days. At each
predetermined time interval, a given volume of solution was withdrawn, and the amount of

ampicillin released from the drug-loaded fibers was measured using the UV absorbance
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spectrophotometry (Optizen POP; Mecasys, Daejeon, Korea) at 200 nm. The volume of the

solution removed was replaced with fresh PBS to maintain a constant total volume.

Fourier transform infrared spectroscopy (FT-IR) analysis

To characterize the surface properties of pure alginate powder, DW-24h-fiber and IPA-24h-
fiber, FT-IR spectroscopy was performed, equipped with a Universal ATR diamond accessory of
Perkin Elmer Spectrum 100 (PerkinElmer, MA, USA). Transmission and ATR spectra were

recorded with 10 scans at a resolution of 4 cm-1 between 4,000 and 800 cm-1.

XRD analysis

In order to investigate the crystallinity of DW-24h-fiber and IPA-24h-fiber, XRD analysis was
done using a D/max-2500 X-ray diffractometer (Rigaku, Tokyo, Japan) equipped with a Cu ka
source. The one-dimensional X-ray diffraction patterns with the intensity curves, and a function
of 26, the scattering angle, were obtained from integrating the two-dimensional scattering

patterns of each sample.

Antibiotic activity test

Antibiotic activity tests were conducted based on the modified Kirby—Bauer Disc method [31].
For the test, two types of drug loaded fiber were prepared: DW-24h-fiber and IPA-24h-fiber
fabricated using the sample solution of 1 mg/mL ampicillin sodium salt and 3% alginate solution.
For comparison, alginate fiber without ampicillin was prepared as the control group. To observe
the concentration effect of ampicillin, we fabricated IPA-24h-fiber with different sample

solutions containing 2, 1, 0.5, 0.1, 0.01, and 0 mg/mL ampicillin sodium salt in 3% alginate
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solutions. For the bacterial test, we prepared the agar plates coated with a mixture of dilute agar
and S. aureus, placed the prepared drug loaded fibers of the same amount, and cultured these
plates overnight in the incubator at 37°C, allowing for formation of the bacteria lawns. After 24
h, the antibiotic activity of the drug released from the fiber was measured by comparing the

zones of inhibition per each sample fiber.

Fabrication of antibiotic fiber loaded wound dressing scaffolds
Chitosan powder (600 mg) was dispersed in 30 mL of 1% w/w of acetic acid, stirred overnight,
and filtered. Prepared fibers (DW-24h-fiber and IPA-24h-fiber each) were distributed into PDMS

cylindrical mold of 8mm diameter, and then 80uL chitosan solution was poured into the mold.

They were immediately frozen in a -80°C freezer for 6 hours, the freeze-dried for at least 24 hour

to form a porous sponge structure. The drug-loaded alginate fiber/chitosan scaffolds were

sterilized using an EO gas system.

In vivo studies and evaluation procedures

Sprague—Dawley rats weighing 200~250 g were used for in vivo full thickness skin wound
healing experiments. All animal experiments were approved by the Animal Care and Use
committee of Korea University (KUIACUC-2014-80). Animals were anesthetized with zoletil (6
mg/kg) and rompun (4 mg/kg), and then shaved on the back. The operative area of skin was
cleaned with alcohol and an 8mm punch biopsy was performed to construct a full-thickness
excisional wound. For studies involving S. aureus wound infection, 80 pL of the bacterial
suspension (10'° cells /mL) was applied to the surface of the wound, excepting the control group

site. Two types of prepared wound dressing scaffolds (DW-24h-fiber scaffold, IPA-24h-fiber

10
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scaffold) were used to cover the wounds of each rat and several sites were left without any
treatment to only observe the bacterial effect. The operative sites were covered by dressing band
(Medi-korea, Seoul, Korea) for protection and all rats were executed 3 days after surgery. A
sample from the wound area was harvested and fixed in a 4% PFA solution for histology. Fixed
tissue specimens were embedded in paraffin wax, sectioned to 4 pum, and then stained with

hematoxylin & eosin (H&E) for image analysis.

Statistics
Data are expressed as mean + standard deviation (SD). Statistically significant differences
were calculated with student’s t-test or ANOVA one-way test (Sigma plot, Systat, Software Inc.,

San Jose, CA, USA). Differences were considered significant at P<0.05.

11
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RESULTS AND DISCUSSION

Loading of drug

The total amount of loaded ampicillin in the equal mass of four fiber groups (DW-0Oh-fiber,
DW-24h-fiber, IPA-Oh-fiber, and IPA-24h-fiber) was measured, and the results are summarized
at Table 1. Total amount of loaded ampicillin was 57.6 + 9.0 pg in the DW-0Oh-fiber, and 10.8 +
5.6 ng in the DW-24h-fiber. In contrast, the [PA-based fibers entrapped larger amounts of drugs,
282.4 + 4.2 pg in the IPA-Oh-fiber, and 356.5 = 11.1 ug in the IPA-24h-fiber. The DW-based
fabrication method did not entrap a large quantity of ampicillin molecules within the fiber
scaffolds compared to the IPA-based fabrication method. During the DW-based fabrication and
washing processes, the ampicillin might be diffused into the surrounding solution, and only a
small amount remained within the fiber. In the case of the DW-24h-fiber, almost all of the
ampicillin had been depleted, possibly because most of the loaded ampicillin was released due to
the swelling during curing process in DW solution. By contrast, the amounts of ampicillin
initially loaded in the IPA-fiber were much higher than in the water-based fiber.

The drug loading in the alginate fiber matrix was visualized by replacing the ampicillin sodium
salt with the fluorescent nanoparticles in each fiber fabrication process. Figures 2a and 2b show
confocal images of the fluorescent nanoparticle-loaded DW-24h-fiber and IPA-24h-fiber.
Although the same concentration of particles was dissolved in the core solution, the fluorescence
intensity was highest in the IPA-24h-fiber, with a dense particle distribution; in contrast, the
DW-24h-fiber displayed low fluorescence intensity with a sparse distribution of particles in the

swollen morphology. (Figure 2c) This indicates that the condensed fiber structures created by the

12
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IPA-based fabrication process have superior drug loading capabilities compared to those created
by the DW-based fabrication process. (Figure 2d, ¢)

In our previous report, we introduced a novel spinning method to create crystal-like ordered
fibers as a result of the molecular repulsion by polarity, dehydration of the aqueous phase, and
shear stress [24]. During the spinning process, IPA might promote the self-aggregation among
the alginate polymer chains through dipole—dipole interactions between the core and sheath
flows. This study shows that the alginate polymers acquire highly ordered structure while
simultaneously incorporating the ampicillin molecules in the polymer matrix as large as possible
when the IPA is used as the sheath. However, when using the DW sheath, the alginate polymer
solidified with a looser, non-crystalline structure. Thus, during the fiber fabrication process,
ampicillin easily diffused out of the hydrated alginate polymer, due to its great solubility in water.
Taken together, the drug entrapment ability of alginate was significantly enhanced by the dense
crosslinking and dehydration process with IPA sheath fiber spinning method in comparison with

DW sheath flow.

DW-0Oh-fiber | DW-24h-fiber | IPA-Oh-fiber | IPA-24h-fiber

Average Loaded Ampicillin

ina 10mg fiber [1g] 57.6£9.0 10.8+5.6 2824+41 | 3565+11.1

Table 1. Average ampicillin loaded into the fiber scaffolds. Different concentrations of the
drugs were entrapped in the fibers for each process. The mean and standard deviations are
reported (N = 3).

13
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Figure 2. (a) Confocal image of a fluorescent nanoparticle-loaded DW-24h-fiber. (b) Confocal
image of a fluorescent nanoparticle-loaded IPA-24h-fiber. (¢) Quantification of the fluorescence
intensity using Image J. Bars indicate means£SD. **P<0.01. (d) Dried DW-24h-fiber scaffold
and illustration of a drug-loaded fiber structure. (¢) Dried IPA-24h-fiber scaffold and illustration

of a drug-loaded fiber structure.

Morphological changes

Figure 3 shows four groups of fibers (DW-0Oh-fiber, DW-24h-fiber, IPA-Oh-fiber, and IPA-
24h-fiber) on day 0 (dried original fiber), and 7 days after immersion in PBS. At day 0, the DW-
based fibers (DW-Oh-fiber and DW-24h-fiber) displayed smooth round shapes without any
cracks (Figure 3a, 3b); however, on day 7, fractures, wrinkles, and irregular pores in surfaces
became apparent, indicating that the fiber structure networks underwent a deformation transition
(Figure 3e, f). By contrast, the IPA-based fibers (IPA-Oh-fiber and IPA-24h-fiber) displayed
distinct morphological features. At day 0, the fibers had condensed, and their morphologies had

aligned structures, yielding a smaller diameter compared to the DW-based fibers (Figure 3¢, d).

14
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These morphologies persisted in the PBS solution until day 7, without displaying any noticeable
surface changes or degradation (Figure 3g, 3h). No significant morphological differences were
observed between the IPA-Oh-fiber and IPA-24h-fiber.

Overall, the data indicated that the IPA based fabricated fibers showed less swelling and
degradation profile during immersion in PBS. These results suggested that the conformational
changes by IPA enhanced the polymer network with the compact structure and prolonged the

degradation time scale.

DW-0h-fiber DW-24h-fiber IPA-Oh-fiber IPA-24h-fiber

Figure 3. SEM images of alginate fibers containing ampicillin at days 0 and 7 after immersion in
PBS. (a) Fibers fabricated using the DW sheath flow, followed by immediate washing (DW-0h-
fiber). (b) Fibers fabricated using the DW sheath flow, followed by further coagulation in a 10%
CaCl-DW coagulation bath for 24 h (DW-24h-fiber). (c) Fibers fabricated using the IPA sheath
flow, followed by immediate washing (IPA-Oh-fiber). (d) Fibers fabricated using the IPA sheath
flow, followed by further coagulation in a 10% CaCL-IPA coagulation bath for 24 h (IPA-24h-

fiber). (¢) DW-0Oh-fiber after immersion in PBS for 7 days. (f) DW-24h-fiber after immersion in

15
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PBS for 7 days. (g) IPA-Oh-fiber after immersion in PBS for 7 days. (h) IPA-24h-fiber after

immersion in PBS for 7 days.

Mass loss

The rate and extension of drug release depended on the erosion of the hydrated polymer;

therefore, we quantitatively investigated the degree of fiber degradation upon incubation at 37°C

in the PBS solution. Figure 4 shows the weight loss curves obtained from each group of fibers.
These results revealed that the water-based groups degraded faster than the IPA-based groups,
and the calcium coagulation time affected the degradation. The DW-0h-fiber was almost fully
dissolved after 7 days’ incubation period in the PBS solution, presenting the fastest degradation
timescale with a mass loss of 94.4 + 3.5%. In contrast, the IPA-24h-fiber showed the slowest
degradation timescale, with a mass loss of 34.9 + 2.0% at day 7. The second slowest degradation
group was the [PA-Oh-fiber, with a mass loss of 45.3 £ 0.2%, and the third slowest degradation
group was the DW-24h-fiber, with a mass loss of 60.9 + 5.1%. Overall, these results indicated
that the IPA sheath fibers formed a stronger alginate polymer crosslinks resulting in a delayed
mass loss. The 24-calcium-treated group displayed less mass erosion compared to the untreated

group. These trends agreed with the morphological studies conducted previously (Figure 3).

16
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Figure 4. Degradation profiles of the alginate fibers. Mass Loss (%) = [(Wi — Wr)/W;]x 100,

where W; denotes the initial weight of the fiber and Wr indicates the weight of the partially

eroded samples. The mean and standard deviation are reported (N = 3).

Release of drug

The release profiles of the four groups of antibiotic fibers (DW-0h-fiber, DW-24h-fiber, IPA-
Oh-fiber, and IPA-24h-fiber) were examined by dipping the fibers in PBS up to 7 days. The
release behavior is plotted in Figure 5. The release profile revealed a burst of ampicillin emission
within the first 24 hours from the DW-based group. Especially, the profiled showed that more

than 80% of the initially loaded drug had been diffused out of the DW-24h-fiber. The release of

17
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ampicillin from the IPA-24h-fiber displayed a profile that fluctuated periodically until the
solution concentration reached a constant value.

Overall, the drug release from the IPA-fibers was delayed more than that from the DW-fibers
and the release profile was slightly slower in the calcium coagulation group. Although the DW-
24h-fiber exhibited faster release than DW-0H-fiber within 24 hours, the reason might be that,
during 24 hours curing in DW solution and following washing step, ampicillin seems to be
already on the releasing phase due to the swelling and damaging of alginate fiber.

The differences in the drug loading capacities (Table 1) and the release profiles for the DW-
and [PA-based processes were thought to arise from the condensed aggregation of the polymer
with the drug molecules. The degree of hydration and swelling of alginate polymers depended on
the degree of crosslinking and influenced the drug release profile [32-34]. The drug molecules
appeared to have been entrapped within the highly ordered alginate polymer network with a
higher loading density, indicating that the densely aggregated structures also influenced the
release profiles. In summation, the IPA-24h-fiber proved more befitting as a drug-carrier than

others because of its delayed release of loaded drugs.

18
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Figure 5. In vitro testing of the ampicillin-releasing fibers. Cumulative release profiles of the

ampicillin from the alginate fibers immersed in PBS. The mean and standard deviation are

reported (N = 3).

ATR-FTIR and XRD analysis for structural characterization

FTIR and XRD analysis were conducted to evaluate the fiber crystallinity. For FTIR analysis,
pure alginate, DW-24h-fiber and IPA-24h-fiber were examined (Figure 6a). Pure alginate
displays a characteristic functional band (~COO group) with a broad asymmetrical band at 1600

cm™! and a narrower symmetrical band at 1417 cm™'. A wide absorption band appears around

3300 cm™' due to vibrations of the hydroxyl groups (OH). The spectra of the drug-loaded fibers

19
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displayed a similar absorption band to that of alginate. IPA-24h-fiber showed strong sharp peaks,
however, additional peaks or noticeable shifts were not observed. Figure 6b shows one-
dimensional X-ray diffraction patterns of the fibers from IPA-based (black line) and DW-based
(red line) sheath fluids, respectively. Both patterns were similar, as the peaks in both groups were
observed at 20 = 23.80° in the spectra. The strengths of the 20 patterns in the spectra reflected
the degree of crystallinity. IPA-based alginate fibers provide little sharper and stronger
diffraction peaks, which indicate higher crystallinity and a more perfect ordering, compared to
the fibers fabricated with the water-based sheath flow. Therefore, these results suggest that the
solvent system induces conformational changes to a condensed ordered structure by dehydration.

This could explain why the IPA sheath based fibers exhibited a more enhanced drug loading

capability than the DW sheath fibers did.
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Figure 6. (a) The FT-IR spectra of the alginate fibers (black line), DW sheath ampicillin-loaded
fibers (dashed line) and IPA sheath ampicillin-loaded fibers (dash dot line). (b) The XRD

patterns of the alginate fibers prepared by using an IPA-based sheath solution (black line) or a

DW-based sheath solution (red line).
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Antibiotic activity

The antibiotic activity of the DW-based and IPA-based ampicillin-loaded fiber was
measured by exposing the fiber scaffolds to cultures of S. aureus. The bacterial growth was
observed directly from the plate to assess the efficacy of the drug-loaded fibers. The clear area
around the fiber scaffold without any bacterial growth (Figure7) was defined as the zone of
inhibition. Only IPA-24h-fibers showed inhibition of the bacterial growth through the diffusion
of the drug onto the agar (Figure 7a, b). In contrast, DW-24h-fibers had no inhibitory effect,
similar to pure alginate fibers. Although same concentration of antibiotic (1 mg/mL) was used in
both IPA and DW based fiber fabrication process, the IPA based fabrication method enabled
more entrapping of drug molecules in the fiber matrix than DW based method, as discussed
previously. Furthermore, to decide on a suitable ampicillin loading condition in vivo, we loaded
different concentrations of ampicillin—ranging from 0.lmg/ml to 2mg/ml—into the alginate
fibers fabricated with the IPA sheath. The alginate fiber with 2mg/ml of ampicillin showed the
best inhibitory effect compared to other groups, as shown in figure 7c. Also, these results
indicated that the loading concentration of ampicillin in the fibers could be regulated by
changing the initial concentration of drug in the polymer solution. Taken together, the antibiotic
loaded fiber fabricated using the IPA sheath flow was proven superior to those fabricated using

DW sheath flow, with a higher antibiotics biological efficacy.
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Figure 7. Antibacterial activity induced by the fiber scaffolds against S. aureus. (a)
Representative sample agar plates showing the zone of inhibition formed by DW-24h-fibers,
IPA-24h-fibers and control fiber scaffolds (5 mg of each fiber sample was applied). (b) Each bar
represents the mean diameter of the zone of inhibition resulted in three independent scaffolds
(N=5). **P<0.01. (c) The IPA-24h-fibers were fabricated with different concentrations of the
ampicillin/alginate solution 2 mg/mL, 1 mg/mL, 0.5 mg/mL, 0.1 mg/mL, 0.01 mg/mL and 0

mg/mL (control). (5 mg of each fiber sample was applied)
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Effect of antibiotic fiber incorporated into chitosan scaffold on infected wound

Wound healing process involves overlapping phases of inflammation, cell migration and
proliferation, neovascularization, extracellular matrix production, and remodeling [35]. However,
in this study, we observed only the early phase of the process to assess the therapeutic efficacy of
antibiotic fiber scaffolds at the initial stage of infection in vivo. We utilized a SD rat model of S.
aureus bacterial infected wound, and applied the fabricated scaffold (Figure 8a-c). Total of four
groups were observed: (1) uninfected wound, (2) the bacterial infected wound without treatment,
the bacterial infected wound treated with either (3) DW-24h-fiber scaffold or (4) IPA-24h-fiber
scaffold. A consistent concentration of bacterial solution was applied to the each wound-site for
infection. Early stage wound size reduction was improved in the case of bacterial infected wound
treated with IPA-24h-fiber scaffold, compared to all other cases (Figure 8d). Groups (2) and (3)
showed no area difference in the early stages of healing. However, significant distinctions were
observed between the groups on the histological analysis. (Figure 8e-h) At 3 days of post-
wounding, inflammation was observed in every group with lymphocyte and monocyte. Necrosis
area was observed in groups (2), (3), and (4), indicating that the bacterial wound infection
established successfully. This phenomenon was most severe in group (2). Scaffold (DW-24h-
fiber and IPA-24h-fiber) treated groups (group (3) and (4)) showed a positive effect compared to
group (2). It is likely that the presence of scaffold affected the wound healing with an
antimicrobial effect of chitosan [36]. However, it was clear that the antibacterial ability of the
IPA-24h-fiber scaffold was superior to DW-24h-fiber as it shows less necrosis area and a similar
state to the uninfected control group (group (1)). The IPA-24h-fiber scaffold had better
antibacterial effects on wound, which suggests that it had more antibiotic drug loaded during the

fabrication process. In this work, the IPA-24h-fiber scaffold shows the strongest antibacterial
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properties for wound-dressing with a desirable biocompatibility and physical characteristics of
alginate and chitosan complex. Although we focused only on the antibiotic drug delivery wound
dressing scaffold, this can be applied on various areas with enhanced drug loading and stable

delivery performance.

[7-7] control

( d) Only bacterial treatment
[ ow-24h-fiber scaffold
[—11PA-24h-fiber scaffold
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° A B c D Infected w/IPA-fiber dressing.
Figure 8. (a) A schematic diagram illustrating the full thickness bacterial infected wounds with

dressing scaffold incorporating drug loaded fibers. (b) SEM image of cross-sectional dressing

scaffold. Black arrows indicate alginate drug-loaded fiber in the porous chitosan matrix. (c)
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Macroscopic observation of excisional wound immediately after wounding. (d) Remaining
wound area after 3 days of repair. Bars indicate means+SD. **P<0.01. Histological examination
of wounds on day 3 (e) Control group (No bacterial treatment, No scaffold), (f) Bacterial
infected without treatment group, (g) Bacterial infected and DW-24h-fiber wounding group, (h)

Bacterial infected and IPA-24h-fiber wounding group.

CONCLUSIONS

We developed a simple micro-fluidic spinning method for fabrication of antibiotic-loaded
alginate fibers with enhanced drug-loading capability. The IPA sheath flow was shown to
promote the confinement of ampicillin molecules within the fiber because dehydration process
lead to condensed ordering of alginate polymer. These IPA sheath based fiber also showed more
delayed degradation and release profile than the DW sheath fibers without damaging the
antibiotic effects both in vitro and in vivo. Several reports have indicated that alginate is suitable
for use in the extended release of a range of antibiotics (penicillin, ampicillin, gentamicin, and
vancomycin) [37-40]. As alginate has also notably been used as a wound dressing material [31,
41-44], we demonstrated our antibiotic-loaded fiber scaffold for the wound healing of rat’s skin
and we observed that delivered drug played a positive role to the infected wound. The proposed
microfluidic spinning method will extend its applications even to the drug delivery fields, and

could create diverse clinically applicable products for wound healing.
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