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1 | INTRODUCTION

Treatment of joint cartilage lesions poses a big challenge
for contemporary medicine," because the cartilage is
composed of a tissue belonging to those hardest to regen-
erate.” This is caused by the fact that chondrocytes, or
cartilage tissue cells, require the presence of a three-
dimensional (3D) framework for their growth.’ In
healthy tissue, this framework is constituted by the extra-
cellular matrix (ECM), which does not occur in damaged
tissue.*> Cellular scaffolds may be a solution to this prob-
lem.® There are porous volumetric structures, aimed for
temporary replacement of the ECM in a damaged tissue.”
Optionally, the scaffolds may be composed of biodegrad-
able polymers, having a great advantage as there is no

Abbreviations: iPrOH, isopropanol; PCL, poly-e-caprolactone; PCLA,
poly(r-lactide-co-e-caprolactone); PEG, poly(ethylene glycol); PLLA,
poly-L-lactide; PVP, polyvinylpyrrolidone; SEM, scanning electron
microscopy.
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An innovative modification of the wet inversion phase method, consisting in
the use of a polymer nano-nonwoven as a nonclassic pore precursor. Mechani-
cal properties of the obtained scaffolds were determined, their hydrophilic
properties (serum absorbability) were tested, and the content of residues of
materials used in the scaffold preparation was determined. Nontoxicity of the
developed scaffolds toward T lymphocyte cells was proved. Cultures of primary
chondrocytes were obtained successfully. It was proved that an addition of a
polymer nano-nonwoven changes the properties of the scaffolds favorably in
respect of their subsequent application in tissue engineering.

cartilage regeneration, chondrocytes, nano-nonwoven, polyvinylpyrrolidone, T lymphocytes

need to remove the implant when the treatment is
complete.®’

The extracellular matrix is a very important ele-
ment of tissues.'® It consists of a structured form (col-
lagen, elastin, and reticular fibrils), an amorphous
form (a mixture of polysaccharides, proteins, and pro-
teoglycans), and extracellular fluid (a solution of
chemical elements, ions, and micromolecular com-
pounds).'"!? In tissue, the ECM plays a variety of
important roles, it constitutes the spot of cell fixation
and the physical tissue framework, as well as imparts
mechanical strength and elasticity to the tissue.'*™**
When a tissue is damaged, the extracellular matrix is
destroyed too. Therefore, its temporary replacement is
necessary.'>

Tissue damages pose a very big problem for both phy-
sicians and patients because the damage hinders or pre-
vents movement and cause a lot of pain.'® At present,
cartilage treatment is carried out by microfractures,'’
autologous cartilage implantation (ACI),'® and cartilage
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implantation.’® The microfractures method consists of
drilling microholes in the subchondral bone to induce
the release of stem cells, which will transform into cho-
ndrocytes. In spite of its simplicity, the method has a dis-
advantage consisting in the formation of mainly the
undesirable fibrocartilage.*

In the two-stage ACI method, chondrocytes are col-
lected from the unloaded part of the cartilage and
implanted into the damaged spot.”! This procedure is
lengthy and, as the former, poses the risk of formation
of fibrocartilage and tissue hypertrophy.*>** Cartilage
transplantation is limited by the number of donors and
the possibility of transplant rejection.** Due to all of the
above limitations, a search for methods eliminating
these problems commenced, thus reaching for solutions
of tissue engineering, namely application of 3D
scaffolds.>>°

The goal of the study was to obtain scaffolds meeting
the requirements necessary for culturing chondrocytes,
or for the regeneration of joint cartilage. The key features
required for this application are:

« adequate size of pores present in the scaffold fracture
(20 pm at minimum), as well as their open character
and presence of perforation in their side walls;

« the high porosity of at least one of the scaffold surfaces
and presence of pores having an adequate size (20 pm
at minimum);

« biodegradability of the scaffolds;

« good mechanical strength (Young modulus at strain
>10 MPa),

« adequate hydrophilicity of the scaffolds;

« biocompatibility of the scaffolds (number of alive cells
after 24 hr of contactless test >70%);

« possibility of culturing chondrocytes on the surface of
the scaffold and inside it.

Adequate pore size creates the possibility for the cells
to position inside the pores, and it amounts to 20 pm at
minimum for chondrocytes.”” Open and perforated pores
ensure intercellular communication and migration of
metabolites and nutrients.’

Additionally, the pores should be larger than mini-
mum cell size,”® because the forming tissue must have
space for the construction of its structure.”® However, the
pores may not reach too large a size (150-200 pm), as it
could weaken the scaffold structure.”® The hierarchic
structure of the pores determines the properties of the
scaffold itself,>* the possibility of cell and nutrient
migration,* and cellular adhesion.****

Adequate porosity of at least one of the scaffold sur-
faces and presence of pores on it having dimensions
adequate for cell (20 pm at minimum)® are the

requirements for the cells to be able to penetrate the
interior of the scaffold.**™*°

Even distribution of the pores is required for the for-
mation of a compact tissue.** Open and perforated pores
ensure intercellular communication and migration of
metabolites and nutrients.*'

Biodegradability of the scaffolds is an optional fea-
ture. Due to a gradual, controlled degradation of the
material during treatment, it enhances the patient's com-
fort, because the scaffold used does not remain in their
organism.**** Using biodegradable materials, adequate
time of their degradation should be chosen, both for the
impact of physiological pH** when the chondrocytes are
cultured,* and under storage conditions.*® The materials
cannot lose their structural and mechanical properties
too fast.*’

Adequate mechanical strength of the scaffold is nec-
essary for it to perform the correct function in a joint,
and it must be close to that of natural tissue.*® Young
modulus at the strain of the cartilage amount to approxi-
mately 10 MPa.*

Because of hydrophilic conditions in the tissue,
adequate hydrophilicity of the scaffolds is also
required.’® Commonly used synthetic polyesters are
hydrophobic,! therefore, their modification by appli-
cation of proper additives in the form of pore precur-
sors is necessary.>>

Biocompatibility is an essential feature of the scaf-
folds as medical products and means a lack of toxicity
toward cells occurring in organisms.>*>*

Specific cell types have their preferences in regard to
growth—they require specific surface properties enabling
their growth.>® In principle, the possibility of given cells
on the examined material should be tested experimen-
tally.>® In the case of scaffolds replacing cartilaginous tis-
sue, the materials must provide conditions proper for
chondrocyte culturing.”’

Considering all of the above features, it should be
noted that scaffold designing is a challenging task.>® The
difficulty results from the necessity of a complex combi-
nation of all these features.***

2 | MATERIALS AND METHODS

Poly-1-lactide (PLLA), M, 86,000 g/mol (Nature Works
NW 2003D), poly-e-caprolactone (PCL), M, 80,000 g/mol
(Sigma Aldrich), and poly(i-lactide-co-e-caprolactone)
(PCLA), prepared in-house, were used to prepare mem-
branes. Poly(vinylpyrrolidone) (PVP), M, 10,000 g/mol
(Sigma Aldrich), poly(ethylene glycol) (PEG) M,, 10 kg/mol
(Sigma Aldrich), and Pluronic F-127 (Sigma Aldrich) were
used as classic pore precursors. Nano-nonwoven were
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obtained in-house using electrospinning technique with
polyvinylpyrrolidone, M, 1,300,000 g/mol, Sigma Aldrich.
1,4-Dioxane, methanol, and POCh SA, were used as sol-
vents. Ultrapure water with 18.2 MQcm conductivity was
obtained using MiliQ device.

2.1 | Preparation of scaffolds

The solutions of each polymer in 50 ml of 1,4-dioxane were
prepared (Table 1). The solutions were mixed by 24 hr on a
magnetic stirrer (200 rpm) in room temperature. After this
time, optionally one or two classic pore precursors were
added to the solutions in a suitable weight ratio to dioxane
(Table 1). Scaffolds were obtained by inversion phase
method (Figure 1). Polyesters solution in dioxane with clas-
sic pore precursor or without them was poured onto a glass
base. Polyvinylpyrrolidone (M,, 10 kg mol) nano-nonwoven
was placed on the solution layer after pouring, and subse-
quently, the air was removed by applying pressure. Next,
the subsequent layer of the solution was poured, and nano-
nonwoven was placed once again. At the end, the air was
removed once again from the formed membrane-forming
solution. The membrane was gelled in water with a conduc-
tivity of 18.2 MQcm. The membrane was dried after poly-
mer coagulation and removal of pore precursors. Scaffolds
without pore precursor were obtained analogically without
the stage of the addition of polymeric nano-nonwoven.

2.2 | Mechanical strength

Scaffold mechanical strength was tested in a tensile test
using an Instron 5566 apparatus. Rectangles of 7 X 2 cm
cut from the scaffolds, three replicates per each scaffold,
were tested. The samples were extended at a rate of
5 mm/min, and then the average values of Young's

modulus (E), maximal strain (enax), and their standard
deviation were calculated. Each experiment was done
three times.

2.3 | Scanning electron microscopy

Morphology of cross-sections for membranes and both sur-
faces were analyzed using scanning electron microscopy
(SEM) on Hitachi TM1000. Samples of the membranes were
immersed in ethanol and then fractured in liquid nitrogen.
After drying, the membrane samples were coated with
7-10 nm thick gold layer using K550X Sputter Coater. Sam-
ples coated with gold were analyzed in X300 and X1000 mag-
nifications using 15 kV acceleration voltage. Average porosity
and pore diameter range based were determined based on
the image analysis using MeMoExplorerTM software.

2.4 | Isopropyl alcohol mass
absorbability

Dry weighed samples were places in a beaker with iso-
propyl alcohol (iPrOH) and then put for 30 min into a
desiccator connected to a vacuum pump. After this time,
the samples were removed from the desiccator, the excess
of isopropyl alcohol was removed from them, and then,
they were weighed on an analytical balance. Each experi-
ment was done in triplicate. Absorbability was calculated
according to the following Equation (1):

My, — Mg

Am= X 100% (1)

ms

where, m,, is the mass of the wet air-weighed sample (g);
m; is the mass of the air-weighed dry sample (g); and A,
is the mass absorbability (%).

TABLE 1 The compositions of solutions used in wet inversion phase method
Polymer Cwt (%) Pore precursor Precursor: polymer (g/g)
PLLA 6 - -
PCL 6 = =
PCLA 8 - -
PLLA 6 PVP 1:1
PVP + PEG 1:1:2
PLLA 6 PVP nano-nonvoven 1:1
PCL 6 PVP nano-nonvoven 1:1
PCLA 6 PVP nano-nonvoven 1:1
PLLA 6 PVP nano-nonvoven + PEG 1:1:2
PLLA 6 PVP nano-nonvoven + PEG + pluronic 1:1:2:1
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FIGURE 1 Wetinversion phase method with polymeric nano-nonwoven [Color figure can be viewed at wileyonlinelibrary.com]

2.5 | Horse plasma absorbability

A scaffold sample was placed in a flask with a capacity of
15 ml, which was filled subsequently with serum isolated
from equine blood. The flask was placed in a dryer at
37°C for 24 hr or centrifuged in an Eppendorf Centrifuge
5804R laboratory centrifuge for 15 min (37°C, 5000 rpm).
After this time, the sample was removed from the flask
and weighed on an analytical balance. Each experiment
was done in triplicate.

2.6 | Infrared spectroscopy
Infrared (IR) spectra of the sample were recorded by the
ATR technique using an Alpha Bruker instrument. Dry
samples without pre-preparation were used in the study.
Each experiment was done in triplicate.

2.7 | Elemental analysis

Elemental composition of the samples (contents of C, H, N,
and S) was examined using an Elementar Vario EL III
instrument. Dry samples without prepreparation were used
in the study. Analysis of every sample was done in triplicate.

2.8 | Cytotoxicity

The scaffolds were washed in a 0.9% NaCl solution, and
then, discs with a diameter of 7.0 mm were cut from them
and placed in 24-well plates. Next, Jurkat cells suspended in
a nutrient medium, with a concentration of 1 x 10° cells/ml
were placed in the wells. Cell cultures in the presence of the
studied samples were carried out for 11 days at 37°C, under
an atmosphere of 5% CO,. In the 1st, 4th, and 8th day, the
cells were analyzed in a flow cytometer, using a cytochemi-
cal reaction with propidium iodide.

2.9 | Chondrocyte primary culture

2.9.1 | Preparation of nutrient medium
About 100 ml of DMEM (with a high level of glucose and
4500 ml of r-glutamine) were dissolved in 1 L of
deionized water, then 4.3% of inactivated FBS, 0.85% of
the penicillin-streptomycin solution, 0.43% of L-gluta-
mine, and 0.05% of amphotericin were added.

2.9.2 | Isolation of cells

Chondrocytes were isolated from human knee or iliac
joint being a postsurgical waste (Bioethical Commission
approval No. 57/PB/2014). Cartilaginous tissue was cut
out from the joint, cut into smaller pieces using a scalpel,
and washed with PBS and DMEM three times. The com-
minuted tissue was placed in a collagenase solution in
the nutrient medium, and then heated to 37°C and fil-
tered through a syringe filter with 0.2 pm pores. The tis-
sue was transferred into 50-ml flasks containing a
digesting solution and kept in an incubator for 16 hr.
After this time, the contents of the flasks were filtered
through a syringe filter with 0.7 pm pores and then cen-
trifuged in a laboratory centrifuge (5 min, 5°C, and
1000 rpm). The obtained cellular precipitate was
suspended in 10 ml of the medium and centrifuged again
to remove collagenase. About 1 ml of cellular suspension
was obtained.

2.9.3 | Preparation of samples for
culturing

The scaffolds were sterilized in ethanol, and discs having
a diameter of 16 mm were cut from them. Then, the scaf-
folds were washed with PBS and DMEM three times to
remove ethanol.
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294 | Cell culture

The scaffolds were placed in 24-well plates and chondrocytes
suspended in the nutrient medium were inoculated on them.
The sampled were loaded down with Teflon rings. Cell cul-
ture was carried out in an incubator, at a temperature of
37°C, and under an atmosphere containing 5% CO,. The
nutrient medium was replaced twice a week, then heated to
37°C. Once per 2 weeks, the cells were washed with PBS.

2.9.5 | Hoechst test

The nutrient medium was removed from the wells, then
500 pl of 2.5% glutaraldehyde solution was added to each
of them and incubated at 5°C for 1 hr. Next, one drop of
Hoechst stain and 500 pl of PBS were placed on every
fixed sample. The samples were observed under an
OLYMPUS IX71 fluorescence microscope.

2.10 | Statistical analysis

The results of the measurements were expressed as
means + SD. Statistical significance of differences was
analyzed using single-factor analysis of variance
(ANOVA) for p < 0.05 (MS Excel 365).

3 | RESULTS
3.1 | Chart1: Influence of nonclassic

pore precursor on the morphology of
scaffolds

PVP is the most commonly used porophore in the wet
phase inversion method. It provides a material character-
ized by the presence of numerous but closed and small
pores (Figure 1). Moreover, their surfaces have too low
porosity, precluding the penetration of the scaffold inte-
rior by the cells (Figure 2(a),(c)). Usually, such properties
are not sufficient for conducting cell cultures, therefore,
noticing numerous advantages of biodegradable polymers
(controlled degradation, biocompatibility, and good
mechanical properties), other methods are searched for,
enabling the preparation of scaffolds with properties
which allow for conducting efficient cell cultures.

While searching for methods which allow for preparing
of scaffolds having an adequate morphology for tissue engi-
neering applications and noticing the insufficient effects of
conventional methods, it was decided to use unconventional
methods. In previous articles, cellulosic nonwovens were
used as a nonclassic pore precursor. Even though pore
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morphology forming thanks to them was very favorable from
cell cultures, they had a disadvantage consisting in a very
long time of leaching of the nonwoven fabric (~1 month). In
this reason, it was decided to use polyvinylpyrrolidone nano-
nonwoven, which did not require a prolonged washing bath
for its dissolution, but only an ordinary water bath.

Scaffolds from three various biodegradable polymers
were obtained: polylactide, poly-e-caprolactone, and their
copolymers (Figure 3, Table 2) were obtained using a
PVP nano-nonwoven.

The scaffolds obtained from PLLA with an addition of a
PVP nano-nonwoven were characterized by the occurrence
of sparse oval pores with a size of 1-20 pm in the bottom
surface. Numerous oblong mutually connected pores with
sizes in the range of 20-100 pm were evident in the frac-
ture; additionally, smaller, approxiamtely 1-um pores were
present in their walls. Oblong and oval pores with sizes in
the range of 5-20 pm, formed as a result of nanofibrils
impression, were present in the porous top surface.

The bottom surface of the PCLA scaffolds contained
scarce pores with sizes of 1-15 pm. Numerous open
oblong pores with sizes in the range of 10-70 pm were
evident in the fracture, and in their walls, also smaller
pores (1-5 pm) were present. Oblong and oval pores
with sizes in the range of 1-15 pm were present in the
top surface.

PCL scaffolds had scarce small pores with a size of
1-30 pm in the bottom surface. Oblong irregular pores
with sizes in the range of 5-50 pm were present in the
fracture, and in their walls, scarce smaller pores (~1 pm).
Oblong and oval pores with sizes in the range of 5-30 pm
were present in the top surface.

It was found that addition of nano-nonwoven chan-
ged the morphology of the scaffolds very favorably.
Unlike the scaffolds obtained with an addition of classic
precursors, they were characterized by large open pores
and a strongly porous top surface. Such a structure cre-
ates the possibility of conducting cell cultures. It was
found that the scaffolds obtained from polylactide
exhibited the most favorable structure. In comparison to
the scaffolds obtained from the other polymers, were
characterized by the largest pores occurring in the frac-
ture. Therefore, they were selected for further studies.

3.2 | Chart 2: Influence of nonclassic and
classic pore precursor on the morphology
of scaffolds

We observed the favorable impact of nonclassic pore pre-
cursors on the scaffold morphology. It was decided to
study the morphology of the scaffolds forming as a result
of the application of both a polymer nano-nonwoven
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TM-1000_9090 L x1,0k 100 um

TM-1000_9093 L x1,0k 100 um

TM-1000_9085 x1,0k 100 um

FIGURE 2 PLLA scaffolds obtained with the addition of classic pore precursor (PVP); (a) lower surface, (b) cross-section, and (c) upper
surface

TM-1000_6408 x1.0k 100 um TM-1000_6399 100 um TM-1000_6389 x1.0k 100 um

bt = O -~ ]
) I ». e L0 P 3 2
TM-1000_3355 um  TM-1000_3343 x1.0k 100 um  TM-1000_3348 x1.0k 100 um

TM-1000_8999 L x1.0k 100 um  TM-1000_3343 L x1.0k 100 um  TM-1000_8992 L x1.0k 100 um

FIGURE 3 Scaffolds obtained with the addition of PVP nano-nonwoven; (1) PLLA, (2) PCL, and (3) PCLA; (a) lower surface, (b) cross-
section, and (c) upper surface
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additive and a classic pore precursor [polyethylene glycol

(PEG), as well as PEG and Pluronic] (Figure 4, Table 3).
In the scaffolds obtained from PLLA with an addition

of a PVP nano-nonwoven and polyethylene glycol, the

TABLE 2 Pores size of polyesters scaffolds obtained by
inversion phase method using PVP nano-nonwoven

Range of pores diameter (pm)

Lower surface Cross-section Upper surface
PLLA + PVP nano-nonwoven

1-20 20-100, i~ 1 5-20

PCLA + PVP nano-nonwoven

1-15 10-70,i 1-5 1-15

PCL + PVP nano-nonwoven

1-30 5-50,i~1 5-30

TM-1000_6408 L

TM-1000_8039 L

A N el A

TM-1000_8086 L x1,0k 100 um

TM-1000_8068

FIGURE 4

Applied Polymer wiLEy-L o

bottom surface contained scarce pores with size in the
range of 1-20 pm. Oblong open pores with sizes in the
range of 20-80 pm, having smaller pores (1-5 pm) in
their walls, were observed in the porous material.
Numerous oblong pores with sizes in the range of
5-60 pm were present in the top surface.

The bottom surface of the scaffolds obtained from
PLLA with an addition of a PVP nano-nonwoven and a
PEG-Pluronic mixture contained scarce pores with
sizes in the range of 1-20 pm. Irregular open pores
with size in the range of 10-70 pm and porous internal
structure (1-10 pm) were present in the fracture. The
top surface was characterized by the presence of
numerous irregular pores with sizes in the range
of 5-60 pm.

It was found that the addition of classic pore precur-
sors together with a polymer nano-nonwoven is favorable

TM-1000_6389 x1.0k 100 um

x1.0k 100 um

x1.0k 100um  TM-1000_8033 x1,0k 100 um

x1,0c 100um  TM-1000_8003 L x10 100 um

Scaffolds obtained with the addition of PVP nano-nonwoven and classic pore precursor; (1) without classic pore precursor,

(2) with PEG, and (3) with PEG and pluronic; (a) lower surface, (b) cross-section, and (c) upper surface
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because it induces perforation and formation of pores
occurring inside walls of the largest pores. It increases
the total porosity of the scaffold, thereby facilitating the
migration of nutrients and metabolites inside the
scaffold.

3.3 | Chart 3: Mechanical properties
Adequate mechanical strength is a very important feature
from the point of view of tissue engineering because the
strength must match that of the tissue being regenerated.
In the case of cartilaginous tissue, Young modulus must
be higher than 10 MPa. Mechanical strength of the stud-
ied samples was examined in a static tensile test. Young
modulus, maximum stress, and maximum strain were
determined (Figure 5, Table 4). The scaffolds have a
stress curve characteristic for elastic materials without
material yield strength.

In the PLLA scaffolds obtained with an addition of a
PVP nano-nonwoven, Young modulus amounted to
163.1 + 53.7 MPa, maximum stress 4.87 + 0.95 MPa, and
maximum strain 31.00 + 2.8%. It was found that the stud-
ied scaffolds exhibited good mechanical properties,
enabling their application in the regeneration of cartilagi-
nous tissue because its value of Young modulus was
higher than that of the tissue itself (E > 10 MPa).

3.4 | Chart4: Absorbability of the
scaffolds

Absorbability of materials for medical applications with
hydrophilic substances is a crucial element enabling
migration of nutrients and body fluids. Absorbability of
the scaffolds with a reference substance (isopropyl alco-
hol) and with horse plasma isolated from equine blood
was tested (Figure 6). The latter tested substance was
introduced to the scaffold by a static test and a laboratory

TABLE 3
the addition of PVP nano-nonwoven and classic pore precursors

Porosity analysis of PLLA scaffolds obtained with

Range of pores diameter (pm)

Lower surface Cross-section Upper surface
PLLA + PVP nano-nonwoven

1-20 20-100/~1 5-20

PLLA + PVP nano-nonwoven + PEG

1-20 20-80/1-5 5-60

PLLA + PVP nano-nonwoven + PEG + pluronic
1-20 10-70/1-10 5-60

centrifuge test. To better show the changes in absorbabil-
ity occurring after application of a polymer nano-nonwo-
ven, the results were compared with the scaffolds
obtained with an addition of only classic pore precursors.

The scaffolds obtained by wet inversion phase with a
polymer nano-nonwoven exhibited much higher absorb-
ability both with isopropyl alcohol, and equine serum
[545.2 + 92.6%, 779.4 +61.6% (static test), and
843.8 + 162.6% (centrifuge test), respectively] than the
scaffolds obtained with an addition of classic pore precur-
sors [iPrOH: 315.7 + 7.2%, serum: 258.2 + 64.3% (static
test) and 242.6 + 38.0% (centrifuge test)]. Also, it was
proved that the differences in absorbability obtained by
the static test are small.

It was found that the studied scaffolds, although were
composed of polymers with hydrophobic properties,
absorbed hydrophilic substances very well due to their
unique structure.®® It is a necessary condition for their
subsequent application in tissue engineering.

3.5 | Chart5: Nano-nonwoven residues
Composition of products intended for medical applica-
tions is a very important element. Because the applied
polymeric nano-nonwoven was being leached from the
scaffold structure, it was decided to examine presence
(IR analysis) (Figure 7) and content (elemental analysis)
(Table 5) of its residue in the obtained scaffolds. The test
was carried out based on an analysis of polylactide and
PVP nano-nonwoven in scaffold before and after a
washing bath.

In IR spectra of the scaffolds before the washing bath,
presence of PVP (band in the range of 3600-3000 cm™")
and PLLA (bands at 1750 and 1180 cm™) (Figure 7, red
line) is clearly visible. In the spectra of dried scaffolds

o, MPa

O T T T 1
0 2 4 6 8
£ %

FIGURE 5 Exemplary stress-strain curve of PLLA scaffolds
obtained with the addition of PVP nano-nonwoven [Color figure
can be viewed at wileyonlinelibrary.com]
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after gelling and washing baths (Figure 7, green line),
only bands originating from PLLA are evident.

To determine the quantitative content of the PVP
nano-nonwoven in the obtained scaffolds, elemental
analysis of the samples was carried out. The nano-
nonwoven itself was characterized by a high nitrogen
content (10.41%). Analogically, a significant nitrogen con-
tent (8.24%) was found before the washing bath in the
scaffolds obtained with an addition of nano-nonwovens.
On the other hand, the nitrogen content was below the

TABLE 4 Mechanical properties of scaffolds obtained by
inversion phase method using PVP nano-nonwoven

E (MPa) o (MPa) e (%)
163.1 + 53.7 4.87 +£0.95 31.00 + 2.8
1200 ~ M classic pore precursor
M nano-non-woven PVP
1000
?
> 800
2
§ 600
2
32 400
<
200 -
0 -
iPrOH Plasma (static Plasma
test) (centrifuge test)

FIGURE 6 Absorptivity of scaffolds obtained with addition
nonclassic pore precursor and with nano-nonwoven [Color figure
can be viewed at wileyonlinelibrary.com]

Applied Polymer_wLgy_ 2

limit of determination after the washing bath. It proves
complete leaching of the nano-nonwovens from the
structure of the scaffolds or the fact that only their traces
remained.

3.6 | In vitro studies

3.6.1 | Cytotoxicity

Cytotoxicity of the scaffolds obtained by the wet inver-
sion phase method using a PVP nano-nonwoven was
determined using T lymphocytes. The cultures were con-
ducted in a contact test, examining the top surface (onto
which the nano-nonwoven was placed) (Figure 8).

After 24 hr of lymphocyte culturing, their number
decreased slightly in relation to the control (97 + 0.7%)
and amounted to 96 + 0.5%. After 96 hr of culture, the
number of cells in the scaffold increased (98 + 0.2%).
After 192 hr, the number of cells in scaffolds from PVP
nano-nonwoven decreased slightly (94 + 0.6%).

3.6.2 | Chondrocyte culture
Various inoculation densities of human chondrocyte cells
were examined: 1 x 10°, 2 x 10°, and 2.5 x 10° of cells
per well. Then, after 72 hr of culture, the cells in the scaf-
folds were stained in the Hoechst test (Figure 9).

At the inoculation density of 1 x 10°, only small cellu-
lar aggregates were visible. The 2 x 10> suspensions, a
higher number of cells was obtained, the majority of
them being agglomerated. At the density of 2.5 x 10°, the

95

90

FIGURE 7 IR analysis:
Blue line—PLLA, violet line—
PVP nano-nonwoven, red line—
PLLA scaffolds with PVP nano-
nonwoven before coagulation
bath, and green line—PLLA
scaffolds with PVP nano-
nonwoven after
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TABLE 5
nano-nonwoven

Content of elements in scaffolds obtained with PVP

Content of elements (%)

Sample C H N
PLLA 49.87 5.62 -
PVP nano-nonwoven 54.47 8.66 10.41
Scaffold before rinsing bath 54.33 8.66 8.24
Scaffold after rinsing bath 50.08 5.16 -
100 z
I
90 I
80
) 70
£ 60
S 50
g
2 40
30
20
10
0
24hr 96 hr 192 hr
= control PLA+PVP scaffold

FIGURE 8 The changes in the number of viable T
lymphocytes cells in time (blue bars—control, yellow bars—PLA
scaffold obtaining witch PVP nano-nonwoven, and red line—limit
of cytotoxic effect) [Color figure can be viewed at
wileyonlinelibrary.com]

number of the cells was highest, and they were scattered.
It was considered that the cell density of 1 x 10° is too
low to form an efficient chondrocyte culture. For the sake
of a relatively small amount of cartilaginous tissue in
available medical waste, constituting the chondrocyte
source, it was decided to use cell density equal to 2 x 10°.

3.6.3 | Chondrocyte culture on scaffolds
A chondrocyte culture with a cell density of 2 x 10°/well
was conducted. Samples were collected from the culture
(after 3 days, 1 week, 2 weeks, and 3.5 weeks) and ana-
lyzed. The expose the cells grown in the scaffolds were
stained by Hoechst test (Figure 10).

After 3 days, the presence of chondrocytes was
observed in the scaffolds, mainly agglomerated in aggre-
gates. After 1 week, the number of cells increased, and
they underwent scattering, indicating the fact they begun
to relocate into pores of the scaffold. After 2 weeks, the
number of cells and their location did not change signifi-
cantly. On the other hand, after 3.5 weeks, the cells
underwent a repeated scattering, but their number—

considering their scattering—did not change signifi-
cantly. Moreover, it was observed that the stain
(Hoechst) was distributed irregularly in nuclei of the cells
(stain scattering), which could indicate damage to the
chondrocytes.

3.64 |
scaffolds

Morphology of the tissue in the

SEM analysis of properly prepared and dried samples of
the scaffolds with cells was carried out (Figure 11).

After 3 days, practically no tissue was observed in
SEM images. After 1 week, protein forming between
the pores and cell nuclei started to be observed After
2 weeks, a slight increase in the amount of protein
and the number of cell nuclei were evident. Moreover,
impurities adhering to the cells were observed. After
3.5 weeks, a distinctly larger amount of protein cover-
ing the polylactide surface was observed. Under high
magnification (x3000), PLLA may be distinguished
from protein, which, unlike the polymer, did
not melt.

The scaffolds obtained using a PVP nano-nonwoven
do not exhibit a cytotoxic impact on T lymphocytes
(number of cells >>70% of their initial number), which
allows for ascertaining that these scaffolds may be used
for culturing other cells.

4 | DISCUSSION

The wet inversion phase method gives cell scaffolds to
high porosity (above 80%). Unfortunately, the pores
obtained are small (10-50 microns).?> The most com-
mon epidermal layer is presented in these scaffolds.”®
It makes it difficult for cells to access the pores inside
the scaffolds. Cells cannot grow properly.”* They do
not form a 3D structure that is necessary for the
reconstruction of cartilage. Cells grow flat on scaf-
foldings obtained by classical methods. They often do
not produce adequate protein structures necessary for
proper differentiation. The modification introduced
by us allows obtaining much larger pores (up to
100 microns). Scaffoldings are characterized by a
much higher overall porosity of approximately High
regularity in the internal structure is observed, which
contributes to obtaining homogeneous tissue cultures.
In the scaffoldings we receive, there is no epidermal
layer that closes access to the inside of the scaffold.
This is especially beneficial, especially in cartilage
regeneration. Cartilage can grow in three dimensions,
which is necessary for its proper functioning. The
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Cell seeding density / well

1x10° 2:10° 2:5-10°

FIGURE 9 Images of scaffolds with different seeding densities, with Hoechst stained cells after 72 hr of culture (x10 magnification)
[Color figure can be viewed at wileyonlinelibrary.com]

3 days 1 week

2 weeks 3.5 weeks

FIGURE 10 Images of scaffolds with stained Hoechst cells after 3 days and 1, 2, and 3.5 weeks of culture (x10 magnification) [Color
figure can be viewed at wileyonlinelibrary.com]
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3 days

TM-1000_as27 L x1,0k 100 um

1 week

TM-1000_4664 L x50k 30um

2 weeks

TM-1000_4683 L 20k 30 um

3.5 weeks

TM-1000_5013 L x3.0k 30 um

FIGURE 11

SEM images of scaffolds after 3 days, 1, 2, and 3.5 weeks of cell culture on scaffolds (enlargements selected to best

visualize the resulting structures); cells are marked with the red circle, protein fibers with the white circle) [Color figure can be viewed at

wileyonlinelibrary.com]|

morphology on the scaffolding surface is very similar
to that occurring inside. In addition, there are micro-
perforations in the pores that facilitate the introduc-
tion of nutrients and the removal of cellular
metabolites.>”

The use of PVP nano-nonwoven as a porogen brought
a double benefit. First of all, you can easily influence the
shape and arrangement of pores. Internal morphology is
like an imprint of the morphology and arrangement of
fibers in a nonwoven fabric. The regularity of the pores
obtained is reproduced with an accuracy similar to that
obtained using 3D printing.** The advantage of our solu-
tion compared with 3D printing is a lower process tem-
perature. This positively affects the mechanical
properties of the scaffold. The following processes are

limited, for example, depolymerization, which may occur
in polyesters under the influence of temperatures above
150°C. So the medical product is also chemical cleaner.
The second advantage of using PVP nano-
nonwoven is not apparent. It is generally believed
that polylactide scaffolds are highly hydrophobic.
Therefore, they are not suitable for settling cells on
them. The authors of earlier works believe that it is
difficult to inject a suspension of culture medium into
the scaffolding precisely because of this hydrophobic-
ity.!®> In our process, some PVP remains on the sur-
face of the pores. As a result, it hydrolyzes the surface
inside the scaffolding. Thanks to that the absorbabil-
ity with hydrophilic media is definitely higher than in
scaffoldings obtained by the classical variants of the
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inversion phase method.'” The positive effect of
amino groups on cell development is well known. In
scaffolds obtained using PVP, there are enough of
them to improve the absorbability of the scaffolding
and positively affect cell development.

Many studies have previously shown that an increase
in scaffold porosity significantly weakens mechanical
properties.?! The scaffolds which we received had similar
properties. We observed a decrease in breaking strength.
However, the flexibility of the scaffolds expressed as
Young's modulus increased. Greater flexibility while
maintaining elasticity is very beneficial from the point of
application of the scaffold. It should be easier to insert
such an implant endoscopically, which reduces the risk
of complications for the patient.®

We have shown that adequate morphology and
hydrolysis of common pores in the scaffold is nontoxic
to T lymphocytes and cartilage cells are taken from the
patients. Microscopic observations confirmed the useful-
ness of the developed scaffolds in cell cultures, espe-
cially cartilage. We were the first to show the results of
long-term breeding of chondrocytes on scaffolds (about
4 weeks). Earlier work mainly described short-term cul-
tures aimed at assessing scaffold toxicity to cells."® We
have shown that the cells do not grow individually as
previously reported. In our case, they grow whole colo-
nies and produce protein structures. This indicates a
favorable ground for chondrocytes proliferation and
growth.

5 | CONCLUSION

Addition of polymer nano-nonwovens is very favor-
able. The pores are large, open, and contain numerous
perforations of their side walls. Simultaneous applica-
tion of classic pore precursors together with a poly-
meric nano-nonwoven leads to an increase in the
perforation of side walls of large pores, creating the
possibility of better intercellular communication and
migration of nutrients and metabolites. Despite a high
porosity of the fracture, the obtained scaffolds, maintain
very good mechanical properties, and sufficient for the
regeneration of cartilaginous tissue. Even though the
obtained scaffolds are composed of polymers with
hydrophobic character, they exhibit very good hydro-
philic properties, which results indirectly from presence
of micropores in their structure. The PVP nano-
nonwoven used in the process of scaffold preparation is
being practically completely removed from the scaffold
structure by washing out. The cellular studies carried
out using T lymphocytes proved a lack of toxicity of the
scaffolds toward the cells unambiguously. In tests using

Applied Polymer Wi gyl ==

chondrocyte cell collected from patients, a uniform dis-
tribution of the cells on the surface of the scaffold and
in its interior was observed. It proves an adequate scaf-
fold morphology and good adhesion of the cells to the
substrate.
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