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Osteoarthritis (OA) is a condition where tissue function is lost through a combination of secondary
inflammation and deterioration in articular cartilage. One of the most common causes of OA is age-
related tissue impairment because of wear and tear due to mechanical erosion. Hyaluronic acid-based
viscoelastic supplements have been widely used for the treatment of knee injuries. However, the current
formulations of hyaluronic acid are unable to provide efficient healing and recovery. Here, a nanofiber-
hyaluronic acid membrane system that was prepared by using a quarter of the concentration of commer-
cially available hyaluronic acid supplement, Hyalgan�, was used for the treatment of an osteoarthritis
model, and Synvisc�, which is another commercially available hyaluronic acid containing viscoelastic
supplement, was used as a control. The results show that this system provides efficient protection of
arthritic cartilage tissue through the preservation of cartilage morphology with reduced osteophyte for-
mation, protection of the subchondral region from deterioration, and maintenance of cartilage specific
matrix proteins in vivo. In addition, the hybrid nanofiber membrane enabled chondrocyte encapsulation
and provided a suitable culturing environment for stem cell growth in vitro. Overall, our results suggest
that this hybrid nanofibrous scaffold provides a potential platform the treatment of OA.

Statement of Significance

Osteoarthritis is a debilitating joint disease affecting millions of people worldwide. It occurs especially in
knees due to aging, sport injuries or obesity. Although hyaluronic acid-based viscoelastic supplements
are widely used, there is still no effective treatment method for osteoarthritis, which necessitates surgical
operation as an only choice for severe cases. Therefore, there is an urgent need for efficient therapeutics.
In this study, a nanofiber-HA membrane system was developed for the efficient protection of arthritic
cartilage tissue from degeneration. This hybrid nanofiber system provided superior therapeutic activity
at a relatively lower concentration of hyaluronic acid than Hyalgan� and Synvisc� gels, which are cur-
rently used in clinics. This work demonstrates for the first time that this hybrid nanofiber membrane
scaffold can be utilized as a potential candidate for osteoarthritis treatment.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Cartilage tissue is distributed widely in the human body and
plays essential roles in joint lubrication and the transmission of
loads [1]. Chondrocytes are cartilage-specific cells that oversee
the turnover of the non-cellular components of this tissue, but can-
not repair major cartilage defects due to their low capacity for
renewal [1]. Consequently, chondrocytes are assisted by mes-
enchymal stem cells (MSCs) that migrate to the defect site from
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the subchondral region during cartilage regeneration. This complex
and lengthy repair process, in conjunction with repeated exposure
to mechanical loading, make cartilage defects highly susceptible to
arthritic degeneration, which is one of the most common diseases
of cartilage tissue. Osteoarthritis (OA) is a condition in which tissue
function is lost through a combination of secondary inflammation,
deterioration and erosion in joint cartilage [2]. Genetic, metabolic
and biochemical factors all contribute to the etiology of OA, how-
ever, one of the most common causes of OA is age-related tissue
impairment. On the other hand, joint problems may also occur in
earlier ages due to causes such as traumatic accidents or obesity
[3,4]. Radiological analyses have demonstrated that OA typically
develops within less than 10 years in patients with untreated early
cartilage injuries [5].

Approximately 70% of cartilage tissue is composed of water by
volume [6]. Proteoglycans interact with water, water-soluble
molecules and various growth factors through their glycosamino-
glycan (GAG) moieties, such as the negatively-charged heparan
sulfate, chondroitin sulfate, and hyaluronic acid [7]. GAGs electro-
statically interact with growth factors to stabilize them and
increase their availability to cells in aqueous media [7]. Collagen
II is the most common fibrillar protein in cartilage and forms the
functional skeleton of this tissue with collagen IX and collagen
XI, which provides mechanical support and imparts cartilage with
the physical features required for its proper functioning [8–10].
Motifs on matrix proteins such as collagen and fibronectin, in con-
junction with growth factors associated with GAGs, activate vari-
ous intracellular signaling pathways through their interactions
with cellular receptors, thereby initiating specific cellular
responses [11–13]. During OA formation, collagen degradation
increases, proteoglycan content decreases, the prevalence of indi-
vidual proteoglycans is altered, and water content increases
[14,15]. In addition, the amount and molecular size of hyaluronic
acid in the synovial fluid is also reduced. Since OA alters the whole
structure and function of cartilage tissue in a highly irreversible
manner, the early prevention of this disease is critical for increas-
ing the life quality of prospective patients. However, none of the
current treatment methods used can effectively provide healthy
cartilage tissue formation [16–18].

Bone marrow stimulation techniques such as arthroscopic
debridement, lavage and microfracture; osteochondral autograft
and allograft techniques; and autologous chondrocyte implanta-
tion (ACI) and matrix-assisted ACI (MACI) are the methods that
are used to repair cartilage [19–21]. Today, these methods are used
to ameliorate the symptoms of cartilage damage and partially
restore mobility [22]. However, due to the mechanical weakness
of the newly formed tissue, degeneration persists and eventually
propagates into healthy cartilage even with treatment [23]. In
addition, difficult surgical operations, and high-cost and ineffec-
tiveness of the therapeutics used in clinics necessitate new thera-
peutic strategies. Therefore, tissue engineering applications
employing three-dimensional scaffold-matrix systems that allow
cellular infiltration and in situ differentiation such as MACI applica-
tions are promising for the development of new approaches to pro-
vide long-term joint function and durability [24,25]. For this
purpose, sustaining molecular components of the cartilage tissue
and its structure with proper biochemical signals and mechanical
support is critical for the regeneration of damaged tissue.

In this study, we developed a hybrid peptide nanofiber-HA
membrane and examined its therapeutic effect in an in vivo OA
model in rats. At the liquid-liquid interface, the negatively charged
high molecular weight HA solution contacts with positively
charged peptide amphiphile (PA) molecules, which leads to the for-
mation of a solid membrane. When two solutions are brought into
contact, a physical layer is formed through the initial electrostatic
complexation of the molecules, which provides the formation of
hierarchically organized hybrid nanofibers. Hence, during the mat-
uration of membrane, a unique scaffold structure develops, which
contains three regions: an amorphous biopolymer layer, a layer of
PA nanofibers parallel to the interface, and a layer of hybrid fibers
perpendicular to the interface [26,27]. Through this process, the
nanofibers form micro-scale three-dimensional networks that are
mechanically stable in aqueous media. Here, we established hybrid
nanofiber membranes by utilizing K-PA and Hyalgan�, which pro-
vided both the mechanical strength to support tissue and the
bioactive signals for the activation of chondrocyte proliferation
and functional collagen II protein synthesis. After the in vitro eval-
uation of hybrid nanofiber membranes using stem cell viability and
chondrocyte proliferation assays under 2D and 3D environments,
the protective capacity of these membranes were investigated
in vivo using early-stage and late-stage rat OA models. HA/K-PA
injection was performed intra-articularly to fill joint cavity, and
interacted with cartilage surface on the condyles. The therapeutic
effect of this hybrid nanofiber membrane was found to be superior
to the commercially available Hyalgan� and Synvisc� gel at a lower
concentration and provides a facile and feasible alternative to
existing treatment methods for OA.
2. Experimental section

2.1. Materials

9-Fluorenylmethoxycarbonyl (Fmoc) and tertbutoxycarbonyl
(Boc) protected amino acids, [4-[a-(20,40-dimethoxyphenyl) Fmoc
aminomethyl]enoxy] acetamidonorleucyl-MBHA resin (Rink amide
MBHA resin), Fmoc-Glu(OtBu)-Wang resin and 2-(1H-benzotria
zol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) were purchased from NovaBiochem and ABCR. All other
chemicals and materials used were analytical grade and were
obtained from Invitrogen, Fisher, Merck, Alfa Aesar and Sigma-
Aldrich. Cover glasses and tissue culture plates (24-well) were pur-
chased from Deckglaser and BD. Hyalgan� and Synvisc (Hylan
G_F20)� (cross-linked version of high molecular weight hyaluronic
acid) were commercially purchased. Chondrogenic differentiation
media was purchased from Sigma. Live/Dead Assay (L3224), Ala-
mar Blue and other cell culture materials were purchased from
Invitrogen. Antibodies were purchased from Abcam and Millipore.
2.2. Synthesis and characterization of peptide amphiphile molecules

The peptide amphiphile molecule, Lauryl-Val-Val-Ala-Gly-Lys-
Am (K-PA), was synthesized by Fmoc solid phase peptide synthesis
method. Rink amide MBHA resin was used as solid support for K-
PA. For the amino acid coupling reactions, 2 equivalents of Fmoc-
protected amino acid, 1.95 equivalents of HBTU and 3 equivalents
of N, N-diisopropylethylamine (DIEA) mixed in dimethylfor-
mamide (DMF) for 3 h. 20% piperidine/DMF solution was used for
Fmoc deprotection, while 10% acetic anhydride–DMF solution
was used for 20 min for the acetylation of the unreacted amine
groups after each coupling step. The terminal lauryl group was
coupled by mixing lauric acid in a manner analogous to amino acid
attachment. After couplings were finished, the cleavage of the pep-
tides from the resin and deprotection of acid-labile protected
amino acids were performed by a mixture of trifluoroacetic acid
(TFA):triisopropylsilane (TIS):water in a ratio of 95:2.5:2.5 for
2.5 h. Then, rotary evaporation was performed to remove excess
TFA. Ice-cold diethyl ether was used to triturate the remaining resi-
due and the resulting white pellet was freeze-dried.
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2.2.1. Liquid chromatography and mass spectrometry (LC–MS)
Peptide amphiphile molecules were identified and analyzed by

reverse phase HPLC on an Agilent 6530 accurate-Mass Q-TOF LC/
MS equipped with an Agilent 1200 HPLC. K-PA was purified on
an Agilent 1200 HPLC system by using a Zorbax prepHT 300CB-
C8 column with a water–acetonitrile (0.1% TFA) gradient.

2.2.2. Preparation and characterization of self-assembled peptide
amphiphile-HA hybrid nanofiber membrane

For nanofiber formation, K-PA was mixed with Hyalgan� at
equal millimolar (5mM) ratio in order to form a HA/K-PA hybrid
membrane. The approximate molecular weight for Hyalgan� was
determined as 615,000 Da according to the manufacturer’s
guidelines.

2.2.3. Transmission electron microscopy imaging
TEM analysis of HA/K-PA hybrid membrane was performed

with a FEI Tecnai G2 F30 TEM at 200 kV. For STEM mode images,
a high-angle annular dark field (HAADF) detector was used. 5
mM HA/K-PA nanofiber system was diluted 100–200 times and
then dropped on a 200-mesh copper TEM grid. Samples were left
at room temperature for 7 min, stained by 2 wt% uranyl acetate
for another 2 min and air dried prior to TEM imaging.

2.2.4. Circular dichroism (CD) analyses
CD measurements were performed by Jasco J-815 CD spec-

trophotometer for the analysis of the secondary structure of the
HA/K-PA membrane and Hyalgan� gel. All samples were measured
at 100-fold dilutions of concentrations used in in vitro experiments.
For each measurement, 300 mL of PA material was transferred into
a 1 mm quartz cuvette, which was inverted gently to mix the sam-
ple without damaging the assembled nanostructures. Spectra were
obtained at room temperature at a range of 300–190 nm, with a
data interval of 1 nm and a scanning speed of 100 nm/min. The
results were expressed as mean residue ellipticity and converted
to the unit of deg.cm2.dmol�1.

2.2.5. Oscillatory rheology analysis
Oscillatory rheology measurements were performed with an

Anton Paar Physica MCR301 system for the analysis of the mechan-
ical characteristics of the HA/K-PA hybrid membrane. A 25 mm
parallel plate with a gap distance of 0.5 mm was used at 25 �C
for all measurements. The total membrane volume was adjusted
as 250 mL. Hybrid membrane was freshly prepared as 1:1 ratio mix-
ture of 5 mM K-PA and 5 mM Hyalgan�, and the mixture was then
sonicated for 30 min. The upper plate was adjusted to the 0.5 mm
position and the membrane was incubated in this position for 15
min prior to measurement. For strain sweep measurements, angu-
lar frequency was kept constant at 10 rad/s, and strain was
increased between 0.1 and 100%. Storage and loss moduli were
recorded at each strain value. All rheology measurements were
performed on membrane with and without cells with three
replicates.

2.2.6. SEM analysis
For SEM imaging, 1% (w/v) bulk peptide nanofiber membranes

were prepared on silicon wafers. Samples were dehydrated in
graded ethanol solutions, starting with 20% ethanol and proceed-
ing to absolute ethanol for 10 min at each step. Samples were dried
with a Tousimis Autosamdri-815B critical point drier, coated with
10 nm Au/Pd and imaged with a FEI Quanta 200 FEG SEM.

2.3. In vitro cell culture experiments

The rMSCs (rat mesenchymal stem cells, Invitrogen S1601-100)
at passage 3 (post-thaw) were used in 2D cell culture experiments.
These cells maintain their stem cell characteristics until passage
number 5 (post-thaw). The rMSCs were initially cultured in the
manufacturer’s recommended cell media which contains DMEM
with GlutaMAX (Gibco) and supplemented with 10% fetal bovine
serum (FBS-Gibco), in tissue culture plates at standard culture con-
ditions (at 37 �C under 5% CO2). Growth factors were not included
into cell media.

Rat chondrocytes were isolated according to a protocol adapted
from Gosset et al. [28]. All procedures on animals were approved
by the Gulhane Military Medical Academy (GATA) Animal Ethics
Committee. Briefly, femoral heads, femoral condyles and tibial pla-
teau were isolated from one rat and placed in 1X PBS. Then, pieces
of cartilage were incubated in 10 mL digestion solution for 45 min
at 37 �C in a thermal incubator. After retrieving cartilage pieces
using a 25 mL pipette, tissue fragments were agitated using a 25
mL pipette to detach soft tissues in 0.5 mg mL�1 collagenase D
solution. Then, cartilage pieces were retrieved and placed in 10
mL of 0.5 mg ml�1 collagenase D solution for overnight at 37 �C.
On the next day, the collagenase D solution containing residual
cartilage was retrieved, and the cell suspension was passed
through a cell strainer (FalconTM) and centrifuged for 10 min at
400g at 20 �C. Then, cells were seeded into culture medium at a
density of 8 � 103 cell per cm2. The cell media was prepared as rec-
ommended by Gosset [28], which contains DMEM with 2 mM L-
Gln (Invitrogen), 50 U ml�1 penicillin and 0.05 mg ml�1 strepto-
mycin, supplemented with 10% FBS (Gibco).

For in vitro studies, both 2D and 3D cell culture methods were
performed to investigate the effect of bioactive hybrid membranes
on both stem cells and chondrocytes. For 2D in vitro cell culture
experiments, HA/K-PA (1 mM: 1 mM) membranes were prepared
in wells and dried overnight. On the next day, rMSCs (passage 8)
were seeded on the coatings. Uncoated tissue culture plate (TCP)
was used as control group. For 3D in vitro cell culture experiments,
rat chondrocyte cells were seeded in 3D peptide hybrid nanofiber
membrane scaffolds prepared by the mixture of 5 mM Hyalgan�

and 5 mM K-PA at a 1:1 ratio. Each solution was prepared in ddH2-
O. During 3D encapsulation of chondrocytes in HA/K-PA gel, pri-
mary chondrocytes were initially grown in a flask as 2D. Then,
the cells were trypsinized and collected. For each scaffold prepara-
tion, the concentrations of the cell suspensions were determined,
and cells were seeded by mixing this cell suspension with corre-
sponding Hyalgan� or Synvisc�. For HA/K-PA gel, this Hyalgan�

and cell mixture was mixed with K-PA solution, which resulted
in 3D cell encapsulated hydrogel. For Hyalgan� and Synvisc�

(Hylan G_F20) controls, chondrocyte cell suspensions were mixed
directly in Hyalgan� or Synvisc�. Following scaffold preparation,
3 mL of cell medium was added to the wells and the scaffolds were
incubated for 30 min at 37 �C.

Cell viability was analyzed by Alamar Blue (Invitrogen) and
Live/Dead (Life Technologies) assays. 5 � 105 rMSCs were seeded
onto nanofiber membranes and their viability was measured at
days 1, 2, and 3 by quantifying the fluorescence and absorbance
of the reagent using spectrophotometry for the Alamar Blue assay,
and imaging the cells by fluorescence microscopy and confocal
microscopy for the Live/Dead Assay. In addition, for the biocompat-
ibility analyses of the 3D hybrid membrane scaffold, chondrocytes
were encapsulated into hybrid nanofiber membranes and Live/
Dead assay was performed.

2.4. In vivo osteoarthritis model in rat and intra-articular hybrid
nanofiber membrane treatment

All procedures on animals were approved by the Gulhane Mili-
tary Medical Academy (GATA) Animal Ethics Committee. ARRIVE
guideline for the in vivo experimental part has been included as
supplementary information. All animals were allowed free access



Table 1
In vivo experimental plan.

Experimental Groups OA Model Surgery Intra-articular Injected Experimental
Groups

Animal
Amount

Tissue Extractions

Early OA Groups
1 week/6 week
(1W/6W)

Medial Meniscus Destabilization
Model
1 week waiting time after surgery

HA/K-PA 6 Intra-articular Injection of scaffolds and
saline
6 weeks waiting time after injections

Synvisc� 6
Hyalgan� 6
Sham (Physiological Saline) 6

Late OA Groups
6 week/6week (6W/
6W)

Medial Meniscus Destabilization
Model
6 weeks waiting time after surgery

HA/K-PA 6 Intra-articular Injection of scaffolds and
saline
6 weeks waiting time after injections

Synvisc� 6
Hyalgan� 6
Sham (Physiological Saline) 6

Healthy Control Healthy right knees (un-operated) of
animals

No injection 6 Healthy tissues extracted at same time with
other leg
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of water and food, and they were housed in optimum conditions
according to animal facility (GATA Animal Facility) regulations.
48 Sprague-Dawley (Rattus norvegicus, GATA Animal Laboratory,
Ankara, Turkey) male rats (weight 400–450 g) were divided into
8 groups of 6 rats each as 4 groups for early stage OA model and
4 groups for late stage OAmodel (Table 1). Sample size calculations
were done by biostatistics expert who was ethical committee
member. The minimum number of animals were calculated as 48
to achieve power = 0.8 and alpha = 0.05 by using Gpower V3.13
program. All rats were randomly allocated to groups. For the devel-
opment of OA in rats, medial meniscus destabilization was per-
formed by the excision of connective tissues between femur and
tibial bones in the knees of rats and osteoarthritis formation was
observed due to cartilage wear. 6 rats were used for each group.
Each rat was anesthetized by general anesthesia with ketamine-
xylazine via intramuscular injection. Rats’ knees were incised lon-
gitudinally from the upper patella to the tuberositas tibia, followed
by arthrotomy with the medial parapatellar. Then, locations of the
anterior medial meniscus and anterior meniscotibial ligaments
were determined, and the anterior medial meniscotibial ligament
was excised to destabilize the medial meniscus. The joint incisions
were closed after observing that the medial meniscus had lost its
stability and moved after the excision. For early OA model, sample
injections were performed 1 week after the surgery, whereas for
late OA groups, injections were performed 6 weeks after surgery.
A total volume of 300 mL was injected with corresponding scaffolds
by insulin needle through intra-articular injection. Experimental
groups are HA/K-PA, Synvisc�, Hyalgan�, Sham (physiological sal-
ine injected group). All animals were sacrificed 6 weeks after injec-
tion, and tissue was examined by the histopathological analysis of
cartilage tissues. Healthy right knees of operated animals were
used as healthy tissue control.

2.5. Histological and immunohistochemical stainings of tissue sections

Samples were fixed in 4% paraformaldehyde for 48 h at 4 �C and
decalcified in 5% formic acid. 5% formic acid solution was changed
every 2–3 days. The completion of decalcification was periodically
tested with ammonium oxalate test. Decalcified samples were
dehydrated in a graded series of ethanol and cleared in two
changes of xylene. Samples were embedded in paraffin blocks
and sectioned at 7–10 lm thickness by microtome. For histological
and immunohistochemical evaluations, sections were deparaf-
finized and rehydrated through a series of graded alcohol solutions.
Defect was monitored by the staining of representative slides
taken at 20 section (�200 mm) intervals to determine the extent
of cartilage degeneration through anterior to posterior regions of
cartilage. For GAG imaging, sections were stained with Safranin-
O for 5 min and Fast Green for 5 min. Masson’s trichrome staining
was performed to visualize the mature bone collagens, muscles,
and collagens found in cartilage. For staining, after deparaffiniza-
tion, slides were stained with hematoxylin for 45 s, Biebrich Scar-
lett for 5 min, phosphomolibdic acid/phosphotungistic acid
solution for 5 min, and aniline blue for 5 min. Sirius red (Direct
Red) staining was performed to visualize the organization of colla-
gen fibers in the tissues. For staining, after deparaffinization, slides
were stained with Weigert’s hematoxylin for 8 min and pico-sirius
red for 1 h. Then sections dehydrated in graded ethanol solutions
and cleared in xylene. Slides were mounted by Histomount�

mounting medium and imaged by light microscopy (Zeiss, Axio
Scope).

For immunohistochemical stainings, slides were treated with
Pepsin (Sigma) enzyme for antigen retrieval to uncover epitopes
for 15 min at 37 �C after rehydration steps, then hydrogen peroxide
was used to prevent endogenous peroxidase activity at room tem-
perature for 20 min. After blocking for 2 h at room temperature,
sections were incubated with primary Collagen II antibody
(Abcam-ab185430) at 4 �C overnight. Sections were then washed
extensively with TBS w/Triton-X (0.01% vol/vol) and treated with
Goat anti-Mouse IgG-HRP (Millipore-12-349) at a dilution of
1:500 for 1 h at room temperature to detect bound primary anti-
bodies. Secondary antibody binding was visualized with
diaminobenzidine and nuclei were stained with hematoxylin
(Sigma-Aldrich). Collagen II antibody was tested on positive con-
trol samples before staining of sections from experimental groups.
Negative controls were obtained by omitting primary antibody and
incubating with 1% normal goat serum/TBS. Slides were mounted
with Histomount � mounting medium.

2.5.1. Histological scoring
The histopathological assessment of OA was performed to

determine the extent of tissue protection from degeneration fol-
lowing hybrid nanofiber membrane treatment. A validated
Osteoarthritis Research Society International (OARSI) scoring sys-
tem was employed for the evaluation of the therapeutic potential
of hybrid nanofiber membranes (Table S1, supporting file) [29].
The images were blinded, and were scored by trained researchers.
Tissue sections from 6 rats per experimental group were scored
from anterior to posterior at 20 sections interval (�200 mm). The
medial regions of cartilage tissue and subchondral bone were ana-
lyzed by histopathological evaluation. As an uninjured control, the
healthy tissues extracted from healthy legs (un-operated) of rats
were analyzed. OARSI scoring method includes the evaluation of
cartilage matrix loss width, cartilage degeneration score, total car-
tilage degeneration width, significant cartilage degeneration
width, zonal depth ratio of lesions, osteophyte development and
calcified cartilage and subchondral bone damage score in four
major categories; the nature of the predominant tissue, structural
characteristics, cellular evidence of degeneration and degenerative
changes in adjacent cartilage. Cartilage degeneration was graded
as: No degeneration: 0; Minimal degeneration (5–10% of the total
projected cartilage area affected by matrix or chondrocyte loss):
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1; Mild degeneration (11–25% affected): 2; Moderate degeneration
(26–50% affected): 3; Marked degeneration (51–75% affected): 4;
Severe degeneration (greater than 75% affected): 5.

2.6. Statistical analysis

All data are presented as mean ± SEM (standard error of mean).
The significance of differences between groups was determined
with Student’s t-test (two-tailed) and one-way analyses of variance
(ANOVA) with Bonferroni posttest. Differences were considered
significant at p < 0.05. For immunohistochemical scoring analyses,
statistical units are scores of tissue slides from anterior-to-
posterior region of cartilage tissue of each animal for all experi-
mental groups. All in vitro experiments were performed with at
least five replicas, and in vivo experiments were performed with
at least five on replicas.

3. Results

3.1. Synthesis and characterization of hybrid nanofiber membranes

In this study, hybrid peptide nanofiber – hyaluronic acid mem-
branes were formed to create an effective scaffold system for the
protection from degeneration of osteoarthritic cartilage tissue.
The synergistic effect of the nanofibrous morphology of peptide
amphiphiles and bioactivity of hyaluronic acid molecules were
combined to create a mechanically stable nanofiber microenviron-
ment. In addition, commercially available Hyalgan� gel and Syn-
visc� gel (the cross-linked counterpart of hyaluronic acid) were
used as positive controls for in vivo studies. For the formation of
hybrid peptide amphiphile-hyaluronic acid membrane scaffold,
Fig. 1. Chemical and structural characterizations of hybrid nanofiber membranes; (A) C
image of hybrid nanofiber membrane (HA/K-PA), scale bar = 50 nm; (C) SEM image of h
nanofiber membrane in cellular media in a 24-well plate (Scale bar = 5 mm); (E) CD spect
analysis of hybrid nanofiber membrane.
K-PA and Hyalgan� solutions were used. All PA molecules were
produced by solid-phase peptide synthesis, and they were charac-
terized and purified by LC-MS and preparative HPLC prior to use
(Fig. S1). According to LC-MS results, the purity of PA molecules
was more than 95% (w/w) after HPLC. STEM (scanning transmis-
sion electron microscopy) of peptide nanofibers (Fig. 1B) revealed
that hybrid nanofiber networks were formed through the co-
assembly of K-PA and Hyalgan� into nanofibers with high-aspect
ratios and nanometer-scale diameters (10–20 nm) through electro-
static interactions between positively and negatively charged
building blocks presented in each molecule. Indeed, the sizes of
the hybrid nanofibers were similar to the fibrous collagen and gly-
coproteins found in the cartilage ECM [30,31]. In addition, SEM
(scanning electron microscopy) analyses of membranes (Fig. 1C)
confirmed the formation of porous nanofiber networks within
the membrane structure. Chemical structures of the PA molecules
and hyaluronic acid are shown in Fig. 1A. The secondary structures
of the networks were characterized by CD spectroscopy. According
to CD spectra, hybrid nanofiber membranes (HA/K-PA) had b-sheet
conformation with bands at �220 nm (Fig. 1E). On the other hand,
pure K-PA and Hyalgan� molecules were not observed to form b-
sheets at the analyzed concentrations. Oscillatory rheology analy-
ses were also performed to investigate the mechanical properties
of hybrid nanofiber membranes. The hybrid membrane was
formed at nanoscale to microscale, which resulted in hierarchically
organized hybrid nanofibers that formed a hydrolytically stable gel
in aqueous environment (Fig. 1D). In line with the previous studies,
rheological properties of this structure were investigated through
time sweep and strain sweep tests to evaluate the mechanical
properties of hybrid nanofibers [27]. Time sweep and strain sweep
oscillatory rheology analyses were conducted in order to assess the
hemical structures of peptide amphiphile molecule and hyaluronic acid; (B) STEM
ybrid nanofiber membrane at 5 mM, scale bar = 30 mm; (D) Appearance of hybrid
ra of K-PA and Hyalgan� solutions and hybrid nanofibers membrane; (F) Rheological
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gel formation mechanics and viscoelastic properties of the scaffold
material (Fig. 1F and Fig. S2). Hybrid nanofibrous structure demon-
strated viscoelastic properties as time sweep reflects the growth of
gel’s strength and structure during gel formation. The storage mod-
ulus of the hybrid nanofiber membrane was found to be higher
than its loss modulus at in vivo experimental concentrations, sug-
gesting that the material was hydrolytically stable and exhibited
robust mechanical features.

3.2. Hybrid nanofiber membrane provide a biocompatible
microenvironment for MSC and chondrocyte culturing and
encapsulation in 2D and 3D in vitro experiments

In vitro investigation of membranes is vital for assessing their
biocompatibility and capability to be used for the encapsulation
of cells. Hence, biocompatibility of nanofiber membranes was eval-
uated through both 2D and 3D cell culturing. 2D in vitro cell cultur-
ing of mesenchymal stem cells (MSC) revealed that hybrid
nanofiber membranes presented a suitable environment for the
attachment and growth of stem cells (Fig. 2A & B).

In addition, 3D in vitro chondrocyte culturing was performed to
evaluate the potential use of membranes for improved ACI (autol-
ogous chondrocyte implantation) therapy (Fig. 2C). According to
Live/Dead assay results, the hybrid nanofiber (HA/K-PA) membrane
was biocompatible and supported the growth and proliferation of
chondrocytes in 3D microenvironments (Fig. 2C). However, neither
Hyalgan� nor Synvisc� scaffolds were mechanically stable as they
dissolved in cell media and did not provide cell encapsulation for
3D chondrocyte culturing; rather, we observed 2D cellular adhe-
Fig. 2. 2D and 3D in vitro cell culturing analyses; (A) Live/Dead analyses of mesenchymal
plate (TCP), scale bar = 100 mm; (B) Viability analyses of MSCs by Alamar Blue assay; (C)
in vitro experiments were performed with at least 5 replicas.
sion similar to TCP (tissue culture plate) control in these wells.
Hybrid nanofibrous scaffold was compared with Hyalgan� and
Synvisc� in vitro as like in vivo since they have biological signals
presented to mediate cellular responses. There are other types of
HA gels that used for cell delivery as well, but they are mostly
chemically modified research products which were unsuitable to
compare with hybrid system [32]. Therefore, HA/K-PA hybrid
nanofibrous gel was compared with these scaffolds that this hybrid
system was originated (HA/K-PA is mixture of Hyalgan� and K-PA).

When considering the importance of 3D microenvironments for
cellular behaviors, it is essential to design and recruit mechanically
stable scaffolds for further clinical applications. Our 3D hybrid
nanofiber scaffold presents a highly porous structure that provides
larger surface areas for cell attachment and proliferation, which
enables the use of higher amounts of cells in clinical applications
[33]. In addition, this hybrid nanofiber system is much closer to
the native tissue morphology than 2D cell culture.

3.3. Hybrid nanofiber membrane promotes the protection of cartilage
tissue in osteoarthritic rat knees

For the investigation of cartilage tissue, an optimization study
was performed before the main experiment to choose the proper
surgical model for OA formation, proper time period, and working
gel concentration (Fig. S6). Three different surgical models, medial
meniscus destabilization, anterior cruciate ligament dissection,
and meniscus excision, were evaluated in rats. In line with the pre-
vious studies, medial meniscus destabilization model was found to
be the optimum model resulting in mild osteoarthritis at medial
stem cells cultured on hybrid nanofiber membranes and on uncoated tissue culture
Live/Dead analyses and cellular appearance of chondrocytes, scale bar = 100 mm. All
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region of joint after 4–6 weeks [34]. Therefore, 1 week and 6 weeks
time windows were chosen as waiting periods after surgery for the
two armed-experimental model (1W/6W-early stage OA groups
and 6W/6W-late stage OA groups). To evaluate the protection
effect on cartilage tissue, all tissues were extracted 6 weeks after
injections. Overall, 48 animals were utilized for this study and 46
were included and completed; however, 2 rats in HA/K-PA-
1W/6W (early OA) group were excluded due to technical difficul-
ties during the surgery.

For the development of OA model, medial meniscus destabiliza-
tion was performed by the excision of connective tissues between
Fig. 3. Immunohistochemical analyses of hyaline cartilage analyses through OARSI total
stainings of tissues for early OA groups (1W/6W); (B) Corresponding OARSI scoring for as
zone proliferative changes <200 mm; Grade 1: small 200–299 mm; Grade 2: moderate 300
score for scaffolds and sham (*p < 0.05, **p < 0.01, by Student’s t-test (two-tailed), mea
Hyalgan�)). All in vivo experiments were performed with at least 5 replicas.
femur and tibial bones in the knees of rats and subsequently OA
formation was observed due to cartilage wear [34]. The medial
meniscotibial ligament (MMTL) is the connective tissue that fixes
the tibial plateau to the medial meniscus (MM) [34]. MM provides
an articular connection between the tibia and femur, as well as
helping to transfer body weight on a wider surface, alleviating
the load on the cartilaginous body. With the excision of MMTL
and destabilization of MM, the MM structure was disturbed and
the local mechanical stress increased with the concentration of
body weight in a smaller area. In rats, increasing mechanical stress
led to injuries at the back of the femur, in the center of the tibia,
joint scoring for early OA groups (1W/6W) (A) Safranin-O/Fast Green/Hematoxylin
sessment of total joint score (Osteophyte scoring was evaluated as Grade 0:Marginal
–399 mm; Grade 3: large 400–499 mM; Grade 4: very large >500 mm); (C) Total joint
n ± SEM, p values: **p = 0.0089 (HA/K-PA vs. Sham) and *p = 0.0306 (HA/K-PA vs.
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and in the medial cartilaginous region. Human osteoarthritis also
manifests itself in the medial part of the knee, demonstrating the
suitability of this model. Hence, in vivo efficacy of hybrid nanofiber
membranes was investigated in osteoarthritic knees of rats.

For the evaluation of osteoarthritic tissue, an OARSI
(Osteoarthritis Research Society International)-recommended
histopathology scoring method was performed [29]. According to
this scoring method, total joint degeneration score was measured
including the medial tibial and femur cartilage degeneration scor-
ing, medial tibial osteophyte scoring, and bone scoring. Both early
stage and late stage of OA were modeled using two experimental
groups that are 1W/6W (Early group: scaffold injection 1 week
after surgery & tissue extraction 6 weeks after injection) and
6W/6W (Late group: scaffold injection 6 weeks after surgery and
tissue extraction 6 weeks after injection) groups. The therapeutic
effect of hybrid nanofiber membranes for the protection from
degeneration could be assessed through this two-arm experimen-
tal method (Fig. S10). For the evaluation of cartilage degeneration
scores, tissue sections were stained with Safranin-O/Fast green/
Hematoxylin, and areas of cartilage, where proteoglycan loss was
present without any chondrocyte death, were analyzed. Through
this scoring, overall cartilage pathology and the important patho-
logical parameters of collagen matrix fibrillation and loss/mainte-
nance of matrix were determined. In addition, the tibial plateau
Fig. 4. Immunohistochemical analyses of hyaline cartilage of early OA groups (1W/6W
Analyses methods for degeneration width and zonal depth ratio of lesions across three z
experimental groups were determined by measuring the degenerated area on cartilage (*
vs. Sham)); (C) Depth ratios of lesions were analyzed across three zones for all experimen
(1 and 0 are maximum and minimum degeneration width, respectively) (*p < 0.05 and **
PA vs. Sham) and *p = 0.0177 (HA/K-PA vs. Hyalgan�)). All in vivo experiments were per
was divided into 3 zones to effectively quantify the degeneration
process (Fig. 3). According to total degeneration scoring results,
the hybrid nanofiber membrane had the lowest joint degeneration
scoring compared to other experimental groups and provided effi-
cient protection to the joint, performing significantly better than
commercially available Hyalgan� gel and sham control. In addition,
the hybrid nanofiber membrane provided comparable protective
effect to Synvisc� sample, which is a crossed-linked, higher molec-
ular weight version of hyaluronic acid that is more expensive and
has been shown to exhibit immunogenicity [16,35]. In addition,
total degeneration width and significant degeneration width of
the medial tibial plateau were evaluated, and the hybrid nanofiber
membrane was found to provide enhanced protection from degen-
eration on cartilage through the surface (0% depth)-midzone (50%
depth)-tide mark (100% depth) axis (Figs. 4B, S3, S7, S8) than the
other scaffolds and sham group. Interestingly, degeneration width
measurements demonstrated that the hybrid nanofiber membrane
significantly protected cartilage tissue from severe degeneration
(Figs. S3F, S7 and S8). Furthermore, zonal depth ratios of lesions
were measured and the hybrid nanofiber membrane had the low-
est lesion depth, which was significantly lower than Hyalgan� gel
and sham control and was comparable with Synvisc� gel (Fig. 4C).

Collagen II immunostaining demonstrated that cells in the
hybrid nanofiber membrane-injected tissues had the highest colla-
) through evaluation of decrease in total degeneration width and lesion depths (A)
ones; (B) Total degeneration width percent across the whole cartilage tissue for all
p < 0.05, by Student’s t-test (two-tailed), mean ± SEM, p value: *p = 0.0162 (HA/K-PA
tal groups by measuring eroded cartilage depth with respect to healthy tissue depth
p < 0.01, by Student’s t-test (two-tailed), mean ± SEM, p values: **p = 0.0017 (HA/K-
formed with at least 5 replicas.



Fig. 5. Collagen deposition analyses; collagen II immunostaining and Masson’s trichrome staining are shown for OA early groups (1W/6W), scale bars = 500 mm. For collagen
II immunostaining results, red square shows the collagen II proteins stained by antibody, and red arrows indicate the collagen II proteins in cartilage tissue found in other
than medial region of joint. For Masson’s trichrome staining results, collagen fibers are shown as blue, and mature bone and muscle fibers are shown as red; yellow square
shows the collagen I fiber-rich fibrous cartilage. Magnified images are provided in the supporting file.
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gen II deposition, whereas little-to-no collagen II presence was
observed in the other groups, especially on the medial part of tibial
plateau (Figs. 5 and S9). In addition, Masson’s trichrome and Sirius
red stainings were also performed to show the collagen structure
and deposition on the tissue (Figs. 5 and S5). Masson’s trichrome
staining results demonstrated the presence and integrity of the dif-
ferent structures of joint capsule, which are shown in the Fig. 5.
Moreover, we also showed different structural properties of the
joints by using Sirius red staining, which is included in the sup-
porting file (Fig. S5). No signs of inflammation were observed dur-
ing the main experiments or during optimization studies. In
addition, qualitative observations of the sections revealed no
abnormality in the synovial membrane structure due to
inflammation.
4. Discussion

OA of the knee is an increasingly prevalent condition and has
become one of the most common joint diseases in the aged popu-
lation, as well as in populations having epidemic obesity [18].
Although pain and loss of function associated with OA strongly
affect the patients’ quality of life, there is no effective treatment
against this disease in clinics [18]. Failure of the damaged cartilage
matrix to recover is essential for the etiology of OA [18]. In addi-
tion, the progressive nature of OA necessitates early intervention
for its effective treatment. When damage occurs at earlier stages
of OA, chondrocyte clusters form at the damage site to compensate
for matrix degradation through the action of tissue-destructive
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proteinases, and the local concentration of growth factors is
increased to enhance the recovery attempt [36–38]. However, car-
tilage recovery is not effective and ultimately fails, which leads to
imbalances in tissue anabolism/catabolism that favor catabolic
activity. This process leads to the production of a mechanically
weak matrix that cannot withstand the mechanical stresses that
cartilage tissue is constantly exposed to. Therefore, especially at
the early stages of disease, tissue-engineering strategies could be
effective to enhance the recovery attempt of the tissue for the for-
mation of a functional hyaline cartilage matrix. In this study, pep-
tide amphiphile molecules were combined with FDA-approved,
clinically used and commercially available Hyalgan�, which is
composed of high molecular weight hyaluronic acid. Previously,
the proposed hybrid nanofiber membrane formation was prepared
as mixture of negatively charged another high molecular weight
hyaluronic acid with positively charged peptide amphiphile solu-
tion [27]. However, in this study, we used Hyalgan� instead in
order to better compare its efficiency with a clinically use system.
The mixture of Hyalgan� with the positively charged peptide
amphiphile solution resulted in formation of hybrid nanofiber
membranes with higher hydrolytic stability and mechanical
strength even at �1/4 of the concentration of gels (Hyalgan� and
Synvisc (Hylan G-F 20)�) used in clinics.

ACI is one of the leading OA treatment options. Considering the
essential role of chondrocyte clustering for matrix re-synthesis and
recovery at the early stages of OA development, ACI gained consid-
erable attention for enhancing the healing capacity of degenerated
matrix [38]. Hence, we also investigated the biocompatibility of
the hybrid nanofiber membrane for chondrocyte implantation.
The HA/K-PA nanofiber membrane hydrogel was found to support
chondrocyte growth and provided a native ECM-like 3D microenvi-
ronment. On the other hand, both Hyalgan� and Synvisc� scaffolds,
which were the controls for in vivo experiments as well, were
hydrolytically unstable and disintegrated into culture media,
which prevented the encapsulation of cells in 3D microenviron-
ment. Hyaluronic acid (HA), which is the bioactive molecule pre-
sented in these scaffolds, has been previously shown to have
biological effects in addition to visco-supplementation, including
regulation of cell adhesion, migration, differentiation and prolifer-
ation through interaction with CD44, RHAMM, and ICAM-1 recep-
tors [39]. Thus, the hybrid scaffold can not only be used as a
physical support system for encapsulation of cells during MACI
treatment, but also can provide biological signals for cells similarly
to their natural environment [32]. This experiment also shows that
just providing biological signals without providing a mechanical
support would not be suitable for MACI utilization of these mole-
cules. Since the hybrid nanofiber membrane was shown to provide
a suitable microenvironment for stem cell growth, it can also be
used in stem cell recruiting approaches for cartilage tissue engi-
neering applications in the future.

The shortcomings of current treatment options necessitate the
investigation of possible therapeutics against OA. Hence, the effi-
ciency of HA/K-PA hybrid nanofiber membrane scaffold was ana-
lyzed through an in vivo OA model. When these two solutions
are combined, a solid membrane is formed which consists of a
hierarchically organized nanofibrous structure that is stable,
mechanically robust and injectable in addition to presenting bioac-
tive hyaluronic acid molecules. Both early stage and late stage of
OA were modeled using two experimental groups: 1W/6W (Early
group: scaffold injection 1 week after surgery & tissue extraction
6 weeks after injection) and 6W/6W (Late group: scaffold injection
6 weeks after surgery & tissue extraction 6 weeks after injection)
groups. According to the immunohistochemical results, the hybrid
nanofiber membrane was found to exhibit significantly enhanced
protection capacity compared to clinically prescribed gels for early
OA groups. When defect was monitored by the staining of repre-
sentative slides taken at 20 section (�200 mm) intervals to deter-
mine the extent of cartilage degeneration through the anterior to
posterior regions of cartilage, the cartilage tissue morphology
was observed to be preserved better in HA/K-PA injected animals.
In addition, the expression of cartilage-specific type II collagen was
shown to increase in HA/K-PA group. In addition, collagen localiza-
tion of cartilage tissue was shown through Mason’s trichrome and
Sirius red stainings. Although there is collagen deposition in carti-
lage tissue for Hyalgan� group, this collagen is type I collagen
which indicating the fibrous cartilage formation in these animals.
This fibrous cartilage showed apparent surface irregularities and
compromised the tissue function. The formation of fibrous carti-
lage was demonstrated through increased collagen I presence
based on Masson’s trichrome staining results and on the structural
irregularities that we observed in all stained tissue sections. Colla-
gen fibrils formed large bundles, which were stained blue by Mas-
son’s trichrome staining [40]. The increase in blue staining is
attributed to increase in the collagen I presence, which is an impor-
tant component of fibrous cartilage that we observed especially in
Hyalgan� injected tissues. On the other hand, hybrid nanofiber
membrane promoted the preservation and formation of hyaline-
like cartilage composed of collagen type II and GAGs as opposed
to fibrous cartilage. Although we did not find statistically signifi-
cant differences among late OA groups, we also observed that
degeneration score exhibited a downward trend for hybrid nanofi-
ber membrane, which suggests that protection against degenera-
tion was also enhanced for the late OA groups (Fig. S4). The two-
armed experimental model for the in vivo study, which modeled
both early and late stages of OA, was used to evaluate the protec-
tive effect of the hybrid nanofiber system. We observed enhanced
protection potential of the hybrid system in early OA groups. In
addition, starting the treatment at early stages of OA was found
to be much more efficient as scoring results suggested. The signif-
icant decrease in degeneration scoring in HA/K-PA injected tissues
was interpreted as protection from degeneration since decreased
degeneration scoring was found in both early and late groups.
The animal experiments and analyses for early-stage and late-
stage OA groups were performed separately (Table 1). In the initial
design of the study, we mainly focused on the early stages of
osteoarthritis. After showing that the hybrid gel had significant
protective effect from degeneration compared to other gels in the
early-OA stage, the late stage of OA was also studied as the second
arm of the study (two-armed experimental model) (Fig. S10). Since
the experiments for these two groups were designed and per-
formed independently, they were examined separately (compar-
ison of samples was done individually for each group (early or
late). In addition, although rodent models for in vivo osteoarthritis
study is one of the extensively used cost-effective models, rodent
joints have relatively thinner cartilage and open growth plates,
which likely increase intrinsic healing potential of the tissue [41].
Thus, we did not compare early and late groups to each other
due to independent timing, design, and performance of experi-
ments. We compared the hybrid hydrogel with other gels for each
timing group separately, and we mainly focused on the protective
therapeutic effect for early stage of OA. The reason of lower degen-
eration score of samples in the late group could be related to differ-
ences among animals and intrinsic healing potential due to longer
time past after surgery for late-OA group. In addition, at the early
stages of OA, there could be immediate increase in the inflamma-
tory molecules in the cells (such as NF-jb, TNFa, ILb1, etc.) as it
was also shown in the literature, which could be reason of elevated
degeneration scores seen for early OA groups [42]. However, no
expression analysis was performed for these molecules. Neverthe-
less, there were no abnormalities in the synovial membrane struc-
ture due to inflammation in any of the samples. According to the
staining results, improved cartilage tissue structure maintenance,
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increased chondrocyte presence, and enhanced cartilage specific
GAG deposition were interpreted efficient therapeutic effects of
HA/K-PA injection. Immunohistochemical stainings showed signif-
icantly more collagen II presence in HA/K-PA injected tissues at
medial region of the cartilage that was highly affected from OA
deterioration, which we interpreted as suppression of loss of colla-
gen II. It was previously shown that suppression of degradation has
a substantial role in increasing the cartilage recovery by reducing
catabolic reactions [43]. Suppressing chondrocyte death, for exam-
ple, would preserve the production of cartilage-specific proteins
and GAGs, which results in the protection of cartilage structure
and functioning [43]. Therefore, delayed degeneration and pro-
longed protection of cartilage tissue were enhanced by HA/K-PA
injection. Moreover, these findings also demonstrated that initiat-
ing treatment at early stages of OA is crucial for the amelioration of
disease symptoms.

Hyaluronan is one of the important components of synovial
fluid in joints, and provides a viscoelastic environment and suffi-
cient lubrication to reduce wear in cartilage [44]. In addition, it
functions as a scaffold by retaining important macromolecules
such as aggrecan and link proteins in joints, and stimulates the
endogenous synthesis of hyaluronan by interacting with CD44
receptors on chondrocytes [44]. Despite of the fact that Hyalgan�

and Synvisc� are prescribed in clinics as hyaluronan derivatives
for OA treatment at early/intermediate stages of disease, they have
limited and short-term efficiency [17]. On the other hand, the
hybrid scaffold both provided bioactivity by stimulating native
ECM turnover through the presence of hyaluronic acid, and pre-
sented a mechanically stable viscoelastic microenvironment to
maintain tissue function.

Self-assembly of molecules at structural interfaces is a major
feature for the preparation of chemically well-defined and well-
ordered materials and presents several opportunities in tissue
engineering and clinical applications. It was previously demon-
strated that the combination of small synthetic PA molecules with
high-molecular weight natural polysaccharide hyaluronic acid
results in the formation of a solid membrane at the liquid-liquid
interface [27]. Through this mechanism, HA/K-PA scaffold provided
a mechanically robust network (Fig. 1F) due to the hierarchical
order of K-PA and HA molecules. A similar membrane system
was shown to be more stable than high molecular weight polysac-
charide combination chitosan – gellan membranes, which were
prone to disintegrating in aqueous environment [27]. In addition,
this system allowed the formation of HA-filled membrane sacs that
were shown to be robust enough to withstand suturing without
tearing [27]. This feature is essential for the efficiency of mem-
branes to be used in cartilage defects, because cartilage is con-
stantly exposed to repetitive mechanical loading. Consequently,
tear-resistance is crucial for the proper functioning of tissue substi-
tutes. In addition, this hierarchically self-assembling membrane
system facilitated the encapsulation of hyaluronic acid within the
sacs, allowing its maintenance for a longer time following injection
[27]. However, the use of hybrid PA/hyaluronic acid systems for OA
treatment has not been reported to date.

The nanofiber system described in the present study uses the
same design principles as previously described hybrid membranes
and can be effectively used for long-term treatment of OA. Further-
more, the therapeutic activity of the HA/K-PA membrane was pro-
vided at a relatively lower concentration than Hyalgan� and
Synvisc� gels, which can be considered for the potential of superior
therapeutic effect of this hybrid system at a lower production cost
in the future. Hence, improved protection from degeneration of
cartilage has been provided by using this unique structure present-
ing less dosage of hyaluronic acid in hybrid nanofibrous form.
Although the hybrid nanofiber membrane scaffold demonstrated
comparable protective effect to Synvisc� gel, the latter material
is associated with shortcomings due to its cost and immunogenic-
ity problems [35]. In addition, the tailorable features of PAs present
a broad opportunity to improve membrane design and enhance
therapeutic activity through the incorporation of specific bioactive
epitopes. Furthermore, this membrane sac system allows the
encapsulation and infiltration of large macromolecules such as
proteins and growth factors. Hence, this system can be used for
further drug delivery applications such as the delivery of nons-
teroidal anti-inflammatory drugs (NSAIDs) against OA.
5. Conclusion

Osteoarthritis is associated with severe pain and loss of function
and is one of the leading causes of joint disabilities in older adults.
The development of effective and novel treatment strategies
against this disease is therefore of great importance for restoring
damaged cartilage function. In this study, we have examined the
in vitro and in vivo efficiency of a hybrid nanofiber membrane
and observed that it enabled chondrocyte encapsulation and pro-
vided a suitable culturing environment for stem cell growth
in vitro, while facilitating the preservation of cartilage morphology
with reduced osteophyte formation, protecting the subchondral
region from deterioration, and maintaining cartilage-specific
matrix proteins in vivo. In addition, this system allows the forma-
tion of HA-filled membrane sacs that present a tear-resistant scaf-
fold, which is crucial for the proper functioning of tissue
substitutes under repetitive mechanical stress in joints. The hybrid
nanofiber membrane system described in this study could there-
fore protect cartilage tissue from degeneration and enhance the
repair process at the site of injury. Overall, the therapeutic activity
of the hybrid nanofiber membrane system was provided at a rela-
tively lower concentration than Hyalgan� and Synvisc� gels, which
allows its use as a potential candidate for further clinical
applications.
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