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Abstract

In this study, electrohydrodynamic (EHD) printing was utilized to produce well-ordered, dual-drug
loaded-magnetic core-shell matrices with high resolution. Coaxial EHD printing was used to load
anesthetic lidocaine hydrochloride (LH) and antibiotic tetracycline hydrochloride (TH) in
polycaprolactone_(PCL) shell formulation and poly (ethylene oxide) (PEO) core formulation,
respectively. Jt"was found that when the concentration of PEO was 5% w/w, the fibers exhibited
optimum morphology, which was applied in the fabrication of two drugs loaded core-shell fibers. In
addition, adding iron oxide (Fe;O4) NPs and varying the concentration of TH within the PCL shell
layer influenced mechanical properties, release behaviors and cell behaviors of coaxial EHD
printing matrics. The addition of Fe;O4 NPs and increasing TH amount in the fibers would
enhance the mechanical properties of the matrices. Results showed rapid release of LH located in
the PEO core fibers while TH loaded in the shell PCL fibers was released sustainably from the
coaxial printing@matrices. In addition, the sustainable release period for PCL shell layer could be
adjusted using EesOsNPs under auxiliary magnetic field. The coaxial drug-loaded matrices also had

good bioactivity, indieating the potential of the printed fibers in wound dressings.
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1. Introduction

As the largest organ, the skin is very important in human body. It maintains homeostasis and
prevents the invasion of microorganisms.! Some patients suffering from burns, trauma or other
skin diseases may experience acute soreness and severe infections.”” Thus, it is necessary to
develop wound“dressings which can provide both analgesic and healing effects for wound treatment;
delivering dual therapeutic effects with controllable release kinetics."**! The wound dressing should
have good bioCompatibility, reduce pain and infection,”) have the ability to absorb redundant
exudates and keep a.moist healing environment around the wound surface./ ' Though some
commercial products try to meet one or more of these needs, there is no simple approach to solve
the above problems."™ *'Based on the mentioned ideas, it is necessary to develop a dual drug dosage
form for woundudressing. Fibers with micron and nano scale are excellent candidates for this
application as they are able to absorb wound exudate more efficiently, preventing the wound from

drying up and protecting from bacterial infection whilst allowing gas permeation.!'® '

[12-14) Among the different fibers

There are array”of ' methods to fabricate fibrous wound dressings.
preparation techniques, electrohydrodynamic (EHD) printing is very attractive for its simplicity and
flexibility, which has been widely applied in many fields like stretchable electronics.!"> ' EHD
printing can digitally ¢ontrol the deposition of materials to produce well-ordered structures'”. As
wound dressings; the well-ordered fibers structures could be attached to the wound evenly, resulting
in the drugs being applied to the wound homogenously. Several three-dimensional (3D) printing
techniques have been used to produce aligned fibers. However, there are some limitations for

current 3D printing methods and therefore need to be improved. For example, the stereolithography

printing technology could only use photosensitive polymers or composites containing
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181 Fused deposition modelling (FDM) involves heating the polymer in the

photopolymers
extrusion nozzle until it melts for jetting. The appropriate materials for FDM remains limited since
they must satisfy the ability to be pre-processed into polymer filaments!'®. However, EHD printing
paves a way to fabricate micro to nano scale aligned fibers and overcome the limitations of these
techniques. A range«0f materials can be applied in EHD printing as this process does not employ
harsh processing conditions that could destroy the properties of materials incorporated in the
printing solution=fer-functional applications e.g. high temperature. Moreover, core-shell fibers used
in drug delivery have great advantages. According to previous studies, different drugs were usually
encapsulated intos§ingle fibers and core-shell fibers were fabricated via coaxial electrospinning *-

2% Thus, the coaxial EHD printing technique were applied to encapsulate two functional drugs

separately by PCL and PEO components.

A great number, of synthetic and natural polymer composites have been widely applied in wound
dressings in rec¢ent years. For example, polycaprolactone (PCL) and poly (ethylene oxide) (PEO)
are conventional®§ynthetic polymers which have been used for wound dressing.”"" **! PCL is a
synthetic, biodegradable and bioresorbable FDA approved polymer which belongs to the aliphatic

™I 1t is a semi-crystalline, hydrophobic polymer and its crystallinity tends to

polyesters family
decrease as its molecular weight increases. Due to its high crystallinity and high hydrophobicity, its
degradation catisbe delayed for an extended period of time.**!. According to previous studies, the
Fe;O04 NPs incorporated in polymer-based drug carriers respond to the external magnetic field. It
has been reported that when there was no magnetic field, the magnetic moments of Fe;O4 NPs in the

matrices were randomly oriented. While applying the external magnetic field, the magnetic

moments of the particles tend to align with the magnetic fields and produce a bulk magnetic
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moment. The external magnetic field could stimulate the motion of Fe;O04 NPs and thus enhance the
relaxation ability of the polymeric chains, which subsequently expanded the whole structures,
causing the enhancement of drug release %, So Fe;04 NPs could be incorporated in the PCL
based fibers to improve the drug release rate. PEO is also a biocompatible polymer and one of the
few synthetic polymers approved for internal use in personal care products and pharmaceuticals.!*”
It is hydrophili¢;, and, can be combined with PCL to form a complex dosage form and deliver
various drugsstosachieve both rapid and sustained drug release.

The drugs incorporated in our matrixes were lidocaine hydrochloride (LH) and tetracycline
hydrochloride (FH). Lidocaine is a commonly used anesthetic in wound related pain management.
Its incidence of allergic reactions was lower than the ester-type anesthetics such as procaine and
tetracaine.”*""T{also" has some antibacterial action against Escherichia coli and Staphylococcus
aureus.”™ *! THygwhich belongs to a group of broad-spectrum antibiotics and is normally applied to
treat and control bacterial skin infections, was used as the model active compound.®” In this work,
coaxial nozzlefassisted EHD printing was used to encapsulate two different drugs within
well-ordered fibét matrices for wound dressings. LH and TH were added to PEO and PCL
separately by coaxial EHD printing to achieve the proposed dual release. LH encapsulated in the
inner PEO layer . would be released rapidly to relieve pain of the wound, while TH located in the
outer PCL layer would be released sustainably to achieve the effect of promoting wound closure.
Thus, this kind*ef aligned core-shell matrices had great potential to be applied in wound dressing.
The coaxial structures of the fibers were observed using optical microscopy and scanning electron
microscopy (SEM). The physical properties of the core-shell matrices were investigated by Fourier

Transform infrared spectroscopy (FTIR), contact angle analysis, X-ray diffraction and tensile

testing. The drug release profiles of LH and TH were detected separately.
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2. Results and discussion

2.1. Fabrication of core-shell printed matrices

Figure 1a is the schematic diagram of the coaxial EHD printing system utilized in this study. The
detailed inner structure of the coaxial nozzle is shown in Figure 1b. While Figure 1(b1-b4) show the
cone-jet changing with increasing applied voltage during coaxial EHD printing process. To
differentiate betweensthe PCL and PEO solutions, the latter was dyed with Rhodamine B. When the
high voltage was not applied to the coaxial nozzle and the flow rate of inner liquid and outer
solution was setqat 0.1 mL/h and 0.25 mL/h, respectively, there was a droplet containing both PCL
solution and PEO solution hanging at the tip of the needle (Figure 1bl). Increasing the electric
potential to around 1.5 kV resulted in dripping mode. During dripping mode (Figure 1b2), the
pendant drops pinchreff from the nozzle tip due to the gravitational force. Increasing electric force
against the surface tension made the droplets fall more rapidly. Pulsating mode (Figure 1b3)
appeared when' the applied voltage reached to about 2.0 kV, and this mode have both the
hemispherical shape'and Taylor cone shape due to the unbalance of surface tension and the electric
charge. Finally, the applied voltage was fixed at 2.6 kV, cone-jet mode was shown in Figure 1b4.
This was the ideal parameters and movement speed of X-Y-Z stage was set at 80 mm/s at this model
condition during ¢oaxial EHD printing,*'! as shown in Figure 1b4. There are two different solutions

observed duringrall modes, confirming the coaxial structure of the printing matrices.

2.2. Influence of the PEO concentration on coaxial structures

The concentration of PEO solutions found to have a significant effect on the structures and

[32,33]

morphology of the coaxial fibers. According to previous references, the concentration of PCL
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solution applied in EHD printing are usually within the range 20 % - 25% w/w, and because PCL
solutions were used as the shell formulation, the concentration of PCL in coaxial EHD printing was
fixed at 24% w/w, consistent with former experiments. The optimal polymer concentration varies
with the type of polymer, its molecular weight, and manufacture technology. Moreover, the solvent
type also has a significant effect. Though PEO solutions have been previously used in EHD printing

341 jts application as the core solution in coaxial EHD printing process has not been

process,
reported beforesThusyin this paper, a series of PEO solutions were investigated during coaxial EHD
printing process: To figure out two different solutions, PEO solution were dyed by Rhodamine B.
Figure 2a showssthe optical microscopy images of the resulting coaxial structures fabricated when
using 5% w/w PEO (in glacial acetic acid) solutions. The flow rates of PEO solution and PCL
solution were set at 0.1 mL/h and 0.25 mL/h, respectively. While the applied voltage was fixed at
2.6 kV. It couldsberfound that coaxial EHD printing technology successfully fabricated coaxial
filaments. All the filaments and the core PEO fibers were continuous, indicating the suitable range.
When the concéntration of PEO solutions increased from 2% w/w to 6% w/w, the diameter of the
core in the coaxdal filaments were significantly improved (Figure 2b). The whole diameter of the
coaxial filaments, did not show any remarkable difference (Figure 2c). The optical images (Figure
2a) is larger than fiber diameters shown in the figure 2c. This is due to the fact that the first printing
layer normally presents flat morphology rather than cylindrical shape as a result of bigger contact
area with the collecting substrate. However, the core-shell fibers prepared at the concentration of
PEO solutions (6% w/w) present little smaller diameter compared that obtained from the
concentration of PEO solutions (5% w/w). It should be noted that the core-shell fibers prepared at

the concentration of PEO solutions with 6% w/w were not uniform and the edges of the fibers were

not smooth (as shown in supporting information). The core/shell ratio changing with improving
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PEO concentrations were measured and data were plotted as shown in Figure 2d. Due to the little
change in shell diameter and increasing core diameter, the core-shell ratio increased with improving
PEO concentrations. Therefore, to maximize the PEO composition and achieve therapeutic effect,
PEO solutions with 5% w/w concentration were selected for subsequent experiments.

Figure 3 presents the SEM images with different magnifications of core-shell printed matrices
loaded without/Fe;O04 NPs and with 1.1% w/w TH in PCL layer. It is found that the matrices
showed well-orderedsstructures (Figure 3a), and the core-shell fibers were stacked precisely (Figure
3b). The width{between two adjacent fibers were 500 ym. Figure 3c is the SEM image of cross
section of theseskinds of coaxial filaments. Due to the elasticity of the fibers, the fibers showed
adhesion morphology.' After immersing the core-shell structures in DI water to remove core PEO
fibers, hollow structures could be observed (Figure 3d), indicating the success of coaxial filaments

produced by thissmethod.

Figure 4 show/inclined SEM images of core-shell printed matrices of magnetic core-shell printed
matrices loadedsWithydifferent concentrations of TH. The structures of all patterned matrices are
observed. Figure4a-d are SEM images of the core-shell printed matrices with Fe;O04 NPs where the
concentration of. TH was increased from 0.55% w/w to 2.2% w/w. The results showed that
increasing the concentration of TH reduces of filaments diameter and making the printing process
unstable, and there were some voids found insides the matrices with 2.2% w/w TH (Figure 4d and
4d1). Also, the amount of Fe;O4 NPs in the printing solutions was small and had no significant
influence on the core-shell fiber formation. On the other hand, as there was more TH incorporated
in the PCL shell, the residual solvent could evaporate more rapidly under the application of an

electric field and the fusion between adjacent fibers only happened in matrices with lower TH
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concentrations (Figure 4al-cl). Furthermore, increasing the concentration of TH helped produce
fibers with larger diameters and smooth surfaces (Figure 4a2-4d2). Compared with the
non-magnetic matrices and the addition of Fe;O4 NPs in the matrices showed no significant
difference with respect to morphology and structure of matrices, which is in accordance with

previous study.[#!

2.3. Hydrophilicity-and Fourier transform infrared spectroscopy of core-shell matrices

The surface wettability of wound dressings has a significant effect on drug release behaviors and
comfort of the wound,”” The surface wettability of five different kinds of matrices was investigated
through detecting direct contact angles (CAs) between a phosphate buffer solution (PBS) droplet (1
IL, pH 7.4) and the surface of the matrices, as shown in Figure Sa. Figure 5b presents the detail
values of five matrices samples with varying TH concentrations and Fe;O4 NPs. Referred to
previous research, pure PCL fibers are high hydrophobic, while pure PEO fibers are hydrophilic.*®
371 The initial cdntact angle for the magnetic core-shell matrices loaded with 0.55% TH was 93.7 +
5.1°, showing inSighificant difference after 5 mins to 93.0 £ 6.2° (Figure 5ii and 5b). While
increasing the amount of TH in the magnetic core-shell matrices could improve the hydrophobicity
of the matrices, and the initial contact angle would be increased with higher difference after 5
minutes’ period. The initial contact angle for magnetic matrices loaded with 1.65% TH was 106.6 +
4.44°, and the“econtact angle of this matrix was just 100 = 4.4° after 5 min (Figure 5iv and 5b).
However, for the magnetic core-shell matrices loaded with 2.2% TH, the increased concentration of
TH reduced the initial contact angle significantly to 80.0 £ 9.62° and to 63.8 + 2.6° after 5 min
(Figure 5v and 5b). This is mainly due to the non-uniform morphology of this kind of matrix

(Figure 4d and 4d1). In addition to this, incorporating Fe;O4 NPs into the core-shell matrices made
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the structures more hydrophilic, as the initial contact angle for non-magnetic matrices loaded with
1.1% TH was 105 + 3.1° that was higher than magnetic matrices loaded with TH with same
concentration (Figure 5i and 5b). These results mimic those seen in previous studies.”® It means
that inner PEO material had no effect on the hydrophobicity of the matrices and indicates PEO was

entirely encapsulated'within the PCL fibers.

Fourier transformsinfrared spectroscopy (FTIR) was applied to confirm the chemical composition of
the matrices within the range 4000-500 cm™. Figure 5c and 5d show the FTIR spectrum of pure
materials and ceré-shell printed matrices, respectively. Here, characteristic absorption bands for
PEO could be observed in Figure 5c, band at 1967 cm™ belongs to asymmetric stretching, the band
at 1473 cm™'"is assighed to CH, scissoring, C-O-C stretching resulted in band at 1101 cm™, CH,
twisting mode was rat 961 cm” and CH, wagging mode was at 840 cm™,***1 PCL polymer
generates a strong carbonyl (C=0) peak at 1729 cm™ and other absorptions between 2868 and 2949
cm™ which cau$ed by methylene (CH,) groups.m] Similar bands were found in spectrums for all
five kinds of matrices as shown in Figure 5d. Figure 5c also shows that characteristic absorption
peaks for TE-HCL mainly appeared at 1246 cm™(C-N), 1288 c¢m™'(C-H stretching vibration) and
1460 cm™ (O-H stretching vibration) for all matrices containing this drug.* Besides, it is necessary
to note that the absorption peak at 780 cm™, related to the aromatic C-H, confirms the existence of
LH in all matrices samples.[40] A characteristic band of Fe;04 NPs at 580 cm'l, which is attributed to
the Fe-O band, were not found in the core-shell printed matrices'*'). This phenomenon happened for
the reason the amount of Fe;O4 NPs in solutions is limited, and there is a possibility that the peaks
of Fe;04 NPs were covered by peaks of other materials. FTIR results made it clear that the materials

components remain stable during coaxial EHD printing process.
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2.4. Mechanical properties and XRD analysis
There have been several studies showing how the addition of metallic nanoparticles in the polymer

(4241 I this work, the

fibers can enhance the mechanical properties of the resulting matrices.
addition of bothiTHsand Fe;O4 NPs have an effect on mechanical properties of core-shell printed
matrices. Figur€ 6a-¢ishow the shape change of core-shell printed matrices loaded with Fe;O4 NPs
and 1.1% w/w THeduring the tensile test process. It can be observed that the drawing force applied
stretched the matrices until they fractured. Figure 6d shows the mechanical properties of five kinds
of coaxial EHDptinting matrices, and Figure 6e is the result of elastic modulus of the matrices.
Matrices with 0.55% w/w TH and Fe;O4 NPs had rather low tensile strain (~349%) and lowest
tensile strength (~1.7 MPa). The tensile strain and tensile strength of magnetic matrices with 1.1%
w/w TH were 275%'and 4.3 MPa, separately. As for the matrices loaded Fe;O4 NPs and 1.65% w/w
TH, the tensile strainzand strength were 364% and 6.3 MPa, respectively. Magnetic matrices with
2.2% w/w had highest tensile strain and tensile strength, which were 601% and 7.7 MPa, separately.
However, for theffion=magnetic matrices with 1.1% w/w, the tensile strain was 337% and the tensile
strength was 3.3,MPa. The results showed that increasing the amount of TH in the PCL polymer
and adding Fe;O4 NPs in the filaments could improve the mechanical properties of the matrices. As
shown in Figure 6d, the elastic modulus which was calculated by the values of tensile strain and
tensile strengthjseould be enhanced by improving the concentration of TH and adding some Fe;O4
NPs in the filaments. It might because increasing TH quantity caused the larger fiber diameter
(Figure 4), leading this kind of matrices take more strength and could be stretched longer.

XRD analysis was conducted to detect any changes in the physical form of the drugs and polymers

before and after core-shell printed matrices. As shown in Figure 6f and 6g, for pure PCL, the sharp
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diffraction peaks at 20 = 23.5° and 20 = 21.3° indicated PCL crystalline nature.**! These peaks were
both observed but weakened in five kinds of matrices after coaxial printing, which suggested the
decrease of PCL crystallinity. The neat PEO shows two sharp feature peaks around 26 = 19.1° and
20 = 23.2°" There was only first PEO peaks related to PEO crystals also appeared in all five kinds
of matrices, however, this peak around 26 = 19.1° was weaker than for neat PEO material,
indicating the exXistence of same PEO crystalline structure in the coaxial EHD printing structures,
with a crystallinity=degree lower than in the raw material. In addition, the crystallinity peaks
observed in the/ XRD pattern form pure TH and LH disappeared in five complex matrices, and this
suggested that TH and LH were amorphous in the core-shell printed matrices. These amorphous
drugs in the complex matrices are advantageous for a drug delivery system because it improves
drug release and'bioavailability.*) The amorphous drug showed a higher dissolution rate and led to
a higher bioavailability for poorly soluble drugs. Meanwhile, the amorphous phase presented higher
free energy, which could increase the exposure of hydrophobic and hydrophilic functional groups
improving the wettability'*”!. As for the crystalline peaks of Fe;O4 NPs disappearing in the XRD

pattern of magneti¢ matrices, it might be the reason amount of Fe;O4 NPs was limited.

2.5. In-vitro drug release

Figure 7 displays cumulative drug release profiles from the printed matrices. The release kinetics of
TH from four“magnetic matrices was also investigated in vitro for 192 h (Figure 7a). Biphasic
release profiles were observed for all samples; beginning with a rapid initial release stage (up to 0.5
h) followed by a slow release phase (from 0.5 h to 192 h). 45.9%, 62.3%, 79.0% and 78.6% of TH
was released rapidly from matrices with 0.55%, 1.1%, 1.65% and 2.2% w/w TH carriers within the

first hour of release studies, respectively. The quantity of TH release approaches 68.4%, 90.7%,
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93.7%, and 92.4% after 192 h for matrices with 0.55%, 1.1%, 1.65% and 2.2% w/w TH,
respectively. The rapid burst release is due to the reason that drug molecule distribution near the
filament surface, which were caused by the drying process.*® The results presented here show
that the drug released from matrices with higher drug concentration had a faster release rate, which

%) To quantify the TH drug release mechanisms, a

was in accordange with previous studies.
zero-order, firstforder, Higuchi and Korsmeyer-Peppas models were applied to fit the obtained
release datamAswshown in Table 1, the Korsmeyer-Peppas model had the highest correlation
coefficient, and' the n values were 0.0719, 0.0346, 0.0444, and 0.0389 for core-shell printed
matrices with 0:55%, 1.1%, 1.65%, and 2.2% w/w TH, respectively. These values are lower than
0.45, suggesting the primary Fickian diffusion release mechanism of the TH in all the coaxial
printing samples.

Drug release from’ magnetic matrices with 1.1% w/w TH and non-magnetic matrices with same
drug concentration with the aid of an external AMF trigger was assessed over a 10 h time frame,
and the release/profile of the magnetic matrices with 1.1% w/w TH in the normal environment is
also displayed (Figure 7b). It can be observed that the non-magnetic matrices had the slowest
release rate compared to the other magnetic samples even though with the aid of AMF. For the
magnetic samples, the introduction of AMF (40 kHz) around core-shell printed matrices vials
induced greater drug release after 1 h compared to non-treated samples. The non-magnetic matrices
released only 48:0% after 1 h under AMF environment, while the cumulative release of TH in the
magnetic sample was 59.7%, which was much higher than the non-magnetic samples. After 600
min period of release, the cumulative release of TH in non-magnetic sample and magnetic sample

were 65.9% and 72.9%, respectively. This can be explained by the reason that in the AMF

environment, the motivated activity of Fe;O4 NPs could cause intensified motion of molecules
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within the polymeric filaments. Fe;O04 NPs also have the potential to produce heat influenced by
AME.P% Because of same concentration for LH in all samples, only magnetic matrices was applied
to study LH release with and without the aid of external AMF (Figure 7c). At the initial 5 min, the
cumulative release of LH in same sample with and without AMF were 60.4% and 65.8%,
respectively. While the cumulative release of LH in samples with and without AMF were 68.3% and
90.1%, respectively. Due to the reason that LH was contained in PEO, which can be dissolved in
PBS, the releasesrate-of LH was more rapid than the release speed of TH. In addition to this, the
induction of AMF could improve the release rate of LH. Thus, for core-shell printed matrices as
wound dressingsy”LH could be released at a very fast speed and achieve the effect of anesthesia,

while the sustained release of TH can heal the wound.

2.6. In-vitro biological test

The antimicrobial activity of the printed matrices was investigated using S. aureus (Gram +) as the
test microorganism. All five kinds of core-shell printed matrices were applied for assessment.
Figure 8a shows“théydisc samples to form inhibition zones after 24 h incubation. The incubation
zones were evident with all matrices samples. Figure 8b shows the graph of inhibition zone area of
the five samples.and control group. There was no inhibition area found for control group. With
respect to the core-shell printed matrices, as TH concentration increased, the inhibition zone area
significantly inereased. The inhibition zone areas for non-magnetic matrices and magnetic matrices
loaded with same concentration of TH were almost identical, indicating that the Fe;O4 NPs had no
effect against the bacteria. The antibacterial properties of the core-shell printed matrices were also
measured against S. aureus (Gram +). The difference in antibacterial proliferation among different

matrices is shown in Figure 8c. If there is a high concentration of bacteria contained in the vessel,
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the liquid/sample is very turbid.”®" The absorbance value of the broth was detected to indicate the
amount of bacteria contained in this broth. As shown in Figure 8c, S. aureus treated with the
matrices showed a decrease of number of bacteria compared to the control group. It was observed
that increasing the concentration of TH in the matrices would increase the activity against S. aureus
significantly. The,relative viability of S. aureus incubated with magnetic matrices loaded with 2.2%
TH was only 42%.%Moreover, the addition of Fe;Os NPs showed no obvious influence on

anti-bacteria activity:

In this study, thespotential toxic effects of core-shell printed matrices due to solvent processing and
additional components including TH, LH and Fe;O4 NPs were investigated. Morphologies of cells
cultured on five different kinds of matrices and culture dish without samples were assessed using
fluorescent microscopy after 3 days culture (Figure 9a-f). It can be observed that the number of
cells on the matrices Joaded with Fe;O4 NPs were evidently higher than that of matrices without
Fe;04 NPs. Besides, there were most cell on the matrices loaded with 1.1% w/w TH, indicating that
moderate TH coficentration could improve cell proliferation on matrices. Compared with cells
culture just on culture dish, cell on the matrices had more extension and shape of cells were longer,
this could be observed in the insets of Figure 9a-e. Cell viability reflects the potential toxic risks of
printing matrices i vitro, presented as a percentage of viable cells within the total cell population.™”
The CCK-8 testuwas applied to evaluate the cytotoxicity of these matrices after 3 days culture. As
shown in Figure 10a, cell viability for core-shell printed matrices loaded with 0.55%, 1.1%, 1.65%,
and 2.2% w/w TH were 71.1%, 97.0%, 105.3%, 97.9% and 68.9% compared to control (100%),

indicating that the addition of Fe;O4 NPs and TH concentration had significant influence on cell

viability. The results showed that by incorporating Fe;O4 NPs could enhance cell viability.
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Moreover, cell viability could be increased by improving the concentration of TH from 0.55% to 1.1%
w/w and be decreased by continuing the increase of TH concentration to 2.2%, which are in
accordance with the fluorescent images. These results indicated that excellent biocompatibility of
core-shell printed matrices, which can be applied in wound dressings.

In vitro wound ‘healing scratch assay was conducted to investigate the effect of core-shell printed
matrices on celldmigration. Figure 11 illustrated the gap closure of the scratched monolayer of L929
cells in the presence=of both control and different core-shell printed matrices, at initial time and
after 24 h, and:72 h of incubation. In order to evaluate the kinetic of the wound healing, the
percentage of gapclosure was determined using the Imagel software. The curves of the percentage
of gap closure as a function of time are presented in Figure 10b. It was found that, after the initial
24 h of incubation, the monolayer appeared irregular with cellular retractions (Figure 11(al-fl)).
Cell polarizationswith protrusions and proliferation were locally seen in the boundary cells for all
samples. The highestmigration rate (about 16%) was observed for magnetic samples loaded with
2.2% TH. Besides, at the first 24 h, the migration rate increased with increasing loading
concentration of THWA fter incubation of 72h, migratory cells from the border zone to the denuded
area was evidently ebserved (Figure 11a2-f2) and the cell densities in the border zone turned to
decrease. Moreoyer, the cells migration was almost covered whole scratch area for the magnetic
samples loaded with 1.65% w/w TH (Figure 11e2), which was the faster migration speed for all
samples (the migeation rate was about 81%). In addition, samples loaded with most TH (2.2%) had
a negative influence on cell migration after 72 h (Figure 1112). The results of wound healing scratch
test showed that the core-shell printed matrices were beneficial for cell migration to some extent

and samples loaded with 1.65% w/w TH had the maximum effect on promoting cell migration.
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3. Conclusion

In conclusion, core-shell printed matrices containing two polymer materials loaded with two drugs
were successfully produced in this study. Results suggested that the concentration of PEO solution
could influence the coaxial structure of matrices. The resulting core-shell matrices showed accurate
stacking and theieoncentration of TH loaded in PCL component had an effect on coaxial filaments
diameter. Besides, adding Fe;O4 NPs and varying TH concentration also had the impact on matrices
mechanical propertiessand drug release behaviors. Drug released from the matrices with higher drug
concentration improved the release rate and external AMF also can induced faster release speed for
both TH and LH#In-vitro biological evaluation indicated that adding suitable amount of TH (1.1%
w/w) could maximum the cell viability and the core-shell printed matrices showed good bioactivity,

which have the potential to be applied in wound dressings.

4. Experimental Section

Materials: Polyethylene oxide (PEO) (average molecular weight 9.0 x 10> g/mol) was purchased
from Huagao Fin€'Chemical Co., Ltd., China. Polycaprolactone (PCL, mean Mw = 8 x 10* g/mol)
were obtained frem Sigma-Aldrich, St Louis, USA. Tetracycline hydrochloride (TH) and lidocaine
hydrochloride (LH) were provided by Amersco, USA and Aladdin, China, separately. Fe;O4 NPs
(mean particle diameter ~ 20 nm) were bought from HWRK Chem, China. Sinopharm Chemical
Reagent (China)ysupplied glacial acetic acid, absolute ethyl alcohol and phosphate buffer saline
(PBS, pH = 7.4). Purified water was produced by a Millpore Milli-Q Reference ultra-pure water
purifier (USA). All materials were used as received without further purification treatment. All

chemicals and reagents used were of analytical grade.
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Solution Preparation: PEO solutions were prepared by dissolving known quantities of PEO in
glacial acetic acid. The concentrations of PEO in glacial acetic acid were selected as 2, 3, 4, 5 and 6%
w/w to find out the optimal PEO concentration for inner layer during coaxial EHD printing process.
To achieve complete dissolution, the solutions were mechanically stirred for 8 h (VELP ARE
heating magnetic,stirter, Italy) at a constant speed of 300 rpm. After picking out the optimum PEO
solution, 5% LH'(of'the PEO quantity) was added to the PEO mixture. Rhodamine B was added to
the PEO solutions«(Sigma-Aldrich, USA) to allow detection when used with PCL when observed by
optical microscopy.

PCL solutions wete prepared as the shell layer for the core-shell matrices. Five PCL solutions were
made and utilized during the printing process. 24 %w/w PCL in acetic acid was used in all solutions.
To ensure full dissolution, the mixtures were put on the heating magnetic stirrer (VELP ARE, Italy)
and were mechani€ally stirred for 5 h at a stable speed of ~ 200 rpm. TH was then added to the PCL
solutions at concentration of 0.55%, 1.1%, 1.65% and 2.2% w/w of the overall solution,
respectively. All the solutions were stirred for a further 2h. The solutions were then magnetized by
adding a small amount of Fe;O4 NPs (to make concentration of Fe;O4 NPs at 0.1% w/w of the PCL
quantity). The mixtures were immersed for 2 h in a mild bath sonication to obtain a homogenous
suspension. Furthermore, there was another solution without Fe;O4 NPs as a control in which the
concentrations of PCL and TH were 24% w/w and 1.1% w/w, separately. The PCL solutions were
prepared to serve,as the shell formulation material, while the PEO solution was used as the inner

core material. All the experiments were carried out at the ambient temperature (25°C).

Magnetic core-shell matrix printing: The schematic diagram of the coaxial EHD printing system is

shown in Figure 1. The EHD printing platform mainly consisted of three components (Figure 1a): a
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high-voltage supply generating ~30 kV (Glassman high voltage Inc. series FC, USA), two syringe
pumps (KD Scientific KDS100, USA), and a high-resolution X-Y-Z movement stage (Hongxia
automatic control equipment Co., Guangzhou, China). PCL solutions and PEO solutions were
loaded into two 5 mL syringes which were controlled by two separate syringe pumps. A coaxial
printing nozzle (inner needle: ID = 0.2mm and OD = 0.4 mm, outer needle: ID = 1.0 mm and OD =
1.5 mm) was mounted on to the Z-axis and connected to the positive terminal of a high voltage
supply. The coresaceess of the nozzle was linked with syringe loaded with PEO solutions while the
shell access of the nozzle was connected to the syringe loaded with PCL solutions via soft silicone
tubes as shown.in'Figure 1b. The conductive glass was placed on the grounded X-Y moving stage
as the collection substrate. To launch the EHD printing process, high voltage was applied and the
syringe pumps were initiated to simultaneously feed PEO solution and PCL solution to the coaxial
nozzle. The depesition of the coaxial PCL/PEO filaments can be flexibly controlled to produce
complicated patterns by changing the movement of X-Y-Z stage according to the specific user
design. The speed of X-Y-Z stage was within the range 60 mm/s — 100 mm/s. The applied voltage
of coaxial EHD pfinting was fixed within the range 2.6 kV-3.0 kV. The distance between the coaxial
nozzle and conductive glass was set at 5.0 mm. To keep the cone-jet stable during the EHD process,
flow rates for PCL, solution and PEO solutions was set as 0.25 ml/h and 0.1 ml/h, separately.
Fabrication proceeded by patterning of the 3D complex PCL/PEO matrices with precise designated
fiber layers (10ulayers along X-axis, 10 layers along Y-axis, and total 20 layers). All experiments

were conducted at the ambient temperature (25 °C) and relative humidity (40-60%).

Material characterization: The morphology of the resulting wound dressings was investigated

using optical microscopy (OM, Phoenix BMX503-ICCF, China) and scanning electron microscopy
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(SEM, FEI Quanta 650, Netherland). OM was applied to image specific inner structures, which
cannot be captured by SEM. For SEM analysis, all samples (structures deposited on microscope
glass slides) were mounted on a specimen stub with double-sided conductive tape and coated with a
thin layer of platinum for 120s using a sputter coater (1080auto, Cressington Scientific Instruments
Ltd., UK) at the'eurrent intensity of 25mA to prevent sample charging. SEM images were recorded
at an acceleration voltage of 5 kV. In this study, all data exported for analysis was plotted as graphs
using Originssoftware (OriginLab, USA). Fiber diameter were investigated using a statistical
distribution utilizing 50 random fibers for each experimental condition. As for the core/shell ratio
measurement forsthe core-shell matrices, the core/shell ratio of 50 fibers for each experimental
condition was counted and a mean value was obtained. Error bars in the graphs represent the mean
+ standard deviation.

The hydrophobieitynof the wound dressings was investigated via contact angle and interfacial
tension analysis,(SL2000KB, Kino Industry Co., Ltd, USA). The contact angle of a PBS droplet (1
pL) on the coresshell printed matrices was tested. Fourier Transform Infrared (FTIR) was applied to
detect compositiofi, interactions and material stability of the matrices.”” The KBr pellet pressing
method was appliedito prepare FTIR samples. In brief, 2 mg of printing samples were immersed in
200 mg of KBr_medium by grinding and then compressed into transparent pellets (pressure ~12
MPa). FTIR was then used to scan pellets and the spectrums were obtained by using 20 scans with a
resolution of 4%em" (4000-500cm™).

To investigate the effect of addition of Fe;O4 NPs and variation of concentrations of TH on
mechanical properties of core-shell matrices, tensile tests were studied by a universal materials
tester (Zwick/Roell Z020, Zwick, Germany). The selected gauge length was 10 mm, and samples

were extended along the fiber axis with a 500 N load cell at the crosshead speed of 10 mm/min at
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the ambient temperature (25 °C). Core-shell printed samples (1.0 x 3.0 cm) were cut for tensile tests.
For each sample set, tests were taken in triplicate after which the mean tensile strength was
calculated.

To determine the crystalline structure of each component (PCL, PEO, Fe;O04 NPs, LH and TH) in
the core-shell printed matrices, the X-ray diffraction (XRD) patterns were analyzed by an X-ray
crystal diffractometet, (Gemini A Ohra, Oxford, UK). The samples were scanned over a 2-theta

range of 5°-60°withsa;step size of 0.02° at 40 kV and 40 mA.

Drug release fromvthe core-shell matrices: In this study, drug release behaviors of both TH and LH
from core-shell matrices were investigated according to a method described in previous study.”” 30
mg of the core-shell printed matrices were placed in 10 ml of pH 7.4 phosphate buffered saline
(PBS) with 200.pmyagitated speed in a HZ-8801K thermostatic oscillator (Taicang Science and
Education Factery, China). During drug release period, 3 mL of supernatant was extracted for UV
detection (UV-2600 spectrophotometer, Shimadzu, Japan) and replenished with an equal volume of
fresh release mediim,at pre-designed time intervals. Each experiment was conducted in triplicate.
The concentration of TH in the supernatant was determined using UV absorption at a wavelength of
364 nm, while the wavelength of LH in UV measurements was 262 nm.

Zero-order, first-order, Higuchi and Korsmeyer-Peppas curve —fitting models were used to
investigate the“drug release kinetics of TH released from the core-shell printed matrices in the
normal release environment (PBS, pH=7.4). Zero-order model can be used to describe the drug
dissolution of several types of modified release pharmaceutical systems. In these situations, the
drug dissolution from dosage forms that do not disaggregate and release the drug slowly can be

represented by the Equation (1):
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Q¢ = Qo + Kot (1)
Where Q is the amount of drug released in time t, Qo is the initial amount of drug in the solution
and Ky is the release order constant. First order model has also been applied to investigate drug
release from those containing water-soluble drugs in porous matrices, and the release of the drug
which followed first.order Kinetics can be expressed by the Equation (2):
logC =logCy #Kt/2.303 2)
Where Cy is thesinitial concentration of drug, K is the first order rate constant, and t is the time.¥
Besides, Higuchi model is usually used to confirm diffusive drug release from a polymer matrix
system, and it can'be presented as shown in Equation (3):

1
M, = kyt2 3)
Here, M; is the quantity of cumulative drug release after time t and ky is the Higuchi constant. The
Korsmeyer-Peppasimodel is normally used to analyze drug release when the mechanism is not clear.
This model is shown as Equation (4):
e kt™ 4)
Here, M; is the eimulative quantity of drug released at time t, and M, is the initial drug loading ,
while k is a constantand n is the release exponent indicating the release mechanism."”
Moreover, the impact of an applied magnetic field (AMF) on drug release was studied. An external
auxiliary magnetic field (AMF) was generated around a vial containing submerged (in PBS)
magnetic core-shell printed matrices. The results from normal release environment without AMF
application served as the control group. A sinusoidal alternating electric current was generated via a
functional signal generator (AFG1022, Tektronix, USA) and circulated into a copper solenoid after

being magnified through a power amplifier (HFVA-42, Foneng Science and Technology Co., Ltd.,

Nanjing, China). The AMF was delivered with a fixed operating frequency of 40 kHz and the output
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current was maintained at 0.4 A (induced magnetic strength of 1.5 mT). All experiments were

proceeded in triplicate.

Antibacterial activity assay: Antibacterial activity of the core-shell printed matrices against S.
aureus (ATCC292134 Beijing Century Aoke Biological Tech. Co., Ltd., China) was studied using a
modified method!>**Baird-Parker agar base plates hosting egg-yolk tellurite emulsions were coated
with 0.1 mlgzofssuspension containing S. aureus (OD = 1.9), using the spread plate method.
Following this, the core-shell printed matrices were placed on the agar plates (® = 6 cm) which
were subsequently incubated (SHP-080 Biochemical Incubator, Shanghai Jinghong Laboratory
Instrument Co., Ltd., Shanghai, China) at 37 °C for 24 h. The area of incubation zone was then
measured.

A microplate readérs(Multiskan GO, Thermo Fisher Scientific, USA) was also used to detect the
antibacterial activity of the core-shell printed matrices against S. aureus. The frozen S. aureus was
restored by incubated in a 7.5% sodium chloride broth in a biochemical incubator at 37 °C for 24 h.
0.1 ml suspensiofi’ containing S. aureus (OD = 1.9) was added into 10 ml 7.5% sodium chloride
broth. 90 mg of:five variations of core-shell printed matrices were added to the five treatment
groups, separately. All the samples were incubated at 37 °C for 24 h. The absorbance values of these
samples were detected at a wavelength of 371 nm using the microplate reader. As the control
samples did notieontain the matrices, the anti-bacterial activity could not be observed. The value of
control group was set at 100% and the treatment groups values were measured by dividing the value
of control group.

Cell culture: For the aim of applying core-shell printed matrices as wound dressings, the matrices

should have low toxicity and good biocompatibility. The biocompatibility of core-shell printed
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matrices was determined using in vitro cell culture assessment. L929 mouse fibroblast cell lines
(obtained from American Type Culture Collection, ATCC) were cultured in Modified eagle’s
medium with 1% antibiotic and antimycotic MEM medium (Genom Biomedical Technology Co.,
LTD, China). 10% fetal bovine serum (FBS, Gibco, USA) was also added into the 9 cm diameter
cell culture dishes at/37 °C at humidified atmosphere (5% CO;). The culture medium needed to be
changed every 48 h."All the samples applied in cell tests were sterilized under UV light for 24 h and
then fixed withssterilized stainless-steel rings in the culture dish. L929 cells were seeded on five

different kinds of core-shell printed matrices (density of 1.0 x 10° cells/cm?).

Investigation of cell morphology: After 3 days culture, cell morphology was investigated according
to a previously. reported method.”® 1929 cells cultured on matrices were fixed using 4% (v/v)
formalin for 20 min at the ambient temperature (25°C), and were washed 3 times by PBS (pH = 7.4).
Cells were thenpermeabilized with 0.1% Triton X-100 in PBS for 5 min. After washed by PBS, cell
cytoskeleton and nuclei were stained with Alexar Fluor 546 phalloidine (Yeasen Biology
Technology Co4 LTD, China) (1:100 dilution) and 4°,6’-diamidino-2-phenylindole hydrochloride
(DAPI, Yeasen Biology Technology Co., LTD, China) for 20 and 5 min, separately. Then the
samples were washed 3 times (PBS) after each staining step. After that, cells were observed by an

inverted fluorescent microscope (Nikon, Eclipse Ti-S, Japan).

Cell viability test: An amount of 100 [L L929 cell suspension was transferred to a 96 -well plate at a
density of 1x10* cells/well and was incubated for 24 h. CCK-8 test was conducted to evaluate
proliferation of L929 cells on five different kinds of core-shell printed matrices after 3 days during

cell culture. The matrices were cut into discs (diameter = 6 mm) and sterilized under UV light for
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24 h and then added to the cell culture plate. After incubation for 3 days, cell viability was measured
by adding 10 [L of CCK -8 solution to each well and incubated for a further 4 h. Absorbance was
detected at a wavelength of 450 nm by a microplate reader (Multiskan GO, Thermo Fisher
Scientific, USA). Cell viability in TCPs well plate (only) was used as control and the culture
medium with CCK-8 solution was served as a blank. The relative cell viability (%) was calculated

using Equation (5):

Ab.(sample)—Ab.(blank)

e 1t 04 —
Cell Vlablhty (/0) Ab.(control)—Ab.(blank)

x 100% (5)

Where Ab. means the absorbance.

In vitro scratch assay: The migration behavior of L929 cells treated with different samples was
assessed through the Wound healing assay.”® The matrices samples were sterilized by UV-light for
24 h. 1929 cellsswere seeded in a 6 well TCPs plate with a density of 3x 10° cells/well and
incubated at 37 °C in 5% CO; in a humidified atmosphere till confluent and formation of
monolayers. Using a 200 L sterile pipette tip, a scratch was made on the monolayer cell surface
and gently washed with PBS to remove the free cells from the scratched area. The refresh medium
is added to the scratched well and incubated at 37 °C and 5% CO; in a humidified atmosphere.
Images of the scratches were captured at 0, 24, and 72h using an inverted fluorescent microscope

(Nikon, Eclipse Ti-S, Japan) to observe the cell migration in the scratched area.
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Figure 3. (a)-( SEM images with different magnifications of core-shell printed matrices
loaded without ieg 4i\]Ps and with 1.1% TH in PCL layer. The SEM image of cross-section of this
kind of core-sh@c) before and (d) after the matrices immersed in DI water. All images were
obtained under m.\ation that inner flow rate and outer flow rate were 0.1 ml/h and 0.25ml/h,

respectively; th@ed voltage was 2.6 kV and the move speed of X-Y-Z stage was 80 mm/s.
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Figure 4. Incli@\/l images of magnetic core-shell printed coaxial EHD printing matrices (a)
0.55% w/w TH@I% w/w TH; (c) 1.65% w/w TH and (d) 2.2% w/w TH. (al) -(d2) are SEM
images with hi agnification. All images were obtained under the situation that inner flow rate
and outer flow rate were 0.1 mL/h and 0.25 mL/h, respectively; the applied voltage was 2.6 kV and

the move speed of X-Y-Z stage was 80 mm/s.
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Figure 6. The (a) start (b) process (c) end of mechanical test for core-shell printed matrices loaded
with Fe;O4 NPs and 1.1% w/w TH. (d) Stress-strain curves and (e) elastic modulus for five kinds of
core-shell printed matrices. (f) XRD patterns of pure TH, Fe;04 NPs, PEO, LH and PCL. (g) XRD

patterns of five kinds of core-shell printed matrices.
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Figure 7. (a) TH release profiles from core-shell printed matrices loaded with 0.55%, 1.1%, 1.65%,
and 2.2% w/w TH. (b) TH release curves for magnetic and non-magnetic matrices loaded with 1.1%
w/w TH with the aid of an external AMF. (c) The release profiles of LH from core-shell printed

matrices with and without AMF.
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Figure 8. (a) Inhibition zones for disc samples of matrices against S. aureus after 24 h incubation.
(b) Inhibitiomrea of control group and five different kinds of matrices groups. (c)

Antibacterial a@gainst S. aureus using a microplate reader.
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Figure 9. Fluorescent images of cell cultured on core-shell printed matrices loaded with (a) 1.1%
w/w TH and without Fe;O4 NPs (b) 0.55% w/w TH (c) 1.1% w/w TH (d) 1.65% w/w TH (e) 2.2%

w/w TH and (f) control (culture dish without samples).
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Figure 10. (a) CCK-8 test on five kinds of core-shell printed matrices after 3 days culture. And the
control was the cells cultured just on the 96-well plate. (b) Quantification of the scratch by the

curves of the percentage of gap closure as a function of incubation time.
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Figure 11. Illustrative micrographs of L929 cells migrating into a scratch area over a 72 h period in
(a) the absence (control), (b) the non-magnetic samples and magnetic samples loaded with (c)
0.55%, (d) 1.1%, (e) 1.65% and (f) 2.2% w/w TH. The blue lines in these images showed the edges

of scratch area.
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Table 1. Fitting Parameters of TH release from core-shell printed matrices loaded with 0.55%,

1.1%, 1.65%, and 2.2% w/w TH.

Release samplesy, Zero-order | First-order | Higuchi (RY) Korsmeyer-Peppas n

RY) (R?) (R)
0.55% w/w THe0:7261 0.6440 0.8763 0.96045 0.0719
1.1% w/w TH 0.5958 0.5557 0.7693 0.9568 0.0346
1.65% w/w TH+" 0.4398 0.3935 0.6258 0.8786 0.0444
2.2% w/w TH 0.4835 0.4483 0.6772 0.9306 0.0389
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D

Coaxial electro ynamic (EHD) printing was utilized to produce well-ordered, dual-drug

loaded-magnetic -shell matrices with high resolution. Results showed rapid release of LH
N —

located in th re fibers while TH loaded in the shell PCL fibers was released sustainably.

The coaxial drug- d matrices also had good bioactivity, indicating the potential of the printed

fibers in woun ings.
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