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ABSTRACT

Additive manufacturing, also called 3D printing, is an effective method for preparing scaffolds with
defined structure and porosity. The disadvantage of the technique is the excessive smoothness of
the printed fibers, which does not support cell adhesion. In the present study, a 3D printed scaffold
was combined with electrospun classic or structured nanofibers to promote cell adhesion.
Structured nanofibers were used to improve the infiltration of cells into the scaffold. Electrospun
layers were connected to 3D printed fibers by gluing, thus enabling the fabrication of scaffolds with
unlimited thickness. The composite 3D printed/nanofibrous scaffolds were seeded with primary
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chondrocytes and tested in vitro for cell adhesion, proliferation and differentiation. The experiment
showed excellent cell infiltration, viability, and good cell proliferation. On the other hand, partial
chondrocyte dedifferentiation was shown. Other materials supporting chondrogenic differentiation

will be investigated in future studies.

Introduction

Three-dimensional (3D) constructs with high porosity and
interconnected pores are crucial for skeletal tissue engi-
neering applications. The porous structure of the scaffold
enables cells to migrate into the construct, and also facili-
tates the proliferation and production of specific proteins
of the extracellular matrix (ECM). Moreover, the scaffold
should degrade and be replaced by natural tissue, which
would then integrate into the surrounding tissue. In addi-
tion, the functional scaffold should possess adequate visco-
elasticity and stiffness to withstand the high mechanical
loading in the target organ.

Recently, additive manufacturing, also called 3D
printing, changed the way how scaffolds are manufac-
tured. Classical scaffold formation is based on the fabri-
cation of a bulk scaffold structure with random
organization followed by cutting of the scaffold to the
desired shape. 3D printing enables the formation of scaf-
fold morphology based on a computer aided design. The
scaffold is built layer-by-layer with the shape of each
layer precisely controlled. 3D printing allows scaffolds to
be prepared from diverse materials. The scaffolds for tis-
sue engineering applications are mostly prepared from

degradable polymers, e.g. polylactic acid (PLA),"* poly-
lactide-co-glycolide ~ (PLGA),”  poly-¢-caprolactone
(PCL),* and calcium phosphate.” The mechanisms of the
3D printing methods highly differ in principle. While
fused deposition modeling (FDM), also called solid free
form fabrication (FFF), is based on the extrusion of a
molten polymeric filament by a thin nozzle, photolito-
graphic technology is based on crosslinking polymeric
resin using laser light of an appropriate wavelength. In
addition, the sintering methods are based on a process in
which solid powder is melted (i.e. laser light and metal
powder) or solubilized (i.e. H;PO, and ceramic
powder).” Nevertheless, ink-jet printing is based on
depositing polymers dissolved in appropriate solvents.
3D bioprinting technology combines ink jet printing of
polymers dissolved in an aqueous buffer with living cells
and other biological substances, resulting in the forma-
tion of cell seeded scaffolds mimicking the complex
architecture of natural tissues.® For this purpose, several
natural polymers, e.g. collagen, fibronectin, hyaluronic
acid, and alginate have already been 3D printed. How-
ever, their printing requires adequate conditions to avoid
the risk of cellular damage (ie. high temperature,
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osmolarity, shear stess).**” Recently, Organovo intro-
duced a commercial platform for development of liver
and kidney model with close-to-native properties.'’

3D printing is a unique bottom-up technology
enabling customization of the implant morphology. 3D
printed scaffolds have large interconnected pores and
can be designed to an exact shape and with optimized
mechanical properties. 3D printed scaffolds have been
tested in the regeneration of knee cartilage,” laryngotra-
cheal cartilage,1 bone,” vessels,!' tendons,? liver,'?
nerves,'? or as an ureteral stent.!* On the other hand, the
micrometer resolution of the 3D printing results in the
formation of smooth fibers with a size of hundreds of
micrometers. Such structure does not mimic the native
extracellular matrix (ECM) and does not enable proper
cell adhesion due to the low number of contact points.”
Several approaches have been tested to improve the
adhesion of cells to the 3D printed scaffolds. For
instance, a cell carrying hydrogel'” has been used to
enhance cell adhesion and proliferation.

In the present study we focus on the development of
solid 3D printed scaffolds using a free form fabrication
(FFF) process in combination with electrospun nanofib-
ers to improve the cell adhesion and biological suitabil-
ity. Several studies have dealt with a combination of 3D
printing and nanofibers.'>'"'® The advantage of 3D
printing combination with electrospinning is based on
improvement of shortcommings of both methods. Elec-
trospun nanofibers show excellent biological properties.
With the size of fibers being similar to the ECM and a
huge surface to volume ratio, nanofibers support cell
adhesion and proliferation.'” Nanofibers therefore serve
as a biomimicking part responsible for improved cell
adhesion on composite scaffolds. It has been shown that
a 3D printed PCL scaffold in combination with PCL elec-
trospun nanofibers supports cell adhesion.'® On the
other hand, the 3D printed part of scaffolds enables
improvement of mechanical properties and formation of
complex shaped 3D objects on macroscale. For instance,
the combination of PCL-chitosan nanofibers with 3D
printed PCL structures increased the biomechanical
properties of a tissue engineered scaffold for cardiovascu-
lar prosthesis.*

Despite their excellent properties, electrospun nano-
fibers also have some limitations. Classical nanofibrous
layers have poor biomechanical properties and a small
pore size, which prevents cell migration through the
nanofibrous layer.”' > The effect is caused by the com-
pacted depositing of fibers on the collector resulting in a
2D-like deposit and small pores. In our previous study,
structured nanofibrous layers were prepared using a spe-
cially designed collector.”* The patterned collector
showed an inhomogenous distribution of the electric

field due to the structure being made of conductive and
non-conductive elements. The fibers were deposited on a
conductive element with higher density and on non-
conductive spaces with lower density. Structured PCL
nanofibers prepared using this technology contained
larger pores, which enabled the penetration of
mesenchymal stem cells (MSCs) through the layer, and
moreover, they enhanced cell proliferation.

In the present study, we aimed to develop a 3D
printed construct from PCL combined with electrospun
nanofibers. In order to overcome the low pore size of
classical nanofibers, structured PCL nanofibers that
showed improved cell penetration were employed.** In
addition, the method for fabricating large constructs was
optimized. The manufacturing process consisted of 2
separate steps. First, the microfibrous grid was fabricated
using 3D printing and the structured nanofiber mesh via
electrospinning. As a second step, a composite scaffold
was produced by combining both systems together with
glue. By stacking such 3D printed grid/electrospun nano-
fiber composites, scaffolds with unlimited dimensions
may be fabricated. In order to verify the scaffold
potential for cartilage tissue engineering, the composite
scaffolds were seeded with primary chondrocytes and
tested in vitro.

Methods
Preparation of scaffolds

An innovative technique, which combines electrospin-
ning and 3D printing, was used to prepare the scaffolds
using a two-step process. In the first step, the PCL nano-
fibers were prepared as described earlier.”* Briefly, the
PCL with a molecular weight of 45.000 (Sigma Aldrich),
were dissolved in a chloroform/ethanol mixture (9:1 w/
w). The polymer concentration in the solution was 16 w/
w%. The polymer solution was prepared using a Nano-
spider™ device with a needleless wire electrode. Classi-
cal nanofibers were deposited on a plain collector. In the
case of structured nanofibers, the scaffold was formed on
a collector consisting of conductive metal wires (Fig. 1a).
The pattern of the produced scaffold corresponded to
the structure of the collector surface (Fig. 1b). Thus, the
structured scaffold was characterized by spots of differ-
ent surface mass density, and it resembled a knitted
structure (Fig. 2b, d). The classical nanofibers were
deposited on a spunbond non-woven textile; the struc-
tured nanofibers were deposited directly on the metal
collector. Nanofibrous layers were removed from the
deposited substrates prior to further processing.

The microfibrous construct was prepared using a 3D
printer working on the principle of free-form fabrication
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a) Electrospinning of classical fibers

b) Electrospinningof patterned fibers

c) 3D printing of microfibrous grid

Figure 1. Scheme of the composite 3D printed grid/electrospun nanofiber scaffold formation. The process is a two-step method. The
first step involves producing the classical electrospun fibers using a non-patterned collector (a), structured nanofibers using patterned
collector (b) and 3D printing of microfibrous grid (c). The second step involves combining the electrospun fibers with the 3D printed

microfibrous grid using glue (d).

(FFF) (Reprap Printer made by the Technical University
in Liberec; Fig. 1c). The same PCL polymer was used for
3D printing (45.000 Mw, Sigma Aldrich) in the form of
self-made filament. The single 3D printed layer had a
height of 0.4 mm. The microfibers in a single layer had a
width of 0.3 mm and formed a grid with pre-defined
pore shape and organization. The distance between the
two neighboring fibers was 0.6 mm.

The composite scaffolds were prepared by gluing the
nanofiber layers to the 3D printed single layer grids
(Fig. 1d). PCL (45.000 Mw, Sigma Aldrich) solution in
chlorophorm/ethanol in ratio 9:1 (30 wt%) was used as a
glue. The solution was uniformly distributed on the 3D
printed single layer grid facing the nanofibers in a

density of 20 spots per cm”. The PCL nanofibers were
then positioned on the grid containing glue. After the
solvents evaporated, the PCL nanofibers were attached
to the surface of the grid. By repetition of the process
multilayered scaffolds were fabricated.

Five different scaffold types were prepared for in vitro
testing. The composite scaffolds combined the 3D
printed microfibers with the classic electrospun nanofib-
ers (3D Cl) and the structured electrospun nanofibers
(3D St). The composite scaffolds were compared to sam-
ples composed of classic (C1) and structured (St) electro-
spun nanofibers without the 3D printed grids. In
addition, the 3D printed single layer grids (3D) were
tested as control samples.
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Figure 2. Morphology of structured electrospun fibers (St). (a) Thick dense parts of fibrous mesh show compacted fibers with small
pores. Dense parts are formed on the conductive elements of the collector. (b) Thin part of fibrous mesh with loose fiber packing and
large pores. The loose parts are formed in the non-conductive region of the collector.
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Scaffold visualization using scanning electron
microscopy and characterization

Scanning electron microscopy (SEM) was used to detect
the samples’ morphology. Samples were sputtered with
gold (5 nm layer) and analyzed using a scanning electron
microscope (Tescan, VEGA3 SB easy probe). The
diameters of the 3D printed microfibers and electrospun
nanofibers were measured in the Image ] program.

The porosity of the 3D printed construct was calcu-
lated from the 3D model used for printing. The dimen-
sions of the printed grid are shown in Fig. 2 (b,c). The
theoretical porosity of the 3D printed grid was calculated
using the following formula:

ne = V“/Vt * 100[%]

V, — the total volume of air in the scaffold

V, - the total volume of scaffold

The pore distribution of the nanofiberous part of the
composite scaffold was calculated in Image] software
from SEM images. The methodology was based on calcu-
lating the pore area between fibers. The pore area defined
by fiber boundaries was calculated and pore distribution
was represented as the area of pores in wm?® Three
images were used to calculate each scaffold. The
methodology is consistent with previously reported
measurements.*” "

Isolation and cultivation of chondrocytes

Chondrocytes were isolated from the condyle of a pig’s
femur. The cartilage was cut into small pieces (1 X
1 mm), and incubated in a collagenase solution (9.12 ul/
ml, collagenase NB 4 G Serva Proved Grade) in a humid-
ified incubator (37°C, 5% CO2) for 14 h. Then the cells
were centrifuged at 300 g for 5 min and seeded into cul-
ture flasks. The chondrocytes were cultivated in a chon-
drogenic medium (Iscove’s Modified Dulbecco’s
Medium supplemented with 12% fetal bovine serum
(FBS) (Sigma-Aldrich), penicillin/streptomycin (100 I.
U./ml and 100 pg/ml, respectively), 400 mM L-gluta-
mine, 100 nM dexamethasone (Dexamed; Medochemie,
CR), 20 pg/ml ascorbic acid-2-phosphate (Sigma-
Aldrich) and ITS - X (10 pg/ml insulin, 5.5 mg/1 trans-
ferrin, 6.7 ug/l sodium selenite, 2 mg/l ethanolamine,
GIBCO). The medium was changed every 3 days.

Seeding of scaffolds

Scaffolds with a diameter of 6 mm and a thickness of
approximately 2 mm (consisting of two 3D printed grids
with one nanofibrous layer in the middle) were sterilized

using ethylene oxide. The chondrocytes of passage 3
were seeded on scaffolds at a density of 2.5 x 10* per
well in a 96-well plate (approximately 8 x 10%cm?).
Scaffolds with seeded chondrocytes were cultivated in a
chondrogenic medium (see above). The medium was
changed every 3 days.

Cell proliferation analysis

The proliferation of chondrocytes on the scaffold was
measured from the amount of DNA (Quant-iT™
dsDNA Assay Kit; Life Technologies). The proliferation
of chondrocytes on scaffolds was tested on days 1, 3, 7,
14, 21, and 28. The scaffolds were put into a vial with
500 uL of cell lysis solution (0.2% v/v Triton X-100,
10 mM Tris (pH 7.0), and 1 mM EDTA) and processed
through 3 freeze/thaw cycles; the scaffold sample was
first frozen at —70°C and thawed at room temperature.
Between each freeze/thaw cycle, the scaffolds were
roughly vortexed. Sample (10 ul) was mixed with
200 puL of reagent solution measured on a multiplate
fluorescence reader (Synergy HT, A, = 485 nm,
Aem = 525 nm). The results were evaluated from the
calibration curve using the standards in the kit.

Cell metabolic activity and viability analysis

The metabolic activity of the cells was measured using an
MTS assay (CellTiter 96° AQueous One Solution Cell
Proliferation Assay; Promega). Twenty microliters of
MTS solution were added to 100 uL of the sample
medium and incubated for 2 h at 37°C. Subsequently,
100 L of the cultivated solution was transferred to a
new clean well. The absorbance of the media was
detected using spectrophotometry at 490 nm (reference
wavelength, 690 nm). The acquired data were related to
the measured concentration of DNA synthetized on the
respective scaffolds. The calculated values correspond to
the viability of the cells.

Visualization of cell adhesion and proliferation on
scaffolds

DiOC6(3) staining was used to detect cell adhesion on
the scaffolds on days 1, 7, 14, 21, and 28. DiOC6(3) was
used to visualize the internal membranes in cell cyto-
plasm (green color) and propidium iodide (PI) to visual-
ize the cell nuclei (red color). Samples were fixed with
frozen methylalcohol (—20°C) for 10 min. Subsequently,
the fluorescent probe 3,3’-diethyloxacarbocyanine iodide
(DiOC6(3), D273, Invitrogen, Molecular Probes 1 ptg/mL
in phosphate buffered saline (PBS); pH 7.4) was added
and incubated with the samples for 45 min at room



temperature. The samples were rinsed with PBS, and
propidium iodide (PL, 5 pg/mL in PBS) was added
for 10 min, followed by rinsing with PBS, and visualized
using a ZEISS LSM 5 DUO confocal microscope
(PL: Jeye = 561 nm, Ao, = 630-700 nm; DiOC6(3):
Jexe = 488 nm, A, = 505-550 nm).

The figures obtained from confocal microscopy were
subsequently processed to detect the cell proliferation
and distribution in the scaffolds. The acquired fluores-
cence signal from PI (stained cell nuclei) was evaluated
using the LSM Image Browser program (Zeiss) and arti-
ficial color was assigned to each figure from different
depths. Subsequently, figures from different depths were
processed together into a folded projection. This resulted
in pictures with a color range, where different colors
referred to different depths of the scaffold. The color-
coding of the particular depth is displayed on a color
scale. Cell proliferation was determined from signal of
propidium iodide staining using Image] software. Three
images from different sites of the scaffolds were used for
evaluation.

Chondrocyte penetration through nanofiber layers

The penetration of the cells through the classic and pat-
terned nanofiber layers was investigated. Sheets of nano-
fibers were cut and fixed in 24-well plate inserts
(Scaftdex, Finland). The bottom of the 24-well plate was
covered by a microscopic glass, and inserts with nanofib-
ers were placed inside the wells. Cells at a density of 8 x
10* cm™? were seeded on the nanofiber layers inside the
inserts to prevent the leakage of cells to the surrounding
areas. On days 1, 3, and 7, chondrocytes were visualized
using fluorescence staining. Inserts with fibers were
removed, and glasses from the bottom of the 24-well
plate were stained with DiOC6(3) and propidium iodide
as mentioned previously and visualized using confocal
microscopy. The visualized cells were counted using
Ellipse software (ViDiTo, Kosice, Slovakia) and the data
were statistically evaluated.

RNA isolation and qRT-PCR analysis

The total RNA was isolated using the Qiagen RNA mini-
kit (Qiagen, Hilden, Germany) according to the protocol
provided by the manufacturer. Reverse transcription

Table 1. List of probes and primers used in qRT-PCR.
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(RT) was performed using the RevertAid H Minus First
Strand ¢DNA Synthesis Kit (Thermo Scientific,
Waltham, MA, USA) with 80 ng of total RNA.
Transcript levels were evaluated using quantitative real-
time RT-PCR. QRT-PCR was performed using the Light
Cycler 480 II real-time PCR system (Roche, Basel, Swit-
zerland) with LC 480 TaqgMan Master and TaqgMan
probes (Universal Probe Library, Roche) following the
protocols from the manufacturer. The genes whose
expression was analyzed using qRT-PCR are listed in
Table 1. All samples were run in triplicates. The thermo
cycling parameters were 95°C for 10 min; 95°C for 10 s,
60°C for 10 s (45 cycles); and 40°C for 1 min. All sam-
ples were scaled relative to the median of the GAPDH
expression level, which was used as an endogenous
control gene.

Detection of chondrogenic marker using indirect
immunofluorescence staining

The presence of type II collagen, a typical marker of
chondrogenic differentiation, was confirmed using
indirect immunofluorescence staining on days 7, 14,
21, and 28. Samples were fixed with 4% formaldehyde
for 10 min, washed with PBS and incubated in 3% FBS
in PBS/0.1% Triton for 30 min at room temperature.
A primary monoclonal antibody against type II procol-
lagen, clone II-1I6B3 was obtained from the Develop-
mental Studies Hybridoma Bank, created by the
NICHD of the NIH and maintained at the Department
of Biology, University of Iowa, Iowa City, IA 52242.
(dilution 1:20) and incubated overnight at 2-8°C.
After three washes with PBS/0.05% Tween, the sam-
ples were incubated with the secondary antibody,
Alexa Fluor 488 conjugated anti-mouse antibody, for
45 min. Subsequently, a solution of PI was added for
10 min (5 pg/mL in PBS) for the visualization of the
cells’ nuclei. The samples were washed three-times in
PBS/0.05% Tween again and were then examined with
a ZEISS LSM 5 DUO confocal microscope (Alexa
Fluor 488: Aeyc = 488 nm, Ao, = 505-550 nm PI: Ao =
561 nm, A, = 630-700 nm). The images were further
quantified using Imige] software. The images were
converted to black-white intensity images and the
intensity was quantified with respect to the back-
ground. The cell number was quantified using auto-
mated counting of nuclei (PI signal).

Gene name Roche UPL probe no. Primer sequence left Primer sequence right
COL1A1 Collagen type | #15 atgttcagctttgtggacctc cttcttcttggcecctectct
coL2 Collagen type Il #1 cccaggtctagatggtgctaa ggaaccactctcacccttca
ACAN Aggrecan #44 ccctggtgcgactgagtt taatggaacacaacccctect
GAPDH GAPDH #28 acagacagccgtgtgttcc accttcaccatcgtgtctca
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Statistical analysis

Quantitative data are presented as mean =+ standard
deviation (SD). Average values were determined from at
least 3 independently prepared samples. Results were
evaluated statistically using the One-Way Analysis of
Variance and Student-Newman-Keuls test (SigmaStat
12.0, Systat Software Inc., San Jose, California).

Results
Characterization of the prepared scaffolds

The first step in the fabrication process resulted in elec-
trospinning 2 types of fibers — structured (St) and classi-
cal (Cl). In addition, a microfibrous PCL grid was
prepared using 3D printing. The analysis of the fibers
visualized using SEM was completed in the Image ] pro-
gram. The data from analysis are summarized in Table 2.
The preparation of nanofibers using different collectors
resulted in nanofiber layers of differing morphologies. In
the case of classic nanofibers, the layer was homogenous
with an average fiber diameter of 278 4 68 nm. The scaf-
fold also contained a minor fraction of microfibers and a
few non-fibrous defects. The fibrous layer showed more
compact morphology. The porosity of the construct was
52.3%. The mean pore size was 2.47 & 1.86 um? and the
largest pores showed 12 um” in diameter. The number
of pores bigger than 5 um” was only 8% of all pores.
Nanofibers prepared using a structured collector showed
a patterned structure, with a significantly smaller fiber
diameter of 221 4 54 nm. The layer in the dense part of
scaffold showed low porosity (40.2%) and the mean pore
size was 1.95 & 1.02 um®. The sample did not show
pores bigger than 8 um® and pores bigger than 5 um
comprised only 3% of all pores. On the other hand, the
structure of the fibrous mesh in less dense areas had a
higher mean pore size (5.58 + 4.62 wum?). The maximum
pore size was 40 um” and pores bigger than 5 um® com-
prised 38% of all pores. The sample also showed the
highest porosity reaching 65.7%. The difference was visi-
ble from analysis using SEM. Fig. 2 illustrates the mor-
phology of the thick compacted parts and thin porous
parts of the structured scaffold. Nevertheless, the average
diameter of microfibers prepared using 3D printing was
441 % 53 pum. The grid fibers showed smooth morphol-
ogy with minor grooves from the extrusion process.

Table 2. Characterization of classic and structured nanofibers.

The second step in preparing the scaffold was based
on gluing the 3D printed grid with electrospun fibers to
produce a composite scaffold. Two different composite
scaffolds were prepared - 3D printed microfibrous grids
were combined with structured (3D St, Fig. 3b, e) and
classical (3D Cl, Fig. 3c, f) nanofibers. In addition, con-
trol samples based on pure structured nanofibers (St,
Fig. 3 g), classical nanofibers (Cl, Fig. 3h) and 3D printed
microfibrous grid (3D, Fig. 3a) were prepared for in vitro
testing. Samples were visualized macroscopically
(Fig. 3a-c) and using SEM (Fig. 3d-h). Gluing the electro-
spun fibers to the 3D printed microfibrous grid using 30
wt% PCL was shown to be sufficient to maintain the
integrity during the whole experimental period. The
bonding of scaffolds did not result in the nanofibers’ dis-
solution and the system’s morphology remained the
same (Fig. 3d). We observed no defects in the fibrous
structure caused by the dissolution of the fibers in the
glue solvents. The composite scaffold showed that the
pores in the microfibrous grid were covered by an
electrospun fibrous mesh. Therefore the adhesion surface
for cells was significantly increased.

Chondrocytes adhesion and proliferation on
scaffolds

Five different scaffolds were tested in the experiment: a
3D printed scaffold (3D), a scaffold from a classic (Cl)
and structured (St) nanofibrous layer, and composite
scaffolds, which were prepared as a sandwich of three 3D
printed layers and two either classic (3D Cl) or struc-
tured (3D St) nanofibers.

The extent of chondrocyte adhesion and proliferation
on the scaffolds was measured as a change in the DNA
concentration. Cell adhesion, measured 24 hours after
seeding, was similar on all scaffolds. A significant differ-
ence was shown only between the 3D St and 3D scaffold,
where lower cell adhesion was seen on the 3D scaffold.

The proliferation of chondrocytes on the scaffolds was
detected throughout the 28 day experiment (Fig. 4a). The
amount of cells on the 3D scaffolds was at the same level
throughout the whole experiment. Similar results were
shown on the composite scaffolds 3D Cl and 3D St; a sig-
nificant increase in DNA content was observed on day 28
(Fig. 4a). On the contrary, a gradual cell increase was
detected on the Cl and St nanofiber layers. Both the Cl

Average fiber Mean pore Maximal pore Representation of

diameter [nm] Porosity size [um] diameter [em] pores bigger than 5.m?
Classic nanofibers 278 £ 68 52.3% 247 £1.86 12 8%
Structured nanofibers - dense part 221 £54 40.2% 1.95 + 1.02 8 3%
Structured nanofibers - less dense areas 221+ 54 65.7% 5.58 +4.62 40 38%
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Figure 3. A visualization of the prepared scaffolds. A macroscopic visualization of 3D (a), 3D St (b) and 3D Cl (c), sample size 1.5 x
1.5¢cm. A scanning electron microscopy visualization of 3D St (d, €), 3D Cl (f), St (g) and CI (h).

and St nanofiber scaffolds improved chondrocyte prolif-
eration compared to both of the composite scaffolds 3D
Cl and 3D St on days 14 and 21. On day 28, statistically
the same results were shown for the 3D St, St and Cl
scaffolds, where the DNA amount was significantly
higher than on the 3D Cl and 3D. The results indicated

that the 3D printed and composite 3D printed scaffolds
showed prolonged colonization times compared to the
electrospun nanofibers. The combination of 3D printed
grid with nanofibers resulted in increased proliferation
of the cells after 28 days and improved the scaffold
colonization by cells.
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Figure 4. Chondrocyte proliferation and metabolic activity. Chondrocyte proliferation on the polycaprolactone composite 3D printed
scaffolds with nanofibers (3D st, 3D Cl); the control 3D scaffold (3D), classical (Cl), and structured (St) nanofibers were evaluated by DNA
measurement (a). Chondrocyte metabolic activity was evaluated using an MTS assay (b). The values of metabolic activity obtained using
the MTS test were divided by the amount of DNA measured using DNA quantification. This means that the metabolic activity was
related to the amount of cells (c). Numbers of cells were also determined from confocal microscopy images (d) (*p<0.05, ““p<0.001).
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Cell metabolic activity and viability

Chondrocyte viability and metabolic activity was mea-
sured using an MTS assay (Fig. 4b). On the first day, sig-
nificantly higher metabolic activity was detected on the
3D St compared to the St and on the 3D Cl composite
scaffolds compared to the St and 3D scaffolds. On day 7,
absorbance was comparable on the 3D St, 3D Cl, and Cl
scaffolds and was statistically higher than absorbance on
the St and 3D scaffolds. On days 14 and 21, a signifi-
cantly higher metabolic activity was detected on the Cl
and St nanofibrous scaffold compared to other scaffolds.
By the end of the experiment on day 28, the highest met-
abolic activity was measured on the Cl and St nanofibers
and was statistically higher than on other scaffolds. The
lowest metabolic activity was shown on the 3D scaffold
throughout the whole experiment. The results are consis-
tent with the cell proliferation assay. The cells on the
nanofiber containing scaffolds showed higher metabolic
activity and proliferation rates.

The values of metabolic activity were related to the
quantified DNA content to get the relative cell viability
(Fig. 4c). The highest viability was measured on 3D Cl
during the 21 days of the experiment. A considerable
decrease was detected on day 28, when the highest cell
viability was measured on 3D samples. Comparable
results to 3D Cl were measured on 3D St and Cl on day
7. The relative viability was highest on the composite
scaffolds. The cells on 3D St and 3D CI showed higher
metabolic activity per unit of DNA compared to the
plain nanofibrous sample. Such difference may be related
to the higher consumption of energy for cell spreading
and migration on the composite scaffolds (3D St and 3D
Cl). The cells on St and Cl samples showed a continuous
increase in cell number indicating that the majority of
metabolic activity was connected with the proliferation.

Chondrocyte visualization using confocal
microscopy

To confirm the results obtained from the metabolic and
proliferation assays, cells on scaffolds were stained with
fluorescent probes, visualized with a confocal microscope
and subsequently, the images were used for cell number
quantification (Fig. 4d). Adhesion of individual cells or
cells in small groups was visible on the 3D printed scaf-
folds. The morphology indicated poor cell adhesion to
the smooth surface of the 3D printed scaffolds. Quantita-
tive analysis of confocal micrographs showed 176 & 110
cells/mm?. Only a slight increase of cell numbers was vis-
ible in the following days on these scaffolds parts. The
cell number on days 7 and 14 was 142 4 75 cells/mm?
and 130 + 89 cells/mm?, respectively. During the later

days of culture, the cell number increased only slowly to
611 £ 554 cells/mm” on day 21 and 623 + 648 cells/
mm? on day 28. The mean cell count strongly depended
on the part of the scaffold analysed and thus, the stan-
dard deviation was high. Interestingly, more cells were
visible on the 3D fibers of the composite 3D St and 3D
Cl scaffolds compared to the 3D scaffold. The cell num-
ber obtained from the micrographs for the 3D Cl goup
was 202 =+ 41 cells/mm? on day 1, 478 £ 46 cells/mm?
on day 7, 688 & 31 cells/mm” on day 14, 1079 + 29
cells/mm? on day 21, and 1114 & 90 cells/mm? on day
28. The 3D St group showed even greater number of
cells. The cell number on day 1 was 337 £ 116 cells/
mm?, 1120 £ 319 cells/mm? on day 7, 939 =+ 131 cells/
mm? on day 14, 1056 & 263 cells/mm” on day 21, and
1889 + 193 cells/mm” on day 28. These results confirm
our hypothesis that the combination of the 3D printed
microfibrous scaffolds with the electrospun fibrous mesh
improves the scaffold colonization (Fig. 5).

By contrast, cells grew well on the nanofibrous parts
of the scaffolds. Chondrocytes adhered in small groups
and proliferated and spread themselves over all of the
nanofibrous parts of the composite scaffolds, until they
reached a confluence on day 21. The same observation
was found on nanofibrous scaffolds Cl and St. Chondro-
cytes adhered individually or in small groups and started
to proliferate and spread immediately. On day 1, we
have observed 121 £ 62 cells/mm” on the Cl scaffolds
and 256 %+ 56 cellsymm” on the St scaffolds. The cell
number on day 7 increased to 530 4 188 cells/mm” on
the Cl scaffolds and 602 % 70 cells/mm? on the St scaf-
folds. A confluence of cells was visible from day 14 until
day 21 (Fig. 5). The cell number increased to 1765 % 201
cells/mm? on the Cl scaffolds and 2162 4 445 cells/mm”
on the St scaffolds on day 14 and remained at similar on
day 21 (Cl - 1362 + 63 cells/mm?, St - 2418 + 612 cells/
mm?) and 28 (Cl - 1330 =+ 86 cells/mm?, St- 2059 + 214
cells/mm?).

For a visualized distribution of the cells in scaffolds,
fluorescently labeled cell nuclei (PI) were sorted accord-
ing to the depth of the scaffold (for details see methods).
Nuclei colors correspond with the color on the scale. Red
colored cells are on the top of scaffold; blue are in the
deepest layer. From Fig. 6, it is clearly visible that chon-
drocytes adhered and proliferated up to a 600 um depth
on the composite scaffolds. No difference was shown
between the 3D Cl and 3D St groups.

Penetration of chondrocytes through nanofiber
layers

The improved penetration of cells through structured
nanofibers was another hypothesis tested in the
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Cl 3D

Figure 5. A visualization of cells on scaffolds by confocal microscopy. Cells” internal membranes were stained with DIOC6(3) (green color)
and cell nuclei using PI (red color) and visualized using a confocal microscope on days 1, 7, 14, 21, and 28. Cells adhered in small groups
on all scaffolds. It is clearly visible that cells preferably proliferate on nanofiber layers (St and Cl) and the nanofibrous parts of the composite
scaffolds (3D St, 3D Cl). Only a small amount of cells was visible on the 3D printed scaffold. Scale 100 pem, objective 10 x.

experiment. Nanofibers were seeded with cells in a 24-
well plate, where cover glasses were placed on the bot-
tom. Glasses were fluorescently stained and visualized
using confocal microscopy. The penetrated cells were
counted and the results were statistically evaluated
(Fig. 7). Chondrocytes penetrated well through the St

nanofibrous layer. A small amount of cells was visible on
the glass just 24 hours after seeding (4.3£0.5/mm?). On
the other hand, no penetrating cells were detected on
classic scaffold (Cl) on day 1 (p = 0.006). In the following
days, the cells migrated, proliferated and spread on the
glass coverslips under structured nanofibers (74.3+13.0/

Figure 6. A color depth projection of confocal microscopy images from day 28. Images from particular imaging levels were color labeled
and put together. The color of the cell nuclei (stained by propidium iodide) on the final image corresponds to its location in the scaffold;
the red color is at the top and the blue is at the bottom of the scaffolds. Cells penetrated to a depth of 550 wm in the 3D St (a) and
600 um in the 3D Cl (b). The penetration of cells on the St (c) was 160 um, which was significantly deeper than on the Cl (47 um; d).

The 3D cells were detected to a depth of 270 um in 3D (e).
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Figure 7. Cell penetration through nanofibrous layers. Chondrocyte were seeded on Cl and St nanofibrous layers and their penetration
through layers were visualized using confocal microscopy. Penetration was significantly higher on St scaffold (a) (p<0.05). Cell nuclei
were stained using propidium iodide (red color) and cell membranes using DiOC6(3) (green color)(b).

mm? on day 3). The amount of cells was significantly
bigger (p = 0.027) compared to classic nanofibers (5.3+
3.0/mm?). The results confirmed that the patterned
structure with areas with larger pores improved cell pen-
etration and may be crucial for efficient colonization of
the scaffolds.

Real-time PCR analysis

The expression of typical chondrogenic markers, type II
collagen and aggrecan, were detected using real-time-
PCR analysis. These proteins are important components
of the hyaline cartilage extracellular matrix.

The production of aggrecan was at its maximum level
on day 7, and there were no significant differences
between groups. The highest and the most balanced
aggrecan production was seen on the Cl throughout the
whole experiment, except day 14, where the highest
expression was seen on the 3D St (Fig. 8a).

The expression of type II collagen mRNA was low in
all samples. However, large differences between groups
and experimental days were visible (Fig. 8b). On day 1,
no expression of type II collagen was seen on the 3D Cl,
and the other samples were comparable. Low expression
continued on the 3D Cl on days 7 and 14, but the highest
expression was seen on day 21. Collagen II was more sta-
bly produced on the 3D St and St, with the maximum on
day 21. The chondrocytes on the Cl expressed type II col-
lagen throughout the whole experiment, with the highest
expression on day 14.

Collagen type I is a typical protein for fibrocartilage
and is also produced in the bone extracellular matrix.
The expression of type I collagen was visible for the
duration of the experiment. After an initial increase in
all samples on day 7, a decrease in expression was shown
on days 14 and 21 (Fig. 8c). The highest collagen type I
expression was shown on the St nanofibers on days 1, 7,
and 21, with a decrease on day 14. Compared to the St,
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Figure 8. Gene expression on markers of chondrogenic differenti-
ation. The expression of markers of hyaline cartilage production —
aggrecan (a) and type Il collagen (b) and marker of dedifferentia-
tion — type | collagen (c) were detected on the 3D St, 3D Cl, St
and Cl samples on days 1, 7, 14, and 21. All samples were scaled
relative to the median of the GAPDH expression level, which was
used as an endogenous control gene (“p<0.05, ““p<0.001).



the Cl showed lower production, except on the 14th day.
Similarly, expression on the 3D St was higher compared
to the 3D Cl from day 7.

Production of chondrogenic marker type Il collagen

The chondrogenic differentiation of cells seeded on scaf-
folds was detected as a production of markers specific for
the cartilage extracellular matrix. Type II collagen was
chosen as a protein typical for hyaline cartilage. From
Fig. 9 it is visible that cells started to produce type II pro-
collagen after 7 days of cultivation on all types of scaf-
folds. Type II procollagen production was lower on 3D
composite scaffolds (3D St and 3D Cl). An increase in
production was seen on nanofibrous scaffolds with an
increasing number of cells.

An antibody detecting type II procollagen was used
for the detection of new collagen expression since it does
not recognize the matured form of type II collagen. The
results confirm the observation made using gPCR. Colla-
gen expression on day 7 was visible in all samples to a

3D St 3D Cl

a)

Day 7

Day 21

b)
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lower extent, except for the Cl scaffolds. With an increase
in cell number and the colonization of the scaffold,
the presence of pro-collagen type II increased since the
intensity per cell remained the same or increased. The
results demonstrate that the scaffold supports the
artificial production of the chondrogenic ECM necessary
for successful cartilage repair.

Discussion

3D printing revolutionizes the possibilities for develop-
ing scaffolds with a custom morphology and shape. This
method enables the transfer from a computer created
scaffold design (CAD, computer-aided design) to printed
matrices with a well-defined shape and pore size. Unlike
other methods (e.g. hydrogels, foams, nanofibers), the
architecture is controlled by the user, which makes this
technology popular in both technical and biomedical
applications. Freeform fabrication (FFF) is an easy
method of 3D printing, where the polymer melt is
extracted from the jet, which results in fibers and pores
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Figure 9. Immunohistochemical staining of type Il procollagen (green) and propidium iodide staining (cell nuclei, red) of the polycapro-
lactone composite 3D printed scaffolds with structured (3D St) or classical nanofibers (3D Cl), classical (Cl), and structured (St) nanofibers
on days 7 and 21 (a). Staining showed higher cell density and also type Il procollagen production on both, the Cl and St nanofiber scaf-
folds. The amount of type Il procollagen on images was quantified and related to number of cells (b) ("p<0.05, **p<0.001).
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the size of tens to hundreds of micrometers. The low res-
olution is a consequence of using bigger nozzles as the
small nozzles tend to clog. The resolution is low with a
minimum line size of 100 wm; the minimum size of the
3D object is 300 pum.”'® In our 3D scaffolds, the
measured diameter of the lines was above 400 pm.

The main disadvantage of 3D printed scaffolds for
cartilage tissue engineering is the small distinguishability,
resulting in fibers with a large pore size and smooth sur-
face. However, the developed microfibers and shapes
lack nanostructured topology mimicking the natural
fibrous ECM. The smooth surface of the fibers does not
provide a sufficient number of contact points and limits
cell adhesion on 3D printed scaffolds. Therefore, several
studies have been dedicated to the surface enhancement
of these materials."”*> Common surface modification
includes the addition of nano-roughness, a patterned
surface,'* increasing porosity,”” a coating with extracel-
lular matrix proteins'>*® or hydrogels,>* or chemical
modification of the surface.'>*> Another approach covers
composite scaffold preparation using foams or
hydrogels,“*® microfibers, or nanofibers.***”

Electrospun nanofibers have gained much attention
recently due to their unique properties. A fibrous mesh
composed of nanofibers with a diameter mimicking the
extracellular matrix provides an extremely high specific
surface. Therefore the nanofibers were shown to be ideal
for cell adhesion and proliferation.'” A combination of
these two materials, 3D printed microfibers providing
customized scaffold morphology and mechanical sup-
port, with nanofibers providing pro-adhesive and porous
substrate for cells, seems to be promising for skeletal tis-
sue engineering. The often used 3D printed scaffolds
combined with naturally-derived hydrogels provide spe-
cific binding sites for cells, and a more natural environ-
ment for chondrocyte adhesion, proliferation, and
differentiation. In bigger scaffolds, the lower diffusion in
gel should be taken into account. In addition, hydrogel
degradation is fast and cannot be tailored; moreover,
their composition may differ in different lots.

On the other hand, nanofibrous layers also have some
limitations. Even though nanofibrous layers have large
porosity, the pore size is too small for cells to infiltrate
into the deeper layers and penetrate through. This prob-
lem was overcome in our previous study, where a pat-
terned collector was used to prepare the structured
layer.** Structured nanofibers contain areas with either
dense or sparse nanofibers. Pores in the sparse areas of
the scaffold were big enough to allow MSCs to penetrate
through the scaffold. The phenomenon was also con-
firmed in the present study, where the penetration of
chondrocytes was significantly faster on the St compared
to the Cl nanofibrous layers. Therefore, structured

nanofibrous layers in composites with 3D printed micro-
fibers enable better penetration and uniform distribution
of cells in the scaffold.

The process previously described for the combination
of 3D printing and electrospun nanofibers is based on a
complex method. In the study by Kim et al., nanofibers
were electrospun on every single 3D printed microfi-
brous layer.'” The process was repeated until the desired
scaffold size and shape was achieved. However, in addi-
tion to the high complexity and slow processing speed, a
further problem arose from insulation of the electric field
(the PCL scaffold is an insulator) and improper electro-
spinning process. PCL is a non-conductive polymer and
the electrostatic forces between the grounded collector
and spinning electrode decrease when the thickness of
the polymeric layer increases.’® Therefore, the electro-
spinning process is slower and may result in the forma-
tion of aberrant fibers and beads affecting the
morphology of the final scaffold. The non-conductive
scaffolds shield the electric field and the process is
stopped at a critical scaffold thickness. Such technology
enables scaffolds to be produced with limited dimen-
sions. The methodology reported in the present study
overcomes this limitation by employing the 2 step pro-
cess. The first step is used for separate fabrication of the
3D printed single layer grids and electrospun nanofibers.
The pre-made components are combined by gluing in
the second step. Therefore, the dimensions of the scaf-
folds are not limited - the process enables stacking of
any thickness of fibers. The size of the construct may be
somehow limited by the printing area of the 3D printer
and width of the electrospun mesh.

High porosity and good pore interconnection of the
composite 3D printed/electrospun scaffolds enabled a
good exchange of nutrition even in the deeper layers.
Nutrition exchange is, next to cell penetration, another
critical parameter for the 3D scaffold. In the experiment,
chondrocytes’ presence in the 3D St and 3D Cl was con-
firmed by confocal microscopy, even at a depth of
600 um throughout the whole 28 day experiment.

Nanofibers were shown to be an excellent surface for
cell adhesion and proliferation. This was confirmed by
increased proliferation throughout the whole experi-
ment. Cell proliferation on the composite scaffolds (3D
St, 3D Cl) was slower compared to the electrospun
fibrous scaffold and stagnated during the first 21 days of
the experiment. Higher proliferation of this part of the
scaffold was detected on day 28, which is in accordance
with the confocal microscopy pictures. The lower cell
amount on the composite scaffolds (3D St, 3D Cl) was
caused by the area covered by the 3D smooth fibers. The
poor proliferation on the 3D printed control sample
without the electrospun fibers shows that the smooth



PCL fibers were an unfavorable surface for cell proliferation
and acted rather as a barrier for the cells. We hypothesize
that due to the poor adhesion to the smooth 3D printed
PCL fibers, the cells spend more energy on migration and
colonization of the scaffold compared to the plain electro-
spun scaffolds. As a result, the cells on 3D Cl showed the
highest cell viability during the 21 days of the experiment.
Similar results were shown for 3D St on day 7 and 14. The
cell number on the scaffold was lower compared to the elec-
trospun scaffolds St and Cl and the energy spending per cell
was higher. Nevertheless, these results may also be caused
by better exchange of nutrients on the composite scaffolds.
Cells on the composite scaffolds (3D Cl and 3D St) had a
larger growth area and improved diffusion of nutrients
through a more 3D scaffold.

The expression of chondrogenic markers was low, but
a statistical difference was detected between the groups.
Similar levels were observed in the study of Mintz et al.”®
Both investigated chondrogenic proteins; type II collagen
and aggrecan were synthesized the most on classic nano-
fibrous scaffolds (Cl). Type I collagen was expressed in a
much higher concentration on all scaffolds, especially
during the first week. This may be the consequence of
partial dedifferentiation of the chondrocytes during their
2D culture before seeding and only a 21-day culture after
seeding under static conditions. While comparing the
3D St and 3D Cl scaffolds, the 3D St showed a higher
expression of aggrecan on day 14, a higher expression of
type II collagen from day 1 until day 14, and a higher
expression of type I collagen during the whole cultiva-
tion. Although the 3D St scaffold did not improve cell
growth or cell viability compared to the 3D Cl, it had a
stimulatory effect on extracellular matrix component
expression. Interestingly, no type II collagen expression
was found on the 3D Cl on days 1 and 14, but it was the
highest on day 21. The chondrogenic differentiation is
enhanced by a high cell density, which is more expected
in less homogeneous 3D St scaffolds. Thus the 3D St
scaffolds seem to be suitable scaffolds for cartilage
regeneration.

While type II collagen is a specific marker for hyaline
cartilage, type I collagen is typically synthesized in
fibrous cartilage and it is described as a sign of the dedif-
ferentiation of chondrocytes. On the other hand, type I
collagen is a natural compound of the bone extracellular
matrix. A higher expression of type I collagen could refer
to the hypertrophy of chondrocytes and the osteocon-
ductive properties of scaffolds.”

The 3D scaffolds had higher 3D space for cell growth
and resulted in delayed reaching of confluence. Cells in
non-confluent cultures often show higher proliferation
rate than in confluent cultures. As result, the chondro-
cytes on 3D st and 3D Cl were longer in M-phase
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compared to nanofiberous scaffolds — Cl and St. The cells
on Cl and St reached confluence on day 14, while in 3D
St and 3D Cl at day 28. After reaching confluence, the
intercellular contact of chondrocytes stimulates produc-
tion of late chondrogenic markers, such as collagen II
Especially, N-cadherins were shown to play pivotal role in
this process.>*! This is consistent with later increase of
collagen II in 3D St and 3D Cl groups (on day 21), while
in non-3D printed scaffolds (Cl and St) the collagen II
production was higher at day 14. Similarly, with increase
of collagen II production, the collagen I production was
decreased.

Tested scaffolds composed of 3D printed grid with
nanofibers combine advantage of both materials. 3D
printed grid serve as a mechanical support and its big
pores give enough space for cartilage ECM formation. As
the PCL polymer slowly degrades it is replaced with
newly formed ECM. On the other hand, cartilage ECM
is formed with network of collagen and non-collagenous
proteins and proteoglycans.*” Nanofibers mimic these
structure and support adhesion of infiltrated cells. More-
over, using of structured nanofibers enable better infiltra-
tion of cells into the scaffold.

Conclusion

A composite scaffold combining 3D printed PCL micro-
fibers and patterned electrospun PCL nanofibers fulfilled
our expectation for excellent cell infiltration, cell viability
and good cell proliferation. On the other hand, partial
chondrocyte dedifferentiation including a lower expres-
sion of aggrecan and type II collagen, and a higher
expression of type I collagen was shown during in vitro
cultivation under static conditions. Type I collagen
expression of chondrocytes can indicate the osteoinduc-
tive properties of the composite scaffold. Other experi-
ments will be needed to confirm the chondroinductive
properties of the scaffold.
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