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A B S T R A C T   

Recently, biomaterials for cartilage regeneration has been intensively investigated. However, the development of 
scaffolds that capture regenerated cartilage with biomechanical and structural recovery has rarely been reported. 
To address this challenge, platelet-rich plasma (PRP)-based cartilage constructs with a well-orchestrated sym-
phony of cellular, biochemical and biomechanical elements were prepared by simultaneously employing 
chondrogenic progenitor cells (CPCs) as a cell source, optimizing platelet concentration, and adding an enzyme- 
ion activator. It was shown that this triple-optimized PRP + CPC construct possessed increased biomechanical 
properties and suitable biochemical signals. The following in vitro study demonstrated that the triple-optimized 
PRP + CPC constructs generated cartilage-like tissue with higher expression levels of chondrogenic-specific 
markers, more deposition of cartilage-specific extracellular matrix (ECM), and greater biomechanical values 
than those of the other constructs. Twelve weeks after the construct was implanted in a cartilage defect in vivo, 
histological analysis, qPCR, and biomechanical tests collectively showed that the triple-optimized constructs 
yielded a more chondrocyte-like cell phenotype with a higher synthesis of Col-II and aggrecan. More importantly, 
the triple-optimized constructs facilitated cartilage regeneration with better biomechanical recovery than that of 
the other constructs. These results demonstrate the efficacy of the triple-optimization strategy and highlight the 
simplicity and potency of this PRP + CPC construct for cartilage regeneration.   

1. Introduction 

The repair of cartilage defects is still considered a clinical challenge, 
and cartilage tissue engineering has led to the development of several 
biomaterials for cartilage regeneration [1,2]. A variety of cartilage 

substitute materials, such as protein-based matrices, bioactive ceramic 
scaffolds, and composite materials, have been explored [3–5]. However, 
there are still many difficult problems in treating cartilage defects with 
tissue engineering. One major problem is that the majority of bioengi-
neering efforts fail to capture fully functional regenerated cartilage that 
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simultaneously facilitates biomechanical and structural recovery. 
Recently, platelet-rich plasma (PRP) has attracted much attention for 

tissue engineering applications due to its low immunogenicity, high 
biodegradability, and cost-effectiveness [6,7]. In particular, as a pool of 
growth factors, PRP can provide endogenous growth factors and allow 
the transfer of nutrients within the material. Meanwhile, such bio-
mimetic scaffolds can offer support for initializing the tissue repair 
process and provide conductive 3-dimensional (3-D) structures for cell 
migration and proliferation [7]. These characteristics provide PRP with 
potential to facilitate cartilage regeneration from the 3 primary aspects 
of tissue engineering: carrier/scaffold, cell resources, and bioactive 
factors. Nevertheless, PRP-based cartilage tissue engineering is faced 
with many challenges. First of all, selecting a favorable cell source is a 
crucial step in improving PRP-based cartilage tissue engineering due to 
its core role in administrating the synthesis of extracellular matrix 
(ECM) and the architecture of new tissue [8,9]. Additionally, achieving 
sufficient mechanical strength in PRP plays a critical role in creating and 
maintaining the biomechanics of newly regenerated tissue as well as in 
supporting tissue remodeling [10,11]. However, the high liquid content 
of PRP gels (nearly 90%) is generally accompanied by a poor biome-
chanical feature that largely hampers the applications of this soft ma-
terial in cartilage regeneration, which highlights the necessity of 

improving PRP strength [12]. Furthermore, growth factors at different 
concentrations yield discrepant effects on biological behaviors of cell 
sources, especially guiding them toward insufficient proliferation and 
undesirable differentiation [13–15]. However, PRPs with different 
platelet concentraions elicited evidently discriminatory growth factors 
within PRP gels [16]. Therefore, we need to capture a unique combi-
nation of favorable cell sources, reinforced PRP biomechanics, and 
optimized platelet concentrations to facilitate the structural and me-
chanical reconstruction of regenerated cartilage. 

Recently, chondrogenic progenitor cells (CPCs) have gained 
increasing attentions as a potential cell source for tissue repairing due to 
their self-renewal, chondrogenesis potential, and migratory capabilities 
[17,18]. To pursue a suitable cell source for cartilage regeneration, we 
explored the intrinsic ability of CPCs, mesenchymal stem cells (MSCs), 
and chondrocytes to chondrogenic differentiation, and compared the 
effects of PRP on their proliferation and chondrogenesis in vitro and in 
vivo in our previous work. It was shown that CPCs possessed superior 
innate potential for chondrogenesis and exhibited a higher response to 
PRP stimulation over that of MSCs and chondrocytes [19]. Therefore, we 
hypothesized that CPCs could be applied as a favorable cell source in 
PRP-mediated cartilage tissue engineering. 

Scaffolds can provide mechanical support for the initial regenerated 

Fig. 1. Schematic diagrams of the fabrication of cellular, biochemical, and biomechanical triple-optimized PRP + CPC constructs. (A) Preparation of PRP through 
double centrifugation process. (B) Manufacturing the triple-optimized PRP + CPC constructs. (a) Compared the effects of PRP on CPC, MSC and chondrocyte 
proliferation, chondrogenesis and cartilage regeneration, and consequently selected CPCs as the superior cell source. (b) Optimization of platelet concentration for 
PRP constructs by assessing CPC proliferation, and differentiation post-stimulation of a series of PRPs of different concentrations. (c) Optimization of biomechanics 
for PRP constructs by using biomechanical tests and rheological assay. 
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tissue and contribute to the physiological evolution of the microstruc-
ture in the process of regeneration, so the biomechanical performance of 
the scaffold itself appears extremely important [20]. However, only a 
few studies to date have reported that PRP could achieve sufficient and 
controlled biomechanics in engineering constructs [21]. Thrombin can 
transform fibrinogen into fibrin, which is the core role in the coagulation 
and clotting formation processes [22]. Meanwhile, calcium ions (Ca2+) 
are important participants in IX, X, XI, and thrombin activation in the 
coagulation process [23–26]. However, coagulation can be inhibited by 
an excessive Ca2+, and anticoagulation occurs when the concentration is 
above 20 mmol/L [27,28]. That is, Ca2+ levels that are neither too high 
nor too low are suitable for biomechanical applications in tissue 
reconstruction. Thus, it is reasonable to postulate that preparing an 
appropriate cocktail of thrombin and Ca2+ is an efficient strategy to 
improve the biomechanics of PRP-based constructs. 

Therefore, we recognized that the engineering constructs should 
reestablish not only the structural properties, such as those of the cell 
and matrix, but also the biochemical and biomechanical functions. To 
realize this aim, we designed a simple, three-step method to manufac-
ture PRP-based engineering constructs with enzyme-ion-responsive 
biomechanical properties, appropriate biofactors, and favorable cell 
sources (Fig. 1). In brief, we employed CPCs as the favorable cell source, 
optimized platelet concentration for favorable growth factors, and 
strengthened PRP + CPC constructs using Ca2+-thrombin cocktail. 
Considering the simultaneous optimizations of 3 basic elements of tissue 
engineering including cell resources, biochemistry, and biomechanics, 
we hypothesized that this orchestrated triple-optimized PRP + CPC 
construct could reconstruct cartilaginous microstructure and restore 
proper cartilage biomechanics both in vitro and in vivo. 

2. Materials and methods 

2.1. Isolation, expansion, and identification of CPCs 

After obtaining institutional review board of People’s Liberation 
Army General Hospital (CAAE: 14878813.4.0000.5533), fresh articular 
cartilages were obtained from the femur condyle of 5 road-accident 
patients undergoing lower limb amputation (3 males and 2 females, 
with an average age of 32 years). CPCs were obtained from non-
weightbearing area of the lateral aspect of lateral femoral condyle and 
incubated as previously described in our published study [19]. Chon-
drogenic, osteogenic, and adipogenic inductions were performed to 
explore the multi-lineage differentiation ability of these CPCs, and cell 
migration/chemotaxis assays were performed to assess migratory ca-
pabilities according to a previous study [19]. 

2.2. Preparation of PRP 

The blood samples were obtained from the five donors. A double 
centrifugation process was conducted to prepare PRP as previously 
described [29]. In brief, whole blood samples were centrifuged at 300g 
for 10 min before the whole upper phase and the top red layer (1–2 mm) 
were taken for a second centrifugation at 1200g for another 10 min. 
Then 85% volume of plasma was removed from the upper layer of 
centrifuge tube, and only 1–2 ml of plasma at the bottom of the 
centrifuge tube was reserved as PRP. The platelet concentration in the 
prepared PRP was determined using a cytoanalyzer. Per the measured 
platelet concentration, different volumes of plasma in the upper phase 
after second centrifugation were added to the prepared PRP to create a 
series of PRPs with concentrations of 500 × 109 platelets (pl)/L, 1000 ×
109 pl/L, 2000 × 109 pl/L, 3000 × 109 pl/L, 4000 × 109 pl/L, and 5000 
× 109 pl/L. Serum was considered PRP with 0 × 109 pl/L. Human 
TGF-β1, PDGF-AB, IGF1, and bFGF concentrations in the series of PRPs 
were determined according to the reagent protocols of the quantitative 
Enzyme-linked Immunosorbent Assay (ELISA) Kits (R&D Systems, 
Minneapolis). Optical density was determined at 450 nm as previously 

reported [16]. 

2.3. Optimization of platelet concentration for PRP constructs 

Chondrogenic differentiation of CPCs cocultured with PRP were 
assessed to screen the optimal platelet concentration for preparing 
construct. Briefly, the aforementioned series of PRPs were activated 
with a cocktail of 10% CaCl2 and bovine thrombin (20 U/mL) in 1:9 vol/ 
vol to create PRP gels following a centrifugation at 3000g for 10 min to 
collect the supernatant, which was considered as activated PRPs. Then, 
third-generation CPCs were seeded at a density of 2000 cells per well in 
48-well culture plates and the aforementioned activated PRPs were 
added to the reservoirs in 10% vol/vol After 2 weeks of induction, CPCs 
were fixed in 4% paraformaldehyde and stained with antibodies for 
human collagen type I (Col-I), collagen type II (Col-II), collagen type X 
(Col-X) (BD Biosciences), and Sox-9 (R&D systems). The cell nuclei were 
stained with 40, 6-diamidino-2-phenylindole (DAPI) (Vector Labora-
tories). To analyze matrix formation of CPCs, Toluidine Blue, Safranin-O 
and Alcian Blue staining were carried out. The images were observed 
and captured by a fluorescence microscope (Olympus BX53). To eval-
uate gene expression levels of human Col-I, Col-II, Sox-9, and aggrecan 
in CPCs, RT-qPCR analysis (Table S1) was conducted. 

2.4. Reinforcement of biomechanics for PRP constructs 

To achieve the reinforced biomechanics of constructs, PRPs with 
4000 × 109 pl/L were mixed with a series of cocktails of 5% CaCl2, 10% 
CaCl2, 15% CaCl2 intersecting with 0 U/ml bovine thrombin (BT), 20 U/ 
ml BT, 40 U/ml BT and 80 U/ml BT in 1:9 vol/vol Tensile strength test, 
compression test, and sheer test were carried out as previously described 
[19,30,31]. Additionally, considering that rheological property was 
another crucial mechanical characterization to investigate the PRP gel 
mechanics during the cross-linking process, oscillatory rheology of PRP 
was further conducted [32,33]. Briefly, each 5 ml PRP with concentra-
tion of 4000 × 109 pl/L was mixed with the aforementioned series of 
cocktails of CaCl2 and BT to create PRP constructs in a culture dish with 
diameter of 2 cm. The following rheological experiments of the PRP 
constructs were performed using HAAKE Rheometer 600 with a parallel 
plate (20 mm diameter, 0.5 mm gap) in oscillatory mode at 37 ◦C with a 
certain oscillatory amplitude sweep (γ = 0.1–100, f = 1 Hz) within the 
linear viscoelastic region. All the experiments were performed in three 
parallel samples. 

2.5. Improvement of biodegradability for PRP constructs 

To assess the biodegradability of PRP constructs, PRPs with 4000 ×
109 pl/L were mixed with the aforementioned series of cocktails of CaCl2 
and BT. A trephine with a diameter of 5 mm (Nouvag AG) was used to 
mold PRP constructs with similar shapes. Then, these PRP gels were 
immersed in PBS at 37 ◦C (pH 7.4) following measurement of weight 
after removing the water on the surface every day. All the experiments 
were performed in three parallel samples. 

To calculate the release of pro-inflammatory cytokines during 
hydrogel degradation, the released amount of IL-1β and IL-6 were 
quantified using ELISA kits (R&D Systems, Minneapolis) on day 6. Op-
tical density was determined at 450 nm. 

2.6. Morphological characteristics of the triple-optimized PRP + CPC 
constructs 

Flow cytometry analysis of platelet membrane markers, i.e., CD41a 
and CD42b, and transmission electron microscopy (TEM) for the 
observation of platelet ultrastructure were conducted to assess the pu-
rity and integrity of platelets in PRP constructs. Scanning electron mi-
croscopy (SEM) and HE staining (hematoxylin-eosin) were carried out to 
characterize the histological and ultrastructural morphologies of the 
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PRP + CPC constructs. 

2.7. In vitro cartilage regeneration of constructs 

To create PRP + CPC constructs, 1 × 106 CPCs at passage 3 were 
collected and suspended by 500 μL of PRPs, followed by treatment of a 
cocktail of 10% CaCl2–40U/ml BT or not (Table 1). Constructs were 
cultured in DMEM supplemented with 10% vol/vol FBS, and incubated 
at 37 ◦C in an atmosphere of 5% CO2. For chondrogenic differentiation, 
1 × 106 CPCs were centrifuged in polypropylene tubes at 300g for 10 
min to form a pellet and maintained in chondrogenic induction medium 
consisting of DMEM, supplemented with 1% vol/vol insulin-transferrin- 
sodium selenite, 10− 7 M dexamethasone, 1 mM sodium pyruvate, 50 μM 
ascorbate-2-phosphate, 50 μg/mL proline, and 20 ng/mL TGF-β3, which 
was regarded as a successful method to generate cartilage in vitro and 
can serve as positive control group according to previous studies [17,19, 
34]. On day 28, the constructs were fixed and sectioned, followed by 
evaluation of the cartilaginous matrix by HE, toluidine blue, and 
Safran-O staining. The expression of Col-II was detected by immuno-
histochemistry [35]. The images were captured using a microscope 
under brightfield mode and evaluated blindly by 5 graders according to 
the guidelines of the visual scoring system (Bern Score) based on pub-
lished protocols for in vitro generated cartilaginous tissue [36]. For 
determining the biomechanical capacity of regenerated cartilage, the 
regenerated tissues from 6 groups were cut into square sections (2 mm3) 
along the long axis and subjected to biomechanical tests including ten-
sile, compressive, and shear testing [19]. 

2.8. Implantation of the PRP + CPC constructs in the rabbit model 

The animal experiment was approved by the Institutional Animal 
Care and Use Committee of PLA General Hospital. PRP + CPC constructs 
prepared from the five donors were molded by a trephine with a 
diameter of 5 mm (Nouvag AG) for implantation. A total of 30 5-mouth 
male New Zealand White rabbits were purchased from Beijing Vital 
River Laboratory Animal Technology Co., Ltd., and equally allocated 
into 6 groups as shown in Table 1. Under anesthetic with intramuscular 
injections of ketamine hydrochloride (60 mg/kg) and xylazine (6 mg/ 
kg), the patella was dislocated to expose the distal femur, followed by 
the creation of a critical-sized cylindrical cartilage defects (5 mm in 
diameter and 2 mm in depth) on the femur trochlea by using the 
trephine [37]. Post debridement of the margins of the lesion, the PRP +
CPC constructs were implanted into the defects and the patella was 
reset. After closing the capsule with sutures, the operated limb was 
immobilized for 7 days by splints to preserve primary healing. 

At 12 weeks after the operation, the rabbits were sacrificed, and the 
operated distal femurs were dissected followed by macroscopic obser-
vation, histological analysis, and biomechanical examination. Briefly, 
histological examination and immunohistochemistry were performed 
for general histology. Alcian blue, Safranin-O, Toluidine blue staining, 

and immunohistochemical analysis were performed to assess the carti-
laginous matrix distribution. The International Cartilage Repair Society 
(ICRS) assessment scores for cartilage repair all samples were used to 
graded the regenerated tissue [38]. To evaluate the cartilaginous matrix 
formation in vivo, human Col-I, Col-II, Sox-9, and aggrecan gene 
expression levels of newborn tissues were analyzed by RT-qPCR. For 
determining the biomechanical capacity of regenerated cartilage, the 
newborn tissues from 6 groups were cut into square sections (2 mm3) 
along the long axis and subjected to tensile, compressive, and shear 
testing [19]. 

2.9. Statistical analysis 

At least triplicate parallel samples were performed for each set of 
results. The outcomes were assumed to have a normal distribution and 
homogeneous variance. One-way analysis of variance (ANOVA) and 
Bonferroni post hoc tests using SPSS 18.0 software (SPSS, Inc., Chicago, 
IL, USA) was used to analyze the differences among the groups. The data 
are expressed as the mean ± standard error of the mean (SEM). A P value 
of less than 0.05 was considered statistically significant (*P < 0.05, **P 
< 0.01, and ***P < 0.001). 

3. Results 

3.1. Identification and characteristics of CPCs 

Approximately 2 weeks after the initial culture, primary CPCs were 
expanded in a monolayer and exhibited a fibroblast-like morphology. 
When the cells were transferred after 2–5 generations, they had homo-
geneously long fusiform or polygonal structures (Fig. S1A). Compared 
with chondrocytes, CPCs responded much more strongly to treatment 
with HMGB1, at a level approximately 2.0- to 2.5-fold that of the control 
groups, indicating its prominent migratory capacity (Fig. S1B). Addi-
tionally, strong positive Alcian blue and Toluidine blue staining in the 
chondroinductive CPCs revealed their intrinsic propensity for chon-
drogenesis. Furthermore, intracellular ALP and mineralized matrix 
could be observed in the osteoinductive CPCs, but intracytoplasmic lipid 
droplet accumulation was only slightly visible in the adipogenic- 
inductive CPCs, indicating their maintained potential to become osteo-
cytes but limited fate toward adipocytes (Fig. S1C). The mRNA expres-
sion levels of Col-II, Sox-9, OCN, Runx-2, CEBP/α, and PPAP/γ in CPCs 
after treatment with the trilineage induction medium further conformed 
their intrinsic propensity toward chondrogenesis (Fig. S1D). These re-
sults substantially support CPCs as a favorable cell source in PRP-based 
cartilage tissue engineering, which can undergo multilineage differen-
tiation but its lineage is restricted to differentiate into chondrocytes. 

3.2. Optimization of biochemical properties for PRP constructs 

To evaluate the potential impacts on the chondrogenic capability of 

Table 1 
Experimental groups of the in vitro and in vivo studies.   

Groups Optimization Treatment 

In vitro CPC group Control Pellets of 1 × 106 CPCs post centrifugation 
PRP + CPC group Single PRP with 1070 × 109 pl/L + CPC constructs 
Biochemical PRP + CPC group Dual PRP with 4000 × 109 pl/L + CPC constructs 
Biomechanical PRP + CPC group Dual PRP with 1070 × 109 pl/L treated with cocktail of 10% CaCl2–40U/ml BT + CPC constructs 
Triple-optimization group Triple PRP with 4000 × 109 pl/L treated by cocktail of 10% CaCl2–40U/ml BT + CPC constructs 
Chondrogenic-induction group Positive control Chondrogenic-inducted CPC constructs 

In vivo Untreated group Non Cartilage defects without treatment 
PRP + CPC group Single PRP with 1070 × 109 pl/L + CPC constructs 
Biochemical PRP + CPC group Dual PRP with 4000 × 109 pl/L + CPC constructs 
Biomechanical PRP + CPC group Dual PRP with 1070 × 109 pl/L treated with cocktail of 10% CaCl2–40U/ml BT + CPC constructs 
Triple-optimization group Triple PRP with 4000 × 109 pl/L treated by cocktail of 10% CaCl2–40U/ml BT + CPC constructs 
Positive control group Native Sham-operated 

PRP, platelet-rich plasma; CPC, chondrogenic progenitor cells; BT, bovine thrombin. 
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CPCs induced by PRPs with different platelet concentrations, cellular 
immunofluorescence, cytochemical staining, and qPCR analysis were 
performed. Results in Fig. 2A show the discriminatory chondrogenic- 
related protein expression along with the treatments of a series of 
PRPs: gradually increased Sox-9 and Col-II components were detected 
when the PRP concentrations were below 4000 × 109 pl/L, whereas 

gradually decreased Col-I and Col-X contents were detected when the 
PRP concentrations were below 5000 × 109 pl/L; meanwhile, these 
contents were comparable to each other between the 3000 × 109 pl/L 
and 4000 × 109 pl/L groups. These data suggest that the most effective 
CPC chondrogenesis stimulated by PRP requires a platelet concentration 
within a certain range; this range might be within 3000 × 109 pl/L to 

Fig. 2. Optimization of platelet concentration for CPC chondrogenesis. (A) Immunofluorescence analysis of the secretion of Col-I, Col-II, Col-X, and Sox-9 in CPCs 
exposed to different concentrations of PRP. Scale bars represent 10 μm. (B) Col-I, Col-II, Col-X, and Sox-9 positive cell ratios after the PRP stimulation. (C) Col-I, Col- 
II, Col-X and Sox-9 positive cell numbers after the PRP treatment. Data are presented as mean ± SEM, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 and #P > 0.05. 
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4000 × 109 pl/L. Quantitative analyses of the positive cell number 
(Fig. 2B) and positive cell ratio (Fig. 2C) further confirmed that the 
optimized PRP concentration for CPC chondrogenesis should be 3000 ×
109 pl/L~4000 × 109 pl/L. 

To further validate the optimized concentrations of PRP on CPC 
chondrogenesis, chondrogenic-specific cytochemical staining was car-
ried out. As shown in Figs. S2A and a similar trend was detected in the 
Alcian blue-, Safranin-O- and Toluidine blue-stained areas across the 
series of PRP-treated groups as that detected in the immunofluorescence 
analyses. Positive cell numbers and cell ratios further illustrated the 
superiority of PRP concentrations of 3000 × 109 pl/L ~4000 × 109 pl/L 
for CPC chondrogenesis, resembling the results of cellular immunoflu-
orescence and cytochemical staining (Figs. S2B and S2C). Furthermore, 
qPCR analysis revealed that there were increasing Sox-9, Col-II, and 
aggrecan expression levels and decreasing Col-I expression level along 
with the elevation of platelet concentration (Figs. S3A–D). Although the 
4000 × 109 pl/L group exhibited the highest expression levels of Col-II, 
Sox-9, and aggrecan, there was no significant difference between the 
3000 × 109 pl/L and 4000 × 109 pl/L groups. Considering that PRP with 

a platelet concentration of 4000 × 109 pl/L exhibited higher efficacy 
than that with 3000 × 109 pl/L in some conditions, we ultimately 
selected 4000 × 109 pl/L as the optimal platelet concentration for PRP 
+ CPC constructs. 

3.3. Reinforcement of biomechanical properties for PRP constructs 

To reinforce the PRP construct strength, a series of cocktails of CaCl2 
and thrombin were added into PRPs following mechanical detection. As 
shown in Fig. 3A–C, oscillatory rheological analysis demonstrated larger 
G′ than G” with prolonged strain in all kinds of PRP gels, illustrating that 
the elastic component of the gel dominates the viscous component. 
Meanwhile, it was found that whether in 5% CaCl2, 10% CaCl2, or 15% 
CaCl2 groups, 40 U/ml BT-treated PRP gels exerted greater values of G′

than other BT-treated gels, and that the G’ of 40 U/ml BT-treated gels in 
the 10% CaCl2 group was significantly higher than that of their coun-
terparts in the 5% CaCl2 and 15% CaCl2 groups. Furthermore, the 
crossover point in the 10% CaCl2 group (strain = 42) was later than 
those in the 5% (strain = 18) and 15% (strain = 38) groups (Fig. 3A–C). 

Fig. 3. Reinforcement of biomechanical properties for PRP constructs. (A–C) Rheological properties of CaCl2-bovine thrombin (BT) cross-linked PRP gels. (D–F) 
Compressive, shear and tensile tests of CaCl2-BT cross-linked PRP gels. Data are presented as mean ± SEM, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 and #P > 0.05. 
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Compression testing, shear testing, and tensile strength testing were 
further carried out to evaluate the PRP gel biomechanics. As shown in 
Fig. 3D, when the thrombin concentration was set at 40 U/ml, the 
compressive modulus of the constructs increased from 80.8 ± 5.1 to 
178.8 ± 11.1 kPa as the CaCl2 concentration increased from 5% to 10%. 
However, when the CaCl2 concentration increased to 15%, the 
compressive modulus was observed to decrease but did not significantly 
differ from the 10% compressive modulus (148.8 ± 10.1 kPa, P > 0.05). 
The shear and tensile testing showed similar trends among the 5%, 10%, 
and 15% experimental groups (Fig. 3E–F). These results suggest that the 
Ca2+-thrombin-assisted networks remarkably improved the mechanical 
properties of PRP gels; nevertheless, when Ca2+ concentration is beyond 
10% or thrombin concentration exceeds 40 U/ml, the efficacy is tar-
nished. Therefore, 10% CaCl2-40 U/ml BT was ultimately employed to 
improve PRP gel mechanical properties. 

3.4. Improvement of biodegradability for PRP constructs and detection of 
pro-inflammatory cytokines 

Biodegradability is an important property of scaffolds, which can 
affect the regenerative process of tissues especially the formation of 
primary regenerated tissue and the following remolding [33]. To further 
characterize the gel properties, we investigated the biodegradability of 

gels prepared by activating platelet with thrombin and CaCl2. PRPs with 
4000 × 109 pl/L were mixed with a series of cocktails of 5% CaCl2, 10% 
CaCl2, 15% CaCl2 intersecting with 0 U/ml bovine thrombin (BT), 20 
U/ml BT, 40 U/ml BT and 80 U/ml BT in 1:9 vol/vol As shown in 
Fig. 4A–F, when the concentration of BT was set at 5% CaCl2, the 
weights of PRP gels in 80 U/ml and 40 U/ml were parallel to each other 
and significantly higher than those in 20 U/ml and 0 U/ml groups. Re-
sults in the10% CaCl2 and 15% CaCl2 showed similar trends. On the 
other side, we found that the weight of residual gels increased gradually 
with the elevation of CaCl2 concentration, and that there was no 
remarkable differences in these values between groups 10% CaCl2 and 
15% CaCl2. These results suggest that the Ca2+-thrombin-assisted net-
works effectively improve the biodegradability of PRP gels; neverthe-
less, when Ca2+ concentration is beyond 10% or thrombin concentration 
exceeds 40 U/ml, the efficacy is abolished. Therefore, PRP gel treated 
with 10% CaCl2-40 U/ml BT can be selected as the ideal scaffold, even 
from the perspective of biodegradation. 

Additionally, concentration of pro-inflammatory cytokines (IL-1β, 
IL-6) was determined using ELISA kits. As shown in Fig. S4A, with the 
increase of CaCl2 concentration, there was a similar level in the con-
centration of IL1β within the three kinds of preparations (5% CaCl2 
groups, 10% CaCl2 groups, and 15% CaCl2 groups). Meanwhile, it was 
observed that whether in 5% CaCl2, 10% CaCl2, or 15% CaCl2 groups, 40 

Fig. 4. The degradation properties of PRP gels. (A–B) The weights of PRP gels treated with cocktails of 5% CaCl2 combined with 0 U/ml bovine thrombin (BT), 20 U/ 
ml BT, 40 U/ml BT, or 80 U/ml BT in 1:9 vol/vol, after being immersed in PBS at 37 ◦C for 1, 2, 3, 4, 5, 6, 7, 8, and 9 days. (C–D) The weights of PRP gels treated with 
cocktails of 10% CaCl2 combined with 0 U/ml BT, 20 U/ml BT, 40 U/ml BT, or 80 U/ml BT in 1:9 vol/vol, after immersion in PBS at 37 ◦C on day 1, 2, 3, 4, 5, 6, 7, 8, 
and 9. (E–F) The weights of PRP gels treated with cocktails of 15% CaCl2 combined with 0 U/ml BT, 20 U/ml BT, 40 U/ml BT, or 80 U/ml BT in 1:9 vol/vol, after 
being immersed in PBS at 37 ◦C for 1, 2, 3, 4, 5, 6, 7, 8, and 9 days. Data are presented as mean ± SEM, n = 3, *P < 0.05 and #P > 0.05. 
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U/ml BT-treated PRP gels possessed similar values of IL1β concentration 
to other BT-treated gels. Similarly, for IL-6, there were no significant 
differences among these preparations (Fig. S4B). 

3.5. Morphological, structural and biochemical analyses of the optimized 
PRP + CPC constructs 

To better understand the newly developed constructs, flow cytom-
etry analysis, HE staining and SEM were carried out. As indicated in 
Fig. 5A–E, the achieved PRP comprised large amounts of platelets with 
the CD41a and CD42b double-positive cell ratio of 92.14 ± 0.66%, 
highlighting the successful preparation of PRP within integrated and 
functional platelets. After activation by a cocktail of 10% CaCl2-40 U/ml 
BT, light red and semitransparent PRP gels were created (Fig. 5F). HE 
staining revealed a uniformly distributed crosslinked fibrin network and 
subsequently formed meshes in the stained sections (Fig. 5G–H). Addi-
tionally, as shown in Fig. 5L–M, abundant mononuclear cells shown in 
dark blue were randomly encapsulated into the skeleton and stretched in 
the network, demonstrating the feasibility for CPCs to survive and 
proliferate in a 3-D microstructure. SEM images of the samples revealed 
that the strongly crosslinked fibrin skeleton consolidated a micrometer- 
scale mesh-like microstructure in the optimized PRP + CPC constructs 
(Fig. 5I–J), allowing CPCs to adhere to the fiber skeleton and extend into 
the 3-D microstructure (Fig. 5N–O). Finally, concentrations of growth 
factors in the construct were determined using ELISA: TGFβ1 (231.21 ±
22.65 ng/ml), bFGF (2.67 ± 0.43 ng/ml), IGF1 (166.21 ± 22.46 ng/ml), 
and PDGF-AB (204.73 ± 19.63 ng/ml). 

3.6. Cartilage regeneration of the optimized PRP + CPC constructs in 
vitro 

To determine the efficacy of the optimized PRP + CPC constructs to 
reconstruct cartilage, CPC constructs, PRP + CPC constructs with single- 
, dual- or triple-optimizations were cultured in vitro for 28 days 
(Table 1). PRP at a concentration of 1070 × 109 pl/L was randomly 
chosen as the unoptimized PRP, which was within the range of PRP 
concentration commonly used in clinical trials or laboratory in-
vestigations [39]. As indicated in Fig. 6A and E, the results of HE 
staining in the group with triple-optimization showed a significantly 
larger area of cartilage-like tissue (the average cross area of regenerated 
tissues was 0.39 cm2) than those in the sole CPC (0.18 cm2, P < 0.001) 
and single- (0.24 cm2, P < 0.01) or dual- (0.27 cm2, P < 0.05) optimized 
PRP + CPC groups but was comparable to that in the chondrogenic in-
duction group (0.41 cm2, P > 0.05). To further evaluate cartilage 
regeneration, the secretion of the cartilaginous matrix, such as pro-
teoglycans and glycosaminoglycans, was detected using histochemical 
staining. The data of Safranin-O and Toluidine blue staining consistently 
showed increased positive staining areas as more elements were opti-
mized; tissue in the triple-optimization groups exhibited a predominant 
positive zone, similar to chondrogenic-induced cartilage (Fig. 6B and C). 
Immunochemistry of Col-II further showed that the seeded CPCs in 
triple-optimization groups possessed a remarkably greater possibility of 
differentiating into a chondrocyte-like cell phenotype compared with 
those in single- or dual-optimization groups (Fig. 6D). Quantitatively, 
the pellet scores were 2.62 in the control group, 5.19 in the PRP + CPC 
group, 6.71 in the biochemical PRP + CPC group, 6.14 in the biome-
chanical PRP + CPC group, 8.66 in the triple-optimization group, and 
9.23 in the sham group. The triple-optimization group exhibited 

Fig. 5. Morphological characteristics of the triple-optimized PRP + CPC construct. (A) Gross observation of PRP with 4000 × 109 pl/L (B, C) Flow cytometry analysis 
of platelet membrane markers, i.e., CD41a and CD42b. (D, E) Ultrastructure of platelets presented by the TEM analysis. Scale bars in graphs (D) and (E) are 4 μm and 
1 μm, respectively. The white arrow indicates α-particles in platelets. (F) Gross appearance of the PRP gel. G, H) Histological morphology of the PRP gel. Scale bars 
represent 200 μm and 50 μm in graphs (G) and (H), respectively. (I, J) Ultrastructure of the PRP gel. Scale bars in graphs (I) and (J) are 100 μm and 40 μm, 
respectively. (K) Gross observation of the triple-optimized PRP + CPC construct. (L, M) Histological morphology of the triple-optimized PRP + CPC construct. Scale 
bars in graphs (L) and (M) are 100 μm and 25 μm. (N, O) Ultrastructure of the triple-optimized PRP + CPC construct. Scale bars in graphs (N) and (O) are 10 μm and 
2 μm. 
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significantly higher scores than the other 4 experimental groups (P <
0.001, P < 0.01, P < 0.05, and P < 0.05, respectively) but exhibited 
discernible differences compared with the sham group (P > 0.05) 
(Fig. 6F). 

Moreover, qPCR analysis was performed to detect the expression 
profile of chondrogenic-related genes, including Col-I, Col-II, Sox-9, and 
aggrecan. As shown in Fig. 7A–D, remarkably lower expression levels of 
Col-I and significantly greater expression levels of Sox-9, Col-II, and 
aggrecan were observed in the triple-optimization group than in the 
single- or dual-optimization groups. Moreover, whether for Col-I, Sox-9, 
Col-II, or aggrecan genes, the mRNA expression levels in the triple- 

optimization group did not significantly differ from those of the 
chondrogenic-induction group. 

To detect the biomechanical properties of regenerated tissue, 
compression testing, shear testing, and tensile strength testing were 
performed. After culturing in vitro for 4 weeks, tissue in the triple- 
optimization group showed a higher compression modulus and a 
greater tensile modulus than that in the single- and dual-optimization 
groups but did not significantly differ from that in the chondrogenic- 
induction group (Fig. 7E and G). Nevertheless, regenerated tissue in 
the dual-optimization group possessed greater compression and tensile 
modulus values compared with those of the control and single- 

Fig. 6. Cartilage regeneration of the optimized PRP + CPC constructs after 4-week cultivation in vitro. (A) HE staining of CPC construct, PRP + CPC construct, 
biochemical PRP + CPC construct, biomechanical PRP + CPC construct, triple-optimized construct, and chondrogenic induction construct post-28-day cultivation in 
vitro. The chondrogenic induction group was considered a positive control. Scale bars = 1 mm. (B–D) Representative sections stained with Toluidine Blue, Safranin-O, 
and Alcian Blue staining in the 6 groups at 4 weeks. Scale bars = 1 mm. (E, F) Measurement of the regenerated tissue area and evaluation of the histological scores 
based on the visual scoring system (Bern Score). Data are presented as mean ± SEM, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 and #P > 0.05. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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optimization groups. Besides, the shear testing showed significant dif-
ferences among the single-, dual- and triple-optimization groups, as the 
shear modulus measured in the triple-optimization group possessed the 
greatest values, which were similar to those of the chondrogenic- 
induction group (Fig. 7F). These data suggested that tissues in the 
triple-optimization group consistently outperformed those in the single- 
and dual-optimization groups in biomechanical properties. Taken 
together, these findings demonstrated the superiority of triple-optimized 
PRP + CPC constructs for cartilage regeneration over single- and dual- 
optimization PRP + CPC constructs. 

3.7. Cartilage regeneration of the optimized PRP + CPC constructs in vivo 

The efficacy of in vivo cartilage regeneration was evaluated by 
implanting constructs into the knee joints of rabbits (Table 1). Macro-
scopic observation, histological analysis, qPCR, and biomechanical tests 
were carried out for further assessment (Fig. 8A). As shown in Fig. 8B, at 
12 weeks after transplantation, the representative macroscopic obser-
vations displayed discriminatory regenerated tissue among the 6 groups. 
The surfaces of the tissues in the untreated group, PRP + CPC, 
biochemical PRP + CPC, and biomechanical PRP + CPC groups were less 
smooth than those in the triple-optimization group, which possessed a 
normal gross appearance with a shiny white color and integrated with 
the surrounding normal cartilage, resembling the normal cartilage. 
Although the regenerated tissue almost fully filled in the defects in all of 
the optimization groups, concavity, or fissures in some of the regener-
ated tissue could still be observed in the single- and dual-optimization 
groups, which was seldom seen in the triple-optimization group. 
Further quantitative assessment based on the ICRS scoring system 

showed that the mean scores in the untreated, PRP + CPC, biochemical 
PRP + CPC, and biomechanical PRP + CPC groups were 2.11 ± 0.67, 
6.56 ± 0.63, 8.07 ± 0.42, and 7.10 ± 0.55, respectively, which were 
significantly less than those in triple-optimization group (9.79 ± 0.66) 
(Fig. 8E). 

To further compare different kinds of constructs in repairing carti-
lage defects in rabbits, HE staining, cytochemical staining, and immu-
nohistochemistry were performed. HE staining in the untreated group 
showed that the defects were seldom filled with regenerated tissue, and 
only minimal fibrous tissue was observed on the bottom and in the pe-
riphery (Fig. 8C). The Alcian blue, Safranin-O, and Toluidine blue 
staining as well as the immunochemistry of Col-II also showed minimal 
positive staining areas in the untreated group (Fig. 8D). As the PRP +
CPC construct was applied, HE staining revealed a much larger regen-
erated tissue area than that in the untreated group. However, the his-
tochemical staining of the newly regenerated tissue was less than 
completely positive, indicating the unsatisfactory regeneration of 
cartilage. When biochemical optimization was carried out, the defects 
were completely filled with cartilage-like tissue. However, the content of 
the cartilaginous matrix was still less abundant than that of the normal 
cartilage. Moreover, the efficacy of the biochemical PRP + CPC was 
heterogeneous, and some samples still showed concavity or fissures in 
the defects. As biomechanical optimization was applied in the con-
structs, regenerated tissue was thinner compared with the surrounding 
normal cartilage, and the histochemical staining revealed that cartilage 
matrix formation mainly distributed in the peripheral area and the 
bottom. However, when the optimized cell source, appropriate 
biochemistry, and reinforced biomechanics were simultaneously 
applied in the implants, completely filled, regenerated tissue was 

Fig. 7. Gene expression and biomechanical properties of the regenerated tissues after 4 weeks in vitro. (A–D) Relative expression levels of fibrogenic-related gene 
(CoI–I) and chondrogenic-related genes (Sox-9, Col-II, and aggrecan) in engineered tissue after 4 weeks of in vitro culture. (E–G) Biomechanical properties of the in 
vitro constructs, including compressive modulus, shear modulus, and tensile modulus after 4 weeks of culture. Data are presented as mean ± SEM, n = 3, *P < 0.05, 
**P < 0.01, ***P < 0.001 and #P > 0.05. 
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consistently visible in the defects, and the histochemical staining 
showed a positive area dominating newly generated tissue, resembling 
the native cartilage (Figs. 8C and 6D). 

Quantitative analysis was also performed based on the ICRS scoring 
system. As shown in Fig. Fig. 8F, the average scores were 233.3 ± 20.7 in 
the untreated group, 721.7 ± 63.3 in the PRP + CPC group, 1029.5 ±
87.6 in the biochemical PRP + CPC group, 897.4 ± 55.3 in the biome-
chanical PRP + CPC group, and 1254.3 ± 78.6 in the triple-optimization 
group. The triple-optimization group exhibited significantly higher 
scores than the single- and dual-optimization groups (P < 0.01, P < 0.05, 
P < 0.01, respectively). 

For thoroughly determining the repair efficiency of the cartilage 
defects, the mRNA expression levels of chondrogenic-related genes in 
the regenerated tissue were analyzed by qPCR. The triple-optimization 
group exhibited significantly higher Sox-9, Col-II, and aggrecan 
expression levels but lower Col-I expression levels (25.9 ± 1.59, 50.7 ±
4.55, 15.4 ± 1.23, and 0.12 ± 0.01, respectively) than the PRP + CPC 
group (13.4 ± 0.97, P < 0.01; 26.8 ± 3.51, P < 0.001; 9.8 ± 0.79, P <
0.05; and 0.25 ± 0.015, P < 0.05, respectively), biochemical PRP + CPC 
group (19.8 ± 1.83, P < 0.05; 41.7 ± 3.91, P > 0.05; 12.4 ± 1.22, P <
0.05; and 0.14 ± 0.07, P > 0.05, respectively), and biomechanical PRP 
+ CPC group (21.6 ± 1.78, P > 0.05; 39.6 ± 5.02, P < 0.05; 12.3 ± 0.97, 
P < 0.05; and 0.15 ± 0.01, P > 0.05, respectively) (Fig. 9A–D). 

For assessing the efficacy of triple-optimized PRP + CPC construct 
for biomechanical recovery, biomechanical tests were performed. 
Although the shear moduli in both the single-, dual-, and triple- 
optimization groups were lower than that in the native group, the 
triple-optimization group consistently outperformed the single- and 
dual-optimization groups in shear testing (Fig. 9F). The compression and 
tensile moduli in the triple-optimization group consistently showed 
negligible differences compared with those of the native group, reaching 
the highest values among all 5 experimental groups (Fig. 9E and G). 
These results revealed that neither single- or dual-optimization can fully 
restore the cartilage characteristics of regeneration tissue and that only 
the triple-optimization treatment can satisfactorily enable cartilage 
regeneration with structural reconstruction and functional recovery on 
par with those of the native cartilage. 

4. Discussion 

Tissue engineering is an emerging therapeutic method that combines 
biomaterials, cells, and biological factors to develop biological sub-
stitutes that can notably restore the functions of alterations [40,41]. As 
one of the basic components, cell sources are the main population and 
the managers of regenerated tissue, thus playing a core role in engi-
neering constructs [8,9]. Previous study compared CPC potential with 

Fig. 8. Cartilage regeneration of the optimized PRP + CPC constructs after 12 weeks in vivo. (A) Schematic diagram of the in vivo procedure and the following 
assessment strategy. (B) Macroscopic observation of cartilage defect healing in the 6 groups post 12-week implantation. Scale bars = 2 mm. (C, D) Histological 
analyses of regenerated tissue in the 6 groups at 12 weeks post-implantation. Scale bars = 1 mm. (E, F) Macroscopic and histological quantitative assessments at 12 
weeks after the operation, scored according to the International Cartilage Repair Society (ICRS). Data are presented as mean ± SEM, n = 5, *P < 0.05, **P < 0.01 and 
#P > 0.05. 

Fig. 9. Gene expression and biomechanical properties of the regenerated tissues after 12 weeks in vivo. (A–D) Expression of CoI–I, Sox-9, Col-II, and aggrecan genes 
in regenerated tissue 12 weeks after in vivo implantation. (E–G) Biomechanical properties of the regenerated cartilage 12 weeks after in vivo implantation. Data are 
presented as mean ± SEM, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 and #P > 0.05. 
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that of other frequently used cell sources, including MSCs and chon-
drocytes, in PRP-based cartilage regeneration and found that CPCs were 
a superior alternative for cartilage engineering [19]. In the present 
study, we prepared CPCs using a method to collect migrating cells from 
full-thickness cartilage pieces and further charactered them with 
tri-linage differentiation and migration/chemotaxis assays. The strong 
chondrogenesis of CPCs and the high synthesis of chondrogenic-related 
proteins potentially provided evidence that CPCs were favorable to be 
applied as a cell resource in the PRP-based cartilage tissue engineering. 

Several studies reported that PRPs with different platelet concen-
trations exerted discriminatory effects on cell behavior, especially 
guiding them toward different cell fate [16]; thus, optimization of the 
platelet concentration is crucial for PRP-based construct application. In 
the present study, we detected the chondrogenic differentiation of CPCs 
cocultured with PRPs at different concentrations and found that PRPs 
with different concentrations of platelets exerted different effects on 
proliferation and chondrogenesis of CPCs, which may be because that 
the concentration gradient of growth factors in PRP affects the cellular 
functions of CPCs. Ultimately, we found that PRPs with platelet con-
centrations of 3000 × 109 pl/L ~4000 × 109 pl/L exerted the highest 
efficacy to encourage CPCs toward chondrogenesis, which could be 
selected as favorable PRPs for applications in optimized PRP + CPC 
constructs. The various effects occurred partly due to the different doses 
and components of the growth factor cocktails, which probably acti-
vated some implicated signal pathways in the process of CPC chondro-
genesis [17]. However, the related microenvironmental signals involved 
in administrating the discrepant fate of CPCs by PRPs should be further 
investigated to reinforce these findings. 

Cartilage architecture and biomechanical composition are strictly 
regulated by cell sources in response to changes in their chemical and 
mechanical environment [42]. Natural PRP-based gels consisting of 
physically crosslinked networks have poor mechanical properties, 
whereas the PRP gels assisted by a proper cocktail of thrombin and CaCl2 
produced a more stable chemical force and adequate fibrin crosslinking, 
thus exhibiting good mechanical performance. The aforementioned 
higher G’ value, later crossover point, as well as greater tensile, 
compressive, and shear moduli in 10% CaCl2-40 U/ml BT-treated gels 
collectively supported that PRP gels treated with the cocktail of 10% 
CaCl2-40 U/ml BT possessed a better mechanical performance. Mecha-
nistically, the outperformed biomechanical property may be partly 
attributed to the strengthened crosslinking induced by a higher density 
of reversible hydrogen bond interactions caused by 40 U/ml BT [43]. 
Additionally, the fibrin monomer bound by hydrogen bonds could be 
further immobilized by forming bridge bonds between adjacent peptide 
chains after the gel was treated with 10% CaCl2 [44]. Thus, the 
double-crosslinked and stable fibrin polymer mediates the transition of 
the PRP gel from a predominantly physical crosslinked network to a 
more chemically crosslinked network and greatly improving both the 
strength and elasticity of PRP gels [32,45]. However, excessive cross-
linking formed by thrombin at 80 U/ml may lead to the overextension of 
fibrin and a loss of internal mechanical storage of the network [43]. 
Furthermore, residual calcium in PRP gel treated with 15% Ca2+ could 
induce protein crystallization, which may contribute to the decreased 
viscoelasticity [46,47]. 

In this study, the triple-optimization process imposed on PRP con-
structs produced a significant increase in the regeneration of cartilage 
compared with the single-, dual-optimizations, or sole CPC treatment. 
The mechanism may be related to the growth factors with appropriate 
concentration dominating the microenvironment and the reinforced 
strength of fibrin provided for tissue reconstruction, which provides 
favorable 3-D microenvironmental support for CPC migration, prolif-
eration, and differentiation both chemically and mechanically. In de-
tails, the optimization of platelet concentration provides a suitable 
growth factor cocktail for establishing a favorable biological environ-
ment to induce CPCs toward the chondrogenic lineage and stimulate 
accumulation of ECM. Furthermore, the optimized bioscaffold with a 

μm-scale porous morphology offers a conductive 3-D structure and 
contact guidance for CPC migration, stretch, and survival. In addition, 
the reinforced biomechanics of PRP constructs provide a more stable 
and stronger structure in the provisional scaffold, which creates stronger 
support initializing the tissue repair process and evolving PRP gel for 
tissue regeneration. Given that connective tissues are known to derive 
the biomechanical properties from their biochemical constituents, the 
higher synthesis of chondrogenic-related protein and the improved 
cartilaginous matrix deposition induced by appropriate growth factors 
and sufficient mechanics within the triple-optimization construct may 
be primarily responsible for the improved tensile and compressive 
moduli of the regenerated tissues [48–50]. 

The contribution of implanted cells to generate reparative cartilage is 
a critical issue, and the elucidation of which may enable us to better 
understand the mechanisms of PRP-based cartilage tissue engineering. 
Xie et al. used PRP loaded EGFP-labeled ADSCs to treat cartilage defects 
and found that implanted ADSCs changed into chondrocyte-like cells 
with accumulation of matrix Col II, implying the dominant role of 
implanted cells in cartilage regeneration in vivo [29]. Yoshioka et al. 
tracked MSCs labeled with i-QDs in the reparative tissue, and demon-
strated that MSCs indeed contributed to the regeneration of osteo-
chondral defects through differentiation into chondrocytes [51]. Zhou 
et al. used GFP-labeled BMSCs and biodegradable polymers to repair 
articular osteochondral defects, and found that GFP-labeled cells were 
more detected in the engineered cartilage than unlabeled cells [52]. 
These results strongly indicate that the implanted seeding cells can 
differentiate into chondrocyte-like cells and generate engineered carti-
lage during the process of cartilage regeneration. In addition, previous 
studies showed that chondrocytes possessed poor proliferative potential 
even post the stimulation of PRP while CPCs responded more strongly to 
the PRP stimulation than chondrocytes and possessed strong prolifera-
tion. Therefore, we speculate that it is the in situ proliferation and 
chondrogenesis of CPCs rather than the ingrowth to the gels of outside 
chondrocytes that accounts for the chondrocyte regeneration. 

However, we must acknowledgement that there are limitations in 
this study. Although, we found that the PRP + CPC constructs generated 
better cartilage regeneration than those of the untreated groups, the 
experiments as designed did not rule out a possibility of stimulated 
ingrowth of outside chondrocytes to the gels. Therefore, cell tracking 
assay should be performed to investigate the fate of the transplanted 
CPCs in PRP scaffolds. In addition, considering that MSCs in a PRP gel 
has potential for bone regeneration and can serve as a viable clinical 
alternative to repair of bone defect, we may expand the depth of 
modeling and employ MSCs together with CPCs in this triple-optimized 
PRP construct to observe the repair efficacy on osteochondral defects. 
Angiogenesis is an essential factor in wound healing, thus the vascular 
and angiogenesis expression in cartilage defect site should be further 
investigated to capture a better understanding of regenerative process of 
tissues. In the current study, CPCs were seeded in 48-well culture plates 
for chondrogenic differentiation to select the optimal platelet concen-
tration. Considering that there may exist a distinction between two- 
dimensional culture conditions and three-dimensional culture condi-
tions, subsequent experiments are needed to further verify the results 
conducted in two-dimensional culture conditions. In the animal studies, 
only the results of 12 weeks post-operation were tested, which may 
obscure the regenerative process at an earlier stage. Thus, further work 
is necessary to evaluate the efficacy of the triple-optimized PRP + CPC 
construct at different stages of tissue regeneration. Furthermore, in most 
of the in vitro experiments, the effect of optimized PRP on CPCs differ-
entiation was mainly presented by mRNA expression, which was inferior 
to detecting the protein expression level for drawing conclusion. Further 
studies such as western-blotting analysis can be performed to validate 
these data. 
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5. Conclusions 

In this study, we developed an orchestrated three-step tissue engi-
neering strategy for fabricating PRP + CPC constructs by employing 
CPCs as a cell resource, optimizing platelet concentration, and adding an 
enzyme-ion activator. This triple-optimized construct was demonstrated 
to significantly promote cartilage regeneration in both structural 
reconstruction and biomechanical recovery. This work demonstrates the 
efficacy of triple-optimization strategy to design cartilage tissue engi-
neering scaffolds and highlights the feasibility of this triple-optimization 
PRP + CPC construct for cartilage regeneration. 
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