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ABSTRACT

AIM: To design a novel, polyvinyl alcohol (PVA)-based polymeric scaffold that permits the controlled release of insulin-like growth
factor 1 (IGF-1)/bone morphogenetic protein (BMP)-2 following intervertebral disc administration.

MATERIAL and METHODS: The drug delivery system was composed of two different solutions that formed a scaffold within
seconds of coming into contact with each other. Swelling, pH, and temperature tests and analysis of the controlled release of
growth factors (GFs) from this system were performed. The release kinetics of the GFs were determined through enzyme-linked
immunosorbent assay (ELISA). Cell proliferation and viability were monitored with microscopy and analyzed using an MTT assay
and acridine orange/propidium iodide (AO/PI) staining. Chondroadherin (CHAD), hypoxia inducible factor-1 alpha (HIF-1a), and
collagen type Il (COL2A1) gene expressions were determined with quantitative real-time polymerase chain reaction (QRT-PCR)
analysis to show the effects of IGF-1/BMP-2 administration on annulus fibrosus cell (AFC)/nucleus pulposus cell (NPC) cultures.
For the statistical evaluation of the obtained data, experimental groups were compared with a post hoc Tukey’s test following an
analysis of variance.

RESULTS: The scaffold allowed for the controlled release of IGF-1 and BMP-2 in different time intervals. It was observed that as
the application time increased, the number of cells and the degree of extracellular matrix development increased in AFC/NPC
cultures. AO/PI staining and an MTT analysis showed that cells retained their specific morphology and continued to proliferate. It
was observed that HIF-1a and CHAD expression increased in a time-dependent manner, and no COL2A1 expression in the AFC/
NPC cultures was observed.

CONCLUSION: The designed scaffold may be used as an alternative method for intervertebral disc administration of GFs after
further in vivo studies. Such prototype scaffolds may be an innovative technology in targeted drug therapies after reconstructive
neurosurgical interventions.

KEYWORDS: Annulus fibrosus, BMP-2, IGF-1, Intervertebral disc disease, Nucleus pulposus, Polymeric scaffold, Primary cell
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B INTRODUCTION

ntervertebral disc degeneration results in a reduction in
Iquality of life. In particular, the nucleus pulposus (NP) and

annulus fibrosus (AF) are damaged in intervertebral disc
degeneration (1). Vascular feeding of almost all NP tissues is
obliterated when people are in their early 30s, so this region
is subsequently fed by means of environmental diffusion
(83). Accordingly, the water content in the NP decreases,
and the natural elasticity of the disc is deformed. Thereafter,
physical forces are transmitted through the body as nonlinear
and asymmetrical (22).

Posterolateral, central, and foraminal herniation (or, rarely,
extraforaminal herniation) occurs after the annulus becomes
fragile, and the NP is fragmentized following water loss, which
results in vertebral degeneration (18). Steroid treatment and/
or myorelaxants combined with non-steroidal, analgesic,
anti-inflammatory drugs are among the most advanced
conservative treatments (38). Rest, appropriate exercise,
and physical rehabilitation are also recommended (24,42). In
patients with no apparent neuromotor deficits, facets and/
or epidural injections and intradiscal interferences can be
applied as a second stage (10). Surgery has gained popularity
in treating degenerative disc diseases, mechanical instability,
and spondylolisthesis diseases. In addition to ordinary
discectomy, posterior fusion surgery may be applied through
an anterior-posterolateral interbody cage and/or a posterior
transpedicular screw rod system (37).

However, due to routine anesthesia and surgery, there are
some risks in these surgical applications. To illustrate, surgical
operations can result in nerve root or dura damage, bleeding,
or failure in hernia excision, or the surgery can be non-effective
due to a faulty stage. Furthermore, other complications can
occur, such as postoperative fibrosis, infection, recurrence,
implant shifts, or damage in the nerve root due to faulty
localization (47). Moreover, the results of treatments have
not been promising despite conservative surgical attempts in
neurosurgery (28).

Disc herniation, spinal stenosis, or segmental instability may
occur in degenerative intervertebral discs (IVDs) from old age
or interaction with traumatic, mechanical, genetic, metabolic,
and biochemical factors. Considering the fact that NP cells
(NPCs) and AF cells (AFCs) that are sufficient in number
and quality are needed, promising cellular treatments are in
demand (8).

Recent research has been oriented toward customized cellular
studies that target the regeneration of the damaged tissues. As
with all branches of medicine, neurosurgery seeks a solution
regarding how undamaged tissues can be preserved and
how damaged tissues can be repaired biologically. Present
pharmacogenomic studies aim to treat damaged tissues
without side effect profiles (11-13,16,19-21,25,35,51,52).

Growth factors (GFs) are included in these studies on
cellular treatment and pharmaceutical technology that target
intervertebral disc degeneration (15). However, it is known
that the half-lives of peptide or growth hormones, such as
insulin-like growth factor 1 (IGF-1) and bone morphogenetic
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protein (BMP)-2, range from 10 seconds to 2 minutes
(2,11,15,16,20,25,51,52).

The bioactivity of the proteins and peptides in regions where
they are used directly without drug delivery is still topical
(6,16,21,51,52). For this reason, various scaffolds are used
in these preparations and are locally applied in the target
region to regenerate the damaged tissues (6,15,25,52). In the
literature, few studies on this subject have demonstrated the
success of scaffold systems in regenerating damaged tissues.

The present study was one of the few in which IGF-1 and
BMP-2 were embedded into a bilayer hydrogel. This scaffold
is polymeric and biodegradable, and the GFs within it are
controllably released. By this means, the hypothesis that the
mostly affected AFCs and NPCs in IVD can be effectively
regenerated was tested. The present study aimed to determine
the possibility of reaching more promising results with this
method in comparison with traditional clinical applications.

B MATERIAL and METHODS

The researchers were blind as to whether the scaffold was
used as well as to its content. With the purpose of minimizing
faulty measurements, similar measurements were performed
by the same researchers. All experiments were carried out
three times. The study was carried out with the approval of
the local ethics board. Informed consent was obtained from
patients attending the Orthopedics and Traumatology Clinic
and the Neurosurgery Clinic for use of their cells.

Patient Selection and Eligible Criteria

The designed PVA-based, polymeric scaffold was evaluated
in terms of its rheological, morphological, and release kinetics.
Cases with rheumatic and immunological diseases, acute
renal failure, and/or chronic liver failure were excluded from
the study along with pregnant women, children, and patients
with malignancies. Moreover, patients who used drugs that
might interact with the cytochrome p450 system enzyme
CYP2A6 over the last four weeks were excluded as the
interaction might have affected the enzyme levels. Patients
taking rheumatic drugs, which are used in traditional treatment
modalities for rheumatic diseases, were also excluded. In
addition, patients using biological therapy agents, such as
rituximab, etanercept, adalimumab, and abatacept, were not
allowed to take part in the research (12,13,16,19-21,51,52).

Preparation of Polymeric Scaffolds with GFs and
Pharmacokinetic Determination of Release Ratios through
Physicochemical Analyses

A mixture of sodium tetra borate and PVA-chitosan/starch
(Sigma Chemical) was prepared in a 1:4 ratio in order to set
bio fragmentation in motion. On the outer PVA-chitosan/
starch layer of the scaffold, BMP-2 (Gibco; Cat. # 760828N)
was added to the 1:4 solutions in doses of 100 ng/mL (2). On
the inner PVA-chitosan/starch layer of the scaffold, 100 ng/mL
of IGF-1 (Gibco; Cat. # 74508690A) was embedded into the
1:4 solutions (40).

Turk Neurosurg 29(2):180-193, 2019 | 181



Akyuva Y. et al: Polymeric Scaffold and Intervertebral Disc

After both layers were prepared one by one, weak cross-
linking was strengthened with the aid of sodium tetra borate
and starch reagents in such a way as to enable a 21-day
controlled release. A swelling test was performed to calculate
the molecular weight between cross-links in the swollen
scaffold (6). Hydrogel samples were broken into pieces (4.5
mm inner diameter, 1.5 mm thickness, 10 mm length) in order
to calculate the swelling balance in ultra-pure water. A cold
treatment was applied to these samples for 6 hours at -20°C.
Afterward, they sat for another 6 hours at 37 + 0.5°C. The
dry weight of the samples was weighed and reported. These
hydrogel samples were embedded for 240 minutes after they
were taken from 25 ml of ultra-pure water on the condition that
filtration was used. While they were being embedded, they
were taken out every 20 minutes. The surfaces of the samples
were dried by blotting paper, and their weights were recorded.
After calculating their swelling balance, their diameters were
measured by means of a digital caliper. In this way, the dynamic
weight index for swelling (i.e., the hydration rate) at the time
the system would be embedded with IGF-1 and BMP-2 and
delivering drugs was calculated using the equation

[(W2 - W1) /(W1)] x 100

where W, = indicates the initial dry weight, and W, = indicates
the weight of swelled hydrogel particles (6,25,52).

Release experiments were carried out in a PBS (phosphate
buffer saline [PBS], pH = 7.4) solution. Absorbance changes
during the release of embedded GFs were measured by an
ultraviolet spectrophotometer at 37.4°C focused between
260 and 280 nm. A PBS solution with 0.1% nitrogen and
0.9% isotonic sodium chloride was prepared and put into
the mixture. The drug delivery system with embedded BMP-
2 and IGF-1 was kept in beakers for 8 days. Its layers were
evaluated one by one, and the PBS solution in which it was
suspended was changed every 12 hours. During the PBS
change, viscous liquid samples were taken in 1-mm Eppendorf
tubes and spectrophotometrically analyzed. The active and
inactive ingredients in the PBS and its hydrogel content were
measured, the results of which showed that the polymeric
scaffold was devoid of additional content in hydrogel and
PBS solutions. Afterward, the PBS solution in the beakers was
measured. The number of released GFs could be measured
because the polymeric scaffold was devoid of PBS and
hydrogel content except BMP-2 and IGF-1. These data were
used to prepare a time series graph against released GFs. The
released amounts of BMP-2 and IGF-1 were subtracted from
the initial amounts that had been loaded into hydrogel. Thus,
it was possible to calculate the amount of BMP-2 and IGF-1
released and unreleased in the drug delivery system (6,25,52).
All samples were grouped according to their contents (Table I).

Establishment of Primary Cultures

The tissues used for the study groups were obtained from
patients who had applied to clinics with complaints of
lumbar pain with radicular symptoms. These symptoms and
the examination findings included Laseque test positivity,
sensory deficits, motor deficits, reflex changes, sphincter
disturbances, and autonomic dysfunctions. After the patients
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were examined, those who decided to undergo lumbar disc
hernia operations underwent magnetic resonance imaging
(MRI). The tissues used in the study group had degenerated
disc herniations. The degenerative nature of the disc tissue
was confirmed by preoperative MRI examination. These
hernias were extruded, migrated fragments that compressed
the spinal cord or nerve root. Disc degeneration was graded
using the Pfirrmann classification with the help of T2-weighted
MRiIs (14).

Table I: Experimental Design: Group ID, Sample Tissue,

Application, and Duration of Application

Duration of
application

0h
GF (-) 7d
21d
0h
GF () 7d
21d
0h
GF (+) 7d
21d
0h
GF (+) 7d
21d
0h
GF (+)/Hyd 7d
21d
0h
GF (+)/Hyd 7d
21d
0h
dNPCs/AFCs Hyd 7d
21d
0h
iNPCs/AFCs Hyd 7d
21d

aGF (-): Cell cultures without growth factor (ie, BMP-2, IGF-1) applied.
GF (+): Cell cultures with growth factor (ie, BMP-2, IGF-1) applied. GF
(-)/Hyd: Negative control, only hydrogel applied. GF (+)/Hyd: Growth
factor (ie, BMP-2, IGF-1) embedded into hydrogel. dNPCs/AFCs:
NPCs/AFCs cell culture obtained from degenerated tissue. iNPCs/
AFCs: NPCs/AFCs cell culture obtained from intact tissue. h: hours,
d: days.

Group ID Sample?® Application®

Group 1 dNPCs/AFCs

Group 2 iINPCs/AFCs

Group 3 dNPCs/AFCs

Group 4 iINPCs/AFCs

Group 5 dNPCs/AFCs

Group 6 iNPCs/AFCs

Group 7

Group 8
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Considering the modified classification system describing
the morphology of herniations proposed by the International
Society for the Study of the Lumbar Spine, three cases had
migrated disc herniations, two cases had inter-ligament
extrusion, two cases had under-ligament extrusion, and two
cases had protrusion. There were nine sampled cases. Two
cases were at the L3 and L4 levels, three were at the L3-L5
levels, and four were at the L5-S1 levels (Figure 1A-E).

Tissues from the cases (n=9; average age: 41.72 + 15.24 years,
range: 26-57 years) were resected during microdiscectomy.
Then, to be used for NPC/AFC cultures, the tissues were taken
into sterile falcon tubes containing penicillin-streptomycin.
The disc and granulation tissues in the tubes were removed
in the laboratory, where they were consecutively washed five
times.

The cases for the control group (n=9) were chosen by
considering their sex, age (average age: 40.18 + 15.32
years, range: 25-58 years), and body mass index, as the
control group was intended to bear a resemblance to the
work group. In addition, the cases were healthier and did not
have degenerated discs. The population of primary cells was
obtained from volunteers who had applied for emergency
service because they had fallen from a great height or had
spinal trauma (n=15). After the cases with vertebrae fractures
in the thoracolumbar/lumbar region and cases with spinal
cord compression were included in the control group,
primary cultures were prepared. The non-degenerative (intact)
nature of the disc tissue was confirmed by preoperative MRI
examination. Nine of these cases were included in the study.
They had been planned to have partial or total corpectomies
after lumbar MRI, yet their adjacent discs were found to be
healthy after T2-weighted images (Figure 1F-J).

Tissues obtained from two different anatomical regions were
put into falcon tubes containing 5% penicillin-streptomycin
and Dulbecco Modified Eagle’s Medium (DMEM) under
appropriate conditions. Tissues in a laminar flow cabinet were
washed with a sterile PBS solvent, and red blood cells were
cleaned.

The samples were mechanically shaken. Type | (475 pg/mL)
and type Il (125 pg/mL) collagenase Clostridium histolyticum
enzymes that had been solubilized in Hanks’ Balanced Salt
Solution (HBSS) were added to the tissues. These tissues
were then kept in an incubator overnight. The tissues that
had been enzymatically digested were centrifuged at 4°C
and 1,300 rpm for 10 minutes. The cell pellet at the bottom
of the centrifuge was re-suspended using the culture medium
that had been prepared with DMEM. After the samples
were transferred to flasks, they were left to incubate for 72
hours. The degenerated and healthy samples in the NPCs/
AFCs obtained from humans were transferred into wells and
fed for 21 days. Then, the cells were counted by means of
a Neubauer chamber using Trypan blue dye. Afterward, they
were divided in the following manner: 1.4x10* cells/well in
96-well plates, 4.6x10° cells/well in 6-well plates, and 4.6 x
10° cells in a 10-mm petri plate. Lastly, they were incubated
for 24 hours. A Transwell chamber was used to separate the
polymeric scaffold and primary cell culture samples.
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Imaging with Inverted and Fluorescent Microscopy

An inverted light microscope (Olympus, CKX41) was used to
monitor cell cultures, and a fluorescent microscope (Leica,
DM 2500) was used for an acridine orange/propidium iodide
(AO/PI) analysis. Microphotographs of cell organization were
obtained before and during the applications. The images
were evaluated using the Cytovision Capture Station imaging
program.

Tests of Vitality and Proliferation

A 3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay (MTT) was performed on the 1st, 7th, and 21st days
(MTT Cell Proliferation Assay Cat. # V-13154, Cell Biolabs Inc.,
USA), according to the manufacturer’s instructions.

The MTT kit is based on the principle that blue formazan
crystals are formed by means of dehydrogenase enzymes,
which are in tetrazolium rings, and that formazan crystals do
not form in dead cells. By means of a pipette gun, feedlots were
removed on the 1%, 7", and 21st days in a dark environment.
The MTT, which was diluted in DMEM, was added into each
well in a proportion of 300 pL. After the incubation, which
took 170 minutes, dimethylsulfoxide was added to each well.
Samples underwent ELISA and were assessed at 540 nm
(OD=0Optical Density). Living cell reproduction was calculated
in percentages using the following equation (6,11-13,15,19-
21,25,35,52):

Cell proliferation= (test OD)/(Control OD) x 100

On the 1%t day, the number of living cells was accepted as
100%. The number of living cells was then calculated on
the 7" and 21t days. Whether there was a difference across
groups in terms of proliferation was analyzed accordingly.

Preparation and application of the AO/PI stain

An AO/PI stain was prepared in a mixture of 10 g Na-EDTA, 4
mg PI, 50 ml fetal calf serum, and 4 mg AO (dissolved in 2 ml
of 99 % ethanol). Then, sterile, distillated water was added to
reach 200 ml as the final volume.

By means of the nucleic acid-binding dyes AO and PI, cell
viability was accurately determined. AO is an intercalating
stain that can permeate both living and dead cells. AO stains
all nucleated cells and generates green fluorescence. Pl can
only enter dead cells with poor membrane integrity and stains
all dead nucleated cells to generate red fluorescence. Groups
of cells stained with both AO and PI show all live nucleated
cells as fluorescent green and all dead nucleated cells as
fluorescent red.

Evaluation of NP-specific markers by qRT-PCR

The total RNA was isolated using a PureLink RNA Mini Kit. To
obtain cDNA, 50 ng of RNA was reverse transcribed with a
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific, Cat. # 4368814) using a thermal cycler (ProFlex,
Thermo Fisher Scientific).

In each group, the expressions of the NP-specific marker
protein chondroadherin (CHAD), which is related to vitality,
proliferation, chondrogenic differentiation, and the develop-
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Figure 1: A) T2-weighted sagittal MRI shows L5-S1 subligamentous lumbar disc protrusion. B) T2-weighted sagittal MRI shows L3-
L4 extruded disc herniation with superior migration. C) T2-weighted sagittal MRI shows L5-S1 intraligamentous extruded lumbar disc
herniation. D) T2-weighted sagittal MRI shows L4-L5 sequestrated disc herniation with superior migration. E) Image of herniated
fragment compressing the spinal cord during microdiscectomy. F) Supposing that transitional vertebra is S1, T2-weighted sagittal MRI
reveals the spinal fracture and healthy L3-L4 intervertebral disc from which NP/AF were obtained. G) T2-weighted sagittal MRI reveals
L1 vertebra fracture and healthy L1-L2 intervertebral disc from which NP/AF were obtained. H) T2-weighted sagittal MRI shows L4
vertebra fracture and healthy L3-L4 intervertebral disc from which NP/AF were obtained. I) T2-weighted sagittal MRI shows L1 vertebra
fracture and healthy L1-L2 intervertebral disc from which NP/AF were obtained. J) Macro images from the operation of stabilization and

laminectomy for spinal fracture during which AF/NP tissues were obtained.

ment of the spinal cord and dorsal colon (8,41), collagen type
Il (COL2A1) in the extracellular matrix (55), and hypoxia induc-
ible factor-1 alpha (HIF-1q) (9), were evaluated by comparison
through a quantitative reverse transcription polymerase chain
reaction (QRT-PCR). The data were statistically evaluated.

All genes were amplified using the TagMan Gene Expression
Assay for CHAD (Hs00154382_m1, Cat. # 4448892), HIF-1a
(Hs00153153_m1, Cat. # 4453320), COL2A1 (Hs00264051_
m1, Cat. # 4453320) and the internal control gene ACTB
(Hs99999903_m1, Cat. # 4453320). The gqRT-PCR reaction
mix was prepared with 1 ml of the TagMan Gene Expression
Assay, 10 ml of the TagMan Gene Expression Master Mix (Cat.
#4369016), 4 ml of cDNA template, and 5 ml UltraPure DNase/
RNase-Free Distilled Water (Cat. # 10977035) in MicroAmp
Fast Optical 96-Well Reaction Plates (Cat. #4346906).

The thermocycling conditions were as follows: 2 minutes at
50°C, 10 minutes at 95°C, 15 seconds at 95°C and 1 minute
at 60°C, for 40 cycles using Applied Biosystems 7300/7500
gRT-PCR system. The RQ values obtained from this RT-qPCR
experiment for each sample using the 7500 Fast-SDS program
V.2.3 (Thermo Fisher Scientific, Inc.).

Statistical Analyses

Statistical analyses were performed with the SPSS 18.0
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statistics program. The data were provided as means and
standard deviations. It was concluded that a two-factor (time
and group factors), repeated measures analysis of variance
(ANOVA) should be used. The appropriate conditions were
examined in order to carry out the tests. The covariance
equalization was tested using Box’s M test. The equalization
of variances for time measurements was examined by
Levene’s test. It was concluded that the variance-covariance
equalization could not be sustained as the results of the tests
had a p value <0.05. As variance—covariance equalization is
required for two-factor, repeated measures ANOVA, if this
equivalence is not provided, the ANOVA cannot be performed.
For this reason, each factor had to be tested one by one
instead of being tested together.

For each factor, a one-factor, repeated measures ANOVA
test was performed. Then, the results of this test were put
into Mauchly’s sphericity test, which determined what p
value would be used. For the groups whose test results were
found to have a p value <0.05, the results were considered
to be on the Greenhouse-Geisser line, while the results were
considered to be on the assumed sphericity line in the groups
whose test results had a p value <0.05 (Table II).

In the groups whose ANOVA test results were found to be
significant, post hoc paired comparisons were performed with



the Bonferroni correction. In each instance of measurement
(i.e., on 1st, 7" and 21t days), the workgroups were tested. In
addition, the independent groups were tested by a one-way
ANOVA. Because the variances were not homogeneous (the
result of Levene’s test had a p<0.05), Tamhane’s T2 test was
used for post hoc paired comparison. The probability value of
p<0.05 was found to be significant.

B RESULTS

Release Pharmacokinetics of the Polymeric Scaffold and
Physicochemical Properties

GFs that were loaded on the designed scaffold were accepted
for release in a constant and controlled manner (Figure 2).

According to the principle of biodegradation and osmosis,
the design was demonstrated to have undergone diffusion (6),
which was in accordance with Fick’s laws. Furthermore, it was
found that the GFs were released into the environment in a
controlled manner.

Morphological Evaluation of Cultures

The cell morphology was evaluated on the 0", 7, and 21
days after the GFs were applied on the AFC/NPC cultures.
The obtained micrographs are presented in Figure 3.

It was observed that as the application time increased, the
number of cells increased. However, it was also observed that
in groups 5 and 6, where the GFs were applied in the presence
of hydrogel, the number of cells increased in the extracellular
matrix.

Viability and proliferation were also assessed by AO/PI staining
in addition to MTT analysis in the same cultures. Micrographs
obtained after AO/PI staining are presented in Figure 4. It was
observed that cells retained their specific morphology and
continued to proliferate in all experimental groups (Figure 4).

Evaluation of Proliferation

When the post hoc Bonferroni correction test results were
evaluated in terms of measurement time, it was found that the

Table II: Results of Mauchly’s Sphericity Test for Each Group

Groups gn:huei?;‘i,t; The preferred p value Results
test
Group 1 p=0.006  Greenhouse-Geisser p<0.05
Group 2 p=0.001  Greenhouse-Geisser p<0.05
Group 3 p=0.015  Greenhouse-Geisser p<0.05
Group 4 p=0.000 Greenhouse-Geisser p<0.05
Group 5 p=0.011  Greenhouse-Geisser = p<0.05
Group 6 p=0.000 Greenhouse-Geisser p<0.05
Group 7 p=0.305 Sphericity assumed p<0.05
Group 8 p=0.354  Sphericity assumed p<0.05
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three measurements were significant (p<0.05). Regarding the
results of the one-way ANOVA analysis, there were significant
differences in the measurements that were carried out on the
three different days: on the 1%t day, F=4,308 and p<0.05; on
the 7™ day, F=13,348,566 and p<0.05; and on the 21t day,
F=93,695 and p<0.05.

Afterward, since the result of Levene’s test showed a p value
<0.05 on the 1, 7, and 21t days, Tamphane’s T2 test was
used as a post hoc dual test. The test showed that there were
significant differences on the 1%t day between the 6™ and 8™
groups (p=0.048), the 7" and 8" groups (p=0.000), and the 5"
and 7" groups (p=0.04). However, there were no significant
differences across the groups on the 1%t day (p>0.05).
According to the comparisons performed on the 7" day, there
was a significant difference between the groups with hydrogel
and the groups without hydrogel (p<0.05), but there were no
significant differences between the groups without hydrogel
(p>0.05). The data obtained from the 21t day showed a
similarity to the data from the 7™ day. It was found that both
the experimental and control groups with hydrogel, in which
the GFs underwent a controlled release into the environment,
had more proliferative cells (p<0.05).

Evaluation of CHAD, HIF-1a, and COL2A1 using qRT-PCR

Group 1A was the reference sample, and CHAD, HIF-1a, and
COL2A1 gene expressions were accepted to be 1 (relative
quantification [RQ] = 1). Gene expressions in all the other
experimental groups were calculated by comparison with the
endogenous gene ACTB and the reference sample, resulting
in the RQ values in Table lII.

COL2A1 expression was not found in any experimental groups.
All experimental groups had HIF-1a expression. Moreover,
it was found that as expression increased, the application
time had increased in all groups. GFs increased 97.05 times
when they were applied together with hydrogel with GFs,
especially in intact tissue. CHAD expression increased time-
dependently. In group 2, gene expression decreased on the
7t day when compared to the 0" hour. However, it increased
8.31 times when compared to the 215t day. In groups 3 and
4, CHAD expression was not seen at the O™ hour, yet it
increased on the 7™ and 21t days. CHAD expression was not
seen on the 21t day in group 5. CHAD expression was not
found in group 6, in which GFs were applied to intact tissue
by hydrogel. Group 7, in which hydrogel was applied but not
GFs, exhibited CHAD expression at the 0" hour and on the
21st day. CHAD expression was only seen on the 21t day in
group 8. The results of vitality, toxicity, and proliferation tests
showed that HIF-1a and CHAD expressions increased only in
the culture plates with hydrogel on the 21st day.

B DISCUSSION

Lumbar pain is known as one of the most frequent causes of
disability. It is a primary health problem that causes serious
economic costs and reduces the work force (44). In IVD, NPC/
AFC degenerations are the primary causes (26). In severe lum-
bar pain, which develops due to IVD degeneration, facets and/
or epidural injections may be applied for symptomatic treat-
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Figure 4: AO/PI staining.

ment. Simple microdiscectomy and/or fusion surgery may be
administered in lumbar disc hernias and segmental instabili-
ties that occur after IVD degeneration (4,26,29,32,36,39).

Disc degeneration is a complicated process that occurs
following an imbalance between anabolic and catabolic
processes. As known from the molecular studies that have
been carried out so far, deregulation of numerous signaling
pathways is responsible for the degeneration of NPCs (50).

Apart from surgical modalities, developments in regenerative
medicine studies have been increasing. In these studies, the
aim is to repair and stop damage to NP/AF tissues at the
cellular scale by imbuing them with hydrogels.

In the spinal disc degeneration process, it is known that
proteoglycan-rich gel structures lose glucose aminoglycan.
As a result, the biomechanics of the vertebrae are negatively
affected. Therefore, minimally invasive methods are required
to regain the physiological mechanics of vertebrae (8,26,32).

Cell-based treatments may be applied through invasive
methods in early periods of disc degeneration. However,
in order to apply these methods, appropriate and healthy
proliferative cells are needed. Currently, scaffolds containing
GFs are being studied for use in the treatment of degenerative
IVD (4,9,15,16,29,31,32,36,53). It can be concluded that
cell-based studies and studies concerning pharmaceutical
technology are popular.

BMPs are members of the transforming growth factor-f
(TGF-B) superfamily, acting as potent regulators during
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embryogenesis and bone and cartilage formation and repair.
Cell and molecular biology approaches have revealed the
great complexity of BMP action, which has subsequently been
confirmed by transgenic animal studies. There is evidence
that BMPs, as members of the TGF-3 superfamily, are initially
identified as osteoinductive cytokines that promote bone
and cartilage formation in vivo (23), or that they play a role in
metastatic progression and tumorigenesis of BMPs (54).

However, it should not be forgotten that in the present
research, GFs were not applied in systemic circulation with
direct injections, as in conventional applications. The peptide
structural substance was applied by locking it into a controlled
release drug delivery system. More importantly, thanks
to the “selective targeting of anti-tumor agents” studies,
which aim to reduce the present toxicity of pharmaceutical
preparations that can damage tissues and increase tumor
activity, contemporary cancer chemotherapies have gained
momentum (31). Because cancer drugs, when given directly to
the body, can destroy non-damaged cells as well as damaged
cells. For this reason, intensive studies have concentrated on
controlled release systems to ensure that the pharmaceuticals
can be activated directly on the targeted site (49).

Balkovec et al. reported that loss in disc height might have
mechanical effects, although the direct effect of degeneration
as a result of disc height loss on vertebrae kinematics is not
known. They used 20 pig vertebrae in their research and
reported needing minimally invasive treatment methods to
gain disc height (4). They emphasized that injectable hydrogels



Table Ill: RQ Values Obtained from gRT-PCR Experiments of
CHAD, HIF-1a, and COL2A1 Genes

Group ID CHAD>? HIF-1a? COL2A12
A 1 1 -
Group 1 B 2.1 1.53 -
C 4.68 12.36 -
A 4.19 0.95 -
Group 2 B 3.1 1.34 -
C 8.31 20.34 -
A - 0.97 -
Group 3 B 0.42 1.3 -
C 8.38 12.08 -
A - 1.03 -
Group 4 B 1.34 1.78 -
C 7.54 20.06 -
A 4.73 1.41 -
Group 5 B - 5.44 -
C - 5.90 -
A - 0.94 -
Group 6 B - 7.94 -
C - 97.05 -
A 1.34 25 -
Group 7 B - 18.37 -
C 13.13 11.40 -
A - 1.58 -
Group 8 B - 1.59 -
C 8.53 9.00 -

aCHAD: chondroadherin. HIF-1a: hypoxia-inducible factor 1-alpha.
COL2A1: collagen, type Il, alpha 1. “-“ symbol: no gene expression
defined.

might be appropriate in IVD treatment. After the application
of hydrogels, they indicated that relative angular shifting
decreased by 13.8% in the superior segment and 4.5% in
the inferior segment. Furthermore, they noted that hydrogel
injection resulted in an improvement of 12.7% in the superior
segment and 6.4% in the inferior segment. Based on these
findings, they underlined that drug delivery systems as well as
hydrogels might be a treatment method in which degenerated
IVD kinematics are restored (4).

Ehlicke et al. cultured their polymeric scaffolds, which they
designed to treat NP degeneration using mesenchymal stem
cells by means of a 3D methodology, for 21 days (8). They used
SYBR Green/propidium iodide double staining to determine
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apoptosis, and a WST-1 assay to determine proliferation with
the purpose of evaluating cell survival and development.
They used CHAD and cytokeratin-19 markers, which are
NP-specific marker proteins, for fluorescent immunostaining
to demonstrate differentiation from mesenchymal stem
cells to NPCs with the help of GFs added to the medium.
They showed that vital and proliferative capacity can be
preserved during culturing. They also demonstrated through
an immunofluorescence method that IGF-1, fibroblast growth
factor 2, and platelet-derived growth factor BB provided
for the differentiation of mesenchymal stem cells to NPC.
However, they reported that transforming growth factor beta 3
did not show this kind of effect (8).

Kumar et al. evaluated the differentiation of mesenchymal
stem cells to NPC by using pHEMA-co-APMA grafted with
PAA. However, they also included mechanical effects in their
study. They surveyed SOX-9, aggrecan, and COL2A1, which
are matrix markers. They indicated that a minimally invasive
apparatus was required to transmit the system to the required
area (26).

Miles et al. studied the compressive stiffness of hydrogels in
an ex vivo model (32). They aimed to show that the mechanics
in hydrogel, which is an injectable peptide in a soluble
glucose aminoglycan structure, could be used to restore
the mechanics of denucleated discs. They are eventually
transformed into a gel with similar mechanical characteristics
to the original tissue, in seconds or minutes when compared
to the chosen peptide. Miles et al. asserted that, unlike other
biomaterials, polymeric scaffolds that are injected by needles
with a 25-gauge diameter could substantially decrease tissue
damage. In addition, they maintained that the polymeric tissue
might draw water like the original tissue (32).

In another study where GFs were used to increase NPC
regeneration, it was concluded that BMP-2 and BMP-7 might
be promising for further studies. In this study, NPCs in the
caudal discs of cattle were treated with fibrin-hyaluronan
hydrogels for 14 days. As a result, they demonstrated
that BMP-2/BMP-7 increased COL2A1 gene expression
and glucose aminoglycan synthesis by connecting to the
heterodimeric hydrogel. However, they emphasized that the
osteogenic/fibroblastic effects were observed as a result of
COL1A1 or the difference in phosphatase levels in tissues
after culturing (29).

Peeters et al. studied BMP-2 and BMP-7—GFs with short
half-lives—in the regeneration of NPCs in vivo and in vitro.
In addition, they examined BMP-2-embedded homodimers
and BMP-7-embedded heterodimers, which allowed for
the controlled release of GFs into the environment in order
to prevent heterotrophic ossification (39). In goats with
degenerated IVD, they tested hydrogels imbued with GFs
that had been conjugated with hyaluronic acid. They applied
polymeric scaffolds containing BMP-2 and BMP-7 into adult
goat lumbar discs in which an ABC enzyme was injected. Goats
were scarified for 12 weeks. They radiologically evaluated
the discs through MRIs with T2 mapping. The side effect of
heterotrophic ossification was not present in the goats. They
reported disc head loss in the living experimental animals
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following a slight degeneration (39). Although they indicated
observing a strong relationship between groups after MR,
biochemical, and histological analyses, there was no statistical
significance across groups. In addition, they commented that
the reason for the lack of regeneration was the low number of
doses and low time limit (39). For this reason, high doses of
IGF-1 and BMP-2 were used in the present study.

Paglia et al. examined the in vivo effects of platelet-derived
growth factor BB (PDGF-BB), which was embedded into
a thiol-modified hyaluronic acid (TMHA) hydrogel, on
degenerated IVD (36). They designed a disc degeneration
model based on the rabbit annular puncture model. After four
weeks of damage, they performed histology and biochemical
analyses. They proved that less degeneration occurred in the
PDGF-BB-TMHA group as compared to the other groups.

Likhitpanichkul et al. studied a local drug delivery system in
the treatment of damaged IVD tissues (30). They reported
that these tissues are appropriate systems for IVD treatment
since they are avascular-shaped and transport-limited. They
prepared genipin cross-linked fibrin with collagen type |
hollow spheres (CHS) and loaded it into the system to locally
test infliximab, a biological agent with anti-inflammatory
characteristics. Because tumor necrosis factor alpha is
effective in the release of pro-inflammatory cytokines and
pain mediators, they aimed to make use of this characteristic
(30). They chose genipin cross-linked fibrin because it is
adhesive, degrades slowly, and is injectable. In addition, they
claimed that this system can be used to eliminate defects
of AF. After low or high doses of infliximab were embedded
into the genipin cross-linked fibrin with or without CHS, the
researchers examined the kinetic release of these gels. As
a result, they reported that genipin cross-linked fibrin could
be released continuously, and that a high infliximab release
occurred as the dosage was increased. They also indicated
that infliximab that had been adhered to CHS in the genipin
cross-linked fibrin was released into the environment only after
enzymatic degradation (30). As for the present study’s design,
the scaffold was observed to diffuse based on osmosis and
biodegradation in accordance with Fick’s law.

NPCs, which evolve out of the notochord, bring about
extracellular matrix synthesis, which provides for the health
and mechanical function of the discs. In the literature, it is
indicated that NPCs with unique morphology and molecular
expression are in the N-cadherin (CDH2)-positive cell
set. However, under degenerative conditions, it has been
emphasized that a decrease in the set occurs as a result of
morphological changes after CDH2 expression loss (17).

Hwang et al. aimed to show that CDH2-positive cell sets
are healthy and biosynthetically active NPCs; accordingly,
they simulated an NP microenvironment using a laminin-
functionalized hydrogel system (17). They showed that the
natural phenotype and cell morphology form only in the
presence of CDH2. Furthermore, they inferred that NPCs’
phenotypes and biosynthesis are affected after the interaction
between CDH2 and B-catenin-regulated signaling (17).
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Another study evaluated the bioactivities of these peptides
in vitro (45). After the most appropriate scaffold for in
vivo degradation and tissue reactions were chosen, COL2A1,
SOX-9, and aggrecan molecules were analyzed, and it
was reported that RAD-SNV and RAD-KPS showed better
bioactivity when compared to RADA16-1 and RAD-KAI (45).

Recently, a study in which an in-situ, cross-linked, thermo-
responsive drug delivery system was examined in a canine
model for use in invasive treatments for IVD was performed.
Mesenchymal stem cells that were encapsulated in alginate
lead were loaded into the prepared macroporus, PGEDA-
derived microgel (PM). Afterward, the researchers attempted
to form injectable hydrogels that were not affected by cell
niches. They indicated that PM-powered alginate hydrogels
were strong, more elastic than alginates, and encapsulated
cells better. They reported that NPCs in 3D cultures contained
higher NP markers than in 2D cultures and that mesenchymal
stem cell-laden PMs inhibited cell leakage to NP tissue in an
ex vivo organ model. They underlined that the survival time of
cells could be extended from three months to six months (53).

In the literature, there are a limited number of studies
regarding IVD tissue or NP-oriented pharmaceutical studies.
Upon reviewing these studies, the authors noticed that they
were performed on living mammals or cell cultures obtained
from mammals (7,27,34,36,39,43). However, due to the fact
that human and animal tissues might be different in their
physiological nature and sensitivity, the data obtained from
animal tissues might not be reliable in representing the
characteristics of human tissue. In similar studies where
animal tissues were not used, commercial cell lines were
used instead (11-13,19,21,25,35). While designing the present
study, no animal tissues or commercial cell lines were used.
Instead, primary human NP cell cultures, which were isolated
from healthy NP tissues or degenerated NP tissues, were
used. Healthy tissues were obtained from patients who had
vertebrae structure operations, and degenerated tissues were
obtained from patients who had NP excision operations. Thus,
both NP cells and other histological structures were analyzed.
It is the authors’ opinion that the data presented in this paper
are significant. Although primary human cell cultures were
used, the study comprised an in vitro experimental design.

In order to increase NPC/AFC proliferation, IGF-1 was
embedded in the inner layer of the polymeric scaffold, while
BMP-2 was embedded in the outer layer. Both apoptosis and
proliferation were evaluated. However, unlike Ehlicke et al.(8),
proliferation was analyzed by MTT. In addition, CHAD, HIF-1q,
and COL2A1 markers were considered, constituting a main
strength of the present research. However, one limitation was
that only nine cases from the same race were included. Other
limitations include the study’s lack of biomechanical research
and the fact that gene expression varies due to individual
differences that are independent from disease.

It is known that a unit of HIF-1a dimerizes with HIF-13 by
translocating from the cytoplasm to the nucleus. HIF, which
activates by connecting to other co-factors in the cell nucleus,
is connected to a specific row on DNA as a hypoxia-response
agent. Afterward, the target genes are triggered. The HIF-1a



bottom unit is degraded by ubiquitination under normoxic
conditions. However, its level decreases under low glucose
levels, oxidative stress, and hypoxic environments (3,48).

As a result of the present research, it was observed that HIF-
1a levels increased in all groups in a time-dependent manner.
HIF-1a gene expression was observed to be 97 times higher
in cultures prepared with intact tissues than in the control
group. There was an increase in cultures where GFs were
applied with hydrogel (group 2, 21t day, RQ=20.34). As for
cultures prepared with degenerated tissue, it was found that
the increase was higher in the group in which only GFs were
used (group 3, 21t day, RQ=12.08) than in the group where
cultures were prepared by GFs together with hydrogel (group
5, RQ=5.90). It was observed that there was a similar level of
HIF-1a (RQ=12.36) in the experimental group (group 1), where
GFs were not used in degenerated tissues.

It is known that COL2A1 expression is important in extracel-
lular matrix development (46). Rosenzweig et al. concluded
that because human intervertebral disc cells expand indepen-
dently from acute hernias, they produce less collagen type
Il, aggrecan genes, CHAD genes, and protein than standard
cultures (41). In the present study, COL2A1 expression was
evaluated, as it represents similar tissues. However, surpris-
ingly, COL2A1 expression did not occur.

As for CHAD expression, it was observed to increase time-
dependently in group 1. While gene expression decreased at
the 0" hour, it increased 8.31 times on the 21t day in group 2.
There was no CHAD expression at the 0™ hour, yet there was
an increase on the 7" and 21st days in groups 3 and 4. In group
6, CHAD expression was observed at the 0" hour, whereas it
was not observed on the 7" and 21t days. GFs together with
hydrogels were applied in intact tissue in group 6.

Hydrogel, but not GFs, was applied in group 7. CHAD
expression was observed at the 0™ hour and on the 21t day in
this group. As for group 8, CHAD expression was seen on the
21st day. Although an increase in CHAD expression was seen
in relation to application time, the increase does not seem to
be related to the hydrogel application.

In order to decide whether degenerated NP cells were
regenerating, CHAD, HIF-1a, COL2A1 gene expression
levels were evaluated on the molecular level by gRT-PCR.
It was observed that CHAD expression increased as the
application time increased in degenerated and healthy cell
cultures in which polymeric scaffolds had been implemented
to allow sequential and controlled release. In addition, it was
found that when GFs were applied together with hydrogel,
increases in HIF-1a gene expression were positively affected.
In addition, in the experimental groups, it was discovered that
when GFs were applied together with hydrogel, it increased
proliferation, produced more living cells, and resulted in more
morphological extracellular matrix development, which is
crucial for cell integrity.

Scientists conducting research in the field of genetic engi-
neering and pharmaceutical technology for neurosurgery
have focused on preparations that allow large quantities of
BMP production for clinical use. However, it has been empha-
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sized that a drug delivery system, such as type | collagen and
calcium phosphate ceramics, is needed in order to prevent
systemic circulation of the GFs from the site where they are
being applied, to provide controlled release into their environ-
ment, and to maximize biological activity in the surgical field.
Clinical trials have demonstrated the benefits of recombinant
human BMPs (rhBMPs)—such as BMP-2 and BMP-7—ap-
proved by the American Food and Drug Administration (FDA).
However, adverse effects due to possibly high BMP dosage,
such as swelling, seroma, and increased risk of cancer, have
been reported. Furthermore, it has been stressed that their
clinical use should incorporate a research design comprising
well-designed, randomized, and double-blind clinical trials. It
is clear that the molecular structure of growth hormones such
as BMP, pharmacological mechanisms of action, and the criti-
cal data of possible clinical applications should be assessed
effectively in contemporary research, in which non-label ap-
plications along with strong evidence for the reliability and ef-
ficacy of rhBMPs have increased (5).

B CONCLUSION

The scaffold developed in this study is appropriate for surgical
techniques that may encounter defects of AF/NP tissues.
It was reported to lead to partial biomechanical restoration
in vitro. However, a design in which animal tissues are used
should be developed for this technique to be used in surgery.
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