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Abstract

BACKGROUND: Articular cartilage repair has been a challenge in orthopedic practice due to the limited self-regenerative

capability. Optimal treatment method for cartilage defects has not been defined. We investigated the effect of decellu-

larized human placental (DHP) scaffold, mesenchymal stem cells (MSC) and platelet-rich plasma (PRP) on hyaline

cartilage regeneration in a rat model.

METHODS: An osteochondral defect was created in trochlea region of the femur in all groups, bilaterally. No additional

procedure was performed in control group (n = 14). Only the DHP scaffold was applied to the P group (n = 14). The DHP

scaffold and 1 9 106 MSCs were applied to the PS group (n = 14). The DHP scaffold and PRP were applied to the PP

group (n = 14). The DHP scaffold, 1 9 106 MSCs and PRP were applied to the PSP group (n = 14). Outcome measures at

12 weeks included Pineda histology score and qualitative histology.

RESULTS: The mean Pineda scores of P, PS, PP, and PSP groups were significantly better than the control group

(p = 0.031, p = 0.002, p\ 0.001, p\ 0001, respectively). There was no statistically difference in mean Pineda scores of

P, PS, PP, and PSP groups (p[ 0.05).

CONCLUSION: In conclusion, the DHP scaffold appears to be a promising scaffold on hyaline cartilage regeneration.

The augmentation of DHP scaffold with MSCs and PRP combinations did not enhance its efficacy on articular cartilage

regeneration.
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1 Introduction

Articular cartilage defects are a common problem in

orthopedic practice. These defects mostly occur due to

trauma or degenerative process [1]. They result in joint

pain and degeneration which lead to decreased function at

the associated extremity [2]. Treatment options of articular

cartilage defects include debridement, osteochondral graft

transfers, autologous chondrocyte implantation (ACI), and

bone marrow stimulation techniques such as microfracture

application [3]. Unfortunately, hyaline cartilage could not

be regenerated with the utility of these methods [2].

Regeneration of native hyaline cartilage is the main goal

of tissue engineering studies. Tissue engineering is based
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on the combination of suitable medium, stem cells, and

growth factors [4]. Various materials including synthetic

and biological scaffolds have been investigated for regen-

eration of articular cartilage, however, hyaline cartilage has

not been regenerated successfully [5]. Decellularized

extracellular matrix (ECM) containing scaffolds are of

interest in recent literature [6]. The ECM creates a prolif-

eration medium for cells and regulates cellular behavior

[7]. Placenta is an easily accessible tissue as a waste

material after delivery and it has a rich ECM content [8].

Promising results have been reported with the use of

decellularized human placenta (DHP) xenografts in animal

models for tissue regeneration [9, 10].

Stem cell-based tissue engineering is an alternative

method that has been intensively studied in recent years. It

has been demonstrated that mesenchymal stem cells

(MSCs) can transform into chondrocytes in vitro [11]. In

addition, encouraging results have been reported in tissue

engineering studies using xenotransplanted human MSCs

in animal models [12, 13]. Growth factors such as TGF-B,

FGF, IGF-1 are involved in cartilage regeneration [14, 15].

These growth factors have been shown to be packaged in

microsomes within platelets [16]. Platelet-rich plasma

(PRP) contains concentrated form of platelets above

baseline levels thus these growth factors can be applied at a

higher concentration with use of PRP [17].

Following these rationales, it has been hypothesized that

the DHP may be an effective scaffold in articular cartilage

regeneration. In addition, it has been hypothesized that its

effect can be enhanced with the application of MSCs and

PRP combinations. The aim of this study is to investigate

the effectiveness of DHP scaffold on articular cartilage

regeneration and evaluate the impact of MSC and PRP

applications on DHP scaffold.

2 Materials and methods

2.1 Decellularization of human placenta

The placenta fragments were obtained from residues that

had been used in previous experiments with different

purposes. Tissues that were stored in - 80 �C were thawed

gradually; first to - 20 �C in the freezer and then to

? 4 �C refrigerator. The thawed tissues were then taken

into PBS solution, which was prepared in a 1-liter flask.

Tissues in PBS solution were intermittently shaken in a

shaker for 24 h. PBS solution was replaced three times

during the 24 h shaking process. After this step, tissues

were taken into 1% (w/v) sodium dodecyl sulfate (SDS)

and shaken for 24 h at a constant shaking rate. Tissues

were then extracted from the SDS solution and washed

with PBS solution at least three times to remove excess

SDS remaining in the tissues. Tissues were then treated

with isopropanol in separate tubes for 48 h to remove

lipids. Afterwards, tissues were washed with PBS solution

at least three times. In the last stage, the enzymatic release

of DNA and RNA was performed. For this purpose, tissues

were taken into a single tube and incubated with DNAse

and RNAse enzyme mixture at 37 �C for 1 h. Finally, the

tissues were washed with PBS solution, poured into petri

dishes and lyophilized for 48 h [8].

2.2 Proliferation of mesenchymal stem cells

2.2.1 Culture and characterization of mesenchymal stem

cells

Mononuclear cells obtained from healthy bone marrow

transplant donors and isolated in our archive cryostocks

were used with the decision of the local ethics committee.

Mononuclear cells obtained from a healthy, eight-year-old

female bone marrow donor that were cryopreserved at

- 196 �C were thawn at 37 �C. Then, 20 9 106 cells were

cultured in complete medium consisting of 10 ml of

growth medium (DMEM-LG), 10% fetal bovine serum, 1%

L-Gutamine, and 1% antibiotic (Penicillin–Streptomycin)

in T75 flask and incubated at 37 �C in 5% CO2. Cell cul-

ture was continued until adherent cells revealed an adher-

ent fibroblastic morphology at the 4th passage. Culture

mediums were exchanged with fresh mediums after

48–72 h to remove non-adherent cells. The culture was

continued by checking with an inverted microscope every

day and changing the culture medium every three days.

When cells reached 70–80% confluence, cells were har-

vested with 0.25% trypsin/1 ml EDTA at 7–12 days. In

subsequent passages, cells were cultured in T75 flask with

of a density 2 9 103 cells/cm2. In this way, proliferation

was carried out until the 3rd passage.

Cells isolated from human bone marrow were identified

by antibodies in flow cytometry. CD29 (BD Biosciences,

Bedford, MA, USA), CD34 (BD Biosciences), CD44 (e-

bioscience), CD45 (BD Biosciences), CD73 (BD Bio-

sciences), CD90 (BD Biosciences), CD105 (e-bioscience),

CD146 (BD Biosciences) were used as an antibody panel

in Navios (Beckman Coulter, Inc., Brea, CA, USA) flow

cytometry.

MSCs were evaluated in Passage 4 by flow cytometry

according to cell size, granularity and antibody expression.

The differentiation capacity of the cells was tested in

osteogenic and adipogenic differentiation assays according

to standard protocols [18].
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2.2.2 MSC characterization

Adherent cells at passage 4 showed fibroblastic morphol-

ogy and a homogenous cell population was obtained in all

cultures. The cells demonstrated 95% positivity for stromal

markers including CD105, CD90, CD73, CD29 and CD44.

Hematopoietic markers, CD146, CD45 and CD34, were

negative. The differentiation capacity of MSCs was con-

firmed by positive staining in osteogenic and adipogenic

differentiation assays after 21 days of culture.

2.2.3 Labeling of MSCs by iron-particles

MSCs were allowed to grow until 80–90% confluence,

before changing culture medium. Cells were magnetically

labeled to trace their survival after the implantation in vivo

with 50 lg/ml ferrum oxide (Endorem; Guerbet, Ville-

pinte, France) and complexed to 0.375 g/ml poly-L-lysine

(Sigma-Aldrich Chemical Co., St. Louis, MO, USA).

Labeled MSCs were prepared for administration in PBS in

a concentration of 1 9 106 cells for each cartilage defect.

2.3 Preparation of the PRP

10 ml of intracardiac blood was drawn from one rat. Then

1 ml sodium gluconate anticoagulant was added to the

blood and the erythrocytes were separated by centrifuga-

tion at 1200 rpm for 5 min. After the erythrocytes were

separated remaining plasma was centrifuged again at

1200 rpm for 10 min. Allogenic PRP was used during the

surgical procedure.

2.4 Animal model

The study was carried out in an animal research laboratory

with male, average weight of 350 grams, inbred Wistar

albino rats after obtaining local ethics committee approval.

The study was conducted in accordance with the Declara-

tion of Helsinki. The rats were randomly divided into 5

groups containing 7 animals in each group. Prior to surgical

procedure, all animals were allowed to acclimate to the

laboratory environment for a period of 10 days. All rats

were kept in 22 ± 2 �C environmental temperature in 12 h

light and 12 h darkness cycle in plastic cages with access to

food and water. None of the rats had been subjected to any

experiments prior to this study.

Anesthesia was provided with 50 mg/kg of ketamine

hydrochloride and 5 mg/kg xylazine injected intraperi-

toneally. After the completion of anesthesia, arthrotomy

was performed with medial parapatellar approach to the

knee joint to reveal the trochlea region of the femur. An

osteochondral defect, 2 mm diameter and 3 mm depth, was

created with a 2 mm drill bit in subjects’ trochlea region of

the femur in all groups, bilaterally. 1 9 106 MSCs and

1 ml PRP were combined with 3 9 3 9 3 mm sized DHP

scaffold before the application to the defected area (Fig. 1).

No additional procedure was performed in the control

group (n = 14). Only the DHP scaffold was applied to the P

group (n = 14). The DHP scaffold and 1 9 106 MSCs

were applied to the PS group (n = 14). The DHP scaffold

and PRP were applied to the PP group (n = 14). The DHP,

1 9 106 MSCs and PRP were applied to the PSP group

(n = 14). Rats were then put into separate cages with no

restriction of activities. Rats were euthanized after

12 weeks of follow-up for histological evaluation.

2.5 Histological evaluation

Tissue samples were fixed in buffered 10% neutral

formaldehyde solution for 48 h and then were decalcified

via immersion in De Castro solution, then rinsed in buffer

and dehydrated in a graded ethanol series before embed-

ding in paraffin. 5 micron thick serial sections were cut by

a rotary microtome (Thermo Fisher Scientific, Dreieich,

Germany). Sections were stained with Hematoxylin–Eosin,

Masson’s trichrome and Safranin-O stains for evaluation of

cartilage regeneration. Prussian blue stain was used for the

cell tracing of labeled MSCs. Preparations were examined

with Leica DMi8 research light microscope. Digital images

were captured with Leica DFC 7000 digital color camera.

Histological scoring was performed with Pineda score [19].

2.6 Statistical analysis

Distribution of variables was measured with the Kol-

mogorov–Smirnov test. The mean values of Pineda scores

among groups were analyzed by Kruskal–Wallis test.

Dunn’s test was performed to make pairwise comparisons.

Confidence interval was accepted as 0.05. The data were

made by SPSS v23 (IBM Corporation, Armonk, NY,

USA).

3 Results

Since one rat from the control group was dead during the

surgical procedure, 12 femurs were available to be taken

into histological evaluation in the control group. 14 femurs

were analyzed in P, PS, PP and PSP groups.

3.1 Qualitative cartilage histology

In some sections stained with Prussian blue stain, we

observed iron labeled particles within chondrocytes which

may be an indicator of survival of iron-labeled MSCs and

transformation into chondrocytes (Fig. 2).
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The defects created during the surgical procedure was

left to natural healing in the control group. Minimal car-

tilage formation was observed after 12 weeks. (Fig. 3).

In P group, the chondrocytes were observed as quadru-

ple isogenous groups, not separate from each other in the

lacuna, indicating that the regenerated cartilage was in

intramembranous growth stage. Morphologically, chon-

drocytes started to make their own lacuna. Matrix staining

was weak thus cartilage matrix production was relatively

slow. Regenerated cartilage was not fully connected to

bone. P group was more developed than the control group

(Fig. 4).

In PS group, addition of MSCs to the DHP scaffold

increased chondrocyte proliferation and matrix production

compared to the C group. However, cartilage regeneration

of PS group was inferior to PP and PSP groups while it was

slightly better than P group. (Figure 5).

In PP group, chondrocyte clustering was reduced com-

pared to the P group demonstrating that PRP stimulated

chondrocyte proliferation. Furthermore, the proportion of

chondrocytes observed in developed lacunae was increased

which expresses cell development. Matrix production was

increased indicating an advanced level of cartilage pro-

duction. Matrix staining and reconstruction of osteochon-

dral junction were better than C and P groups (Fig. 6).

In PSP group, cartilage regeneration was better for

matrix production, chondrocyte differentiation and

restoration of osteochondral junction compared to other

groups due to stimulation of matrix production and

Fig. 1 2mm osteochondral defect on A rat trochlea, B combination of MSCs with DHP scaffold, C application of DHP scaffold to the defect

Fig. 2 Histology Sect. (409) stained with Prussian blue stain

representing the iron labeled particles within a chondrocyte which

may be a signal for the survival of iron-labeled mesenchymal stem

cell

Fig. 3 Sections (109) stained with A Hematoxylin–Eosin, B Masson’s trichrome and C Safranin-O. Minimal cartilage formation was observed

in control group
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mutagenicity by PRP and increased number of potential

chondrocytes by addition of MSCs. Chondrocytes were

individually observed in developed lacunae as mature

hyaline cartilage. Furthermore, metachromatic territorial

matrix that is rich in sulphated glycosaminoglycans and

interterritorial matrix that is rich in collagen and poor in

sulphated glycosaminoglycan were observed indicating

regeneration of mature articular cartilage (Fig. 7).

3.2 Quantitative histology

The mean Pineda scores of P, PS, PP, and PSP groups were

significantly better than control group (p = 0.031,

p = 0.002, p\ 0.001, p\ 0001, respectively) (Fig. 8).

There was no statistical difference at mean Pineda scores

between P and PS, PP, PSP groups (p = 1.000, p = 0.710,

p = 0.192, respectively).

4 Discussion

The original structure of articular cartilage could not be

regenerated with any of the methods described in the lit-

erature [2]. Our study was designed based on the triad of

bioengineering including a suitable scaffold, stem cells and

growth factors [11]. This is the first study examining the

effect of MSCs and PRP together with DHP scaffold on a

defected articular cartilage model and has shown qualita-

tive and quantitative improvement of the defected

cartilage.

Since articular cartilage is a highly specialized tissue

and its regeneration capacity is limited, creation of a suit-

able medium (niche) for regeneration is crucial [20]. The

human placenta was chosen as an universal scaffold due to

its rich ECM content [8]. In the previous literature,

promising results have been reported with use of DHP

scaffolds in non-cartilage tissues. Francis et al. [9]

demonstrated that DHP hydrogel reduced cardiac scarring

Fig. 4 Sections (109) stained with A Hematoxylin–Eosin, B Masson’s trichrome and C Safranin-O. Chondrocytes were found to be quadruple

isogenous groups and matrix staining was weak in P group

Fig. 5 Sections (10x) stained with A Masson’s trichrome, B Hematoxylin–Eosin and C Safranin-O. Better chondrocyte proliferation and matrix

production in PS group compared to the C group

Fig. 6 Sections (109) stained with A Hematoxylin–Eosin, B Masson’s trichrome and C Safranin-O. Chondrocyte clustering was reduced,

matrix production and reconstruction of osteochondral junction was significantly better than C group in PP group
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in a rat model with ischemic myocardium. Kakabadze et al.

[10] reported DHP vessels were re-endothelialized by

adjacent native cells and bridged vessel defects in rats. In

the current study, DHP scaffold was found to be a

promising scaffold on hyaline cartilage regeneration.

Human placenta could be transformed from being a waste

material to a scaffold for cartilage regeneration by decel-

lularization process.

Stem-cell based treatments have been intensively

investigated in cartilage regeneration. However, the xeno-

transplantation of MSCs in cartilage tissue engineering is

an issue to debate. The xenotransplatation of MSCs to

immune-competent subjects could potentially start an

immune reaction. On the other hand, MSCs are considered

to be non-immunogenic because they do not express his-

tocompatibility complex II, they can release non-inflam-

matory paracrine factors such as TGF-B and prostoglandin

E2 [21]. Besides, the immunogenicity of the host tissue

might be an important factor in xenotransplantation of

MSCs. Articular cartilage has reduced vascularity which

can decrease the immunogenicity of the tissue. Wang et al.

used human adipose-derived MSCs to treat knee

osteoarthritis in a rat model. They reported that all the rats

were alive and they did not observe any side effects [22]. In

addition, many previous study have shown that human

MSCs can survive and be used in xenogenic immun-

competent subjects [12, 13, 23]. The xenotransplantation of

MSCs have some potential advantages over autotrans-

plantation such as ease of use, timing of harvesting and

reduced donor site morbidity [23]. In the current study,

human bone marrow derived MSCs were used in a rat

model and none of the rats were dead during 12 weeks

follow-ups. We acknowledge that further studies utilizing

MSCs from the same the recipients would be beneficial to

obtain more reliable results.

The survival of xenotransplanted human MSCs remains

unclear. A number of studies evaluated the survival of

human MSCs in animal models. Li et al. [24] reported that

the signals of 2.5 9 106 DiD-labeled MSCs could be

observed up to 70 days following injection to knee joint.

On the contrary, McKinney et al. [25] could not detect

bioluminescent signals of human bone marrow derived

MSCs in the rat knee joint at day 7 after injection. Besides,

iron labeled MSCs have been reported to be traced in vivo

up to 12 weeks [26]. Various survival days of MSCs may

be emerged due to the different labeling methods, number

of injected cells and different follow-up durations. In the

current study, we labeled MSCs with iron particles prior to

application to cartilage defect. At the 12 week follow-up,

we observed that some particles within chondrocytes were

stained with Prussian blue which could be a signal for the

survival of the MSCs.

The efficacy of MSCs on cartilage regeneration alone or

combination with scaffolds has been investigated in pre-

clinical studies. Kim et al. [27] reported that MSCs with

hydrogels inhibit osteoarthritis progression in a rat model.

Soulner et al. [28] demonstrated that human neonatal

MSCs could prevent osteoarthritis in a rabbit model.

However, Dhinsa et al. [29] reported that the use of MSCs

alone to treat cartilage injury has very limited effect. In the

present study, 1 9 106 MSCs were combined with DHP

scaffold. Chondrocyte proliferation and matrix production

Fig. 7 Sections (109) stained with A Hematoxylin–Eosin, B Masson’s trichrome and C Safranin-O. Chondrocytes were individually observed

in developed lacunae in PSP group

Fig. 8 Distribution of mean Pineda scores among groups. *p\ 0.05,

**p\ 0.01, ***p\ 0.001 C: control, P: DHP scaffold, PS: DHP

scaffold and MSCs, PP: DHP scaffold and PRP, PSP: DHP scaffold,

MSCs and PRP
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were significantly better in PS group compared to the

control group. PS group had better qualitative histology

than P group, however, there was no statistical difference at

mean Pineda scores between P and PS groups. The xeno-

genic origin and the non-optimized number of MSCs could

be the reason that MSCs did not enhance the effect of the

DHP scaffold.

Growth factors help stem cell transformation into

chondrocytes as well as maintaining ECM synthesis [15].

PRP is widely used as a source of growth factors [17]. The

mechanism of PRP on cartilage regeneration is still

debating. There are controversial studies regarding the

effect of PRP on cartilage regeneration. Sun et al. showed

that PRP with poly-lactic-glycolic acid improves osteo-

chondral healing in a rabbit model while Kon et al.

reported addition of PRP to a triphasic hydroxyapatite-

collagen scaffold had a negative effect on osteochondral

lesion repair [30, 31]. In the current study, cartilage

regeneration was at an advanced stage in the PP group

compared to the control group. However, there was no

difference at mean Pineda score of P and PP groups.

Administration of 1 ml PRP with DHP scaffold did not had

a positive effect on articular cartilage regeneration. The

discrepancies in the efficacy of PRP regarding cartilage

regeneration in the current study and the existing literature

may be due to the non-standardized dosage of PRP.

The PSP group was designed based on triad of tissue

engineering. It was hypothesized that MSCs would be

distributed within the three-dimensional structure of DHP

scaffold and cartilage regeneration would be enhanced with

the growth factors provided by PRP. In PSP group, chon-

drocytes were observed individually within the lacuna.

Cartilage regeneration was superior to the control group

but administration of 1 9 106 MSCs and PRP did not

significantly improve the effect of DHP scaffold. The dif-

ference in the origins of MSCs and PRP may have influ-

enced the results. A further study using the same species

would be valuable to reveal the combined effect of MSCs

and PRP.

In the current orthopaedic practice, mosaicplasty and

ACI are the most preferred methods aiming cartilage

regeneration. Hyaline-like cartilage is obtained from these

methods [32, 33]. These methods have major drawbacks.

Mosaicplasty could be used in restricted surface area due to

its donor site morbidities and ACI requires two-stage sur-

gery [32, 34]. Considering the limitations of existing

treatment options, cartilage tissue engineering studies are

promising in the treatment of articular cartilage defects. In

the present study, P group showed superior cartilage

regeneration compared to the control group, and the

administration of MSCs and PRP combinations did not

significantly improve the effect of DHP. Thus DHP scaf-

fold may have potential in producing hyaline cartilage.

Our study has some limitations. The amount of admin-

istered MSCs and PRP were not optimized. Further studies

are needed to determine the optimal amount of MSCs and

PRP. Present study was conducted on an acute cartilage

lesion. A further study would be beneficial to determine the

healing capacity of chronic lesions. Since our study was an

animal model further studies are required to translate our

findings to human applications.

In conclusion, the DHP scaffold appears to be a

promising scaffold on hyaline cartilage regeneration. The

utility of MSC and PRP combinations with the DHP

scaffold did not improve the efficacy of the DHP scaffold.
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