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Introduction
Articular cartilage injuries are highly prevalent and can 

cause significant morbidities including pain, joint dysfunction, 
and progression to osteoarthritis [1-3]. Due to the low regen-
erative capacity and avascular structure of cartilage tissue, 
these lesions have a limited capacity to heal spontaneously 
[4-7]. Thus, surgical intervention is often required. In older 
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Abstract
Objective: Articular cartilage injuries can lead to significant joint morbidity. Although marrow stimulation procedures 
such as microfracture are a popular treatment option, results are often suboptimal, with resultant neocartilage exhibiting 
a more fibrous than hyaline phenotype. Micronized matrix allograft cartilage has emerged as a promising adjunct to 
augment microfracture procedures by promoting a greater degree of hyaline cartilage regeneration and improved long-
term outcomes. However, little is known about the effects of micronized matrix allograft cartilage on a cellular level. The 
purpose of this study was to investigate the epigenetic effects of micronized matrix allograft cartilage on multipotent 
stem cell differentiation.

Design: Human mesenchymal stem cells (MSCs) were treated with BioCartilage (micronized matrix allograft cartilage; Arthrex 
Inc., Naples, FL) and/or human platelet-rich plasma (PRP). Chondrogenic gene expression was assessed using qRT-PCR to 
measure expression of type II collagen (COL2), aggrecan (AGG), and SYR-Box 9 (SOX9) marker genes. PCR was performed 
on day 3, day 7, and day 14 of treatment. Human adipose-derived stem cells (ADSCs) were also treated with BioCartilage; 
osteocalcin (OCN), alkaline phosphatase (ALP), and RUNX2 marker genes were used to measure osteogenic gene expression, 
and CD31 and VEGF were used to measure angiogenic gene expression. PCR was performed on day 14 of treatment.

Results: MSCs treated with BioCartilage resulted in a significant increase in SOX9 expression at all three timepoints. COL2 
expression was found to be elevated at the day 7 timepoint. BioCartilage combined with PRP demonstrated a synergistic 
effect on increasing AGG expression. In the ADSCs, treatment with BioCartilage resulted in a decrease in ALP expression, 
but did not alter OCN or RUNX2 expression. ADSCs treated with BioCartilage also exhibited decreased CD31 expression 
and variably increased VEGF expression. 

Conclusions: This study supports a mechanism of action by which BioCartilage promotes hyaline cartilage gene 
expression that may ultimately influence the pro-chondrogenic differentiation of stem cells. The data also suggests that 
BioCartilage inhibits genes associated with bone formation which is important for maintaining cartilage regeneration in 
microfracture procedures, and may enhance genes associated with blood vessel formation, which has a more ambiguous 
role in chondrogenic differentiation.
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patients, these lesions can be managed effectively with ar-
throplasty. However, arthroplasty procedures are not ideal 
for younger patients due to concerns regarding implant dura-
bility, residual functional limitations, and an increased likeli-
hood of multiple revision surgeries [2,8-11].

As an alternative to arthroplasty, many surgical interven-
tions aim to treat lesions by stimulating regeneration using 
endogenous cells, such as mesenchymal stem cells [12]. The 
most commonly used of these procedures is microfracture 
[13], a single-stage, low-cost option for treating articular 
cartilage defects [5]. Microfracture involves piercing the sub-
chondral bone in order stimulate the migration of endoge-
nous stem cells from the bone marrow, which in turn facili-
tates cartilage regeneration [14]. However, the outcomes of 
these procedures can be suboptimal. Surgical outcomes are 
highly dependent on certain patient factors, including body 
mass index (BMI) and the size and location of the lesion [15]. 
The neocartilage formed after microfracture is also more fi-
brous than hyaline in quality, and lacks the biomechanical 
properties and durability of native articular cartilage [16-19]. 
Clinical studies have found that following an initial improve-
ment after microfracture, a subsequent decline in patient-re-
ported activity scores was observed in 47% of athletes, and 
only 44% of athletes were able to return to regular participa-
tion in high-impact, pivoting sports by 48 months post-oper-
ation [20].

To augment the results of microfracture procedures, a 
variety of adjuncts have been developed. One promising 
technique is the use of micronized matrix allograft cartilage. 
Micronized matrices are composed of a dehydrated, acellular 
form of cartilage that retains the extracellular matrix (ECM) 
components, thereby acting as a scaffold to stimulate autol-
ogous cell interactions [21]. The micronized matrix can be 
mixed with platelet-rich plasma (PRP) and implanted into a 
microfracture lesion, then held in place with fibrin glue. Stud-
ies utilizing in vivo microfracture in numerous animal models 
have shown encouraging results with the use of micronized 
cartilage matrix with PRP [22-24]. However, there is currently 
a paucity of in vitro studies that have investigated the effects 
of micronized matrix allograft cartilage at the genetic and cel-
lular levels.

The purpose of this study was to better understand the 
complex role that micronized allograft cartilage plays in tis-
sue regeneration. Specifically, this study focused on the use 
of BioCartilage (Arthrex Inc., Naples, FL), a proprietary mi-
cronized allograft cartilage product. In vitro experiments us-
ing two different cell types were conducted to evaluate the 
epigenetic effects of this material with the aim of better elu-
cidating its influence on cellular differentiation as a potential 
target for use in the clinical setting.

Methods

Chondrogenic gene expression
Human mesenchymal stem cells (MSCs) were isolated 

from the bone marrow of donors. The cells were expanded in 
culture using DMEM/F-12 growth media (Cellgro, Manassas, 
VA) with 10% fetal bovine serum (FBS) and 1% antibiotic-an-

timycotic solution (Cellgro). The cultures were incubated in a 
5% CO2, 95% humidity water-jacketed incubator at 37 °C. The 
cells were collected at passage 3 and seeded in monolayer 
onto standard 12-well plates. Upon reaching 90% confluence, 
the cells were exposed to one of four treatments: 1) Standard 
growth media only, which served as a control; 2) Media plus 
3.5 mg of BioCartilage; 3) Media plus 5% inactivated human 
PRP; 4) Media plus BioCartilage and PRP. Quantitative reverse 
transcriptase polymerase chain reaction (qRT-PCR) was per-
formed to measure the relative expression of three genetic 
markers associated with the hyaline chondrogenic pheno-
type: Type II collagen (COL2), aggrecan (AGG), and SYR-Box 
9 (SOX9) [25]. qRT-PCR was performed on day 3, day 7, and 
day 14 of treatment exposure. One-way analysis of variance 
[26] was used to compare gene expression among treatment 
groups and timepoints. P values less than 0.05 were consid-
ered statistically significant.

Osteogenic and angiogenic gene expression
Adipose-derived stromal cells (ADSCs) were isolated from 

human donors and cultured using standard growth media and 
incubation protocols as described above for MSCs. At passage 
four, the cells were harvested and seeded in monolayer onto 
12-well plates and exposed to one of two treatments: 1) Os-
teogenic culture media, containing DMEM/F-12 + 10% FBS + 
100 nM dexamethasone + 200 µM sodium ascorbic acid + be-
ta-glycerophosphate, which served as a control group; or 2) 
Osteogenic culture media plus BioCartilage.

In addition to being cultured in monolayer, ADSCs were 
also cultured in pellet structure using chondrogenic media 
(DMEM/F-12 + 1% FBS + 1% insulin-transferrin-selenous acid 
(ITS) supplement + 10 nM dexamethasone + 200 µM sodi-
um ascorbic acid + 10 nM transforming growth factor beta-
3 [TGF-β3]). After formation of a pellet, the cells were then 
treated with either osteogenic media only or osteogenic me-
dia plus BioCartilage.

Both the monolayer and the pellet groups were analyzed 
at day 14 using qRT-PCR to measure relative expression of 
genes associated with an osteogenic phenotype [27], includ-
ing runt-related transcription factor 2 (RUNX2), alkaline phos-
phatase (ALP), and osteocalcin (OCN), as well as genes asso-
ciated with an angiogenic phenotype [28], including vascular 
endothelial growth factor A (VEGFa) and CD31. P values less 
than 0.05 were considered statistically significant.

Results

Chondrogenic gene expression
SOX9 expression increased with the addition of BioCarti-

lage compared to the control group at all three timepoints 
(Figure 1A). The addition of PRP had no influence on SOX9 ex-
pression at day 3 and day 7. However, the PRP-treated group 
saw a decrease in SOX9 expression compared to the control 
group at day 14. The addition of both PRP and BioCartilage 
resulted in an increase in SOX9 expression at day 3 and day 
7, but not day 14. Overall, the expression of SOX9 decreased 
over the course of two weeks in most treatment groups (Fig-
ure 1B). However, the control group demonstrated a slight 
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Figure 1B.  

Figure 1A. 

Figure 1: A) SOX9 gene expression compared between treatment groups within each timepoint; B) SOX9 gene expression compared 
between timepoints.
*denotes P < 0.05, and **denotes P < 0.01.
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Figure 2A.

Figure 2B.  

Figure 2: A) COL2 gene expression compared between treatment groups within each timepoint; B) COL2 gene expression compared 
between timepoints.
*denotes P < 0.05, and **denotes P < 0.01. 
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which in turn may provide a better understanding of how mi-
cronized matrix allograft cartilage acts to regenerate cartilage 
tissue and subsequently improve joint function.

The data from this study demonstrates that MSCs treated 
with BioCartilage undergo an epigenetic upregulation in SOX9 
and COL2 gene expression at various timepoints. This sug-
gests the MSCs were exhibiting pro-chondrogenic behavior, 
as SOX9 and COL2 are markers of a hyaline cartilage pheno-
type. MSCs treated with PRP alone tended to demonstrate a 
decrease in SOX9 and AGG gene expression, indicating a pos-
sible inhibition of cartilaginous differentiation. However, the 
combination treatment of both BioCartilage and PRP showed 
a strong synergistic effect on increasing the expression of 
COL2 and AGG genes at the day 7 timepoint. This implies that 
the MSCs were undergoing the greatest degree of pro-chon-
drogenic hyaline gene expression after 7 days of BioCartilage 
+ PRP treatment. It also supports the idea that a combination 
of BioCartilage and PRP may serve as a powerful means for 
augmenting hyaline cartilage formation in microfracture pro-
cedures.

In the second phase of this study, ADSCs cultured in both 
monolayer and pellet form were treated with BioCartilage 
to examine the behavior of both osteogenic and angiogenic 
genes and to identify possible competition with the chondro-
genic pathway. RUNX2, OCN, and ALP were used as marker 
genes to assess pro-osteogenic behavior. The addition of 
BioCartilage did not result in any statistically significant dif-
ference in RUNX2 or OCN gene expression in the monolayer 
nor pellet group. However, ALP gene expression was signifi-
cantly decreased in the BioCartilage-treated groups in both 
the monolayer and pellet forms. ALP is an important marker 
of osteogenic differentiation, and these results suggest Bio-
Cartilage was downregulating genes associated osteogenic 
maturation of the ADSCs to some degree.

CD31 and VEGF were used as marker genes to measure 
the epigenetic influence of the micronized matrix allograft 
material on angiogenic factors. Treatment with BioCartilage 
resulted in a decrease in CD31 gene expression in both the 
monolayer and pellet ADSC cultures. A decrease in CD31 ex-
pression, an endothelial cell surface marker used to detect 
angiogenesis [28], suggests that BioCartilage was acting to 
suppress angiogenic differentiation and the formation of new 
blood vessels. Since cartilage tissue is avascular, this is consis-
tent with the idea that BioCartilage promotes chondrogenic 
differentiation. The data also revealed a significant increase 
in VEGFa gene expression in the BioCartilage-treated pellet 
culture compared to the control pellet. VEGFa is a member 
of the platelet-derived growth factor (PDGF)/vascular endo-
thelial growth factor (VEGF) family and induces angiogenesis 
and migration of endothelial cells to form new blood vessels. 
While this initially seems at odds with the suppressed CD31 
expression, VEGF has also been found to be a crucial factor 
in promoting chondrocyte survival and maturation [29,30]. 
Therefore, this suggests that while BioCartilage may inhib-
it the proliferation and growth of endothelial cells through  
suppression of CD31, it may also support chondrogenic differ-
entiation of the ADSCs through a promotion of VEGFa. How-
ever, this picture is confounded by studies that have shown 

increase in SOX9 expression between the day 7 and day 14 
timepoints.

COL2 expression increased with the addition of BioCarti-
lage at the day 7 timepoint only (Figure 2A). PRP did not sig-
nificantly affect COL2 expression at any timepoint. At the day 
7 timepoint only, the addition of both PRP and BioCartilage 
significantly increased COL2 expression compared to both 
the control group and the BioCartilage only treatment group. 
Overall, most treatment groups maintained relatively similar 
expression of COL2 over the course of two weeks, except for 
the control group, which showed a decrease in COL2 expres-
sion at the day 7 timepoint (Figure 2B).

The expression of AGG was not significantly affected by 
the addition of BioCartilage at any timepoint (Figure 3A). The 
addition of PRP resulted in a decrease in AGG expression com-
pared to both the control group and the BioCartilage group 
at the day 14 timepoint. The addition of both PRP and Bio-
Cartilage resulted in a significant increase in AGG expression 
compared to all other groups at the day 7 timepoint. Howev-
er, at the day 14 timepoint, PRP and BioCartilage resulted in 
a significant decrease in AGG expression compared to both 
the control group and the BioCartilage group. Overall, AGG 
expression decreased over time in most groups (Figure 3B).

Osteogenic and angiogenic gene expression
The addition of BioCartilage did not significantly affect 

RUNX2 or OCN gene expression in either the monolayer or 
pellet experimental groups (Figure 4A and Figure 4B). ALP ex-
pression decreased with the addition of BioCartilage in both 
the monolayer and the pellet groups (Figure 4C). The addition 
of BioCartilage resulted in an increase in VEGFa expression in 
the pellet group, but not in the monolayer group (Figure 4D). 
BioCartilage also resulted in a decrease in CD31 expression in 
both the monolayer and pellet groups (Figure 4E).

Discussion
Articular cartilage injuries are a common cause of signif-

icant joint disability. Thus, finding adequate treatment op-
tions to improve quality of life for affected patients is imper-
ative. Marrow stimulation procedures are designed to access 
the mesenchymal cells present in the subchondral bone so 
that these cells may fill the cartilage defect and differentiate 
into cartilage tissue. Microfracture is the most commonly em-
ployed marrow stimulation procedure, as it is an attractive, 
low-cost, single stage option for treating articular cartilage 
defects. However, patients often have residual functional lim-
itations after microfracture, likely related to the fact that the 
resulting neocartilage is typically more fibrous than hyaline 
in quality. Researchers are continuously searching for new 
methods to obtain a more hyaline-like tissue fill of the car-
tilage defect in order to achieve improved mechanical prop-
erties and better long-term outcomes. Micronized matrix al-
lograft cartilage products such as BioCartilage have emerged 
as a promising new adjunct to microfracture procedures that 
can augment surgical outcomes. However, little is current-
ly known about the effects of such adjunctive therapies on 
the cellular level. This study offers important insight into the 
epigenetic effects of BioCartilage on multipotent stem cells, 
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Figure 3B.  

Figure 3A. 

Figure 3: A) AGG gene expression compared between treatment groups within each timepoint; B) AGG gene expression compared 
between timepoints.
*denotes P < 0.05, and **denotes P < 0.01. 
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Figure 4D.  
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Figure 4: Gene expression at day 14 for monolayer and pellet experimental groups. MO: Monolayer with osteogenic media; MOB: 
Monolayer with osteogenic media and BioCartilage; PO: Pellet with osteogenic media; POB: Pellet with osteogenic media and 
BioCartilage. A) RUNX2; B) OCN; C) ALP; D) VEGFa; E) CD31.
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increased VEGF expression by ADSCs can inhibit chondrocyte 
phenotype and induce chondrocyte apoptosis [31].

Overall, the results of this study indicate that BioCartilage 
promotes the epigenetic upregulation of pro-chondrogenic 
- and more specifically, pro-hyaline - genes by multipotent 
stem cells. BioCartilage also seems to inhibit pro-osteogenic 
and pro-angiogenic gene expression and thus presumably dif-
ferentiation. These conclusions support in vivo animal studies 
and human clinical trials that report BioCartilage is a power-
ful adjunct for inducing hyaline cartilage regeneration in mi-
crofracture procedures [22-24]. Clinical trials to compare the 
efficacy of BioCartilage versus standard-of-care treatments 
of osteochondral defects are currently underway [32,33]. Al-
though relatively few human clinical studies of BioCartilage 
have been published, the general consensus thus far has 
been that BioCartilage results in a superior, more hyaline-like 
cartilage fill that mimics native articular tissue more closely 
than traditional microfracture procedures alone with virtually 
negligible risk [34-37].

The authors recognize that this study is not without limita-
tions. Performing qRT-PCR gene analysis at additional time-
points may have provided a higher level of evidence and thus 
been better able to elucidate the effects of BioCartilage on 
gene expression over time. Analyzing a greater number of 
genes may also have allowed this study to better pinpoint the 
specific effects of BioCartilage and its role in cellular differ-
entiation. Additionally, duplicating the study with ADSCs and 
MSCs in the chondrogenic and osteo-/angiogenic portions of 
the protocol, respectively, would allow for a more complete 
profile of the chondrogenic, osteogenic, and angiogenic gene 
expression in each of the two stem cell lines and thus a more 
appropriate correlation of the chondrogenic and osteo-angio-
genic behaviors in each individual cell line. Finally, although 
upregulation of the aforementioned genes is highly sugges-
tive of a pro-chondrogenic influence on stem cells by BioCar-
tilage, future studies will include more definitive quantitative 
protein studies and histologic evaluation to better validate 
this hypothesis.

This study provides valuable new information to the ex-
isting literature regarding the effects of micronized matrix 
allograft cartilage on articular cartilage regeneration. Specifi-
cally, this study better elucidated how BioCartilage may influ-
ence cartilage, bone, and blood vessel differentiation of stem 
cells on the genetic level. This knowledge affords orthopedic 
researchers and clinicians a better understanding of how ma-
terials like BioCartilage affect the stem cell-rich milieu of mi-
crofracture procedures and result in a robust hyaline cartilage 
fill that ultimately improves the quality of life of patients with 
articular cartilage injuries.
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