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ARTICLE INFO ABSTRACT

Keywords: Drug delivery systems based on synthetic and natural polymers offer a new approach with a capacity to control
3D Printing the release of bio-active agents within time. In this work, we present different designs of Polycaprolactone (PCL)
Electrospraying 3D scaffolds containing Polyvinylpyrrolidone (PVP) nanoparticles that can store a hydrophilic drug. The drug
IS\I:;?SZ“CI“ delivery system, combined of PCL and PVP polymers fabricated by additive manufacturing, aims for a solution

for longer and more stabled drug delivery carrier. The drug, planned to be released to the targeted area, is
sprayed with the electrospray method inside PVP nanoparticles on the different layers of the fabricated PCL
scaffolds 3D printing. This makes obtaining a layered and porous scaffold and drug-loaded nanoparticles within
this structure easier. Obtained PCL scaffolds containing Tetracyclines (Tet) loaded PVP nanoparticles showed
that drug encapsulation into the interlayer extended the release time and exhibited a controlled release profile
for days. Moreover, produced scaffolds have good biocompatibility and no harmful effects. The combination of
3D scaffolds and drug-loaded nanoparticles aims to develop new functional scaffolds by targeting more efficient

Drug release modulation

and longer-lasting drug delivery.

1. Introduction

The additive manufacturing, in which two or more materials come
together and the structures are formed with a 3D printer, is a potential
method for regenerative medicine for implants,stem cells delivery car-
riers in stem cellstransplantations, or controlled drug delivery carriers,
[1-4 5]. To provide the desired duration and release kinetics of drugs,
biocompatible polymer scaffolds should have optimal composition and
structure In contrast to the duration and kinetics of the release, the
structure of the polymer scaffold ensures that the therapeutic compo-
sition containing the active substance is protected in the body from drug
release. The preservation of the active ingredient in the polymer pre-
vents fluctuations in drug levels that can occur simultaneously with
sequential and ad hoc drug administration. This condition, gains more
importance as the drug content increases, aims to achieve a spatial-
temporal release model specific to the treatment site in contrary to
conventional drug release systems [6].

Sustained release of a hydrophilic drug from the hydrophobic poly-
mer carrier might be difficult, and phase separation and splitting of the

drug from the matrix may occur, causing sudden release of the active
substance [7]. In a layered scaffold-drug delivery system the hydrophilic
drug can be preserved in a hydrophilic polymer in a form of particles,
and integrated into the hydrophobic scaffold allowing for a longer and
more stable release. This kinf od system have many advantages since it
can provide physical bonds between biological parts such as cells and
scaffolds due to drug and polymer scaffolds cell retention capacity [8].

Tetracycline (Tet) is an antibiotic used in the prophylaxis and
treatment of both human and animal infections against microorganisms
such as gram-positive and gram-negative bacteria, protozoa, parasites,
and mycoplasmas [9-11]. Tet, which has a versatile and changeable
structure, has been used in the treatment of diseases for more than half a
century now due to its chemical backbone that interact with the cellular
target [12]. Basically, in the working mechanism of Tet antibiotic
interfere with bacterial proteins by binding to them at the site of
biosynthesis through the 30S subunit of the bacterial ribosome. The
mechanism of action of tetracyclines makes it impossible for bacteria to
attach tRNA and in consequence the inhibition of the development of the
bacterial cell occurs.[11]. Tet is used clinically for bacterial dysentery

* Corresponding author at: Center for Nanotechnology & Biomaterials Application and Research (NBUAM), Marmara University, Turkey.

E-mail address: sumeyye.cesur@marmara.edu.tr.

https://doi.org/10.1016/j.ejpb.2023.11.022

Received 18 July 2023; Received in revised form 20 November 2023; Accepted 26 November 2023

Available online 28 November 2023
0939-6411/© 2023 Elsevier B.V. All rights reserved.


mailto:sumeyye.cesur@marmara.edu.tr
www.sciencedirect.com/science/journal/09396411
https://www.elsevier.com/locate/ejpb
https://doi.org/10.1016/j.ejpb.2023.11.022
https://doi.org/10.1016/j.ejpb.2023.11.022
https://doi.org/10.1016/j.ejpb.2023.11.022
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejpb.2023.11.022&domain=pdf

S. Cesur

100% fall kayer

) T Tet-PVP Nanoparticke

0
Tth kayer
&h laver
Sth layer S POL layer
b kayer
Sed hayer
Tet.PVP

20d ayer ) -
It layer }'“' layer

1005 full Layer

European Journal of Pharmaceutics and Biopharmaceutics 194 (2024) 36-48

B)

1004 full layer

D)

Tet-PVP

7 PCL ayer

Fig. 1. A) The bottom layer is 100% PCL covered with the 3D method B) 7 pure porous layers on the 100 % PCL layer C) 2PCL/Tet-PVP/5PCL D) 7PCL/Tet-PVP.

[13], trachoma [14], pertussis [15], pneumonia [12], purulent menin-
gitis [16], skin infections [17], and otitis media [18]. In the study of
Karuppuswamy et al used PCLnanofibes enriched with Tet in different
concentrations and tested the influence of the concentration of the drug
on on the speed of tissue regeneration. The combination of PCL and Tet
was found to be potential as a substrate for drug delivery carriers and
scaffolds.

PCL is a low cost biodegradable, biocompatible, synthetic material,
possessing good mechanical properties, that is satisfactory for many
tissue engineering and drug delivery applications. On of the best
methods to transform this polymer into scaffolds is 3D printing due to
ease procesability and low melting temperature of the polymer. 3D
printing is a very sufficient method for fabrication of complicated
multilayer 3D structures with complex geometry and high porosity.
Moreover, 3D scaffolds sustains micro-environments more accurately
mimicking complex structure of the native tissues [19].

There are several techniques to produce nano- and microsized
polymeric particles. These includes coacervation/precipitation, ionic
gelation, spray drying, solvent evaporation, and electrospray.The elec-
trospray method is an easy way to encapsulate drugs, and it can be
performed in one step or multi-step process to produce the particles of
desired sizes [20]. The electrospray technique can be utilized for
advanced engineering application, and it allows to produce droplets of
desired dimateres and morphologies from solutions or melts [21].

Polyvinylpyrrolidone (PVP) is one of the materials utilized for par-
ticles’ matrix formation. It is a it is biocompatible, hemocompatible, low
toxic, pH-stable polymers possessing high chemical and thermal resis-
tance. Thanks to its special features the encapsulated active substance
can be released in a controllable manner [22]. Guastaferro et al. ob-
tained PVP particles with sizes of 140 + 14 nm using electrospray for the
development of rutin and quercetin with with antioxidant properties
[2324]. Xu et al. used sodium alginate, polydopamine, and PVP to
produce doxorubicin encapsulated particles using electrospraying to
develop systems for cancer therapy. The studies have proven that the
colloidal stability of the produced material is provided by PVP mole-
cules, and the photothermal conversion efficiency of 27.4 % and anti-
tumor therapeutic performance have been obtained [25]. Rose et al.
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used epirubicin hydrochloride drug adsorbed on the surface of magne-
tite (Fe304) nanoparticles coated and non-coated with PVP For selective
cancer therapy. Results of the studies showed that nanoparticles coated
with PVP were successful in killing tumor cells, showing 81 % growth
inhibition [26].

In this study, polycaprolactone 3D scaffolds of different designs
containing Polyvinylpyrrolidone nanoparticles, encapsulated with the
hydrophilic drug Tet were fabricated. The influence of the scaffolds
design and drug enrichment on the physical and chemical properties,
drug release profiles, and in vitro cell viability were investigated. By
combining 3D scaffolds and drug-loaded nanoparticles, it is aimed to
design a safer, more controlled and more efficient drug delivery system,
and to develop new functional scaffolds.

2. Materials and methods
2.1. Materials

Polycaprolactone (PCL, Mw:80000 g/mol), Polyvinylpyrrolidone
(PVP, Mw ~ 1,300,000 g/mol), chloroform, ethanol and phosphate
buffer saline (PBS, pH = 7.4) and Tetracycline (Tet) were provided by
Sigma-Aldrich, (St. Louis, USA). The HFF-1 human fibroblast cells were
acquired from the American Type Culture Collection (ATCC), and all in
vitro tests were conducted using conventional sterile cell culture
methods. 10 % fetal bovine serum (FBS), DMEM, and penicillin/strep-
tomycin were purchased from Gibco (Thermo Fisher, Waltham, MA,
USA). Thermo-Invitrogen provided the DAPI (4,6-diamidino-2- phe-
nylindole) staining kit.

2.2. Methods
2.2.1. Preparation of the PCL solution for 3D printing

17 wt% PCL was stirred in 10 ml of chloroform on a magnetic stirrer
(Wise Stir®, MSH-20 Germany) for 2 h to form a transparent solution.
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2.2.2. Preparation of PVP nanoparticles solution for use with the
electrospray device

To obtain the nanoparticles, a solution of PVP with concentration of
13 wt% was first prepared. For this, 13 wt% PVP (1.3 g) was dissolved in
10 ml of ethanol and mixed until for fully dissolution at 25 °C. Then, 3 wt
% (0.3 g) Tet was and mixed for about 1.5 h Further, the obtained yellow
solution was transferred to the syringe to be electrospray and placed at a
distance of 15 cm from the target. The production process of nano-
particles was performed with optimized operating paramaters: flow rate
0f0.3 ml/h and voltage of 12.5 kV.

2.2.3. Designing and production of the 3D printed scaffolds

Solid Works was used to design the 3D scaffold and was further
converted to G-codes by slicing software (Simplify 3D). The scaffolds
were designed to be square and their dimensions were 20 mm x 20 mm x
1 mm. Fabrication of the scaffolds was performed by employing a 3D
printer (Hyrel 3D, SDS-5 Extruder, GA, USA). During printing a 10 ml
syringe was loaded with PCL solutions, and printed through a 30 G
needle, which was connected to the syringe. The printing parameters
were as follows: fill pattern: linear, flow rate during the printing process:
1 ml/h, and printing speed: 10 mm/s.

2.2.4. Fabrication of PCL scaffolds of different designs containing Tet-
loaded PVP

PVP particles were sprayed into different layers of the designed
layered PCL scaffolds. For this, first a non-porous layer was printed as a
base layer. For this, a thick-tipped needle is attached to the 3D printer. In
design 1, on this layer, 2 layers of porous PCL layer are applied with a
fine-tipped needle. The scaffold is transferred from the 3D printer to the
electrospray machine, where Tet-loaded PVP nanoparticles are sprayed
onto the two-layer polymer scaffold. After this process, the polymer
scaffold is brought back to the same position in the 3D printer, and a 5-
layer scaffold is applied on top of 2 layers with a fine- tipped needle, and
a total of 7 layers are completed with a fine-tipped needle. In the other
design 2, 7 layers of PCL layers are printed and drug-loaded PVP
nanoparticles are sprayed on these 7 layers. In order not to lose effi-
ciency during drug release, there is a gapless layer (100 % filled) on the
bottom layer of all models. This common layer is the non-porous PCL
scaffold In summary; Combination 1: 7-layer PCL/PVP particles (7PCL/
PVP), Combination 2: 2-layer PCL/PVP particles/5-layer PCL (2PCL/
PVP/5PCL), Combination 3: 7-layer PCL/Tet loaded-PVP particles
(7PCL/Tet-PVP), Design 4: 2-layer PCL/Tet- loaded PVP particles/5-
layer PCL (2PCL/Tet-PVP/5PCL) (Fig. 1).

2.2.5. Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM, EVO LS 10, Zeiss) was used to
investigate the surface morphologies porosity, diameter measurement,
and particle distribution homogeneity of the particles and morphology
and geometry of the scaffolds. Prior the observation under SEM all
samples were sputter coated with gold (Au) and palladium (Pd) 120 s
using sputter coater (Quorum SC7620, Laughton, UK). Diameter mea-
surements were taken according to the image analysis performed with
image analyzing software (Olympus AnalySIS, USA), and histogram
graphs were drawn.

2.2.6. Fourier transform infrared spectroscopy analysis (FT-IR)

FTIR analysis (FTIR, Jasco, FT/IR 4700) was applied to investigate
the molecular and chemical interactions within materials composing the
scaffolds. For this analysis, samples were tested in a range of 450-4000
em™! at 4 em™! resolution and a scanning speed of 32 at room
temperature.

2.2.7. Thermal behaviours of scaffolds

A Differential Scanning Calorimeter (DSC) device (Shimadzu, Japan)
was used to determine characteristic temperatures of polymer transi-
tions, such as glass transition temperature (Tg) and melting (Tm) point.
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Analysis was performed in temperature range of 25-300 °C and a
heating rate of 10 °C/min.

2.2.8. Mechanical properties of the scaffold

A tensile test device (SHIMADZU, EZ-LX, China) was used to asses
the mechanical properties of the scaffolds such as durability, flexibility,
and resistance to rupture. The average thickness of the samples to be
tested was measured from three different points with a digital micro-
meter (Mitutoyo MTI Corp., Aurora, CO, USA During the test the lower
and upper edges of the scaffolds were positioned horizontally following
the direction of implemented force.

2.2.9. Swelling and degradation behaviours of scaffolds

To measure the swelling capacity and degradability of the scaffolds,
4 days incubation and 18 days incubation in PBS was performed. Prioir
the test, all samples were cut into equal weights and the dry weights
(WO) of the samples were recorded using precision balance, and afterthe
samples were transferred into Eppendorf tubes containing 2 ml of
phosphate- buffered saline (PBS, pH 7.4).

During swelling measurements, the Eppendorf tube containing the
samples in PBS was shaken at 37 degrees at 380 rpm. Wet weight (Ww)
was measured daily for and swelling capacity was calculated according
to the formula in Eq. (1) [27]

W =W

Wo

SD 100 1)

Degradation of the samples were measured every 2 days, after drying
the samples and the degradation rate of, each scaffold is calculated ac-
cording to the formula presented in

Eq. (2) [27].

7W07W1

.
Tw,

100 2)

2.2.10. In-vitro drug release and encapsulation efficiency

In vitro release study of drug-loaded nanoparticle-containing scaf-
folds was performed in PBS. For this 10 mg of each scaffold was placed in
Eppendorf tubes and 1 ml of PBS was added. Further, the tubes were
placed in a thermal shaker (BIOSAN TS-100, Riga Latvia). Supernatants
from each scaffold was testes after 15 mins, 30 min, 60 min, 2h, 3 h, 4 h,
6h,8h,12h, and 24 h of the incubation, and the new portion of PBS was
added to each tube. The retention continued until all of the drugs were
released. The amount of the drugs within the tested supernatents were
measured using UV spectrophotometer (Shimadzu UV-3600, Kyoto,
Japan) between 190 and 500 nm wavelength.

2.2.11. Invitro drug release kinetics

To evaluate the drug release kinetics of scaffolds containing drug-
loaded nanoparticles, the following mathematical models were used,
respectively: Korsmeyer-Peppas (4), zero-order (5), first-order (6),
Higuchi (7), and Hixson-Crowell (8) were below, respectively [28].

Q =Kt" 4
0 = Kot )]
In(1-Q)= —Kit (6)
0 =K' @)
0" = Kit @®

In these mathematical models the fractional amount of drug release
at time t is represented by the expression Q. For zero-order, first-order,
Korsmeyer-Peppas, Higuchi, and Hixson- Crowell models, respectively
KO, K1, K, Kh, and Khc, symbolize kinetic constants. The diffusion,
which is the indicator of the drug release mechanism, is expressed with
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Fig. 2. Morphological structure of layer by layer 3D pure PCL scaffold, pure PVP nanoparticle, and both drug-loaded and non drug-loaded particle-scaffold
combining structure. A) PVP nanoparticle B) Pure PCL scaffold C) 7PCL/PVP D) 2PCL/PVP/5PCL E) 7PCL/Tet- PVP F) 2PCL/Tet-PVP/5PCL.
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2.2.12. Cell culture studies

To study how cells interact with scaffolds of various compositions
and design, the mouse fibroblast cell line was employed. First, scaffolds
placed in 96-well plates were sterilized overnight using ultraviolet (UV)
light. Next, the scaffolds were incubated for an hour at 37 °C and 5 %
CO2 in the growing medium containing DMEM, FBS (10 % v/v), and
penicillin/streptomycin (0.1 mg/ml). The extra media was then
removed and scaffolds were seeded with fibroblast cells at a density of 5
x 10° cells/ml, and further incubated for a week at 37 °C with 5 % CO2.
For cross-control, 200 pl of monolayer (2D) cell cultures containing the
same number of cells were treated in the same manner. At the end of the
first, third, and seventh day, the cytotoxicity of the scaffolds was
assessed using a cell viability assay (MTT, Glentham Life Sciences). The
absorbance from the MTT dye was examined using an ELISA reader
(Perkin Elmer, Enspire) operating at a 560 nm wavelength. The test was
run three times, and the average of the outcomes was taken as the final
finding.

2.2.12.1. DAPI staining. To assess the fibroblast cells’ viability on the
scaffolds, DAPI nuclei labeling was used. For this, after first, third, and
seventh day the scaffolds were removed from the growth medium and
cleaned with PBS. Next, the cell-scaffolds constructs were exposed to 4
% formaldehyde for 30 min at RT and further rewashed with PBS. Each
scaffold was stained by adding 1 g/ml DAPI and incubating for 20 min.
The scaffolds were then removed from the DAPI solution, sandwiched
between two glass slides, and examined using a fluorescence-inverted
microscope (Leica).

2.2.12.2. SEM analysis. SEM was used evaluate fibroblasts’ cell
morphology. After 1, 4, and 7 days, the scaffolds were taken out of the
growing media and subjected to 4 % glutaraldehyde in order to preserve
the cells on the scaffolds. Further the samples were dehydrated with
series of ethanol dillution and dried in the air. As a last step the samples
were coated with a gold-palladium sputter and observed using SEM
(EVO MA-10, Zeiss).

2.2.13. Statistical analysis

All experiments were carried out at least in triplicates and data are
expressed as mean =+ standard deviation (SD). The results were evalu-
ated statistically by means of a single-factor ANOVA. A value of p < 0.05
was considered statistically significant, and additional significance was
indicated with **p < 0.01 and ***p < 0.001.

3. Result and discussion
3.1. Morphology of the fabricated scaffolds

When considering the drug release mechanisms, the surface
morphology, pore structure, size of the pores within the structure, and
shape and size of the particles attached to the scaffold are important
parameters, which influence the activity of the scaffolds, when
implanted into the tissue. The microporous scaffolds produced from
polymers should be compact, possess smooth surfaces, and porosity
should be homogeneous with good interconnection between the pores
[29]. The pore size of the structure, which will carry the loaded active
substance to the target, needs to be appropriate for nutrient and gas
transfer, and sufficient for the cells to adhere to the scaffold, and
multiply. Moreover, the pore size and pore density support the flexi-
bility, durability, and mechanical stability of the scaffold. 3D printing
methods are preferred for obtaining the desired size of pores and their
microporosity [30-32].

Obtained SEM results show that the PVP particles of an average size
of 676 + 108 nm were completely spread between and on the scaffolds,
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and were homogeneously distributed, regarding of the type of the
scaffolds and the addition of Tet (Fig. 2). The size of the pores was
recorded as 397 + 15 um., 381 + 14 um, 385 + 14 um, 349 + 18 um,
and 360 + 17 um for 7-layer pure PCL, 7PCL/PVP, 2PCL/PVP/5PCL,
7PCL/Tet-PVP and 2PCL/Tet- PVP/5PCL, respectively. Since the cells
are generally 10-20 um in size, it is advantageous for them to form a
tissue-like structure when the pores are larger than 20 um [33]. One
parameter that affects the size of the pores of the scaffold is the diameter
of the needle used during 3D printing. The smaller the diameter of the
needle, the greater the spacing of the pores in the same size scaffold,
which in turn enables more drug-loaded nanoparticles to be placed in
the formed pores, thus, the particle-carrying capacity of the scaffold
increases.

3.2. Thermal properties of the scaffolds

DSC analysis was applied to evaluate the thermal properties of ob-
tained scaffolds, and the resultant thermograms obtained for 7-7PCL/
PVP, 2PCL/PVP/5PCL, 7PCL/Tet-PVP, 2PCL/Tet-PVP/5PCL are shown
in Fig. 3. As determined for the PCL scaffold in the study of Wei et al., the
PCL polymer has its melting point at 60 °C - 62 °C [34]. According to the
study by Kim et al., the melting point of the PVP microparticles was
shown to be 160 °C [35]. The melting temperatures of the scaffolds
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containing PVP particles sprayed on the 2nd and 7th layer of the PCL
scaffold did not differ much compared to the pure PCL scaffold. The
melting temperature remained stable. 7-7PCL/PVP, 2PCL/PVP/5PCL,
7PCL/Tet-PVP, 2PCL/Tet-PVP/5PCL groups shows melting point,
respectively at 63.31 °C, 63.19 °C, 63 °C and 63.18 °C. The reason for
the peaks appearing at values close to the PCL melting point in the
combined structures can be explained by the high PCL to PVP ratio, and
thus the thermal properties are closer to the ones exhibited by PCL. Since
the human body temperature is 37 °C on average [36], the scaffold
forming the Tet-loaded drug transport system is resistant to the heat
level of the human body.

3.3. Chemical properties of the scaffolds

FTIR analysis was used to determine the chemical interactions and
functional groups of the fabricated scaffolds. The absorption peaks of Tet
are shown in Fig. 4a and the peak at ~ 1577.4 cm ™! corresponds to the
C=C stretching. At the peak ~ 1446.3 cm ™!, aromatic C—H bending is
observed. C—N stretching vibration is visible on the peak at ~ 956.8
cm™L. The presence of a peak at ~ 566.9 cm ™! indicates the aromatic
out-plane deformation [37]. For PVP, (Fig. 4 b) the sharpest peak is
visible at ~ 1654.6 crn_l, and is observed due to C—=C vibrational

stretching of the amide I, and represents the characteristic group of this
polymer. CH2 scissor mode is observed at the peak ~ 1491.6 cm™ L. The
presence of a peak at ~ 1419.3 cm ™ * indicates in-plane bending vibra-
tion from C—H [38]. The peak indicating the twisting of CH2 is observed
at ~ 1282.4 cm ™. In Fig. 4c, the absorption peaks of PCL are shown, and
the absorption peaks at ~ 2938.9 cm ™! and ~ 2865.7 cm ™! correspond
to asymmetric and symmetric CH2 stretching, [39]. The peak indicating
the C=0 carbonyl stretching is observed at ~ 1720.1 cm ™. The peak,
which is seen at ~ 1240 cm™! corresponds to C-O-C asymmetric
stretching. Fig. 4 d-g present FTIR spectra of 3D-printed scaffolds loaded
with PVP and PVP/Tet. The characteristic absorption peaks of the PCL
polymer are visible at ~ 2938.9 cm ™!, ~2865.7 cm ™! and ~ 1240 cm ™!
were observed for all produced scaffolds. The peaks seen at ~ 1654.6
em! (Fig. 4 d and e) are associated with PVP particles. However, it was
not observed for the scaffolds with embedded with Tet loaded particles.
Although electrospraying with PVP is performed for all particles, adding
Tet reduced the transmittance of drug-loaded particles, and caused
suppression of the absorption peak of the PVP polymer. As a result, it
was concluded that PVP/Tet drug-loaded particles were successfully
loaded onto scaffolds and led to intermolecular interactions.
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Fig. 6. Water uptake capacity (a) and degradation (b) behaviors of 3D-printed scaffolds.

3.4. Mechanical strength of the scaffolds

In tissue engineering applications, the produced scaffolds need to
have appropriate flexibility and mechanical properties. Tissue engi-
neering constructs should not break under the specific load and should
keep their structural integrity during the healing process [40,41]. Fig. 5a
and 5b represents the tensile strength and elongation and break values of
the fabricated scaffolds. The tensile strength of the scaffolds produced
for tissue engineering applications can vary between 2-480 MPa
depending on the type of the tissue, in which they are attended to be
used [42]. Structural changes made by electrospraying of pure PVP
particles on different layers in the structures did not cause much change
in tensile strength. 7PCL/PVP and 2PCL/PVP/5PCL scaffolds showed a
tensile strength of 2.83 + 0.2 and 2.92 + 0.1 MPa, respectively, while
their elongation values were 64.86 % and 65.45 %. When Tet was added
to the particles embedded within the scaffolds the tensile strength of the
scaffolds decreased to 2.75 + 0.4 and 2.8 + 0.1 MPa for 7PCL/Tet-PVP
and 2PCL/Tet-PVP/5PCL, respectively. The elongation of the PVP-Tet-
loaded scaffolds was 42.8 % and 52.28 %, respectively. Studies pub-
lished by Farzamfar et al. also showed that scaffolds’ mechanical
strength values decrease with the Tet addition [43].
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3.5. Swelling and degradation

The water absorption property influences the cell attachment and
proliferation on the surface, and transport of nutrients through 3D
scaffolds and the swelling capacity allows scaffolds to absorb body fluids
[44]. According to the graph presented in Fig. 6a, it can be seen that the
scaffolds exhibit a swelling profile until day 4th, and then degradation of
their structure occurs. On the 4th day, the swelling rate of 113 % is
observed for the 7PCL/PVP, and is lowest compared for other tested
scaffolds, and PCL/Tet-PVP has the highest swelling value of 153 %.
Parsa et al. stated that the increase in the swelling ratio might be related
to the increase in the hydrophilic group from Tet, and therefore it ab-
sorbs more water [45]. 2PCL/Tet-PVP/5PCL had a swelling ratio of 142
%, similar to the PCL/Tet-PVP, supporting the fact that the Tet-
containing scaffolds absorb more water compared to the non drug-
loaded ones.

Degradation is important in terms of the stability of the construct
during the cells grow within the scaffolds [46]. The degradation
behavior of the produced scaffolds was observed for 18 days, and it was
determined that the scaffolds lost weight and started to dissolve over
time. According to the 18-day degradation profile in Fig. 6b, 7PCL/Tet-
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Fig. 7. In vitro drug release profiles of Tet from the 3D-printed scaffolds: Absorption spectra of Tet at different concentrations (a), Tet calibration curve (b), Tet
release profiles from the 2PCL/Tet-PVP/5PCL (c) and 7PCL/Tet-PVP (d) scaffolds. All the measurements were repeated three times and the errors were less than 5%.

PVP group has the highest degradability with a degradation rate of
approximately 60 %. It was observed that the degradation rates of 7PCL/
Tet-PVP and 2PCL/Tet-PVP/5PCL scaffolds were higher than the
degradation rates of 7PCL/PVP and 2PCL/PVP/5PCL groups in which
Tet was not loaded into the particles. Sahafnejad et al. reported that the
swelling ratio and degradation time increase as a result of the addition of
graphene oxide to the PCL scaffold [47]. Similarly, in this study, it was
observed that the addition of Tet to PCL scaffolds increased swelling and
degradation rates.

3.6. Drug release and kinetics

Invitro drug release tests were performed in physiological mimicking
conditions of living organisms performed at 37 °C at pH 7.4 for 408 h
(17 days) to examine the release profiles of Tet from PVP particles
embedded in 3D-printed scaffolds with different designs. The absor-
bance for different concentrations of Tet according to the peak value
obtained at 266 nm is plotted in Fig. 7a. The amount of tetracycline
released from the scaffolds was investigated by UV spectroscopy using
calibration curvespresented in Fig. 7b. When the cumulative release
graphs of Tet were examined, it was observed that a burst release of
76.13 % occurred after 6 h for 7PCL/Tet-PVP and of 64.55 % at 12 h for
2PCL/Tet- PVP/5PCL scaffolds, respectively. This result showed that the
drug encapsulated between the layers was better protected and released
slower than the drug encapsulated on the scaffold’s surface. However,
the cumulative release obtained for both types of scaffolds also show

Table 1
Results of mathematical drug release patterns of 3D-printed scaffolds.

differences between the release times. The release of Tet from the 7PCL/
Tet-PVP scaffold takes 216 h (9 days) to complete, while the release
takes up to 408 h (17 days) for the 2PCL/Tet-PVP/5PCL scaffolds
(Fig. 7c and 7d). Embeding of the PVP Tet-loaded particles into the
interlayer in the produced structures prolonged the release time and
provided a more controlled release profile. Given that PCL degrades in a
very long time, it is a particularly desirable foundation for long-term
drug delivery applications[48]. Turdimuhammad et al. study demon-
strated that drug-loaded chitin-lignin (CL) gel exhibited a sustained and
controlled release profile after coating with PCL[49]. On the other hand,
Susmita et al. study investigated the release profile of alendronate-
loaded Mg-doped Hydroxyapatite constructs coated with PCL at
different concentrations.. They demonstrated that a higher PCL con-
centration in coating the slower burst release and longer duration of
drug release is observed compared to a lower concentration and no
coating[50].

The Zero-order, First-order, Korsmeyer-Peppas, Higuchi, and
Hixson-Crowell release models were utilized to explore the release ki-
netics of Tet from a PVP particles embedded 3D scaffolds. Table 1 shows
the reaggregation coefficients (R2) and kinetic constants of the scaffolds.
While the Korsmeyer-Peppas model provides the best fit for the tetra-
cycline loaded 2PCL/Tet-PVP/5PCL scaffolds with higher R2 value, it
can be said that it is the First order model for the 7PCL/Tet-PVP scaf-
folds. (Fig. 8). Also, the drug release mechanism from the polymeric
material is determined by the n value (Table 2). The value of n > 0.45
represents a Fickian diffusion mechanism, between 0.45 < n < 0.89, a

Korsmeyer-Peppas Zero-Order First-Order Higuchi Hixson-Crowell
Sample R? n R? Ko R? K; R? Kp R? Kne
2PCL/Tet-PVP/5PCL 0,9376 28,429 0,7176 0,1506 0,9298 —0,0034 0,8615 3,4337 0,9017 0,007
7PCL/Tet-PVP 0,7314 26,69 0,4966 0,2467 0,926 —0,0072 0,6624 4,1554 0,841 0,0138
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Table 2

Transport mechanisms where the “n”

value corresponds.

The ranges of n values

Transport mechanisms

045<n

0.45 <n < 0.89

n=0.89
n > 0.89

Fickian diffusion mechanism
Non-Fickian transport

Case II (relaxational) transport
Super case II transport

100

80

60

40
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20
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non-Fickian diffusion, at n = 0.89 the polymer relaxes, and forn > 0.89a
super case II transport [19,51]. Both Tet-loaded scaffolds have an n
value greater than 1, suggesting that the drug is released from the
scaffolds via super-state II transport.

3.7. Cell viability analysis

The MTT Assay was used to examine the biocompatibility, which is a

@ 1.Day E4.Day  7.Day

2D 7PCL/PVP

7PCL/Tet-PVP 2PCL/PVP/SPCL  2PCL/Tet-PVP/5PCL

Fig. 9. Cell viability analysis of the scaffolds with their standard deviations (*p < 0,05, **p < 0,01, ***p < 0,001).

7PCL/PVP

7PCL/Tet-PVP

Fig. 10. Fluorescence microscopy images of Fibroblast cells which were nucleus stained with DAPI on scaffolds after 7th days incubation.
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7th Day

Fig. 11. SEM images of fibroblast cell attachment on the scaffolds after the 3rd-day and 7th-day incubation.

key factor in tissue regenerationusing 3D scaffolds. The biocompatibility
of structures is based on some specific criteria, including non-toxicity,
strong cell adhesion, proliferation, and differentiation [52]. MTT chro-
mometry assay was performed for 7 days to evaluate cell viability of the
cells cultured on the fabricated 3D-printed scaffolds. Compared to the
2D control group, it can be seen (Fig. 9) that the cell viability increased
towards the third and seven days of the culture. When all groups are

46

compared among themselves in terms of cell viability, it is observed that
they do not show significant differences. It is observed that the change in
the production technique of the scaffolds does not cause any effect on
cell viability.

As shown in Fig. 10, fluorescent microscopy images were taken to
prove the viability of the cells on the scaffolds. After 7 days of incubation
a high density of viable cells on the surface of all four scaffolds was
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observed. Cell viability was found to be similar on 7PCL/PVP, 7PCL/Tet-
PVP, and 2PCL/PVP/5PCL scaffolds, but slightly lower on 2PCL/Tet-
PVP/5PCL scaffolds. The cellular aggregates formedon the scaffolds
result from the attachment to themicrofibers of the 3D structures of the
scffoolds, and it can be obeserved that the cells tend to spread and
penetrate the scaffolds.

In addition, cell-material interaction was analyzed by SEM imaging.
In Fig. 11, cell moprhology in contact with material is observed for 3
days and 7 days of incubation. The images show that the highest number
of spread cells is observed for cells cultured on the 7PCL/PVP scaffolds,
and the least on the 2PCL/Tet-PVP/5PCL scaffolds. This states in
accordance to the fluorescent imaging results.

4. Conclusions

In this study, 3D porous PCL scaffolds containing pure and Tet-
loaded PVP nanoparticles were designed and fabricated using 3D
printing and electrospray techniques, and layered porous structures
have been obtained. Performed analysis of morphology confirmed that
PVP particles were homogeneously distributed on the top or between the
layers of the scaffolds completely covering the layers they were sprayed
on to. The distance between the pores for 7- layer pure PCL was recorded
as 397 + pm. This distance was measured as 381 + 14 pm, 385 + 14 pm,
349 + 18 pm, and 360 + 17 pm for 7PCL/PVP, 2PCL/PVP/5PCL, 7PCL/
Tet-PVP and 2PCL/Tet-PVP/5PCL, respectively. Structural changes and
the addition of Tet did not cause significant difference in tensile
strength, however, 2PCL/PVP/5PCL and 2PCL/Tet- PVP/5PCL scaffolds
exhibited higher tensile strength due to their structure, while encapsu-
lation particles with Tet decreased both tensile strength and elongation
at break of the stractures. Water absorption and degradation results,
along with swelling and degradation show an increase of this properties
for 7PCL/Tet-PVP and 2PCL/Tet-PVP/5PCL scaffolds compared to the
groups without Tet. The drug release was found to be longer and more
stable for the 2PCL/Tet-PVP/5PCL scaffolds compared to 7PCL/Tet-PVP
scaffold confirming that encapsulation of the drug into the interlayer of
the produced structures extended the release time and provided a more
controlled release profile. Cell culture findings after 7 days of incuba-
tion, revealed that fibroblast cells adhered to and multiplied on the
scaffold surface. All scaffolds exhibited an appropriate level of
biocompatibility and no harmful effects. Considering obtained results,
the design of hydrophobic PCL scaffolds containing a hydrophilic drug
inside of PVP particles using 3D printing and electrospray techniques
provide a potential drug delivering scaffolds for the development of a
new functional scaffolds.
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