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A B S T R A C T

Cartilage injury affects millions of people throughout the world, and at this time there is no cure. While
transplantation of stem cells has shown some success in the treatment of injured cartilage, such treatment is
limited by limited cell sources and safety concerns. To overcome these drawbacks, a microscaffolds system was
developed capable of targeting, reducing the inflammatory response and recruiting endogenous progenitor cells
to cartilage-defect. Erythropoietin (EPO)-loaded-hyaluronic acid (HA) microscaffolds (HA + EPO) were fabri-
cated and characterized. HA-microscaffolds showed good cell-compatibility and could target chondrocytes via
CD44 receptors. HA + EPO was designed to slowly release EPO while recruiting progenitor cells. Finally, the
ability of HA + EPO to repair cartilage-defects was assessed using a rabbit model of full-thickness cartilage-
defect. Our results showed that the intra-articular administration of EPO, HA, and EPO + HA reduced the
number of inflammatory cells inside the synovial-fluid, while EPO + HA had the greatest anti-inflammatory
effects. Furthermore, among all groups, EPO + HA achieved the greatest progenitor cell recruitment and sub-
sequent chondrogenesis. The results of this work support that, by targeting and localizing the release of growth-
factors, HA + EPO can reduce inflammatory responses and promote progenitor cells responses. This new
platform represents an alternative treatment to stem-cell transplantation for the treatment of cartilage injury.

1. Introduction

Post-traumatic osteoarthritis (PTOA) is a type of osteoarthritis that
develops after joint injury and is most prevalent in the ankles, knees
and hips [1]. It is estimated that more than 6 million people alone in the
US suffer from PTOA which accounted for annual healthcare ex-
penditures of approximately 3 billion dollars (US) in 2013 [2]. All in-
dications are that PTOA will pose an even more significant challenge in
the coming years as the US and world's population continues to age and
people remain active and more likely to injure their joints. An effective,
safe, less invasive and cost-effective means of treating PTOA is therefore
much needed. The current standard therapy for PTOA includes muscle-
strengthening exercise, weight loss, the use of anti-inflammatory drugs,
intra-articular injections and in many cases surgical intervention [3].
Unfortunately, none of these options alter the natural history of the
disease nor restore the full function of these injured cartilages. In recent
years, substantial progress has been made in the area of stem cells and
tissue engineering for regeneration of cartilage tissues. Specifically, it is

well established that mesenchymal stem cells (MSCs) can be differ-
entiated into chondrocytes to form cartilage-like tissue in culture [4,5].
Furthermore, recent studies have indicated that isolation, purification
and injection of progenitor cells into the diathrodial joints may improve
cartilage regeneration after the onset of osteoarthritis, by reducing lo-
calized inflammatory responses in mice [6,7]. However, administration
of MSCs for cartilage regeneration has limited applications due to the
costly and time-consuming processes of isolating, expansion and culture
of autologous MSCs. To overcome these limitations, recent studies
utilized endogenous synovial progenitor/stem cells for tissue re-
generation in cartilage defects by homing resident progenitor cells to
the site of injury [8,9]. In addition, several recent reports have docu-
mented the presence of the synovial progenitor/stem cells in the sy-
novial fluid/membrane and the numbers of progenitor cells increased
with the severity of OA. Interestingly, chemoattractant releasing scaf-
folds have been used as a strategy to cue these progenitor cells to the
site of the injury for inducing chondrogenesis. For example, acellular
cartilage matrix conjugated with a bone marrow homing peptide has
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been employed to repair full-thickness cartilage defect in a rabbit model
by triggering endogenous progenitor/stem cell recruitment [8]. To
elicit sustained endogenous progenitor cell recruitment, micro/nano-
particles have been used as microscaffolds to support cell growth and
differentiation by the localized release of growth factors at the site of
injury [10].

Hyaluronic acid (HA) based particles are a good microscaffold
candidate for cartilage tissue engineering. First, HA, is a naturally oc-
curring polysaccharide, and has been used in many tissue engineering
applications [11]. Second, HA is the main component of synovial fluids
and cartilage matrix and can be degraded in the presence of hyalur-
onidase (HAase) existing in synovial fluid [12]. Third, it is well estab-
lished that HA particles have a high affinity for cells with CD44 re-
ceptors [13]. Since the expression of CD44 in articular cartilage tissue is
closely correlated with the severity of OA [14,15], it is likely that HA
particles can accumulate on the surface of injured cartilage by targeting
its CD44 receptors. Finally, HA microscaffolds have been developed as
an effective carrier for targeted delivery of BMP-2 in vitro to promote
cartilage repair and regeneration [16]. However, to the best of our
knowledge, microscaffolds systems have not been explored for their
ability to induce endogenous progenitor cell-mediated cartilage repair.

This report summarizes a study which was aimed at developing a
new technology for triggering intrinsic cartilage regeneration by pro-
voking endogenous progenitor cell responses. Briefly, HA microscaf-
folds were fabricated to targeted CD44+ chondrocytes. Some of these
microscaffolds were loaded with erythropoietin (EPO). EPO is an FDA
approved growth factor with the ability to modulate/progenitor/stem
cell responses including proliferation and differentiation [17]. Loca-
lized released of EPO has been shown to promote endogenous pro-
genitor cell recruitment and osteogenic differentiation at the site of
bone defect in vivo [18]. Using both in vitro and ex vivo models, we
assessed the ability of HA microscaffolds to target activated human
chondrocytes and OA cartilage tissues. Finally, using rabbit micro-
fracture defect model [19], we investigated the ability of HA micro-
scaffolds, EPO, HA microscaffolds + EPO to promote endogenous
progenitor cell responses and chondrogenesis at the site of injured
cartilage.

2. Materials and methods

2.1. Materials

Hyaluronic acid sodium salt (HA) (700 KDa) was purchased from
LifeCore Biomedical (Chaska, MN). 1-heptanol (98%) and NaCl were
obtained from Sigma-Aldrich (St. Louis, MO). Dioctyl sulfosuccinate
sodium salt (AOT, 96%), divinyl sulfone (DVS, 98%) and, 2,2,4-
Trimethylpentane (isooctane, 99%) were purchased from Fisher
Scientific (Hampton, NH). CF488A and CF647A amine dye were sup-
plied from Biotium, Inc. (Fremont, CA). N-Hydroxysuccinimide (NHS)
was purchased from Thermo Scientific (Rockford, IL). Collagenase type
2 was purchased from Worthington Biochemical (Lakewood, NJ).
Erythropoietin (EPO) was purchased from Amgen Inc. (Thousand Oak,
CA). CD29 (FITC-conjugated anti-human integrin β1 monoclonal anti-
body (MAB1951F-100) and CD90 (Alexa Fluor 594-conjugated anti-rat/
mouse Thy1.1, Ox-7) were purchased from Millipore (Darmstadt,
Germany) and BioLegend (San Diego, CA), respectively.

2.2. Cell isolation and culture

Human chondrocyte was isolated from discarded human OA tissues
(N = 4) during arthroscopic surgery without patients' identity by fol-
lowing the published procedure [13]. The isolated cells were cultured
with a concentration of 104 cells/ml in Dulbecco's Modified Eagle's
medium (DMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with
10% heat-inactivated fetal bovine serum (FBS) (Atlanta Biologicals,
Atlanta, GA) and 1% penicillin/streptomycin (Gibco, Waltham, MA).

Human bone marrow-derived mesenchymal stem cells (PCS-500-012)
(ATCC, Manassas, VA) were cultured in mesenchymal stem cell basal
medium (PCS-500-030) (ATCC, Manassas, VA) supplemented with 7%
heat-inactivated FBS, 2.4 mM recombinant insulin-like growth factor-1,
5 ng/ml recombinant fibroblast growth factor-beta, 2.4 mM L-Alanyl-L-
Glutamine (all from ATCC, Manassas, VA) and 1% penicillin/strepto-
mycin. Bone marrow MSCs were used in this study to simulate pro-
genitor cell responses following cartilage injury since microfracture
procedure was used to create the cartilage defect and such a procedure
can create an opening for the immigration of bone marrow MSCs from
bone marrow.

2.3. HA microscaffold production and characterization

HA microscaffolds were prepared as described in a recent publica-
tion [20]. To enhance visualization of HA microscaffolds, some HA
microscaffolds were labeled with fluorescent dyes (CF488A and
CF647A amine dye) as described previously [21]. Morphology and
microstructure of the HA microscaffolds were analyzed using Leica
DMi8 Fluorescence microscope (Leica, Wetzlar, Germany) and scanning
electron microscopy (FE‐SEM, S‐4800 316 Hitachi, operating at 5 kV).
The size of microscaffolds was determined using ImageJ software (US
National Institutes of Health). The cytotoxicity of HA microscaffolds
was assessed using primary human chondrocytes isolated from normal
human articular cartilage (from PromoCell, Heidelberg, Germany) and
Alamar Blue assay (Bio-Rad, Hercules, CA, USA), according to the
manufacturer's instructions [22]. Briefly, Human chondrocytes were
seeded at a concentration of 5000 cells/well in 100 μl of complete
medium in a 96-well plate and then cultured for 24 h. Different con-
centrations of HA micro-scaffolds (0–2 mg/ml in complete medium)
were added to the cells and incubated for another 24 h. The cell via-
bility was determined by adding 10 μl of Alamar Blue to each well
following incubation at 37 °C for 4 h. The well plate was then read at an
excitation wavelength of 560 nm and an emission wavelength of
610 nm in an Infinite M200 microplate reader (Tecan, San Jose, CA).

EPO loaded HA microscaffolds was prepared by mixing dried HA
microscaffolds and EPO according to a previous report [16]. To de-
termine loading capacity, EPO was labeled with FITC follow manufac-
turer's protocol [21]. Then the loading capacity was calculated based on
the following equation: −EPO EPO

Mass of dried HA microscaffold
Intial Supernatant where EPOInitial and

EPOSupernatant are mass of initial and not absorbed EPO, respectively,
which were measured using the microplate reader and calculated based
on the standard curve of FITC-Labeled-EPO. To determine EPO release,
FITC-Labeled-EPO loaded HA microscaffolds were suspended in 0.5 ml
of PBS (pH = 7). At various time points, the supernatants were col-
lected and the released media were replenished with an, and amount of
the fresh one. The amounts of released EPO were measured based on
the fluorescence intensity of FITC-Labeled-EPO. The cumulative release
was defined as the total amount of released EPO at a predetermined
time relative to the initial loading amount. To test the bioactivity of the
released EPO, a transwell migration assay was performed as described
earlier [18,23]. Briefly, Transwell membranes with 8 μm pores (PET
membrane) were coated on both sides with 10 μg/ml fibronectin
(Sigma-Aldrich, St. Louis, MO) for 2 h at room temperature and rinsed
once with PBS. Then, 670 μl of released EPO (fresh EPO as control)
were placed in the lower chamber and 100 μl of 12 h serum-starved
MSCs (106 cells/mL) were added to the top of the chamber. After in-
cubation at 37 °C for 12 h, the non-migrated cells were removed with a
cotton swab, and the migratory cells were fixed in 99% methanol and
stained with Giemsa solution. The cell images were taken using an in-
verted phase contrast microscope at 10X and the number of migrated
cells per membrane was counted using ImageJ software. The migration
ability of MSCs toward the released EPO from microscaffolds was as-
sessed compared to the free EPO.

A. Hakamivala, et al. Bioactive Materials 5 (2020) 142–152

143



2.4. Cell and tissue targeting property of HA microscaffolds

Different numbers of human chondrocytes (1, 2, 4 and 8 × 104)
were incubated with CF647-HA microscaffolds (final concentration of
0.1 mg/mL in complete DMEM) for 15 min. They were centrifuged and
then washed with fresh media 3X; the extent of scaffold binding to
chondrocytes was assessed by measuring cell-associated fluorescent
intensities using a microplate fluorometer. The extent of CD44 ex-
pression on different numbers of human chondrocytes was also mea-
sured using FITC-conjugated CD44 antibody (HCAM (IM7), sc-18849)
Santa Cruz Biotechnology, Inc. (Dallas, Texas) by following manufac-
turer's instructions.

The ability of HA microscaffolds to target human cartilage tissue
was also assessed ex vivo using discarded human articular cartilage
tissue (N = 6) isolated during total knee replacement surgery without
any patients’ identification. The tissues were first incubated with dif-
ferent concentrations (0.02, 0.1 and 0.5 mg/mL) of CF647 conjugated-
HA microscaffolds for varying periods (30, 60, 90, 120 and 180 min).
After an extensive wash with complete media to remove unbounded
microscaffolds, the tissues were then imaged using a Kodak in vivo FX
Pro imaging system (Carestream Health Inc., New Haven, CT).
Furthermore, to determine the role of CD44 in mediating HA micro-
scaffolds accumulation, OA cartilage tissues were immersed in complete
medium with or without CD44 HCAM (IM7) blocking antibody (final
concentration 10 μg/ml) for 1 h. CF647-HA microscaffolds (final con-
centration of 100 μg/ml) was then added into each well and incubated
at 37 °C for 30 min. The ability of HA microscaffolds to target CD44
blocked cartilage and its control was quantified using a Kodak in vivo
imaging system. The collected images were processed according to our
previous publication [24]. Data was plotted in terms of the mean in-
tensity of Region of Interest.

2.5. Rabbit microfracture defect model

All animals were treated according to the standard guidelines ap-
proved by Animal Care and Use Committee (IACUC) at the University of
Texas at Arlington in accordance with the Animal Welfare Act and
Guide for the Care and Use of Laboratory Animals. New Zealand White
Rabbits 3–6 months old weighing between 1.9 and 2.8 kg were ran-
domly divided into 4 groups - saline, EPO alone, HA microscaffolds
alone (abbreviated as HA) and EPO loaded HA microscaffolds (abbre-
viated as HA + EPO) (N = 4/group/time point) for 2 different time
points (12 and 26 weeks). The animals were first undergone micro-
fracture procedure [25,26]. Under general anesthesia (ketamine + xy-
lazine injection and isoflurane inhalation), with the New Zealand White
Rabbits in a prone position, the primary contact region of the medial
femoral condyle was approached at an angle of 135° of flexion. A full-
thickness cartilage defects (~3 mm) were created in the weight-bearing
area of the medial femoral condyle with a dermal biopsy punch and
manual debridement to expose the subchondral bone plate. Each spe-
cimen then was undergone microfracture. Microfracture holes were
created within each full-thickness chondral defect using a 0.9-mm
Kirschner wire tapped into the subchondral bone (~3 mm) until
bleeding from the hole is apparent. By doing this, the subchondral bone
was perforated to generate a blood clot within the defect. Once the
defect was filled with different groups of HA microscaffolds, the patella
were reduced; the joint capsule were closed with interrupted sutures. At
the end of the procedure, 20 μL of different treatments (saline, EPO,
HA, or HA + EPO) were implanted on top of the articular cartilage
defects. The animals were allowed to move freely within their cages
after surgery. After the predetermined time points, animals were sa-
crificed. The knee joints and synovial fluids were then recovered for the
following analyses.

2.6. Analysis of synovial inflammatory cells

To quantify the numbers of inflammatory cells in synovial fluid,
synovial fluid of the rabbits was aspirated after injection of 1 ml of
normal saline solution into the joint space. The synovial fluid cells were
spun down on glass slides using a cytospin (Cytospin 2, Thermo
Shandon, Cheshire, England). The number of inflammatory cells was
then determined using a immunocytochemistry technique and CD11b
(M1/70; BioLegend, San Diego, CA) as described earlier [27].

2.7. Micro-computed tomography assessment

Micro-computed tomography assessment of cartilage/bone micro-
architecture was carried out on some rabbit joints using a High
throughput in vivo SkyScan micro-CT scanner (Bruker, Billerica, MA)
with an exposure time of 640 ms/frame and the X-ray power at 39 W
during an 18 min scan. 499 images were obtained at a rotation step of
0.72°. The scans were then reconstructed and analyzed using CTVox
and CTAn software (Bruker, Billerica, MA). To avoid selecting the
wrong defect areas, we decide to evaluate the whole joint and the bone
volume fraction (BVF), which is defined as bone volume divided by
tissue volume (BV/TV), for all of the samples [8,28].

2.8. Assessment of chondrogenesis and cartilage regeneration

Some tissue samples were fixed in 4% w/v buffered paraformalde-
hyde, decalcified, embedded in paraffin wax and then sectioned with an
approximate thickness of 6 μm using a manual rotary microtome (Leica,
Buffalo Grove, IL) by following published procedures [29,30]. The
sections were subsequently stained with hematoxylin and eosin (H&E),
Safranin O and Toluidine blue staining [31], followed by imaging via an
inverted light microscope (Leica TCS SP8 SMD, Leica, Buffalo Grove,
IL). The extent of cartilage repair was then evaluated using the Pineda
scoring system (Table 1 supplementary) [32]. All the samples were
presented and examined by two observers in a blinded and random
order. Furthermore, Toluidine blue was quantified and reported as the
optical density of the images went through deconvolution process in
ImageJ [33].

The 12-weeks cartilage samples were assessed for progenitor cell
recruitment to the site of injury utilizing immunohistochemistry. It has
been documented that synovial stem cells possess dual markers of CD29
and CD90 [34–36]. Briefly, after antigen retrieval, the tissue sections
were blocked with 10% goat serum for 30 mines and then followed by
overnight incubation with CD29 (FITC-conjugated anti-human integrin
β1 monoclonal antibody and at 4 °C. All the sections images were taken
using a confocal laser scanning microscopy and analyzed by LAS X
software (Leica, Buffalo Grove, IL). The number of CD29 and CD90
double-positive cells per mm2 was determined by ImageJ software.

Collagen II production is well established to be a chondrogenic
marker [5,37]. To detect Collagen II secretion in the cartilage, some of
the 12- and 26-weeks tissue sections were stained with antibodies to
Collagen II (M2139, sc-52658, Santa Cruz Biotechnology, Dallas,
Texas), goat anti-mouse HRP secondary antibody (IgG H&L ab6789,
Abcam) and finally diaminobenzidine was used as a chromogen as
described earlier [38]. Collagen II was quantified as the percentage of
positively stained areas versus the whole as previously established [39].

2.9. Statistical analysis

Scoring of histological staining of cartilage tissues are presented as
medians ± interquartile range and analyzed with Mann-Whitney test.
All other data are expressed as mean ± standard deviation. An in-
dependent student t-test was used for the two independent groups while
one-way analysis of variance (ANOVA) was utilized for multi-group
comparison. An F test was used to examine the equality of the variance.
All statistical analyses were performed using SPSS 16 and XLSTAT. A p-
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value<0.01 and 0.05 was considered statistically significant.

3. Results and discussions

3.1. Characterizations of HA microscaffolds and its EPO release property

The spherical morphology of FITC-labeled HA microscaffolds can be
seen under a fluorescence microscope (Fig. 1A). The size distribution of
HA microscaffolds was determined to be 1–15 μm with an average size
of 4.2 μm (Fig. 1B). SEM images further confirmed the spherical shape
of HA microscaffolds with a slight reduction in particle sizes (Fig. 1C)
due to the sample dehydration during preparation for SEM. Our ob-
servations support that HA microscaffolds have good cell compatibility
based on the viability of human chondrocytes that was unchanged in
the presence of increasing concentrations (up to 2.0 mg/ml without
statistical significance) of HA microscaffolds (Fig. 1D) The>100% of
cell viability might be attributed to the proliferative effect of HA mi-
croscaffold on chondrocytes.

To assess the ability of HA microscaffolds to release EPO, FITC-la-
beled-EPO was loaded into microscaffolds. The loading capacity was
found to be 17.6 μg/mg. The ability of HA microscaffolds to release EPO
was then evaluated. The release profile showed a fast release of EPO
(~55%) during the first 4 h (Fig. 1E). This burst release may help to

create a cytokine gradient that has been shown to be essential for cell
recruitment [40]. The EPO release rate slowed down after 24 h with
~10% of the remaining EPO release per day. The EPO release rate from
the HA scaffolds can be further delayed via chemical conjugation of the
EPO to the HA microscaffolds. The slow release of EPO may create a
EPO gradient important for achieving continuous recruitment of pro-
genitor cells.

Since EPO is able to trigger the recruitment of MSCs [18] and is
stable in a physiological condition, the bioactivity of released EPO was
determined based on its ability to promote migration of progenitor cells
(Fig. 1F). Our results show that HA microscaffolds by themselves have
no MSCs recruitment activities, while released EPO can trigger MSCs
recruitment. These results confirmed the bioactivity of released EPO
and supported the potential for using EPO-loaded HA microscaffolds to
promote MSCs recruitment into the site of injured cartilage. In fact, EPO
has been shown to trigger the migration and proliferation of bone
marrow derived MSCs and it has also been shown to promote chon-
drogenesis and chondrocyte proliferation [41].

3.2. The ability of HA microscaffolds to target chondrocytes and injured
cartilage

The ability of HA microscaffolds to target chondrocytes through

Fig. 1. Physical and biological characterization of HA microscaffolds loaded with EPO. (A) Fluorescence imaging (100x) of the FITC-conjugated microscaffolds; (B)
size distribution calculated using ImageJ. (C) A representative SEM image of the microscaffolds; (D) In vitro cytotoxicity of HA microscaffolds using primary human
chondrocytes and Alamar Blue assay. (Mean ± SD; n = 3; p = 0.197) (E) EPO release profile from HA microscaffolds (F) Recruitment of the human MSCs toward
various groups (control, HA microscaffolds [labeled as “scaffold”], free EPO, or EPO released from scaffolds [labeled as “Released EPO”]) using Transwell migration
assay. (Mean ± SD; n = 3; **p < 0.01).

A. Hakamivala, et al. Bioactive Materials 5 (2020) 142–152

145



CD44 receptor was assessed using human cartilage cells and osteoar-
thritic tissue explants. We found that HA microscaffolds have good af-
finity for cartilage cells. In fact, the amount of cell-associated HA mi-
croscaffolds and the extent of CD44 expression increased with the
increasing number of activated cells (Fig. 2A and B). Further analyses
revealed a linear relationship (R2 = 0.97) between the amount of HA
microscaffolds and the extent of CD44 receptor expression (Fig. 2C).
These results lend strong support that HA microscaffolds target chon-
drocytes via their CD44 receptors.

Further study was carried out to evaluate HA microscaffolds' cap-
ability of targeting injured human cartilage explants. Specifically,
human OA tissues were incubated with different concentrations of HA
microscaffolds for different periods of time. The accumulation of HA
microscaffolds on different areas of OA tissues was then quantified
using the Kodak in vivo imaging system. The images revealed that HA
microscaffolds accumulation on OA tissues was both time and micro-
scaffolds concentration dependent (Fig. 2D). By quantifying and com-
paring the tissue associated microscaffolds’ fluorescent intensities
(previously reported [24]), we found that, even at low concentrations,
HA microscaffolds could target and accumulate on the surface of the OA
tissue (Fig. 2E). The peak of the targeting efficiency occurred within
90 min of incubation and the accumulation of HA microscaffolds on

tissue increased with increased concentrations of HA microscaffolds
(Fig. 2E). We then investigated the role of CD44 on the HA micro-
scaffold:OA tissue interaction using CD44 blocking antibody. Interest-
ingly, our results show that the blockage of CD44 receptors significantly
reduced the accumulation of the HA microscaffolds on OA tissue by a
factor of 8 (Fig. 2F). Our results show the importance of CD44 receptor
in mediating HA microscaffold-accumulation on injured cartilage
tissue, and these findings were confirmed in a previous report [42].
Although there are insufficient results to exclude the participation of
other receptor(s) in such reactions, these findings support our hypoth-
esis that HA microscaffolds can be used as a carrier to target and deliver
macromolecules to injured cartilage via CD44 receptors.

3.3. Micro-CT analysis

The ability of HA microscaffolds and EPO-loaded HA microscaffolds
to promote chondrogenic regeneration was evaluated using an animal
model. Injured cartilage specimens were treated with microscaffolds (as
control), free EPO, HA microscaffolds (HA) or microscaffolds loaded
with EPO (HA + EPO). After implantation for different periods of time,
the synovial fluid and cartilage tissue were isolated for different ana-
lyses. The 12- and 26-week implants underwent Micro-CT imaging and

Fig. 2. In vitro characterization of HA mi-
croscaffolds. (A) The fluorescent intensity of
FITC-conjugated HA microscaffolds asso-
ciated with different numbers of human
chondrocytes. (B) The fluorescent intensity
of CD44 receptor associated with different
numbers of human chondrocytes. (C) There
was a good linear relationship between the
amount of HA microscaffolds and the extent
of CD44 receptor expression with an R2 of
0.97. (D) Time and dose-dependent fluor-
escent images of osteoarthritic human tissue
incubated with different concentrations of
HA microscaffolds (0.02, 0.1 and 0.5 mg/
ml). (n = 6) (E) The fluorescent intensities
of all tissue incubated with different con-
centrations of HA microscaffolds for dif-
ferent periods of time (up to 180 min) were
calculated and compared. (n = 6). (F) The
fluorescent intensity associated to HA mi-
croscaffolds incubated with OA human ex-
plant tissue pre-treated with CD44 blocking
antibody or control. (Mean ± SD; n = 3;
*p < 0.5, **p < 0.01 and
***p < 0.001).
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reconstruction process (Fig. 3). The quantitative data extracted from
micro-CT confirmed that, at week 12, there was no significant differ-
ence in bone volume fraction (BVF) between the EPO
(42.16 ± 13.21%), HA (31.49 ± 4.14%), and saline
(34.52 ± 2.15%) (Fig. 3). On the other hand, the BVF of the EPO
(67.12 ± 13.21%) and HA (57.76 ± 11.42%) is significantly higher
than the saline (36.34 ± 17.16%) 26 weeks post-surgery (Fig. 3). In
addition, the BVF of the HA + EPO is significantly higher compared to
all other groups 12 weeks (66.54 ± 5.00%) and 26 weeks
(85.30 ± 6.13%) post-operatively (p-values< 0.01). Taken together,

the micro-CT results demonstrate that the HA + EPO treatment pos-
sesses the ability to stimulate cartilage repair as early as at week 12.
Such accelerated regeneration of HA + EPO treatment continues at
even week 26. On the other hand, individually EPO and HA micro-
scaffold treatment groups did not show significant healing at week 12.
Both free EPO and HA microscaffold treatment groups only showed a
sign of cartilage regeneration at a later time point – week 26.

Fig. 3. Micro-CT image analysis of the rabbit cartilages 12- and 26-weeks post-surgery. Bone volume fraction (BVF) data was extracted form micro-CT images VOI.
(Mean ± SD; n = 4, **p < 0.01).

Fig. 4. The presence of CD11b + inflammatory cells in synovial fluid of treated tissues 12-week post-surgery. (A) Inflammatory cells detection migrated to the
synovial fluid (scale bar 100 μm). (B) Quantification of inflammatory cells presence in the synovial fluid (Mean ± SD; n = 4, **p < 0.01).
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Fig. 5. Recruitment of CD29+/CD90+ progenitor cells in variously treated tissues 12-week post-surgery. (A) Images of progenitor cells at the injury site (scale bar
100 μm). (B) Quantification of progenitor cells recruited to the injured cartilage (Mean ± SD; n = 4, **p < 0.01).
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3.4. Synovial cell analysis

Subsequent analyses were carried out to assess the ability of various
treatments on inflammatory responses in synovial fluid. It is well es-
tablished that the increasing number of inflammatory cells in the sy-
novial fluid is an indicator of early OA [43]. As shown in Fig. 4A,
among all treatment groups, HA + EPO treatment group has the lowest
numbers of CD11b + inflammatory cells in the synovial fluid. Speci-
fically, the treatment of EPO, HA, or HA + EPO reduced the in-
flammatory cell recruitment in synovial fluid for 45.9 ± 28.6,
29.5 ± 8.8, or 6.8 ± 3.7%, respectively (Fig. 4B). The mechanism(s)
governing the reduction of inflammatory responses in the HA + EPO
treatment group has yet to be determined. It is possible that such anti-
inflammatory reactions may be attributed to HA's ability to bind CD44,
the ligand of leukocytes [44]. HA binding may limit leukocytes' ability
to interact with injured cartilage/activated macrophages and lead to
their depletion from synovial fluids. In fact, it is well established that
CD44, a leukocyte receptor, play an important role in inflammation
[45]. Finally, EPO has been reported to have an anti-inflammatory ef-
fect as well [46].

3.5. Progenitor cell recruitment

We have hypothesized that the improved healing effect of EPO-
loaded HA microscaffolds is caused by the increasing recruitment of
endogenous progenitor cells to the site of cartilage injury and degen-
eration. To test the hypothesis, we analyzed and compared the presence
of progenitor cells at the site of the injured cartilage among different
groups, at week 12. Both CD29 and CD90 markers were used to identify
the presence of progenitor cells in injured cartilage for primarily two
reasons. First, it is well established that CD29, CD44, CD90, and CD105
are positive markers for progenitor/stem cells [34,47,48]. Second,
many studies reported the increased expression of CD29 and CD90 on
the MSCs [35,36]. Our results show that, as expected, there are more
(~3.4 fold) CD29+ (green)/CD90 (red) cells (1156 ± 683 cells/mm2)
at the site of injury than the control group (Fig. 5A and B). On the other
hand, the treatments of EPO and HA microscaffolds alone did not in-
crease progenitor cell recruitment when compared to the non-treatment
control (Fig. 5A and B). These results support our overall assumption
that the HA + EPO treatment enhanced the recruitment of progenitor
cells to the site of injured cartilage which might lead to accelerated

Fig. 6. Chondrogenesis evaluation of the rabbit cartilage 12- and 26-weeks post-surgery. (A) Images of tissues stained with toluidine blue (labeled as “TB”) or
collagen II (labeled as “Col II”) (scale bar 200 μm). (B) Quantification and statistical analyses of toluidine blue and collage II stained tissue (Mean ± SD; n = 4,
*p < 0.5, **p < 0.01).
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cartilage regeneration.

3.6. Chondrogenesis evaluation

To assess whether the recruited progenitor cells induce chondro-
genic differentiation, we investigated the expression of two major
chondrogenic biomarkers (proteoglycans and collagen II) on different
tissue samples using Toluidine blue and immunohistochemical staining,
respectively [49]. Representative tissue images are shown in Fig. 6A.
Higher glycosaminoglycan (GAG) deposition (both proteoglycans and
collagen II) were seen in HA + EPO than those in controls, EPO and HA

at week 12 and 26 (Fig. 6B and C). However, there was no statistically
significant difference in both chondrogenic markers among the control
group, HA group and EPO group (Fig. 6B and C). The overall results
support that HA + EPO treatment may not only facilitate the recruit-
ment of progenitor cells but also significantly improve chondrogenesis
at the injury site as reflected by localized increased GAG and collagen II
production.

3.7. Histology assessment of the repaired tissues

To evaluate the ability of HA + EPO to complete repair of the

Fig. 7. Histology analysis of the defect rabbit cartilage 12- and 26-weeks post-surgery. (A) Images of H&E staining & Safranin O staining (scale bar 500 μm). (B)
Pineda repair scores of the repaired cartilage based on H&E and safranin O staining of the cartilage. The lower Pineda score, the more cartilage regeneration.
(Median ± interquartile range; n = 3, *p < 0.5).
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injured cartilage, all the tissues sections were further analyzed using H&
E and safranin O staining for morphological and cartilage tissue re-
generation (GAG production) (Fig. 7). At week 12, the saline group had
the most irregular tissue morphology as compared with other groups.
The defect area in EPO and HA groups was filled with unintegrated and
loose tissue while HA + EPO treatment had more highly organized
tissue filled with chondrocyte-like cells (Fig. 7A). Meanwhile, the tissue
section images from 26 weeks post-surgery showed that the saline and
EPO treatment still had empty spaces in the place of the injury, sur-
rounded by a poorly organized and disordered tissue. On the other
hand, HA and HA + EPO treatment were shown to have regenerated a
well-integrated and organized tissue within the defect sites (Fig. 7A).
Specifically, HA treatment generated some fibroblast-like tissue in the
place of the injury while HA + EPO treatment generated cartilage-like
tissue in the defect site, integrating well with the surrounding site and
providing a smooth continuous surface. Although the EPO treatment
shows a high production of GAG, it was not well distributed throughout
the entire repair tissue. The repaired cartilage was evaluated according
to the Pineda cartilage repair score, on 4 different categories (Table 1
supplementary). The overall results show that HA + EPO had the
lowest Pineda repair scores among all groups in both time points
(Fig. 7B). In summary, the histology data demonstrated that, by pre-
ferentially recruited progenitor cells at the sites of injured cartilage, the
HA + EPO treatment can significantly increase cartilage regeneration
starting at week 12 post-surgery and achieve complete tissue recovery
by 26 weeks.

4. Conclusion

In this study, a new treatment-EPO loaded HA microscaffolds were
developed and investigated for their ability to stimulate and support
cartilage regeneration in injured cartilage by eliciting endogenous
progenitor cell response. Our in vitro results determined the released
kinetic and bioactivity of released EPO releases from HA microscaffolds
for recruiting progenitor cells. On the other hand, HA microscaffolds
are found to have a high affinity for human chondrocytes and os-
teoarthritic tissue by interacting with their CD44 receptor. The chon-
drogenic property of EPO-loaded HA microscaffolds was evaluated
using a rabbit microfracture defect model. The in vivo data showed that
EPO loaded HA microscaffolds not only reduced the inflammatory cells
in synovial fluid but also enhanced endogenous progenitor cell re-
cruitment and improved the regeneration of cartilage tissue. Overall
results support that EPO loaded HA microscaffolds have a great po-
tential to be used as a treatment for regeneration of injured cartilage by
inducing endogenous progenitor cell responses.
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