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Abstract

Although different fabrication methods and biomaterials are used in scaffold development,
hydrogels and electrospun materials that provide the closest environment to the extracellular
matrix have recently attracted considerable interest in tissue engineering applications. However,
some of the limitations encountered in the application of these methods alone in scaffold
fabrication have increased the tendency to use these methods together. In this study, a bilayer
scaffold was developed using 3D-printed gelatin methacryloyl (GelMA) hydrogel containing
ciprofloxacin (CIP) and electrospun polycaprolactone (PCL)-collagen (COL) patches. The bilayer
scaffolds were characterized in terms of chemical, morphological, mechanical, swelling, and
degradation properties; drug release, antibacterial properties, and cytocompatibility of the
scaffolds were also studied. In conclusion, bilayer GeIMA-CIP/PCL-COL scaffolds, which exhibit
sufficient porosity, mechanical strength, and antibacterial properties and also support cell growth,
are promising potential substitutes in tissue engineering applications.

1. Introduction

Cells within tissues are surrounded by three-
dimensional structures with a wide range of prop-
erties and sizes ranging from a few nanometers to
hundreds of micrometers. Highly complex hierarch-
ical structures are common in most biological tis-
sues. Although the fabrication of such hierarchical
structures in natural tissues remains complex and
highly challenging for tissue engineering [1], numer-
ous publications demonstrate a high degree of bio-
mimicry in terms of microstructures. In order to
reconstruct biological systems, different natural hier-
archical levels need to be artificially mimicked. For
this reason, the development of composite structures
to synthetically shape biomimetic scaffolds produced
in a controlled and reproducible manner while mim-
icking the hierarchical structure of tissues has become
arecent trend [2]. Researchers have suggested that the
combination of materials and production methods

© 2024 The Author(s). Published by IOP Publishing Ltd

can be an effective way to improve the performance
of biomaterials [3]. The most prominent approach
is hydrogel/nanofiber composites, which have made
significant progress in biomedical fields such as tissue
engineering, regenerative medicine, and drug delivery
[4]. In this context, many studies have focused on
the preparation of hydrogel electrospun compos-
ite structures to simulate native extracellular matrix
(ECM) [3]. This approach, which allows for biomi-
metic design, targets the cell-material interaction and
determines the most appropriate biomaterials to fab-
ricate specialized scaffolds. Recently, there has been
an increasing number of studies on the fabrication
of hydrogel/nanofiber composites by combining 3D
printing and electrospinning techniques [4]. There
are many different design and fabrication methods
for hydrogel/nanofiber composites, such as ‘simul-
taneous electrospinning/electrospraying technique,
electrospinning technology combined with 3D print-
ing, hydrogel components electrospun coaxially with
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other components, hydrogel precursor used as elec-
trospinning solution, and laminated hydrogel with
electrospun nanofibers’ [4]. The aim of this combin-
ation of methods is to produce multilayer nanofibers
by electrospinning on hydrogel structures produced
by 3D printing technology. Thus, the hydrogel in
this composite structure is 3D printed to a specific
hardness and geometry and retains its strong water
absorption and expansion properties. In addition, the
nanofibers have a high surface-to-volume ratio and
can support cell penetration and nutrient exchange
and improve mechanical properties [5, 6].

The aim of this study was to develop an altern-
ative approach to the fabrication of biomimetic scaf-
folds by fabricating 3D printed GelMA using the
DLP method and PCL-COL nanofibers using elec-
trospinning to develop hydrogel/nanofiber compos-
ites. The goal is to fabricate structures of macroscopic
complexity using these two methods. The continued
development of new interactive chemistries, materi-
als, and manufacturing processes will help advance
the field by integrating and applying them to func-
tional tissue engineering materials.

According to the American Society for Testing and
Materials standard classification, there are seven basic
3D printing techniques. These are: material jetting,
material extrusion, binder jetting, vat photopolymer-
ization, powder bed fusion, sheet lamination, and dir-
ected energy deposition techniques. Each type of 3D
printing technique has its own advantages and limita-
tions, and the selection of an appropriate 3D printing
technique depends largely on the intended applica-
tion. Vat photopolymerization is the third most com-
monly used 3D printing technique with a rate of
16.52%. This technique can be used to fabricate vari-
ous tissues such as bone, cartilage, nerve, liver, and
skin, as well as various medical devices. Natural and
synthetic polymers, ceramics, and metals can be used
as resins. In this printing method, the photocurable
resin is selectively cross-linked when a light source is
projected onto the surface to initiate the free-radical
photopolymerization process to obtain 3D parts of
the desired product [7]. Vat photopolymerization
process; It can be categorized as top-down or bottom-
up depending on the location of the light source, and
can be divided into two main groups: stereolitho-
graphy (SLA) and digital light processing (DLP). DLP
is therefore an advanced version of SLA. It is based
on the principle of layer-by-layer curing of photo-
polymer resins [8]. Significantly faster production is
achieved with DLP. This ensures adequate macromer
conversion with an optimal exposure time, while
minimizing overexposure to prevent unwanted par-
tial polymerization of the surrounding resin [9]. This
method reduces process time, allows high-resolution
fabrication, and produces structures with perfect
geometries that mimic natural tissues [7, 10, 11].
Currently, while many photoreactive biomaterials are
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used in light-based 3D bioprinting, gelatin methac-
ryloyl (GelMA) is the most preferred biomaterial
due to its properties such as printability, biocom-
patibility, and biodegradability [12]. GelMA’s excel-
lent biocompatibility, tunable physical and chemical
properties, or ease of biological modification have
made it an attractive choice for the biofabrication of
various tissues or organs [13]. GeMA is formed by
the modification of gelatin with photocrosslinkable
methacrylamide groups. However, its poor mechan-
ical properties alone limit its application. Various
methods of hydrogel preparation have been proposed
to increase mechanical strength [9, 14]. Song et al
GelMA/HAp porous composite scaffolds developed
by DLP method have developed a product with good
mechanical properties, printability and potential for
osteogenic activity to be used in bone repair [15].
Gao et al They reported that they improved chon-
drogenic differentiation and facilitated vasculariza-
tion and bone remodeling by fabricating GelMA-
PMAA scaffolds developed by the DLP method for
bone regeneration by endochondral ossification [16].
Qian et al As a result of their in vivo studies with
hDPSC-loaded GelMA microspheres developed by
the DLP method for dental pulp regeneration, they
reported the development of odontoblast-like cells in
the highly vascularized dental pulp and root canals of
incisors [17]. Shen et al They reported the GelMA/SG
scaffold developed using the DLP method, which
has mechanical and biological properties suitable for
cartilage repair [18]. Joshi et al They reported suc-
cessful wound treatment using the modified GelMA
micropyramidal dressing developed using the DLP
method [19].

On the other hand, electrospinning is one of
the most successful techniques for the fabrication
of three-dimensional, porous, and nano/micron-
scale fiber-based matrices with tunable morphology
(20, 21]. Electrospun membranes contain nanofibers
with high surface area-to-volume ratios, providing
abundant protein adsorption sites and numerous cell
attachment sites [20]. In this study, polycaprolactone
(PCL) was chosen for its mechanical strength and
hardness to produce membranes by using electro-
spinning method. PCL is hydrophobic, making this
biomaterial alone unsuitable for cell affinity and arti-
ficial tissue formation [22, 23]. Electrospun fibers
can combine the biocompatibility of natural poly-
mers with the superior mechanical strength of syn-
thetic polymers [20]. Collagen (COL), the major
component of the ECM, is highly hydrophilic and has
good biodegradability and biocompatibility. It sup-
ports proliferation and differentiation by promoting
cell attachment [24]. The disadvantages of PCL can
be overcome by creating a PCL-COL composite [25].
Thus, it can further affect the mechanical properties,
plasticity, biocompatibility, and degradability of the
nanofiber, and thus the repair efficiency of the tissue
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Figure 1. Schematic illustration of the development process of bilayer GeIMA-CIP/PCL-COL scaffolds: (a) DLP printing of
GelMA-CIP hydrogel, (b) Preparation of PCL-COL nanofiber, (c) Bilayer scaffold.

[26]. PCL-COL nanofibers are also used in many
areas of tissue engineering, such as wound dressing
[27], vascular graft [28], bone and cartilage [26], and
drug delivery system [29] are also used.

This study presents a bilayer scaffold design
consisting of 3D-printed hydrogel/electrospun nan-
ofiber that can mimic natural tissue for use in tis-
sue engineering. First, GelMA hydrogels containing
ciprofloxacin (CIP) were developed using the DLP
3D printing method. CIP, an FDA-approved broad-
spectrum antibiotic known to be effective against
gram-negative and some gram-positive bacteria, was
incorporated into the GelMA hydrogel to provide
antibacterial properties [30, 31]. Thus, within the
scope of this study, the product produced by the 3D
printing and electrospinning approach can be used
for interface tissue engineering (ITE). The ligament-
cartilage region can also be included in the most stud-
ied ligament-bone, tendon-bone, and cartilage-bone
interface tissues [32], which are found in the living
body and can be used in the production of biological
artificial tissue alternatives to renew or completely
repair the functions of damaged or diseased areas at
the interface in these areas.

To the best of our knowledge, a bilayer scaf-
fold consisting of 3D-printed GelMA-CIP hydro-
gel and electrospun PCL-COL nanofibers has been
developed for the first time in the literature for tissue

engineering applications. The chemical, morpholo-
gical, and mechanical properties of the developed
bilayer GelMA-CIP/PCL-COL scaffolds were stud-
ied, and their drug release behavior, antimicrobial
properties, and cytocompatibility were investigated
in vitro. This innovative bilayer scaffold can present
a promising and effective treatment approach for
addressing tissue engineering (figure 1).

2. Materials and Methods

2.1. Materials

Gelatin type B from bovine skin and COL was
bought from Halavet (Turkey). Ciprofloxcacin was
purchased from Cayman Chemical (USA). PCL
(M,, = 80.000 g mol™!), methacrylic anhydride
(MAA), lithium phenyl-2,4,6-trimethyl-benzoyl
phosphinate (LAP), and dialysis membrane (cut-
off value 14 kDa and average flat width 43 mm)
were obtained from Sigma—Aldrich (Darmstadt,
Germany). Sodium carbonate, sodium hydroxide,
hydrochloric acid fuming 37%, and Parafilm” M
were purchased from Merck (Darmstadt, Germany).
Phosphate-buffered saline (PBS, pH 7.4) was bought
from ChemBio (Turkey). Sodium hydrogen carbon-
ate (>99.7%) was purchased from ISOLAB (Eschau,
Germany).
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2.2. GelMA synthesis

GelMA was synthesized following a previously estab-
lished protocol [33]. Briefly, a 10% (w/v) gelatin solu-
tion was allowed to dissolve in 0.1 M bicarbonate buf-
fer (pH 9) at 60 °C. Subsequently, 0.2 ml of MAA
per gram of gelatin was added to the gelatin solution
and reacted for 3 h at 50 °C with constant stirring.
Next, the pH was adjusted to 7.4 to terminate the reac-
tion. The resulting solution was dialyzed in distilled
water at 40 °C for 5 d to remove unreacted MAA and
methacrylic acid by-products. It was then lyophilized
for 3 d and stored at —20 °C until use.

2.3. Preparation of GeIMA-CIP solution

0.4 g of GeMA was dissolved in PBS (pH 7.4) at 50 °C
to obtain a 20% (w/v) GelMA solution. Next, an anti-
biotic stock was prepared by adding 0.5 mg of CIP in
10 ml of 1 N HCI. Then, different concentrations of
antibiotic solution (30, 100, 250, 500 ul) were pre-
pared to be added to the GelMA solution. As a res-
ult of the optimization studies, 500 pul of CIP was
added to the GelMA solution. Subsequently, 0.25%
(w/v) of the photoinitiator (LAP) was incorporated
into the obtained solution. Following this, the mix-
ture was poured into the tank of the 3D printer.

2.4. Design and DLP printing of GelMA-CIP
hydrogel

For the 3D printing process, a model with a thickness
of 3mm and abase of 10 X 10 mm was designed using
the computer-aided design software SolidWorks 2020
(Dassault Systemes SE, Vélizy-Villacoublay, France).
The design was converted to .stl file format and sliced
using the 3D printer software Chitubox (Shenzhen
Chuangbide Technology Co., Ltd, Shenzhen City,
China). A 3D printer (Phrozen Shuffle 4 K, Phrozen
Tech Co. Ltd, Hsinchu, Taiwan) with a 60 s expos-
ure time, 12 mW c¢cm 2 light intensity, and 405 nm
light wavelength was used. The produced 3D-printed
hydrogel was kept at —20 °C for 1 d, then dried in a
lyophilizer for 1 d, and stored in a container at room
temperature until characterization.

2.5. Preparation of PCL-COL solutions and
electrospinning process

To prepare electrospinning solutions, 15% (w/v) PCL
and 15/5% (w/v) PCL/COL solutions were dissolved
in a 90% acetic acid solution at 450 rpm for 24 h.
Next, the solutions were fed into 10 ml plastic syr-
inges connected to the 21-gauge metal needle. A
laboratory-scale device (NS24, Inovenso Co., Turkey)
was used to produce PCL and PCL/COL nanofibers.
Experimental parameters for the electrospinning pro-
cess were optimized to be 18 kV voltage, 1 ml h—!
flow rate, and 12.5 cm distance between the needle
tip and collector. All electrospinning processes were
performed under ambient conditions.
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To obtain a bilayer scaffold, nanofibers were cut
in 10 x 10 dimensions after the electrospinning pro-
cess. Then, when the hydrogels produced by 3D print-
ing were wet, the hydrogel layers were adhered to each
other with the nanofibers prepared.

2.6. Scanning electron microscopy

The surface morphology of the GelMA, GelMA-CIP
hydrogels, PCL, PCL-COL nanofibers, GelMA/PCL
and GelMA-CIP/PCL-COL scaffolds was examined
using a scanning electron microscope (EVA MA 10,
Zeiss, Jena, Germany). The specimens were coated
with gold for 120 s using a spray coating machine
(SC7620, Quorum, Laughton, East Sussex, UK).
Histogram graphs from scanning electron micro-
scopy (SEM) results of hydrogels and nanofiber were
drawn using imaging software (Olympus Analyss,
USA).

2.7. Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR,
FT/IR-ATR 4700, Jasco, Easton, MD, USA) was used
to determine the chemical structure of CIP, gelatin,
GelMA, GelMA-CIP hydrogels, PCL, COL, and PCL-
COL nanofibers. Measurements were performed at
room temperature with a resolution of 4 cm™! in the
wavelength range 450-4000 cm ™!,

2.8. Mechanical characterization of scaffolds

The mechanical properties of GelMA, GelMA-CIP
hydrogels, PCL, PCL-COL nanofibers, GeIMA/PCL
and GelMA-CIP/PCL-COL bilayer scaffolds were
studied using a mechanical testing machine (EZ-LX,
Shimadzu, Kyoto, Japan). The compression test was
applied to hydrogel samples; cylindrical hydrogels
6 mm in height and 8 mm in diameter were prin-
ted for the test. The compression tests were carried
out at a rate of 1 mm per minute up to a max-
imum of 50% strain. The tensile test was conduc-
ted on the nanofiber and bilayer scaffold samples.
Before tensile tests, the thickness of 10 x 50 mm nan-
ofiber samples was measured using a digital micro-
metre (Mitutoyo MTI Corp., USA). The tensile tests
were carried out with a load cell of 5 kN £ 0.5% at a
speed of 5 mm min~! and with a displacement resol-
ution of 1 pm at room temperature (23 °C).

2.9. Swelling and degradation behaviour of
scaffolds

Swelling measurements were performed to determine
the water uptake capacity of the hydrogels, nanofibers
and bilayer scaffolds in PBS at pH 7.4. During the
test, the initial weights (W) of the hydrogels and nan-
ofibers were recorded. The samples were then trans-
ferred to Eppendorf tubes containing 2 ml of PBS and
kept at 37 °C in a thermal shaker (Microtest). After a
certain time (5, 15, 30, 45, 60, and 90 min for hydro-
gels; 1, 3, 5, 12, 24, 48, and 96 h for nanofibers; 5, 15,
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30, 45, 60, 90 and 180 min for bilayer scaffolds), the
samples were removed from the excess water, and the
wet weight (W,,) of the samples was measured. The
swelling ratio was calculated using equation (1):

Ww — WO

0

Swelling ratio (%) = x 100%. (1)

Hydrogels and nanofibers were weighed for
degradation tests and placed in 2 ml of PBS at 37 °C.
After a certain time (1, 3, 7, 14, and 21 d for hydro-
gels; 1, 7, 14, and 21 d for nanofibers), the samples
were separated from PBS and dried for 24 h. The
dried weight (W;) of the samples was measured
and the degradation rate was calculated according
to equation (2):

W()_Wt

W x 100%. (2)

Degradation rate (%) =

2.10. In vitro drug release study

By measuring the UV-vis absorption of the drug in
PBS (pH 7.4) at predetermined time intervals, the
release profile of CIP from the GelMA-CIP hydro-
gels was investigated. First, the CIP linear calibra-
tion curve was analyzed using a UV-vis spectropho-
tometer (Jenway 7315, Bibby Scientific, Staffordshire,
UK) at 278 nm. Next, the samples were kept at
37 °C in 2 ml of PBS. At predetermined time points
(0.25,0.5, 1, 2, 3, 4, 6, 8, 12, 24 and 48 h), samples
were removed from the PBS, transferred to a UV—vis
spectrophotometer, and the amount of drug release
was measured. Then, the samples were replaced with
a fresh buffer solution for the continuation of the
release studies.

2.11. In vitro antibacterial activity

The Clinical Laboratory Standards Institute disc
diffusion method was used to evaluate the anti-
bacterial activity of GelMA-CIP hydrogels against
Staphylococcus aureus ATCC 25 923, Escherichia coli
ATCC 25 922, and Pseudomonas aeruginosa ATCC
27 853. Overnight cultures of S. aureus ATCC 25 923,
E. coli ATCC 25 922, and P. aeruginosa ATCC 27 853
were spread on Mueller—Hinton agar plates. GelMA-
CIP hydrogels cut into 6-mm slices were then placed
on the agar plates and incubated at 37 °C for 24 h. By
measuring the zone diameters, the inhibition zones
around the disks were determined. Drug release stud-
ies were carried out according to the most effective
drug concentration determined as a result of antimi-
crobial analysis.

2.12. In vitro cell viability

Mouse fibroblast 1929 cells (NCTC clone 929;
American Type Culture Collection (ATCC, VA, USA;
ECACC No. 2869501)) were used to determine
in vitro cell viability. Cells were cultured in DMEM
containing 10% FBS and 1% penicillin-streptomycin
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ina 5% CO,, 37 °Cincubator. The cells were observed
under an inverted microscope, and the medium was
changed approximately every 3 d. When the cell
layer was close to 80%, cells were detached from
the medium with a trypsin solution and incubated
in a 96-well plate. The cells were observed under
an inverted microscope (Zeiss Axio Observer Z1)
GelMA, GelMA-CIP hydrogels, PCL, PCL-COL nan-
ofibers, and GelMA/PCL, bilayer GelMA-CIP/PCL-
COL scaffolds were investigated for cell viability and
UV sterilized for 1 h before the MTT assay. After ster-
ilization, all were placed in a 96-well plate and incub-
ated with 2 x 10* cells per well. Cells were incubated
on the biomaterials for 7 d. To determine cell viability,
MTT analysis, a colorimetric method, was performed
on days 1, 3, and 7. Briefly, 10 pl of MTT solution
(5 mg MTT ml~! in PBS) was added to the wells to
be assayed and allowed to form formazan crystals
for 3 h at 37 °C. Then 100 pul of DMSO was added
to each well to solubilize the formazan crystals. The
optical density (OD) at 570 nm was measured using
an FElisa reader (Thermoscientific Multiskan GO).
Only DMSO-treated cells were used as the positive
control, while only monolayer cells not seeded on the
biomaterial were used as the negative control. The
percentage of cell viability was calculated for all cell
culture methods. Cell viability (100%) was measured
using equation (3):

OD treatment

Cell viability (%) = OD control

x 100%. (3)
3. Results and Discussion

3.1. Scanning electron microscopy

The morphology of the hydrogels and nanofibers was
examined by Scanning electron microscopy (SEM)
analysis, and the micrographs are shown in figure 2.
In addition, the general view of the bilayer scaffold
consisting of hydrogel and nanofiber layers is shown
in figure 2(a). The pore size in hydrogels is an import-
ant parameter that affects the degradation profile,
drug transport, and high cellular activities including
cell penetration and differentiation [34]. The aver-
age pore diameters of GelMA and GelMA-CIP hydro-
gels were measured to be 10.42 + 6.519 pm and
4.26 £ 2.331 um, respectively (figures 2(b) and (c)).
The addition of CIP reduced the matrix density of
GelMA hydrogel, making it more porous. According
to these results, it can be said that GeIMA-CIP hydro-
gel has a more porous structure than GelMA, but its
pore diameters are smaller. This can be attributed to
the fact that it changes the mechanics of GelMA-CIP
hydrogel by causing a decrease in the polymer chain.
Moreover, this may be because HCl in the CIP solu-
tion can lower the acidity of the medium and pro-
tonate the amine groups (-NH;) in the backbone of
the gelatin hydrogel [35]. Based on these findings, the
pore sizes of the produced hydrogels are suitable for
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Figure 2. (a) The overall view of bilayer scaffolds composed of 3D-printed hydrogel and nanofiber patch SEM images of
hydrogels, nanofibers and bilayer scaffolds: (b) GeIMA hydrogel, (c) GeIMA-CIP hydrogel, (d) PCL nanofibers, (e¢) PCL-COL
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use as drug delivery and tissue engineering scaffolds
[36].

The surface morphology and the average fiber
diameter of PCL and PCL-COL patches are demon-
strated in figures 2(d) and (e). SEM images showed
that PCL and PCL-COL fibers have a smooth sur-
face and relatively uniform diameter with a bead-free
structure. The average fiber diameters of PCL and
PCL-COL electrospun nanofibers were measured as
77.77 +22.562 nm and 109.89 £ 26.378 nm, respect-
ively. Increasing the polymer chain concentration in
the PCL-COL solution caused the nanofiber diameter
to increase. This result was also consistent with the
literature [29, 37].

SEM images of the bilayer GeIMA/PCL and
GelMA-CIP/PCL-COL  scaffolds are shown in
figures 2(f) and (g). To show that both the hydro-
gel layer and the nanofiber layer were combined, the
layers consisting of GelMA and GelMA-CIP hydro-
gels were not lyophilized. Based on the images, it was
determined that the hydrogel layers and nanofiber
layers successfully penetrated each other, as indicated
by the border line. Because the hydrogel layer was

wet and the nanofiber layer was thin, the two layers
easily adhered to each other without any adhesive.
This situation can be seen in the SEM images. It may
be related to the rapid physical crosslinking of PCL
and PCL-COL polymers with the free amine group
present on the surface of GeIMA and GelMA-CIP [3].
As shown in figures 2(f) and (g), the bilayer scaffold
proposed in this study can be considered as a suitable
candidate to mimic the extracellular structure.

3.2. Fourier transform infrared spectroscopy

Figure 3(a) presents the FTIR spectra of CIP, gelatin,
GelMA, and GelMA-CIP hydrogels. In the CIP spec-
trum, a prominent peak was found between 3350 and
3300 cm ™!, characterizing the stretching vibration of
O-H groups and intermolecular hydrogen bonding.
Between 1000 and 1700 cm ™! the presence of a large
number of double-bonded functional groups is detec-
ted. The peak between 1650 and 1600 cm ™! charac-
terizes our antibiotic, which belongs to the quino-
lones. The peak between 1400 and 1350 cm™! rep-
resents (C=0). It shows the bending vibration of the
O-H group and proves the presence of the carboxylic
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acid peak at 1250-1200 cm™! [38]. In the GelMA
spectrum, the peak at 3278 cm™! is associated with
the presence of peptide bonds O-H and N-H func-
tional groups (Amide A) [39]. The absorption band
at 1630 cm ™! is associated with the C=0 stretch-
ing groups (Amide I) and the peak at 1535 cm™! is
associated with the N-H bending groups (Amide II).
The amide II band in gelatin shifted to 1535 cm~! in
GelMA [40]. The absorption band at 1242 cm™! is
C-N stretching and N-H bending (Amide III). Due
to the overlap of the characteristic bands of CIP and
GelMA and the very small amount of drug in the
GelMA-CIP hydrogel, we can say that slight shifts in
the GelMA-CIP peaks compared to GelMA indicate
the presence of CIP.

FTIR spectra of COL, PCL, and PCL-COL nan-
ofibers are shown in figure 3(b). The spectrum of
the COL showed a peak associated with N—H stretch-
ing at 3285 cm™! (Amide A). Amide A band occurs
due to O-H and N-H stretching. Amide B is associ-
ated with C-H stretching at 2927 cm™! [41]. Amide
I and 11 bands were detected at 1628 and 1524 cm !,
respectively [42]. Amide I is formed due to C-H car-
bonyl stretching. Amide II is formed related to vibra-
tions on the plane of the N-H bond and C-N stretch-
ing, and Amide III is due to C-N stretching and
N-H deformation [43]. In the PCL spectrum, the
1722 cm™! peak represents the stretching in the car-
bonyl group of the C=0O ester. The peaks between
2943 cm ™! represent the strain in the structure of the
C-H groups in the polymer [44]. Amide groups were
observed in COL and PCL-COL nanofibers. Slight
shifts were observed in the FTIR spectra of PCL-COL
compared to the spectra of PCL. This can be explained
by the low amount of COL in PCL.

3.3. Mechanical characterization of scaffolds

The mechanical properties of the nanofiber layer and
the bilayer scaffold were evaluated by tensile exper-
iments, while the mechanical performance of the

hydrogel layer was characterized by the compression
experiment [6]. Since the GeIMA layer could not be
placed between the jaws of the tester and tensile ana-
lysis could not be performed, compression analysis
was performed. The mechanical properties of GelMA
and GelMA-CIP depend on the combined effects of
various factors such as degree of crosslinking, pore
size and porosity [3]. The compressive strength of
GelMA and GelMA-CIP hydrogels was calculated to
be 24.46 + 0.85 kPa and 13.61 £ 0.74 kPa, respect-
ively (figures 4(a)—(c) and table 1). The decrease in
mechanical properties and physiological stability of
GelMA hydrogel after the addition of CIP may be due
to gaps between polymer chains [45]. Thus, it can
be concluded that the polymer cross-links of GelMA
hydrogel are higher than those of GeIMA-CIP, result-
ing in a mechanically stronger hydrogel. In addition,
the increase in compressive strength of the hydrogel is
an indication that it can withstand external pressure
when implanted in the defect area [46]. Furthermore,
this layer showed compressive strength values close to
the soft tissues [47].

The tensile strength of PCL and PCL-COL hydro-
gels was calculated to be 0.88 + 0.22 MPa and
3.32 £+ 0.26 MPa, respectively (figures 4(d)—(f) and
table 1). When COL was added to PCL nanofibers, the
tensile strength of COL increased [48, 49]. The signi-
ficant increase in tensile strength of the nanofibers by
adding COL to PCL nanofibers can be interpreted as
the ability of COL to absorb energy against the load
due to its high degree of elongation [48]. It is also
thought that this may be due to COL binding to PCL,
which increases the fiber diameter. This is thought to
contribute positively to the mechanical behavior. The
tensile strength for cartilage tissue has been repor-
ted to be 1.1-2.5 MPa [50]. In addition, the tensile
strength of various nerves has been reported to be in
the range of 2-10 MPa [51].

The bilayer scaffold obtained by incorporating
nanofibers into hydrogels also resulted in an increase
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Table 1. Mechanical test results of the scaffolds (Data are expressed as mean =+ standard deviation (SD, n = 3)).

Scaffolds Compressive strength (kPa) Tensile strength (MPa) Strain at break (%)
GelMA 24.46 + 0.85 — 18.16 + 3.47
GelMA-CIP 13.61 +£0.74 — 13.50 + 3.48
PCL — 0.88 +£0.22 9.32 £+ 2.88
PCL-COL — 3.32 £0.26 29.41 £+ 4.39
GelMA/PCL — 0.37 £ 0.13 27.72 +£12.26
GelMA-CIP/PCL-COL — 0.61 £0.27 37.90 4+ 12.44

in the elongation at break, while the modulus of
elasticity significantly decreased. This can be attrib-
uted to the 3D structure of the nanofibers in the
bilayer scaffold [3]. It has been observed that the
mechanical performance increases with the addition
of nanofibers to the hydrogel groups. The mechanical
strengths of GelMA/PCL and GelMA-CIP /PCL-COL
are 0.37 4+ 0.13 MPa and 0.61 £ 0.27 MPa, respect-
ively. The high mechanical strength of the bilayer
scaffold composed of GelMA-CIP/PCL-COL can be
attributed to the highest mechanical properties of the
PCL-COL nanofiber. It can be concluded that the
nanofiber contributes to maintaining the mechanical
integrity of the hydrogels [4]. The tensile strength for
heart muscle and vessels is about 60-100 kPa and
300 kPa—3 MPa, respectively [52]. Given these values,
it can be concluded that the mechanical properties of
both the bilayer scaffold and its individual layers, as
indicated by the results in table 1 and figure 5, fall
within the tensile strength range of various tissues.

3.4. Swelling and degradation behavior of scaffolds
The swelling and degradation capacity are critical
for the strength of the scaffolds and the release of
the charge during the recovery period. To investigate

swelling behavior, GelMA and GelMA-CIP hydrogels
were incubated in PBS (pH 7.4) at 37 °C for 90 min
to measure mass changes over time (figure 6(a)). It
was observed that the swelling rate of the hydrogels
increased significantly within the first 5 min. Swelling
equilibrium was reached in 45 min for GeIMA hydro-
gels and in 60 min for GelMA-CIP hydrogels. It was
seen that the swelling rate of GeIlMA (~341%) is lower
than that of GeIMA-CIP (~413%). The greater num-
ber of cross-links in GeIMA hydrogels provides less
space for water to be retained during swelling, res-
ulting in lower swelling rates. Similarly, the increase
in the number of pores in the morphological struc-
ture of the GeIMA-CIP hydrogel due to the increase
in space between the polymer chains with the addi-
tion of CIP can be attributed to the fact that it forms
fewer cross-links. Therefore, GelMA-CIP is likely to
swell by absorbing more water [53, 54].

In order to accurately determine the period dur-
ing which scaffolds degrade and trigger new tissue
formation, degradation must be studied within a nar-
row range [48]. GelMA and GelMA-CIP hydrogels
were incubated in PBS (pH 7.4) for 21 d at 37 °C
and their degradation behavior was examined at cer-
tain time intervals (figure 6(b)). GelMA hydrogels
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showed a ~34% degradation rate at the end of 21 d,
while GelMA-CIP hydrogels showed a ~39% degrad-
ation rate. The degradation is likely to be consist-
ent with the swelling results. In other words, GelMA
hydrogels with more crosslinked areas are more res-
istant to degradation, while GeIMA-CIP hydrogels
with weaker polymeric crosslinks are more suscept-
ible to degradation [54]. As a result, this can be attrib-
uted to the fact that the morphological, mechanical,
and swelling properties of the hydrogels are consistent
with each other.

The swelling abilities of PCL and PCL-COL nan-
ofibers were studied by incubating them in PBS at
37 °C for 96 h, as presented in figure 6(c). PCL nan-
ofibers reached swelling equilibrium at the 5th hour,
while PCL-COL nanofibers reached equilibrium at
the Ist hour. At the end of the 96th hour, the swell-
ing rate of PCL-COL nanofibers was ~136%, while
the swelling rate of PCL fibers was ~110%. As a res-
ult, it was observed that the swelling ratio of PCL-
COL fibers increased compared to PCL fibers. This
was interpreted as an increase in hydrophilicity [25]
with the addition of COL to the hydrophobic PCL
and, consequently, an increase in swelling rate.

PCL nanofibers were found to be more stable
than PCL/COL nanofibers when incubated in a PBS
solution at 37 °C for 21 d. At the end of the 21st
day, PCL/COL showed a degradation of ~23%, while
PCL showed a degradation of ~6% (figure 6(d)).
With the addition of COL to PCL nanofibers, swelling
and degradation rates increased [29]. Because PCL is
crystalline and COL is an amorphous polymer, the
amorphous region decomposes faster than the crys-
talline region during hydrolytic degradation [48].

Swelling equilibrium was reached in 60 min for
GelMA/PCL bilayer scaffold and in 90 min for the
GelMA-CIP/PCL-COL bilayer scaffold (figure 6(e)).
It was found that the swelling rate of GelMA/PCL
(~411%) is higher than that of GelMA-CIP/PCL-
COL (~340%). The presence of more physical bonds
in GelMA-CIP/PCL-COL compared to GelMA/PCL
is likely due to the COL content in its structure, which
may have influenced the swelling properties of the
bilayer scaffolds. When the mechanical properties and
swelling behavior of the bilayer scaffolds were evalu-
ated together, they were found to be compatible.

3.5. In vitro drug release study

Invitro drug release studies were performed to invest-
igate the release behavior of CIP from GelMA-CIP
hydrogels. To mimic the physiological conditions of
living organisms, the test was performed in PBS (pH
7.4, 37 °C) for 48 h. UV absorbance at 278 nm was
used to detect the released CIP. UV spectra obtained
with the concentration range of CIP from 0.2 to
1 ug ml~! were plotted, and a linear standard calibra-
tion curve was constructed from the CIP absorbance
values (R? = 0.9975) (figures 7(a) and (b)). GelMA-
CIP hydrogels showed a 70% burst release of CIP
from the hydrogels within the first 1 h of incuba-
tion, as shown in figure 7(c). At the end of 48 h,
100% release of the drug was achieved. There may be
multiple reasons for the rapid release of drugs from
hydrogels. The increased number of pores on the sur-
face of GeIMA-CIP can be attributed to accelerated
drug release. There is a direct relationship between
swelling behavior and drug release. This may also par-
tially cause the burst release. Another reason may be
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the use of too few antibiotics. In fact, Vigata et al
showed that drug release time can be directly pro-
portional to the amount of drug [55]. In order to
increase the drug release time, the loading of the
drug into the hydrogel can be varied. For example,
Khalil et al [45] developed micelles containing CIP
and released 80% of the drugin 12 h. Ribeiro et al [56]
incorporated nanofibers prepared with CIP and -
cyclodextrin complex into GelMA hydrogels by cryo-
cutting method and observed significantly higher
drug release at the end of the first day than the groups
without the complex.

3.6. In vitro antibacterial activity

Antimicrobial analysis was performed on the GelMA-
CIP layer of the bilayer scaffold. GelMA and GelMA-
CIP hydrogels (containing 30, 100, 250, and 500 pl
antibiotic solution) were monitored for the number
of zones created compared to the positive control.

According to the antibacterial results, the zone of
inhibition around GelMA-CIP (500 pul) showed activ-
ity against all bacteria. GelMA containing 30, 100,
250 pl of CIP and empty GelMA did not show anti-
bacterial activity against S. aureus and P. aeruginosa
bacteria (figure 8). The inhibition zone diameters
determined from GelMA and GelMA-CIP hydrogels
are detailed in table 2.

3.7. In vitro cell viability

Cell viability was measured by MTT analysis in both
the bilayer scaffold and the scaffold-forming groups.
The cytocompatibility was evaluated in hydrogels,
nanofibers, and bilayer scaffolds incubated with cells
for 1, 3, and 7 d, as shown in figure 9. The results
were compared with the negative control. All groups
showed an average cell viability of over 70%, which
was accepted as the biomaterial being non-cytotoxic
according to ISO 10993-5. The higher cell viability
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Figure 8. Antibacterial of GelMA and GelMA-CIP (30, 100, 250, and 500 pl) against S. aureus, P. aeruginosa, and E. coli.

of GelMA-CIP (94%) compared to GelMA (78%)
hydrogel at the end of day 7 can be attributed to the
higher number of pores on the surface of GelMA-CIP
hydrogel. Because more porous hydrogels or hydro-
gels with larger pore sizes can accelerate cell growth,

migration, and proliferation [53]. PCL-COL nan-
ofiber showed 106% cell viability at the end of day 7,
while GeIMA-CIP/PCL-COL showed 102% cell viab-
ility. It was observed that the COL-contained groups
(PCL-COL and GelMA-CIP/PCL-COL) showed a
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Table 2. Inhibition zone diameters (mm) of GelMA and GelMA-CIP (30, 100, 250, and 500 ul) against S. aureus, P. aeruginosa, and
E. coli.

1 (30 ul CIP) 2 (100 ul CIP) 3 (GelMA) 4 (CIP disk) (5 pug) 5 (250 ul CIP) 6 (500 pl CIP)

P. aeruginosa 27 853 — — — — 35 — 12
S. aureus 25 923 — — — — 27 — 13
E. coli 25 922 — 20 23 — 36 25 28
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Figure 9. Cell viability results of 1-day, 3-day, and 7-day treated hydrogels, nanofibers and bilayer scaffolds.

proliferative effect on cell viability compared to other
groups that do not contain COL, confirming the
effect of biomaterials developed with COL on cell
viability [57, 58]. In addition, it can be interpreted
that cell adhesion and proliferation are faster due to
the synergistic effect between the PCL carboxyl group
and the COL amino group [48]. Both the physiolo-
gical similarity of the nanofibers to native ECM and
the presence of COL contributed in part to the posit-
ive interaction between cells and nanofiber scaffolds.
Thus, the positive effect of COL-developed bioma-
terials on cell viability was confirmed [57, 58]. All
results were evaluated by a two-way analysis of vari-
ance (ANOVA) using Dunnett’s multiple comparison
test. No statistical significance was found in the COL
groups compared to the control, but **p < 0.01 and
***p < 0.001 were found to be significant in the
GelMA/PCL groups compared to the control on all
days. Data are expressed as mean =+ SD for all groups
and are statistically significant compared to controls.
Statistical analysis was performed using GrapPhad
Prism 9 software.

4. Conclusions

To summarize the study, the fabrication of the hydro-
gel/electrospun nanofiber bilayer scaffold, which

we predicted would be used in many tissue engin-
eering applications, was successfully confirmed by
chemical and morphological analysis. Although the
addition of CIP altered some physical and mechan-
ical properties of GeIMA-CIP hydrogels, the hydro-
gel was shown to have pore diameter, compressive
strength (24.46 £+ 0.85 kPa), antimicrobial prop-
erties, and cytocompatibility (>70%) suitable for
biomedical application. Similarly, the PCL-COL nan-
ofiber was shown to have adequate tensile strength
(3.32 = 0.26 MPa) and cytocompatibility (~106%).
A new scaffold with synergistic effects was designed
with the GelMA-CIP/PCL-COL bilayer scaffold,
where the cytocompatibility (~102%).

A new scaffold with synergistic effects with appro-
priate tensile strength (0.61 4+ 0.27 MPa), swell-
ing (~340%), and cytocompatibility (~102%) was
designed with the GelMA-CIP/PCL-COL bilayer
scaffold.

Thus, the limits of the application of hydro-
gels and electrospun material composites alone in
the tissue engineering field have been tried to be
overcome. Bilayer scaffolds obtained from electro-
spun nanofibers prepared by combining 3D-printed
GelMA hydrogels will give a dynamic direction to the
treatment methods of tissue parts with very complex
structures in the future.
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