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a b s t r a c t 

Osteochondral defects (OCD) are common but difficult to heal due to the low intrinsic repair capacity of 

cartilage and its complex hierarchical structure. In osteoarthritis (OA), OCD become more challenging to 

repair as both cartilage and subchondral bone regeneration are further impaired due to the arthritic en- 

vironment. Numerous biomaterials have been developed and tested in osteochondral defects while ignor- 

ing the inflammatory environment. To target this challenging underlying pathophysiology, we designed 

and fabricated a biphasic porous and degradable scaffold incorporating anti-inflammatory and anabolic 

molecules by low-temperature rapid prototyping technology, and its effects on promoting osteochon- 

dral regeneration were evaluated using our well-established OA-OCD rabbit model. The biphasic porous 

scaffolds consisted of poly lactic-co-glycolic acid (PLGA) with kartogenin (KGN) for cartilage repair and 

PLGA and β-calcium phosphate (PLGA/ β-TCP) with cinnamaldehyde (CIN) for subchondral bone repair. 

KGN is a molecule for promoting chondrogenesis and CIN is a phytomolecule for enhancing osteogenesis 

and alleviating inflammation. The biphasic scaffolds PLGA/KGN-PLGA/ β-TCP/CIN (PK/PTC) with bio-mimic 

structure provided stable mechanical properties and exhibited excellent biocompatibility to support cell 

adhesion, proliferation, migration, and distribution. Furthermore, KGN and CIN within biphasic scaffolds 

could be released in a controlled and sustained mode, and the biphasic scaffold degraded slowly in vitro . 

Evaluating the repair of 16-weeks post-implantation into critically sized OA-OCD rabbit models revealed 

that the biphasic scaffold could promote subchondral bone and cartilage regeneration, as well as reverse 

subchondral osteosclerosis caused by inflammation in vivo . These findings support the utilization of the 

PK/PTC scaffold f or osteochondral regeneration and provide a promising potential strategy for clinical ap- 

plication for the treatment of patients with OA-OCD. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Osteoarthritis (OA) also known as a degenerative joint disease, 

nvolves the gradual and progressive wearing of the cartilage and 

oncomitant subchondral bone remodeling, which often results in 

steochondral defect (OCD) [ 1 , 2 ]. An OCD refers to a focal area of

amage that involves both the cartilage and its underlying sub- 
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hondral bone. OCD can also occur from an acute traumatic injury 

o the knee or an underlying disorder of the bone [3] . Due to its

vascular tissue, low cell density, and low metabolic activity, car- 

ilage cannot regenerate after degeneration. Therefore, the treat- 

ent of OCD in OA (OA-OCD) remains a significant clinical chal- 

enge [4] . The current clinical strategies used to treat cartilage de- 

ect, include marrow stimulation technology (MST) for lesion sizes 

maller than 2 cm 

2 , autograft transplantation, autologous chondro- 

yte implantation (ACI) or osteochondral allograft (OCA) for lesion 

ize larger than 2 cm 

2 [5] . Although successful in some aspects, 

ach of these technologies has its limitations. For example, MST 

esults in fibrocartilage and not in hyaline cartilage tissue [6] ; au- 
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ologous graft transplantation induces donor site morbidity, incom- 

lete fusion with the host bone, and high transplantation failure 

ate [7] ; regarding ACI, the deficiency of therapeutic chondrocytes 

eriously affects the effectiveness and quality of repair [8] . 

Tissue engineering approaches have been developed as poten- 

ial solutions for OCD regeneration [ 9 , 10 ]. To date, efforts have

ainly focused on the development of osteochondral graft substi- 

utes [ 11 , 12 ]. Biomaterial scaffolds are designed and manufactured 

o provide a physiological environment to support cell activities 

nd control the release of bioactive ingredients for tissue regen- 

ration [ 13 , 14 ]. The bioactive ingredients can be incorporated into 

he scaffolds, and then implanted into the OCD to promote osteo- 

hondral regeneration [ 15 , 16 ]. Poly(lactic-co-glycolic acid) (PLGA) 

nd β-Tricalcium phosphate ( β-TCP) are well known for their ex- 

ellent biocompatibility, biosafety, and biodegradability [ 17 , 18 ]. Our 

revious studies showed that the porous PLGA/TCP (PT) scaffold 

xhibited good biocompatibility, osteoconductivity, and biodegrad- 

bility both in vitro and in vivo [19] . Kartogenin (KGN), a small het-

rocyclic compound, can stimulate chondrogenic differentiation in 

itro and induce cartilage formation in vivo [ 20 , 21 ]. Cinnamalde- 

yde (CIN) is a phoytomolecule from traditional Chinese herbal 

edicine, known to regulate angiogenesis and promote osteogenic 

ineralization in vitro [ 22 , 23 ]. In our previous study, we found

hat CIN could inhibit the inflammation of human synovial cells by 

egulating the Jak/Stat pathway [24] . Based on these pieces of re- 

earch, we hypothesized that KGN and CIN could be incorporated 

nto a biomaterial scaffold with bioactivity preservation and con- 

rolled release to promote osteochondral regeneration in an inflam- 

atory environment. 

In this study, a biphasic scaffold incorporating KGN and CIN was 

esigned and fabricated via low-temperature 3D printing technol- 

gy to preserve the bioactivity of KGN and CIN for facilitating the 

epair of osteochondroal defect using our previously established 

A-OCD rabbit model [25] . 

. Materials and methods 

.1. Preparation of biphasic scaffolds 

Composite porous scaffolds were prepared in a low- 

emperature 3D printing machine (SUNP Alpha-BP21, SUNP 

IOTECH, Beijing, China). The process starts with a 3D structure 

odel design using SUNP Biomaker software, followed by applying 

licing to prepare 2D layer-by-layer slices for 3D printing. The 

rinting parameters were set up at a print speed of 20 mm s –1 ,

xtrusion speed of 0.8 mm 

3 s –1 and line distance of 1.0 mm, layer 

eight of 0.12 mm. The PLGA (lactide/glycolide ratio of 75:25, 

verage molecular weight (Mw) = 15 w Dalton, viscosity = 1.18 

L g –1 ) (Shandong academy of pharmaceutical sciences, Jinan, 

hina) was dissolved in 1, 4-dioxane (Shanghai Ling Feng Chem- 

cal Reagent Co., Ltd, Shanghai, China) and formed a 10% (w/v) 

omogeneous solution. Then, β-tricalcium phosphate ( β-TCP, Al- 

ddin) was mixed into the homogeneous solution at a ratio of 4:1 

w/w). The mixture was stirred overnight to form a uniform liquid 

aste (PT paste) using a magnetic stirrer. CIN (Chengdu Ruifen Si 

iological Technology Co., Ltd., Chengdu, China) was dissolved in 

,4-dioxane at the concentration of 40 mg mL –1 and CIN solution 

as added to the PT paste (PTC) to finally yield 0.5% drug con- 

entration. The same method was used to prepare the PLGA paste 

ith 1.0% KGN (MedChem Express, USA) (PK paste). Firstly, the 

TC paste was spurted layer-by-layer in a computer-driven nozzle 

ith a diameter of 600 μm to form the PTC scaffold (volume 20 

m × 20 mm × 10 mm) at –30 °C, and then the PK paste was

purted in the same conditions to form biphasic scaffolds (volume 

0 mm × 20 mm × 20 mm) loaded with KGN and CIN, named 

K/PTC scaffold. Finally, the PK/PTC scaffolds were lyophilized in a 
21 
reeze dryer for 48 h (Bo Yi Kang FD-1-50, China) under a vacuum 

f 50 Pa pressure. According to the above method, the scaffold 

ithout KGN and CIN was prepared and named a PTP scaffold. 

.2. Characterization of the porous biphasic scaffolds 

.2.1. Morphological characterization 

The microstructure of the biphasic scaffold was observed under 

canning electron microscopy (SEM, ZEISS Supra 55). Three sam- 

les (5 mm × 5 mm × 1 mm) were sliced and mounted directly 

n the sample holder. Before performing SEM, the surface of the 

caffold was coated with a thin layer of gold to provide electri- 

al conductivity. Then, the scaffolds were placed in an SEM cham- 

er and images were acquired using an In-lens SE detector (EHT: 

 kV, WD: 4.2 mm). The average pore size of the scaffold was de- 

ermined from the SEM photographs using an Image-Pro-Plus 6.0. 

n addition, the porous biphasic scaffolds were scanned using a 

icro-CT (skyscan 1176, Bruker, Germany) with a source voltage 

f 40 kV, source current of 600 μA, and voxel size of 9 μm. After

canning, a three-dimensional (3D) image of the porous biphasic 

caffold was reconstructed. 

.2.2. Porosity 

The porosity of the biphasic scaffold was determined by liq- 

id displacement methods [26] . The scaffolds were cut into cubes 

5 mm × 5 mm × 5 mm, n = 3), and the volume and weight 

ere recorded as V s and W 1 . Next, the scaffold was immersed in 

thanol. Then the scaffold had been taken out until there was no 

ubbling, and the weight was recorded as W 2 [27] . The porosity 

as calculated as follows: 

orosity ( % ) = 

( W 2 − W 1 ) /ρe 

V s 
× 100 

W 1 : the scaffold weight; W 2 : the ethanol-saturated scaffold 

eight; ρe : the density of ethanol; V s : the volume of the scaffold 

.2.3. Mechanical properties 

The scaffolds ( n = 3) were cut into 5 mm × 5 mm × 5 mm

ubes. The mechanical properties were assessed using a mechan- 

cal testing machine (Instron E300, USA) with a 2800 N load cell. 

t the start of the test, the scaffold was in an undeformed state 

zero displacement) and the loading point contacted the scaffold 

ith a small preload (0.1 N) to keep the scaffold in place. Then 

onfined compression was performed at a displacement rate of 1 

m min 

–1 , until the thickness of the sample becomes 70% of the 

nitial thickness, and the force value was recorded in the com- 

ression process to obtain the load-displacement curves. The load- 

isplacement curves were transformed into scaffold stress–strain 

urves according to the International Organization for Standardiza- 

ion (ISO 844:2004). Young’s modulus was calculated from the lin- 

ar region of the stress–strain curve. The yield point was found 

sing Vernier Graphical Analysis (Vernier Science Education, USA), 

nd the compressive strength at the yield point was used to com- 

are the difference among different groups. 

.2.4. Scaffold degradation and drug release 

The scaffolds were cut into cubes (5 mm × 5 mm × 5 mm) and 

ut into glass bottles ( n = 3), and then the scaffold was infiltrated 

ith a phosphate-buffered saline (PBS) solution (pH = 7.0), accord- 

ng to mass volume ratio of 1:15 (w/v). The scaffolds were shaken 

n a thermostatic water bath bed at 37 °C and refreshed with PBS 

very week. The degradation solution was collected to test the pH 

alue via a pH meter and analyze the released drug concentration 

ia high-performance liquid chromatography (HPLC). 
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.3. In vitro cellular evaluation of porous biphasic scaffolds 

Rat bone marrow mesenchymal stromal cells (rBMSCs) were 

sed to assess the biocompatibility of the porous biphasic scaf- 

olds. Briefly, the cells were cultured in Dulbecco’s Modified Ea- 

le Medium (DMEM), supplemented with 10% (v/v) fetal bovine 

erum, 1 mM glutamine, and 1% (v/v) penicillin/streptomycin (all 

rom Cyagen Biosciences, USA) in a humidified 5% CO 2 incuba- 

or at 37 °C. The porous biphasic scaffolds ( ø 6 mm × H 1 mm, 

 = 3) were immersed in 70% alcohol overnight and sterilized by 

V irradiation 3 times 30 min. The rBMSCs were seeded on top of 

he scaffolds at a density of 1 × 10 4 cells scaffold 

–1 in a 96-well 

late. After 72 h, the medium was discarded, the scaffold washed 

 times with PBS, and then fixed with 4% paraformaldehyde for 

5 min and were washed 3 times with PBS. The scaffolds were fi- 

ally stained using DAPI solution at room temperature for 15 min 

n the dark and washed twice with PBS. The cell adhesion on the 

orous biphasic scaffolds was observed with SEM (ZEISS Supra 55) 

nd fluorescence microscopy (Leica Dmi8, Germany). 

.4. Evaluation of intervention effects of porous biphasic scaffolds in 

ivo 

.4.1. Animal models and experimental design 

A total of 24 male New Zealand white rabbits (body weight: 

.0–2.5 kg, age: 6 months) were purchased from Southern Med- 

cal University Laboratory Animal Center (Guangzhou, China) 

nd maintained in the normal breeding room at Shenzhen- 

eking University-Hong Kong University of Science & Technology 

Shenzhen-PKU-HKUST) Medical Center. In this study, all the pro- 

edures for animal experiments were approved by the institutional 

nimal care and use committee of the Shenzhen Institutes of Ad- 

anced Technology, Chinese Academy of Sciences (SIAT-IRB-170718- 

XL-A0360). The rabbits were randomly divided into three groups: 

1) empty defect as the control group ( n = 8); (2) PTP scaffold im-

lantation as the PTP group ( n = 8); (3) PK/PTC scaffold implanta- 

ion as PK/PTC group ( n = 8). The PK/PTC scaffold and PTP scaffold

ere trimmed into a cylinder with 3.2 mm diameter and 3 mm 

eight, where the height of the PK layer or PLGA layer was 1 mm 

nd the height of the PTC layer or PT layer was 2 mm. 

.4.2. Surgical procedure and scaffold implantation 

The OA-OCD model was established to assess the repair effect 

f the porous biphasic scaffolds in vivo . First, OA was induced by 

ntra-articular injection of papain enzyme (12.5 mg mL –1 ) in the 

ight knee joints at the dose of 0.2 mL on the 10th and 7th days

efore implantation [ 28 , 29 ]. As a control, the same dose of 0.9%

aline was injected into the left knee joints at the same time. Then, 

he OCD model was made according to the following protocol. The 

nimals were anesthetized by an injection of 3.0% (w/v) pentobar- 

ital sodium (50 mg kg –1 ) into the ear vein. After carefully clean- 

ng the surgery site, the knee joint of the rabbit was cut open to 

xpose the femur trochlear groove. The OCD (3.2 mm in diameter 

nd 3 mm in depth) was created on the femur trochlear groove of 

he rabbits by a drill. During the drilling process, the defects were 

rrigated with saline solution to prevent local overheating. Then 

he sterilized scaffolds were press-fit into pre-drilled cavities in 

he defect sites. Subsequently, the incisions were sutured layer by 

ayer using a degradable suture (4-0 silk suture, Jinhuan, Shanghai, 

hina). After the operation, penicillin (50 0 0 0 IU kg –1 ) and gentam-

cin (5 mg kg –1 ) was intramuscularly injected for 3 days to prevent 

acterial infections. At 16 weeks post-surgery, the joint samples 

ere harvested. After surgery, the body weight and knee width of 

abbits were measured once a week for 16 weeks. Three days and 

en days prior to sacrifice, the rabbits received subcutaneous in- 

ections of calcein (5 mg kg –1 , Sigma Aldrich) and xylenol orange 
22 
90 mg kg –1 , Sigma Aldrich) to allow for histological measures of 

one formation. 

.4.3. Micro-computed tomography (micro-CT) analysis 

The joint samples were fixed in 4% (w/v) paraformaldehyde for 

 days, then stored in 70% ethanol solution at 4 °C. The samples 

 n = 8 for each group) were scanned using a micro-CT (SkyScan 

176, Bruker, Kontich, Belgium) with a voltage of 65 kV, a current 

f 385 μA, an integration time of 300 ms, an aluminum filter of 1 

m, and a pixel size of 18 μm. All scan data were acquired and re-

onstructed using Skyscan software. The threshold was adjusted at 

5–255 HU to differentiate mature bone from soft tissue according 

o our previous work [ 30 , 31 ]. The newly formed bone in the defect

egion was obtained to quantify bone mineral density (BMD) and 

one volume/tissue volume (BV/TV). 

.4.4. Histological evaluation 

After the micro-CT analysis, four samples from each group were 

ecalcified in 10% (w/v) ethylene diamine tetraacetic acid (EDTA), 

ehydrated by a series of ethanol, embedded in paraffin, and cut 

nto pieces longitudinally with an approximate thickness of 5 μm 

sing a paraffin microtome (Leica RM 2235, Germany). Sections 

ere stained with safranin o-fast green (S-F), toluidine blue (T-B), 

nd hematoxylin and eosin (H-E) to assess the new tissue in the 

efect site. The histological sections were blindly scored by three 

valuators using a modified O’Driscoll histologic scoring [25] , and 

cores were averaged. The optical density of sulfated glycosamino- 

lycan (sGAG) was semi-quantitatively calculated using Image-pro 

lus 6.0 [ 22 , 26 ]. 

.4.5. Dynamic histomorphometry 

After the micro-CT analysis, four samples from each group were 

mbedded in MMA and cut at 8 μm thickness using a tungsten 

teel knife (Leica 26166, Germany). Undecalcified sections were ob- 

erved by fluorescence microscopy (Leica Dmi8, Germany) to deter- 

ine the mineral apposition rate (MAR), and bone formation rate 

BFR/BS) of new bone formation by monitoring the distance and 

erimeter between the two labels. The 5 μm-thick sections were 

ut from the MMA-embedded samples and stained with Goldner’s 

richrome to allow for measurement of osteoid surface (OS/BS) in 

he newly regenerated tissues. 

.4.6. Immunohistochemistry 

For immunohistochemical (IHC) staining of type I collagen (COL 

), type II collagen (COL II), and matrix metalloproteinase-3 (MMP- 

), the decalcified 5 μm sections ( n = 4) were dewaxed in de- 

reasing concentrations of alcohol and rehydrated. The sections 

ere immersed in 3% hydrogen peroxide for 10 min (protected 

rom light) and blocked in 5% (v/v) goat serum solution for 15 

in. After enzymatic antigen retrieval, the sections were incubated 

ith primary antibodies against COL I (NB600-450, Novus), COL 

I (NBP600-844, Novus), and MMP-3 (66338-1-lg, Proteintech) for 

2 h in a 4 °C refrigerator. After washing with PBS, they were in- 

ubated with horseradish peroxidase-conjugated immunoglobulin 

 (IgG) and then incubated with 3, 3-diaminobenzidine tetrahy- 

rochloride (DAB) for visualization. Nuclei were counterstained 

ith hematoxylin. 

.5. Statistics 

Data were presented as mean ± SD. Statistical analysis was per- 

ormed using GraphPad Prism 6.0 (GraphPad Software Inc., San 

iego, CA, USA). Two-way ANOVA followed by post hoc Fisher’s LSD 

est was used to evaluate differences between experimental groups 

nd the differences were considered significant when p < 0.05. 
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Table 1 

Macropore size, porosity, compressive strength, and Young’s modulus of biphasic scaffolds. 

Macropore size (μm) Porosity (%) Compressive strength (MPa) Young’s modulus (MPa) 

PLGA 563 ± 47 74.93 ± 3.61 0.85 ± 0.08 18.22 ± 2.62 

PLGA/KGN 532 ± 28 70.15 ± 4.36 0.80 ± 0.07 17.58 ± 2.12 

PLGA/TCP 485 ± 20 68.91 ± 4.02 1.39 ± 0.15 28.08 ± 3.73 

PLGA/TCP/CIN 473 ± 13.19 67.59 ± 2.32 1.27 ± 0.12 28.14 ± 2.86 

Data are expressed as means ± SD ( n = 3). 
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. Results 

.1. Characterization of the porous biphasic scaffold s 

Porous biphasic scaffolds are advantageous for osteochondral 

issue engineering applications, as they can mimic the native struc- 

ure for each tissue type [32] . As shown in Fig. 1 (A), the SEM

mages showed that the PLGA layer exhibited a porous structure 

ith a smooth surface. The pores inside the PLGA layer were in- 

erconnected with a porosity of 74.93% ± 3.61% and a macropore 

ize of 563 ± 47 μm ( Table 1 ). The PLAG/ β-TCP (PT) layer had a

ough surface owing to the β-TCP particles and a fully intercon- 

ected porous pattern. The pores of the biphasic scaffold were di- 

ided into macropores (pores > 100 μm in size) and micropores 

pores < 50 μm in size) [33] . The macropore size of this phase

as 485 ± 20 μm and its porosity was 68.91% ± 4.02%. Numer- 

us micropores were observed on the wall surface of the scaffold 

ramework, which resulted in a larger surface area, and the pore 

izes of the micropores were ranging from 5 to 20 μm. A good in-

egration between the PLAG layer and the PT layer could be found 

n the SEM image and micro-CT image ( Fig. 1 (B)), which is con-

idered to be an ideal structure for osteochondral tissue engineer- 

ng. As shown in Fig. 1 (C–E), the compressive strength and Young’s 

odulus of the PLGA/KGN (PK) layer were 0.80 ± 0.07 and 17.58 

2.12 MPa, with no significant difference as compared with the 

LGA layer. The compressive strength and Young’s modulus of the 

LAG/ β-TCP/CIN (PTC) layer were 1.27 ± 0.12 and 28.14 ± 2.86 

Pa, respectively, which was also not different from the PT layer 

 Table 1 ). The incorporated bioactive molecules (KGN or CIN) did 

ot alter the structural and mechanical properties or the porosity 

f the PLGA layer or PT layer. 

The biodegradation of the porous biphasic scaffold is one of 

he key factors which can provide a desirable micro-environment 

hat allows neo-tissue to be generated properly for repairing and 

eplacing damaged tissues [34] . As shown in Fig. S1 in the Sup- 

orting Information, the scaffold underwent slow degradation in 

itro . The pH values of the degradation medium were measured 

p to 236 days. The pH value of the degraded medium maintained 

bove 7.0 for 37 days, then declined and reached the lowest value 

pH = 2.28 at day 159 for PK, pH = 2.28 at day 194 for PLGA,

H = 3.27 at day 201 for PT, pH = 3.40 at day 201 for PTC), and

nally raised to about 6.41 at day 236 ( Fig. 1 (F)). 

With the degradation of the biphasic scaffold, the bioactive 

olecule (KGN and CIN) in the scaffold was released, whereby the 

umulative release rate of KGN was 84.59%, and the cumulative re- 

ease rate of CIN was 85.92 % ( Fig. 1 (G)). 

The bone marrow mesenchymal cells from rats (rBMSCs) 

ere used to evaluate the cell adhesion on biphasic scaffolds 

 Fig. 1 (H)). It was found that the biphasic scaffolds were favor- 

ble for cell adhesion with cells attached to the surface of the 

caffolds. 

.2. Macroscopic observation 

The rabbit model was used to assess the OA-OCD regeneration 

or biphasic scaffolds ( Fig. 2 (A)). No migration of the scaffold was 
23
bserved at the end of this study. Sixteen weeks after implanta- 

ion, the weight and knee width of rabbits showed that the ani- 

als in different groups had good vital signs, without significant 

ifferences among groups ( Fig. 2 (B)). Compared to the non-OA mi- 

roenvironment, the cartilage surface in the OA environment was 

roded by papain ( Fig. 2 (C)). Macroscopic observation showed that 

he defects of the PK/PTC scaffold group were filled with newly 

ormed tissue in both OA and non-OA micro-environments. Specif- 

cally, the formation of cartilage-like tissue similar to the adjacent 

ative cartilage was observed in the PK/PTC scaffolds, and the ICRS 

cores of the OA and the non-OA micro-environments were 7.38 ±
.99 and 7.28 ± 1.39, respectively. However, the new-formed tissue 

as less transparent in the PTP group and control group, an indi- 

ation of incomplete repair, and the ICRS scores of the PTP group 

nd the control group in the OA environment were 6.50 ± 1.32 and 

.0 ± 0.86, and their ICRS scores in the non-OA environment were 

.57 ± 0.72 and 7.71 ± 2.31, respectively ( Fig. 2 (D)). 

.3. Micro-CT analysis: enhanced subchondral bone repair in PK/PTC 

caffolds 

The newly formed tissue was evaluated by micro-CT. As shown 

n Fig. 3 (A), the defect in the PK/PTC group was filled with new 

one 16 weeks after implantation. For the control group, the self- 

epair of subchondral bone was limited and there was a large cav- 

ty in the defect region. For the PTP group, the defect region was 

ncomplete, with the new bone mainly distributed around the bot- 

om and the side of the defects. As shown in Fig. 3 (B–D), in the

ontrol group, the BV/TV of the new bone in the OA environment 

as 28.3% lower than that in the non-OA environment, and the 

MD of the new bone in the OA environment was 26.7% higher 

han that in the non-OA environment. This suggests that new bone 

ormation was decreased and BMD of subchondral bone was in- 

reased in the inflammatory environment. Regardless of the OA en- 

ironment or non-OA environment, the BV/TV of the PK/PTC group 

as higher than that of the PTP group and the control group. In 

ddition, in the PK/PTC group, the BMD of the new bone in the OA 

icroenvironment was close to that of the non-OA group, and the 

MD of the new bone was similar to that of the host bone. 

.4. Histological analysis: PK/PTC scaffolds promoted OCD 

egeneration 

The histological staining analysis confirmed that the PK/PTC 

caffolds were able to improve the regeneration of cartilage in the 

A and non-OA micro-environments, compared with the PTP group 

nd control group ( Fig. 4 (A)). At 16 weeks post-implantation, new 

artilage was observed in the OCD site of the PK/PTC group, and 

he new cartilage showed strong staining of safranin o-fast green 

S-F), toluidine blue (T-B), and hematoxylin and eosin (H-E). At 

igh magnification, the arrangement of chondrocytes in the new 

artilage shows a pattern similar to hyaline cartilage. The quantita- 

ive scoring of histological staining was performed according to the 

odified O’Driscoll histology score (O’Driscoll score). The PK/PTC 

caffold showed significantly (19.44%) higher scores than the con- 

rol group in the OA micro-environment ( Fig. 4 (B)). In addition, S- 
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Fig. 1. Morphology, degradation, drug release, and cytocompatibility in vitro evaluation of the porous biphasic scaffold. (A) SEM image at high magnification showed a large 

number of micropores, red arrow: β-TCP; (B) Micro-CT showed the layered structure of porous biphasic scaffold; (C) The stress–strain curves of PK scaffold and PTC scaffold; 

(D, E) The Young’s modulus and compressive strength of the PLGA/KGN (PK) scaffold or PLGA/TCP/CIN (PTC) scaffold had no difference from those of the PLGA or PLGA/TCP 

(PT) scaffold; β-TCP can significantly improve the compressive strength and Young’s modulus of P scaffold (F, G) The scaffolds degradation and bioactive molecules release 

curves in vitro . (H) DAPI staining and SEM image showed that porous biphasic scaffold was favorable for cell adhesion. Data are shown as mean ± standard deviation, n = 3, 
∗p < 0.05. 

24 
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Fig. 2. In vivo evaluation of the porous biphasic scaffold. (A) Surgical procedure for OA-OCD model in rabbits; (B) The changes of weight and knee width in rabbits assessed 

at different time points; (C) Macroscopic observation of the repaired OCD. White arrow: cartilage was damaged by papain; (D) International cartilage repair society (ICRS) 

macroscopic evaluation of cartilage repair. Data are shown as mean ± standard deviation, n = 8, # p < 0.05 vs non-OA; ∗p < 0.05 and ∗∗p < 0.01. 
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 staining showed that sGAG in the PK/PTC group was enhanced 

ompared with those in the PTP group and the control group. As 

hown in Fig. 4 (C), the sGAG optical density of neo-cartilage of 

he PK/PTC scaffold group in the OA environment (51.34 ± 16.87) 

as 45.5% lower than that in the non-OA environment (94.20 ±
0.09) ( p < 0.05). In addition, the PK/PTC scaffold also promoted 

ubchondral bone regeneration in the OA microenvironment. There 

as more newly formed bone in the OCD. Although the PTP scaf- 

old can also support the migration and differentiation of cells and 

romote subchondral bone regeneration, there is a huge subchon- 

ral bone cyst in the subchondral bone, and the edge of the cyst is 

rapped by fibrous tissue. In the control group, there were empty 

avities and sparse newly formed tissue. 
25 
.5. Dynamic bone histomorphometry analysis: PK/PTC scaffolds 

nhanced bone remodeling 

Bone histomorphology was used to assess the efficiency of bone 

emodeling [35] . As shown in Fig. 5 (A), osteoid and mineralized 

one tissues were distinguished via goldner staining. Furthermore, 

e evaluated the osteoid surface in regenerated bones after 16 

eeks of implantation. Compared with the non-OA environment, 

he osteoid tissue of the control group was reduced by 66.95% in 

he OA environment ( Fig. 5 (C)). In the OA environment, the osteoid 

issue of the PK/PTC group (21.57 ± 6.08) was 64% higher than 

hat of the PTP group (13.18 ± 2.34). As shown in Fig. 5 (B), the

ew bone was labeled with calcein (green) and xylenol orange dis- 
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Fig. 3. Micro-CT analysis showed improved subchondral bone repair in PK/PTC scaffolds. (A) The reconstructed images showed the joint surfaces (the first row), transverse 

surface (the second row), and the regenerated bone (the third row) in the defect area at 16 weeks post-surgery. (B) The reconstructed images showed the joint surfaces, 

the newly formed bone in the OCD region (new bone), and the host bone. (C) Micro-CT quantitative data showed that the PK/PTC group had a higher bone volume per 

volume (BV/TV) than the control group and the PTP group. (D) The bone mineral density (BMD) of the PK/PTC group was lower than other groups. Data are shown as mean 

± standard deviation, n = 8, # p < 0.05 vs non-OA; ∗p < 0.05 and ∗∗p < 0.01. 
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dium salt (red). As shown in Fig. 5 (D–F), the quantitative results 

howed that the percent labeled perimeter (L.Pm), mineral apposi- 

ion rate (MAR), and bone formation rate/bone surface (BFR/BS) of 

he control group in the OA environment were reduced by 22.22%, 

3.60%, and 32.97%, respectively, compared with the non-OA en- 

ironment. Regardless of the OA environment or non-OA environ- 

ent, the L.Pm, MAR, and BFR/BS of the PK/PTC group were higher 

han those of the PTP group and the control group. In the PK/PTC 

roup, the MAR and BFR/BS in the OA microenvironment were 

igher than those in the non-OA microenvironment. 

.6. IHC staining analysis: PK/PTC scaffolds promoted the secretion of 

OL I and COL II in the regenerated osteochondral tissue 

IHC staining of cartilage and bone-specific proteins was per- 

ormed to evaluate OCD regeneration. As shown in Fig. 6 , com- 

ared with the non-OA environment, the COL I and COL II of the 

ew tissues in the control group were reduced by 25.39 % and 

3.80% in the OA environment, while MMP3 of the control group 

ncreased by 70.03%. In the OA environment, the COL II of the new 

artilage in the PK/PTC group (44.63 ± 12.76) was 55.08 % higher 

han that of the PTP group (20.05 ± 7.91), while the MMP3 of the 

ew cartilage in the PK/PTC group (0.71 ± 0.16) was 76.13% lower 

han in the PTP group (2.97 ± 0.41). 
26 
. Discussion 

The repair of osteochondral defect in osteoarthritis (OA-OCD) 

emains a major challenge in orthopedics, due to the complex hi- 

rarchical structure and low intrinsic repair capacity in cartilage. 

ere, to target the unique pathology of OA-OCD we successfully 

abricated a biphasic porous scaffold incorporating KGN and CIN 

ia low-temperature 3D printing technology to promote OCD re- 

eneration in an inflammatory environment. The pore size, in- 

erconnectivity, porosity, and mechanical properties of the bipha- 

ic scaffold were suitable for tissue regeneration. The bioactive 

olecules (KGN and CIN) can be sustained and stably released 

rom the biphasic scaffold. In addition, the PK/PTC scaffold can in- 

uce osteochondral regeneration in the rabbit osteoarthritic joints, 

nd reverse subchondral osteosclerosis in an inflammatory envi- 

onment. 

.1. The biphasic scaffolds promote tissue regeneration 

PLGA and TCP were the essential and approved biomaterials 

sed as the local delivery system for incorporating bioactive fac- 

ors for their controlled release. Their composite scaffold provided 

he required mechanical strength, and their pore size and degrada- 

ion rates also favored new bone ingrowth [ 17 , 36 , 37 ]. Porosity and
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Fig. 4. Histological analysis of tissue repair at 16 weeks post-surgery. (A) Hematoxylin and eosin (H&E), toluidine blue (T-B), and Safranin O-fast green (S-F) showed enhanced 

cartilage repair in the PK/PTC group, compared to the PT group and the control group. The arrows denote the subchondral bone cyst. (B) The modified O’Driscoll histologic 

score (O’Driscoll) evaluation of OCD in rabbits. (C) Quantification of sulfated glycosaminoglycan (sGAG) optical density in new cartilage. Data are shown as mean ± standard 

deviation, n = 4, # p < 0.05 vs non-OA; ∗p < 0.05 and ∗∗p < 0.01. The black arrow indicates the subchondral cyst. 

p  

B

c

a

d

i

a

w

g

T

b

t

u

a

p

m

u

p

d

o

p

t

t  

f

fi

t

a

d

t

m

T

c

m

t

s

w

i

d

f

P

u

f

t

s

A

c  

t

m

a

l

w

t

ore size of scaffolds play a critical role in bone formation [ 26 , 38 ].

ased on early studies, the minimum requirement for pore size is 

onsidered to be ∼100 μm due to cell size, migration requirements, 

nd transport. However, pore sizes > 300 μm are recommended, 

ue to enhanced new bone formation and the formation of cap- 

llaries [26] . In this study, PTP scaffolds or PK/PTC scaffolds had 

 pore size larger than 450 μm and a porosity higher than 65%, 

hich can support cell proliferation, differentiation, and vascular 

rowth [ 33 , 39 ]. 

Degradation is an important physical property of the scaffolds. 

he PLGA copolymer undergoes degradation in aqueous mediums 

oth in vitro and in vivo through the cleavage of its backbone es- 

er linkage. The complete degradation of PLGA forms water sol- 

ble and acidic degradation products, namely, lactic and glycolic 

cids, which are removed from the body by normal metabolic 

athways [40] . This decrease in pH is mainly because of the for- 

ation of these aqueous oligomers. Since these degradation prod- 

cts are acidic and retained in the incubation medium, then any 

olymer degradation will result in a reduction in pH. 

At the early stage, the pH maintained around 7.0 for 37 

ays perhaps because of the limited formation of water-soluble 

ligomers. Similarly, in a previous study, it was found that the 

H change was small, while the concentrations of both the lac- 

ic and glycolic acids were low during the early time of incubation 

ime [41] . The pH value got lower as more lactic and glycolic acids

ormed with degradation. It declined when reaching the peak and 

nally raised to about 6.41. It also can be seen from Fig. S1 that 

he macro-structure of the scaffolds has disappeared morphology, 
27 
nd PK degraded into powder in the solution with pH = 6.56 at 

ay 236. 

Besides the pH value change to show the complete degrada- 

ion of PLGA, calcium ions (Ca 2 + ) concentration in the degradation 

edium is an important indicator to monitor the degradation of 

CP. In our recently published work [27] , we measured the Ca 2 + 

oncentrations in the degradation medium at each time point to 

onitor the TCP degradation. In these two independent degrada- 

ion experiments, pH value curves demonstrate a similar pattern, 

o we speculated that Ca 2 + release had a similar pattern. It is 

ell known that the PLGA copolymer undergoes the cleavage of 

ts backbone ester linkage in aqueous mediums before complete 

egradation [40] . So, the average molecule weight of the left scaf- 

old at each time point is important to monitor the degradation of 

LGA. However, this will consume a lot of scaffolds, which hinder 

s from monitoring the degradation of PLGA in this study. There- 

ore, only recording the pH change in this process was the limita- 

ion of this study. 

In vivo, the scaffolds were degraded and replaced by new tis- 

ues during the healing process after scaffold implantation [42] . 

t the same time, the scaffolds provided the necessary mechani- 

al support and enough space for the growth of new tissue [43] . In

his study, the PTP scaffold or the PK/PTC scaffold had sufficient 

echanical strength to support bone tissue regeneration, which 

llows the adhesion of chondrocytes and osteoblasts. However, a 

imitation of this study is that no in vivo degradation of scaffolds 

as tested. The interaction between scaffold degradation and new 

issue in-growth and maturation is difficult to be accurately de- 
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Fig. 5. Dynamic histomorphology evaluation of subchondral bone. (A) Goldner staining showed osteoid and osteoblasts in the defect site (Red: osteoid. Green: mineralized 

bone tissue); (B) New bone in the defect site labeled with calcein (green) and xylenol orange (red); (C) Osteoid surface/bone surface (OS/BS, %), (D) Percent labeled perimeter 

(L.Pm, %), (E) Mineral apposition rate (MAR, μm/day), and (F) Bone formation rate/bone surface (BFR/BS) were quantified respectively. Data are shown as mean ± standard 

deviation, n = 4, # p < 0.05 vs non-OA; ∗p < 0.05 and ∗∗p < 0.01. 

s

w

t

d

t

t

v

4

r

i

(

K

t

i

t

a  

T

m

s

v

1

g

b

m

s

a

p

d

4

r

b

l

d

O

a

i

m

f

m

c

h

n

l

o

t

cribed in animal experiments. In the present study, the scaffolds 

ere implanted at a non-weight-bearing site (femoral trochlea), so 

he changed mechanical properties of the scaffolds during in vivo 

egradation had little effect on new bone regeneration. However, 

he degradation property of scaffold in vivo and the interaction be- 

ween degradation scaffold and newly formed tissue should be in- 

estigated in the future. 

.2. PK/PTC scaffolds promote the synthesis of sGAG and COL II in the 

egenerated cartilage in vivo 

KGN has been regarded as a promising small molecule to 

nduce chondrogenesis of human bone mesenchymal stem cells 

hBMSCs) by forming cartilage nodules in vitro [20] . Moreover, 

GN ameliorated cartilage degradation and attenuated osteoarthri- 

is progression in vivo [44] . The cartilage layer of biphasic scaffolds, 

ncorporating KGN, can mimic the regenerative microenvironment, 

hereby promoting the differentiation of BMSCs into chondrocytes 

nd the synthesis of the extracellular matrix of cartilage [ 30 , 45 ].

he PLGA enables sustained and localized delivery of bioactive 

olecules. In this study, the cumulative release of KGN from PK 

caffold reached approximately 84.59% in vitro . Furthermore, in 

ivo evidence indicated that the cartilage defect was repaired at 

6 weeks after implantation of PK/PTC scaffold. Not ably, the re- 

enerated cartilage binds to its surrounding tissue and subchondral 

one. Histological examination showed that the PK/PTC group had 
28 
ore neocartilage than the control group and PTP group. Further, 

GAG and COL II of neocartilage in the PK/PTC group were more 

bundant, compared with the control and PTP group, thereby im- 

roving the quantity and quality of regenerated tissue at the chon- 

ral interface. 

.3. PK/PTC scaffolds enhance osteogenesis and subchondral bone 

egeneration in OA joints 

Our study found that intra-articular injection of papain in rab- 

its not only reduced the glycosaminoglycans content in articu- 

ar cartilage but also significantly increased the BMD of subchon- 

ral bone in the femoral trochlea. However, in clinical or surgical 

A models, the subchondral bone of the tibial plateau was usu- 

lly considered. Because the subchondral bone changes in the tib- 

al plateau were more obvious than that in the femur due to the 

echanical factors [46] . In our study, the defect was created in the 

emoral trochlea, which provides us a possibility to investigate the 

echanism of subchondral bone changes in OA without mechani- 

al effects. 

The mineral BMD of the new bone in the defect area and the 

ost bone adjacent to the defect in the OA group increased sig- 

ificantly. Papain is a proteolytic enzyme that causes OA by re- 

easing chondroitin sulfate from a protein-polysaccharide complex 

f the articular cartilage matrix and producing inflammatory cy- 

okines, such as tumor necrosis factor- α (TNF- α) [47] . TNF- α in- 
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Fig. 6. Immunohistochemical staining for cartilage and bone-specific proteins. The collagen type I (COL I), collagen type II (COL II), and MMP-3 in sections were visualized 

at week 16. The quantitative results showed that both COL I and COL II were abundant in the new tissue of the PK/PTC group at week 16. The expression of MMP-3 in the 

new cartilage of the PK/PTC group was lower than that of the PTP and control groups. Data are shown as mean ± standard deviation, n = 4, # p < 0.05 vs non-OA; ∗p < 0.05 

and ∗∗p < 0.01. 
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ibited osteoblastic proliferation and matrix synthesis and acti- 

ating TNF receptor-associated Factor-2 (TRAF-2), which activated 

F- κB, AP-1, and MAPKs signaling pathways and led to decreased 

one formation [48] . However, in a human study, it was found that 

NF- α inhibited Runx2 and collagen expression but increased al- 

aline phosphatase activity and matrix mineralization [49] . There- 

ore, TNF- α in the articular micro-environment may play important 

oles in increasing the mineral BMD of subchondral bone in this 

apain-induced rabbit model. It was also well known that TNF- α is 

 stimulator of osteoclastogenesis [50] . The osteoclastogenesis and 

one resorption in this model should be investigated in the future 

tudy. 

The osseous layer of biphasic scaffolds consists of PLGA, β-TCP, 

nd CIN. Cinnamaldehyde, an essential active constituent of Cin- 

amomum cassia , could inhibit osteoclastogenesis and promote os- 

eoblastogenesis [23] . In addition, CIN plus β-TCP enhanced bone 

ormation [51] . The present study showed that the PTC scaffold 

howed better osteogenic potential compared with the PT scaffold, 

hich indicated that the bioactivity of the CIN molecules released 
rom the scaffold was retained. The CIN release curve showed that P

29
ts cumulative release reached approximately 85.92% in vitro. In 

ivo histological images showed that the defects of the PK/PTC 

roup were filled with new bone without a cyst. In addition, the 

HC staining showed that COL I of the PK/PTC scaffold was posi- 

ively expressed in regenerated tissues. 

.4. PK/PTC scaffolds attenuate cartilage degeneration in OA 

The degeneration of cartilage is associated with primary clini- 

al symptoms in the OA joint. Inflammation is a foremost factor in 

A pathogenesis because it exacerbates pain and joint destruction 

52] . Dysregulation between anabolic and catabolic factors is asso- 

iated with cartilage destruction in the pathogenesis of OA [53] . 

t has been shown that matrix metalloproteinases (MMPs) acceler- 

te cartilage degeneration and increase OA development [54] . Chen 

t al. [55] reported that the expression of MMP-3 protein was pos- 

tively correlated with the severity of OA. In this study, papain de- 

troyed articular cartilage and increased the expression of MMP- 

. Compared with the PTP group, the expression of MMP-3 in the 

K/PTC group was reduced, which might contribute to cartilage 
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egradation. Both KGN and CIN in the PK/PTC scaffold might play a 

ole in anti-inflammation. Previous studies demonstrated that KGN 

nhibited chondrocyte inflammation, thereby reducing the progres- 

ion of osteoarthritis [ 56 , 57 ]. In addition, our previous study found

hat CIN was able to inhibit inflammation in vitro and in collagen- 

nduced arthritic rats [25] . 

This study also has some limitations. We used two molecules, 

GN and CIN, to meet the requirements of anti-inflammation, bone 

egeneration, and cartilage regeneration. It is difficult to identify 

he roles of the individual molecule. The final effects are the result 

f the combined efficacy of the two bioactive factors. The interac- 

ion between them remains unknown. Also, the dose of each drug 

n the scaffold remains to be optimized in the future. 

. Conclusions 

Based on the unique pathology of OA-OCD an innovative bipha- 

ic porous scaffold with bioactive molecules has been successfully 

abricated, which demonstrates suitable pore size, high porosity, 

ppropriate mechanical structure, and microenvironment to induce 

steochondral regeneration. Anti-inflammatory and anabolic bioac- 

ive molecules KGN and CIN sustainably released from the bipha- 

ic porous scaffold can induce the regeneration of cartilage and 

ubchondral bone, and reverse subchondral osteosclerosis in an 

A-OCD rabbit model. The biphasic porous functional scaffold of- 

ers novel and effective approaches for repairing OA-OCD. Further 

ranslational studies will be performed to achieve clinical applica- 

ion in the future. 
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