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Abstract 

This study was to co-encapsulate a chemokine (stromal cell-derived factor-1, SDF-1) and a 

chondroinductive molecule (kartogenin, KGN) within microspheres via microfluidics, and to 

incorporate them into a hyaluronic acid (HA) injectable scaffold for articular cartilage defect repair. 

HA injectable scaffold, as a cartilage-friendly microenvironment, was prepared by crosslinking HA 

with 1,4-butanediol diglycidyl ether. A microfluidic device was set up to prepare monodisperse PLGA 

microspheres (49 μm) to load SDF-1 and KGN. An in vivo model of full-thickness articular cartilage 

defects in rabbits was applied to evaluate the reparative capacity of the current package. The SDF-1 

and KGN were co-encapsulated simultaneously within the core and shell area of the microsphere with 

high loading efficiency and sustained release profiles of more than 2 months. The release profiles of 

them were highly matched and well fitted to a first-order mathematical model. These microspheres 

when incorporated into HA injectable scaffold were demonstrated to heal the full-thickness articular 

cartilage defects in rabbits. The regenerated tissue had the typical cartilage histological characters and 

integrated well with the surrounding tissue at 12w. This developed cell-free system could serve as an 

efficient therapy for articular cartilage defects treatment, serving as a supplementary way to cell based 

therapies. 
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1. Introduction 

Articular cartilage is a thin hydrated tissue which covers articulating surfaces. Mature articular 

cartilage is avascular and the articular chondrocytes are highly differentiated cells that have seriously 

limited self-repair capacity.[1] Moreover, untreated cartilage defects often progress to 

osteoarthritis.[1,2] Hence, there has been continuing efforts on developing regenerative medicine 

strategies to repair full thickness articular cartilage defects.[1,3] Stem cell-based therapy and 

autologous chondrocyte implantation (ACI) have been demonstrated promising in repairing articular 

cartilage defects.[1,3-6] However, in case of no autologous chondrocytes or stem cells available, it is 

necessary to develop alternative therapy based on well-defined biomaterials and drugs. It is thus 

proposed in the current study to co-encapsulate chemokines (e.g. stromal cell-derived factor-1, SDF1) 

and small chondroinductive molecules (e.g. kartogenin, KGN) within biodegradable core-shell 

microspheres to be generated using microfluidic technology, which can be subsequently incorporated 

into pre-established crosslinked hyaluronic acid (HA) injectable scaffolds for articular cartilage defect 

repair. 

The efficiency of co-encapsulation largely depends on the preparation methods of microspheres. 

Poly(lactide-co-glycolide) (PLGA) were often used as original materials for microspheres due to their 

favorable biocompatibility and biodegradability.[7,8] Traditionally, micro-/nano- particles of these 

materials are fabricated through an emulsification-based process which is limited in leeway to adjust 

the drug payload and tune the versatile formulation of two or more active ingredients to be delivered. 

Moreover, the resulting micro-/nano- particles have polydisperse sizes.[9] In contrast, recently 

developed microfluidic technology allows the production of monodisperse microspheres with high 



 

 

encapsulation efficiency, the precise control of the payload and the core-shell ratio of 

microspheres.[10-12] Hence, a microfluidic technology would be adopted to prepare PLGA 

microspheres with core-shell structure to load a chemokine and a chondroinductive molecule 

simultaneously within one microsphere. This proposed microencapsulation strategy could thereby 

enhance the loading efficiency of these molecules, while the microspheres could also serve as sites for 

cell homing and tissue regeneration with a long lasting efficacy. 

As to the chemokines to be encapsulated, SDF- 1 would be a superior choice. It is a cytokine that 

belongs to the CXC class of chemokine proteins and the only known natural chemokine in the body 

that is activated by binding to CXCR4 receptors which are expressed by hematopoietic stem cells, 

endothelial progenitor cells, mesenchymal stem cells (MSCs) and the like.[13,14] The SDF1/CXCR4 

complex was shown to play a key role in stem cell homing.[15] It is well established that potentially 

useful cell populations already exist in the body and attracting these cells to a desired anatomic site by 

cell homing to promote endogenous regeneration offers new therapeutic options.[16] In case of disease 

or injury, the endogenous stem/progenitor cells would migrate to and engraft in the affected tissue, 

then proliferate extensively and differentiate specifically. However, when such innate reparative or 

self-repair system is not sufficient, it is necessary to introduce additional signals which would instruct 

the recruitment of more endogenous stem cells to the target site and activation of regeneration.[16] 

Such strategy was proved to be promising for clinical translation because it avoids extensive ex vivo 

cell culture.[17] However, its success depends on first identifying the bioactive macromolecules that 

mediate tissue-specific homing and then manipulating the homing cells to initiate the 

repair/regeneration process. KGN, a small molecular organic compound, identified recently to induce 



 

 

the bone marrow-derived mesenchymal stem cells (BMSCs) into chondrocytes, can stimulate runt-

related transcription factor (RUNX) family members, mainly RUNX1 expression, which is important 

in chondrogenesis, chondrocyte proliferation, and survival.[1] Our proposed microspheres would serve 

as a smart package that could not only sustain the release of SDF-1 for a long duration, but also could 

manipulate the chondrogenic differentiation of the homed cells by simultaneously releasing KGN 

(instead of additional in vitro chondrogenesis step).  

The current work was thus to use microfluidic technology to prepare core-shell PLGA microspheres 

loaded with SDF-1 and KGN (within the core and shell, respectively) for their sustained release to 

repair articular cartilage defects, when incorporated into HA injectable scaffolds. The hydrogel 

network of our HA injectable scaffolds was previously demonstrated to provide a superior and 

favorable microenvironment for cartilage regeneration.[18] A capillary-based microfluidic device was 

designed to prepare homogeneous and monodisperse PLGA microspheres to load SDF-1 and KGN. 

The morphological and structural characters of these microspheres were then explored, and the loading 

capacity as well as release profiles was evaluated via mathematical models. An in vivo model of full-

thickness articular cartilage defects in rabbits was then applied to evaluate the cartilage reparative 

capacity of the current developed cell-free system with a follow-up of 12w. A synergistic cell homing 

and chondrogenesis within a cartilage friendly microenvironment could thus be expected from such a 

system, which could efficiently serve as an alternative and necessary supplementary therapy for 

articular cartilage defect treatments.  

  



 

 

2. Materials and methods 

2.1 Materials 

Poly(lactide-co-glycolide) (PLGA, Purasorb® PDLG 5010) was supplied by Purac Biomaterials 

Company Inc (Holland). Poly(vinyl alcohol) (PVA, Mw:13,000-23,000, 87-89% hydrolyzed), Nile-

Red and 1,4-Butanediol diglycidyl ether (BDDE) were purchased from Sigma-Aldrich (USA). 

Methylene blue hydrate was supplied by Macklin Biochemical Co., Ltd. (Shanghai, China). 

Dichloromethane (DCM) (analytical grade) was obtained from Shanghai Chemical Reagent Co., Ltd 

(China). SDF-1 was purchased from Peprotech (USA) and KGN was obtained from Sigma-Aladdin 

(USA). Hyaluronic acid sodium salt (HA, MW: 1.5×106 Da) was obtained from Shandong Freda 

Biopharm Co., Ltd. (Jinan, China). All other chemicals and reagents were used as received without 

further processing and of analytical grade unless otherwise specified. 

2.2 Preparation of HA injectable scaffold 

HA injectable scaffolds were fabricated by crosslinking HA with BDDE as reported in our previous 

work.[18] In brief, HA (10 wt%) was first dissolved in 1% NaOH solution. After HA complete 

dissolution, BDDE (0.4 vol%) was added to the HA solution with vigorous stirring. The solution was 

then crosslinked at 40°C for 5 h followed by being dried at ambient temperature for 3 days. After that, 

the dried HA was swollen by adding sufficient phosphate buffered saline (PBS: NaCl, 9 mg /mL; 

KH2PO4, 0.03 mg/mL; Na2HPO4·2H2O, 0.14 mg/mL; pH=7). The resulting HA hydrogel was placed 

in a dialysis bag and dialyzed with excess deionized (DI) water and PBS to remove residual BDDE. 

The HA hydrogel, with HA content of 20 mg/ mL, was then smashed with a homogenizer (T10 basic, 

IKA, Germany) to obtain gel particles of 0–400μm as the HA injectable scaffolds (without free water 

javascript:;


 

 

outside the gel). The gel particles were elastic and in the solid state as demonstrated previously.[18] 

Before being used for the in vivo injection, HA injectable scaffolds were sterilized in a high-pressure 

steam sterilizer set at 120oC for 20 min.  

2.3 Preparation of PLGA microspheres 

A glass capillary microfluidic device,[19,20] was first assembled using two round glass capillaries 

inserted into a square glass capillary (1mm x 1mm) from the opposing direction as illustrated in Figure 

1. Briefly, three syringe needles were glued over one end of a round glass capillary and two ends of 

the square glass tube, and they were used as connectors for the innermost water phase, middle oil and 

outer water phases, respectively. The other exposed end of the round glass capillary was served as the 

sample collection tube. The orifice diameter of the innermost phase of the device (Do) was 100 µm, 

and the diameter of the collection tube tip of the device was 300 µm. W/O/W double emulsion droplets 

were then prepared using this device. To prepare KGN and SDF-1 loaded PLGA microspheres, PLGA 

of 79.6 mg was dissolved in 10 mL of DCM as the solution A, and KGN of 5 mg was dissolved in 

3.1512 ml of DMSO as the solution B. The solution B of 204.1 μl was added to the solution A to form 

the middle oil phase of W/O/W emulsions, which was injected into the interstice between the square 

capillary and the round tube. SDF-1 aqueous solution (20 μg/ml) was used as the innermost phase of 

W/O/W emulsions flowing through the tapered round glass capillary. The PVA aqueous solution (2 

wt%) pumped through the square capillary from the opposite direction of the inner and middle phase 

was acted as the outermost water phase. The volume flow rates of innermost water (Qi), middle oil 

(Qm) and outer water phases (Qo) were typically set to be 1000, 2000, and 6000 μL/h, respectively, 

controlled respectively by syringe pumps (Harvard Apparatus Pump11 Elite, USA). Drug-loaded 



 

 

PLGA emulsion droplets were formed in the sample collection capillary, and collected using PVA 

aqueous solution (0.5 wt%) in a glass beaker. These droplets were ultimately solidified by evaporation 

of DCM at ambient temperature under constant stirring (280 rpm, 24 h), and PLGA microspheres were 

collected by centrifugation (5,000 rpm, 5 min, Beckman Coulter, USA). The microspheres need to be 

washed for five times with de-ionized water to remove PVA residue, and then freeze-dried using a 

freeze dryer (12 h, YB-FD-1, Shanghai, China). To facilitate the in vitro measurement of release 

profiles of drugs loaded within PLGA microspheres prepared by using the current microfluidic method, 

Nile-Red (NR, oil-soluble) and Methylene blue hydrate (MB, water-soluble) were used as model drugs 

to represent the above KGN and SDF-1, respectively. Hence, the same operation and parameters were 

applied except the replacement of KGN with NR and SDF-1 with MB. 

2.4 Determination of drug loading and encapsulation efficiency 

The drug loading and encapsulation efficiency was determined according to a previous reported 

method.[21] Briefly, dried PLGA microspheres of 5 mg were dissolved in 1 ml of DCM for 10 min 

and 5 ml of 10% isopropanol in phosphate buffered saline (PBS, pH 7.4, Sigma-Aldrich, USA) was 

then added for 30 min. The mixture was vigorously shaken for 2 min in order to extract NR and MB 

into 10% isopropanol PBS mixture solution. After centrifuging, the aqueous solution was withdrawn, 

the NR and MB content of the solution was determined by UV-VIS spectrophotometer (UV2550, 

SHIMADZU, Japan) at absorbance of 554 nm and 664 nm, respectively, according to their respective 

calibration curves. This study was performed in triplicate. The encapsulation efficiency (EE) was then 

determined by the equation: 

EE(%) =
𝑀𝑅

𝑀𝑇
× 100% 



 

 

Where MR is the actual mass of NR or MB determined in the microspheres (measured value) and MT 

is the total mass of NR or MB used for preparing the microcapsules (theoretical value). The drug 

loading (DL) was calculated from: 

DL(%) =
𝑀𝑅

𝑀𝑃
× 100% 

Where MP is the total mass of microspheres. The analyses were carried out using samples of triplicate 

runs, and the results were expressed as mean ± SD (n = 3). 

2.5 Characterizations of PLGA microspheres 

The surface and cross-sectional morphology of the obtained PLGA microspheres was observed by 

Field-emission scanning electron microscopy (Tokyo, Japan). The size and size distribution were 

determined by measuring 200 microspheres in the SEM images with Nano Measurer software. The 

coefficient of variation (CV) of the PLGA microspheres was then calculated from the statistical data 

based on the following equation:[22]  

CV =
𝜎

𝐷𝑝
 

Where σ is the standard deviation of the diameter (μm) and Dp is the mean diameter (μm). Confocal 

scanning laser microscopy (CSLM, Leica TCS sp8) was further used to observe the distribution of MB 

and NR (core and shell, respectively) within the PLGA microspheres (NR: 488 nm; MB: 405 nm). 

2.6 In vitro release property 

The freeze-dried microspheres loaded with NR and MB were immersed in 5 mL of PBS solution (10% 

isopropanol, 0.1% Tween 80) in 10 mL disposable sterile polypropylene centrifuge tubes at 37oC in 

an incubator (Thermo., USA). At predetermined time intervals, the sample tubes were taken out from 

the incubator and centrifuged (6000 rpm, 10min, Beckman Coulter, USA). After centrifugation, 



 

 

supernatant (3 mL) was withdrawn for measurement by UV-VIS spectrophotometer (UV2550, 

SHIMADZU, Japan) at absorbances of 554 nm (NR) and 664 nm (MB), respectively, according to 

their respective calibration curves. Each sample was repeated in triplicate. Fresh PBS solution of 3 mL 

(10% isopropanol，0.1% Tween 80) was supplemented to the sample tube before being back to the 

incubator.  

2.7 In vivo articular cartilage repair 

To test the in vivo efficacy of the HA injectable scaffold integrated with PLGA microspheres loaded 

with KGN and SDF-1, the New Zealand White rabbits (2.7−3.0 kg, 5−6 months old) were utilized as 

the animal model. All the animal procedures were approved by the Animal Care and Experiment 

Committee of School of Medicine, Shanghai JiaoTong University. The full-thickness cartilage defects 

(3.5 mm in diameter, 3.0 mm in depth) were created in the center of the trochlear groove by a drill as 

described previously and a subsequent standard microfracture procedure was performed.[1,23,24] The 

amount of sample used for filling the defect was 0.03 ml by injecting via a syringe. The sample was 

prepared by mixing 1 ml HA injectable scaffolds with 53 mg PLGA microspheres (with or without 

SDF-1&KGN) via pipetting; or 1ml HA injectable scaffolds alone. Rabbits were randomly assigned 

into four groups: defects treated with HA injectable scaffolds with SDF-1 and KGN loaded PLGA 

microspheres (HA/PLGA/SDF-1/KGN, n=3 at each time point); defects treated with HA injectable 

scaffolds with PLGA microspheres (HA/PLGA group, n=3 at each time point); defects treated with 

HA injectable scaffolds (HA group, n=3 at each time point); defects left untreated (Control group, n=3 

at each time point). The animals were allowed to have free movements in their cages after surgery. 

The limbs were allowed to bear the whole weight. General health status was monitored by a 



 

 

veterinarian. The rabbits were euthanized at 8 and 12 weeks post-surgery for sample harvest, 

respectively. Subsequently, various evaluations were performed to estimate the cartilage regeneration. 

2.8 Macroscopic evaluation 

The regenerated tissue was assessed using the International Cartilage Repair Society (ICRS) (shown 

in Table S1 of the Supporting Information) macroscopic score, which contains three categories: degree 

of defect repair; integration to board zone; and macroscopic appearance.[25] The scoring was 

performed by three different investigators. 

2.9 Histological observation 

The harvested samples were fixed in 10% formalin for 7 days and then decalcified in 15% EDTA for 

4 weeks in a shaker at room temperature with the solution changed twice a week. After this, the samples 

were transferred to 4% Paraformaldehyde Fix Solution for 24 h, dehydrated, and embedded in paraffin. 

After being embedded in paraffin, the samples were cut into sections of 5 μm. The sections were then 

stained with hematoxylin-eosin (H&E) and toluidine blue (TBO) to examine the histological 

morphology. Observation was performed under a light microscope (NIKON ECLIPSE E100, Japan). 

The repaired tissue was graded by three different investigators, using the ICRS visual histological 

assessment scale (shown in Table S2 of the Supporting Information).[26] For immunohistochemical 

evaluation, primary antibodies, rabbit anti-collagen II antibody (dilution ratio=1:200, Bioss, Germany) 

were used in the present study. Biotinylated secondary HRP-labeled Goat Anti-Rabbit IgG (H+L) 

(dilution ratio=1:1, DAKO) was used. The tissue sections were first placed in a repair kit filled with 

citrate antigen repair buffer (PH 6.0) for 1 h at 37 °C for antigen retrieval. The sections were placed in 

3% H2O2 (Hydrogen peroxide: pure water = 1:9) to block endogenous peroxidase, and 3% BSA (Sigma) 



 

 

was used to block nonspecific protein binding. After overnight incubation with primary antibody at 

4 °C, the sections were incubated with the secondary antibody for 50 min at room temperature. The 

DAB substrate system was used to develop the color. Microscopic observation was then carried out 

on these slides. 

2.10 Statistical Analyses 

All results were expressed as mean ± standard deviation (SD). All experiments were repeated for three 

times. Student t-tests were used to determine statistical significance between groups, and p<0.05 was 

considered significant. 

  



 

 

3. Results and discussion 

3.1 HA injectable scaffolds 

The feasibility of using homogenized HA hydrogel as an injectable scaffold has been demonstrated in 

our previous work.[18] As briefly illustrated in Figure 2, HA hydrogels were prepared first by 

crosslinking HA with BDDE. The formed bulk hydrogel was then homogenized into irregular micro-

hydrogel of 0-400μm in size, which could be then used simply by injection as an injectable scaffold. 

Biological species, such as growth factors or cells could be physically mixed with this scaffold to be 

delivered into tissues.  

3.2 Morphological and structural characters of PLGA microspheres 

According to the FESEM images of the obtained PLGA microspheres as shown in Figure 3A, they 

were spherical in size with a highly monodisperse and well dispersion without any aggregation. The 

statistical analysis of the diameter of these microspheres was analyzed using Nano Measurer software 

based on the respective SEM images (Figure 3B). It was shown that the mean diameter of PLGA 

microspheres prepared under the current fixed conditions was 49 μm (n=200). Microspheres of 46-51 

μm in diameter accounted for ~95% of the total. Accordingly, CV of the PLGA microspheres was 

3.83%, indicating a narrow size distribution. 

CSLM observation was carried out on the PLGA microspheres loaded with NR and MB, which were 

supplemented at the middle oil phase (the PLGA layer) and at the innermost water phase, respectively. 

Three dimensional CLSM views of the PLGA microspheres were shown in Figure 3C. It can then be 

seen that the light intensity of NR was mainly enriched in the outer layer of the PLGA microsphere 

(Figure 3D), while that of MB was mainly enriched in the innermost layer of the microsphere (Figure 



 

 

3E). From the above image information, it could also be ascertained that a little amount of NR was 

also distributed in the innermost space of PLGA microspheres. Vice verse, a trace amount of MB could 

also be located in the outer layer of PLGA microspheres. The cross-sectional morphology of these 

microspheres was further characterized by FESEM as shown in Figure 3F. It was surprised to see that 

the PLGA microspheres were not hollow in structure and a highly porous inner structure was observed 

with a relatively thick outer layer structure. Probably, the porous structure could make room for the 

efficient encapsulation of water soluble drugs, while the thickness of the outer PLGA layer could 

actually be controlled by the variation of operation parameters, such as the relative flow rates of water 

and oil phases as well as the device geometry of microfluidics to efficiently regulate the relative 

amounts of the oil-soluble drug and the water-soluble drug.  

According to previous reports, physical parameters, such as nano-/micron-scale internal structures, 

surface morphology, and size distributions are critical, in that they can play an important role in the 

control of loading efficiency, release kinetics and biological activities of the encapsulated 

substances.[27] Usually, optimal release profiles are achieved by using microspheres with diameters 

in the range of 10-200 μm,[28,29] as there is a risk that microspheres will be phagocytosed by immune 

cells for particle diameters < 10 μm and microspheres > 200 μm may cause an immune response and 

inflammation.[30] Therefore, the uniform and reproducible PLGA microspheres in the range of 46-51 

μm prepared by our microfluidic technique were suitable as drug carriers and also as a component of 

an injectable system in our current work to treat articular cartilage defects.  

The current fabricated PLGA microspheres have the dimpled surface as demonstrated previously.[31] 

The advantage of a dimpled surface or golf-ball feature lies in the increased surface area for drug 



 

 

release, and provision of additional loading sites on the particle surface for further interaction with 

biological systems.[27,32] As to our work, the microspheres would act as both a depository for 

sustained release of biomolecules and the anchoring points for substantially homed cells, in such case 

the enhanced surface area with biological systems would be desirable.  

In addition, as shown in Figure 3F, the interior of the obtained PLGA microspheres has a honeycomb 

inner structure, probably due to the instability of the inner phase water/oil emulsion, which on the other 

hand facilitates the distribution and adhesion of water-soluble drugs. As shown in CLSM image of 

Figure 3E, the blue dyes were enriched especially around those honeycomb surfaces. The pattern of 

blue dyes was in consistent with the pattern of inner pore distribution as shown in the cross-sectional 

morphology. 

3.3 In vitro release profile of drug loaded PLGA microspheres 

The in vitro release profiles of encapsulated drugs within PLGA microspheres were evaluated by 

choosing MB as a water-soluble drug model encapsulated with the inner water phase and NR as an 

oil-soluble drug model embedded with intermediate PLGA oil phase. The reason why we preferred to 

use MB and NR to address the in vitro release behavior of PLGA microspheres was mainly the 

economic cause as all of these tests would consume large amounts of these two biomolecules. The 

second reason was the well-established quantitative method for MB and NR, which is easy and quick 

to acquire and consequently could reduce the operational errors usually occurred during drug 

concentration determination. 

The EE of NR, located mainly in the outer layer of PLGA microspheres as shown in Figure 3D was 

determined to be 96.08%, while the EE of MB located mainly in the inner layer of PLGA microspheres 



 

 

was determined to be 97.04%. Moreover, DL was found to be 0.07% for NR and 0.61% for MB, 

respectively. The reason why DL was pre-set to be very low was mainly to take full consideration of 

the reported viable KGN value of 100 mM shown to be effective on chondrocytes,[24] and this was 

also the case for the specificity of SDF-1.[13,16] Moreover, it also has to be mentioned that the DL of 

drug loaded PLGA microcapsules could be further increased by the increase in the drug concentration 

used in the middle oil phase and the inner water phase, respectively. In addition, our current study is 

to construct co-encapsulation of SDF-1 and KGN within microspheres for synergistic delivery to treat 

articular cartilage defects. The main function of SDF-1 is cell homing, and SDF-1 works by binding 

to cell surface receptor, CXCR4, which are expressed by hematopoietic stem cells, endothelial 

progenitor cells, MSCs and the like.[13-15] KGN induces chondrogenesis, chondrocyte proliferation, 

and survival.[3] The individual function of them might not be expected to regenerate articular cartilage 

fully. The advantage of current co-encapsulation is proposed that with the release of SDF-1, BMSCs 

could be expected to be recruited from marrow clot created during the microfracture procedure to the 

site where the microspheres are located. This site could also release KGN at the same time, which 

could then induce the homed BMSCs to differentiate into chondrocytes. In addition, the whole system, 

most probably, might also recruit synovium-derived mesenchymal stem cells from synovial membrane, 

and chondrocytes from surrounding healthy cartilage. If they were separately embedded, it would be 

very difficult to achieve the synergistic effect of these two drugs since it was difficult to match them 

spatio-temporally.  

The corresponding release profiles of drugs from the PLGA microcapsules were shown in Figure 4. 

The cumulative release percentages of the NR and MB were leveled off upon 70 and 60 days, 



 

 

respectively. The release pattern of NR could be divided into two stages: the stage one was round 0-

30 d with a relatively fast release rate and a NR cumulative release of 71%; the second one was around 

30-70 d, where the release rate slowed down and the NR cumulative release reached around the 

maximum of around 96% as an almost constant platform. In addition, the release pattern of MB could 

be divided roughly into three stages: the first stage was round 0-10d, which was featured with a slow 

release rate and had a MB cumulative release of less than 10%; the second stage was 10-30 d, which 

had a relatively fast release rate and a MB cumulative release of around 70%; and the third one was 

30-60 d, where the release rate decreased obviously compared to the second stage and finally a MB 

cumulative release percent of around 96% was reached. 

NR, as an oil-soluble model drug, was located mainly in the outer layer of PLGA microsphere, which 

might account for its relatively earlier release over MB during the first month of the whole release 

period. MB, as a water-soluble model drug mainly located within the porous area in the core of PLGA 

microspheres, was released slowly at the first 30 d, then almost released at the same rate as NR from 

30 d to 50 d, and later reached the plateau around 10 days earlier than NR. It was reasonable to observe 

that MB would be a little lag behind initially since its diffusion would be more hindered by the outer 

PLGA layer. With the progress of hydrolysis and progress of NR release, MB diffusion would be 

significantly enhanced with time. As an indication from the above phenomenon, KGN would thus 

release faster than SDF-1 at the first month, while from 30d to around 50 d KGN and SDF-1 could 

have the matched release rates.   

These two drugs were almost synchronized from the beginning to the 60th day of release, which was 

of high importance in the current design package that later needs the synergy of KGN and SDF-1 



 

 

within a HA based reservoir microenvironment. Moreover, during the whole release period, no burst 

release was noticed either on NR or MB, and both of them had gradual increase in the released amounts. 

The little variation among the samples was also another feature of the microspheres prepared via 

microfluidic technology.  

Hydrolysis mediated degradation of PLGA was one of the main factors controlling the whole release 

duration. Another important factor was the diffusion which was in turn affected by the hydrophilic 

property and local concentration of model drugs, and the porosity of microspheres. It would be difficult 

to identify at each of the above distinct period which factor dominated the release of each drug since 

hydrolysis was also not a uniformly progressed but highly dynamic process.[33] Last but not of lease 

to mention was the regulation that could be gained by adjusting the flow rate ratio of the internal 

aqueous phase and the intermediate oil phase, and the drug concentration, to change the shell thickness 

and drug loading of the PLGA microsphere. 

3.4 Drug release kinetics 

In order to gain more understanding on the drug release behavior and mechanism as well, the results 

of the above in vitro drug release profile (Figure 4) over a period of 80 d were fitted to various 

mathematical models. Zero order model, first order models, the Higuchi model and Korsmeyer-Peppas 

modelswere evaluated.[34-37] For the zero-order model, the release rate is given by the following 

equation: 

𝑀𝑡

𝑀𝑅
= 𝑘𝑡 

In which Mt is the amount of drug released at time t, k is the zero-order release constant, and MR is 

the amount of the total drug in the sample. 



 

 

A first-order release rate can be described by the following equation:  

𝑀𝑡

𝑀𝑅
= exp(−𝑘𝑡) 

In which k is the first-order release constant.  

A model developed by Higuchi is presented by the following equation: 

𝑀𝑡

𝑀𝑅
= 𝑘𝑡(1/2) 

 

Where k is the Higuchi release rate. 

The Korsmeyer-Peppas model can be described by the following equation: 

𝑀𝑡

𝑀𝑅
= 𝑘𝑡𝑛 

Where k is the Korsmeyer-Peppas constant and n is the release exponent which is dimensionless.  

The results of regression analysis, R2, were applied to correlate the fit to different models as 

summarized in Table 1. On the basis of best fit with the highest correlation (R2) value, it is concluded 

that the in vitro release profiles of MB and NR could be best expressed by the first order equation, due 

to their highest R2 (MB: R2=0.959, NR: R2=0.995), followed by Higuchi model (MB: R2=0.940, NR: 

R2=0.963) and Korsmeyer-Peppas model (MB: R2=0.920, NR: R2=0.952) with zero order model as 

the poorest fit.  

NR, with a molecular weight of 318.37 was used to represent KGN which had a close molecular weight 

of 317.37. Hence, KGN release kinetics could also be well correlated by the above first order model 

which had a high regression value of 0.995. The later stage of in vivo study to optimize the dosage 

effect of KGN could be better facilitated through referring to this fitted model by reducing the number 

of experimental trials. It has been well established that several processes contribute to the overall 



 

 

kinetics of drug release from PLGA microspheres including chemical degradation of the polymer by 

ester hydrolysis, polymer erosion, evolution of pore structure as a result of mass erosion and diffusive 

transport of the drug through the polymer matrix and the aqueous pore structure.[8] The term 

degradation usually refers to the process through which the polymer chain bonds are hydrolyzed to 

form oligomers and monomers, while the term erosion refers to the loss of mass due to diffusion of 

water-soluble, small oligomers and monomers out of the polymer matrix.[8,38] The drug release 

kinetics is actually the dynamic and case-specific coupling between these three processes. In most 

cases, drug release in PLGA microspheres were classified as being erosion-controlled,[8] which could 

be further specified as surface-eroding or bulk-eroding. PLGA microspheres (10s to 100s of microns) 

are being eroding controlled since the hydration time scale is on the order of a few minutes compared 

to weeks or months for degradation.[39,40] The release of hydrophobic drugs, in the current work, NR 

or KGN, would most probably diffuse through the PLGA matrix and dissolute coincident with polymer 

dissolution and/or erosion. This diffusion and dissolution became slowed down upon 30 days on, most 

probably due to the more dominant role of polymer degradation at this time.  

SDF-1, with a molecular weight of around 8K Da, has a certain degree of difference when being 

modeled with MB of 319.85. The best fitting among the models tried in this work was also the first 

order one. For highly water-soluble drugs and macromolecular drugs such as proteins or peptides, 

diffusion through the aqueous pores is a more important model of transport than their diffusion through 

the PLGA matrix which is initially more hydrophobic. This could help to account for the few days of 

initial lag of MB. As the pore network develops, the effective diffusivity of MB enhanced and the 

period of 10-30 days could thus experience such effect with the driving force being more concentration 



 

 

dominated. The difference of MB and SDF-1 would probably have a relatively significant effect on 

their initial diffusion through PLGA polymer matrix, whereas the diffusion through the pore network 

could neglect such difference. Despite of this difference in molecular weight, this kinetic modeling by 

using MB could still be a valid correlation with SDF-1 release as reviewed by Braatz and Abidian 

about the previous mentioned general processes during drug release. [8,41] However, a more 

sophisticated model would still be necessary with more factors being addressed, such as the current 

core-shell structure, the diameter of the microspheres and the concentration of each drug.  

3.5 Articular cartilage defects repair in rabbits 

3.5.1 Gross evaluation 

At the pre-defined time points of 8 and 12 weeks, the rabbits were sacrificed, and the femoral condyles 

of all four groups were harvested as displayed in Figure 5. As shown in Figure 5A1, the 

HA/PLGA/SDF-1/KGN group exhibited a remarkable filling of the articular cartilage defect at 8w. At 

12w, the defects became so difficult to distinguish as a nice filling with smooth and whitish appearance 

was achieved as shown in Figure 5A2. It seems that a nice interface with excellent healing was 

achieved between the regenerated tissue and its adjacent native cartilage (Figure 5A2). In contrast to 

reparative conditions of the experimental group, the defects in the HA/PLGA and HA groups were 

occupied with new regenerated tissue but still with an obvious scar-like appearance (Figure 5B1 and 

B2 & Figure 5C1 and C2). Moreover, the defect of the control group which was left un-repaired, 

remained empty with the collapse of its adjacent cartilage tissue (Figure 5D1 and D2). The 

corresponding ICRS macroscopic grading including degree of defect repair, integration to border zone, 

macroscopic appearance and overall repair assessment were performed to evaluate the repaired 



 

 

condition of each group as shown in Figure 5B and C. Obviously, the macroscopic scores obtained 

from the experimental group (HA/PLGA/SDF-1/KGN) were statistically better than those in other 

groups (all macroscopic appearance of the experimental group (HA/PLGA/SDF-1/KGN) at 12 w is 

shown in Figure S2 of the Supporting Information). The HA/PLGA/ SDF-1/KGN group got the highest 

ICRS macroscopic scores of 19.7 ± 0.9 and 23.7 ± 0.5, which were 4.6 (p<0.001) and 5.9 (p< 0.001) 

folds of the respective ones of the Control group at 8 and 12 weeks, respectively. Moreover, the ICRS 

macroscopic scores of HA/PLGA group were 15.7 ± 0.9 and 15.1 ± 0.8, which were 3.7 (p<0.001) and 

3.8 (p<0.001) folds of the respective ones of the Control group at 8 and 12 weeks, respectively. The 

HA group was scored 12 ± 0.8 and 12.7 ± 0.5, which were 2.8 (p<0.001) and 3.2 (p<0.001) folds of 

the respective ones of the Control group at 8 and 12 weeks, respectively. The Control group exhibited 

the least ICRS macroscopic scores of 4.3 ± 0.5 and 4 ± 0.8 at 8 and 12 weeks, respectively.  

Based on the above observation and scores, it could be indicated that the repair condition of 

HA/PLGA/SDF-1/KGN group was enhanced with time as the scores increased with time (p< 0.05). 

However, the repair conditions of other groups were all almost constant as no difference was observed 

on their scores over time. Moreover, HA/PLGA and HA groups also achieved some degree of tissue 

repair, indicating a favorable microenvironment provided by HA hydrogels.  

3.5.2 Histological analyses of regenerated cartilages 

The histological analyses of different groups of regenerated cartilage-like tissues were presented in 

Figure 6. As shown in Figure 6A1, the defects of the HA/PLGA/SDF-1/KGN group were repaired by 

newly generated tissue featured with lacunas and cell clusters, a typical histological character of 

cartilage tissue, and the engineered cartilage-like tissue integrated well with its adjacent cartilage and 
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its underlying subchondral bone at 8w. At 12w, the surface and thickness of engineered cartilage was 

more even, and it seems that the engineered cartilage became more mature. The neo-tissue was 

characterized with a similar cartilage thickness to those of the surrounding native cartilage tissue and 

had been fully integrated with the native one and the subchondral bone as shown in Figure 6A2. 

However, only localized cartilage tissue could be identified in the defect of HA/PLGA group and some 

of the defect area was filled with fibrous tissue. The integrity of the subchondral bone was not remained 

(Figure 6B1). The repair condition of the same group was even worsened with time as shown in Figure 

6B2. As to the defect of HA group at 8w, the repair condition was quite good as the defect was filled 

with mostly neo-cartilage-like tissue except that at the center of the defects, degradation of the 

subcondral bone could be identified (Figure 6C1). However, the reparative condition of HA group 

deteriorated over time as most of the defect area became fibrous tissue filled as shown Figure 6C2. 

Moreover, the defect of the control group got even worse over those of the HA/PLGA and HA groups 

at 8w (Figure 6D1), and terrible collapse of the subcondral bone occurred at 12 w (Figure 6D2). 

According to the high-magnification H&E images of the repaired tissue at the central area as shown 

in Figure 6B, the HA/PLGA/SDF-1/KGN group not only had the typical structures of lacunas and cell 

clusters, but exhibited zonal articular cartilage structure as those of normal ones. However, the others 

are all fibrous ones (Figure 6B). According to the high-magnification H&E images of the repaired 

tissue at the interface (Figure 6C), the HA/PLGA/SDF-1/KGN group still exhibited minor defects at 8 

w and further remodeled with time to become more even. 

The corresponding ICRS visual histological evaluation of surface, matrix, subchondral bone and 

cartilage mineralization were performed to evaluate and compare the reparative conditions of each 



 

 

group as shown in Figure 6D and E. Obviously, the visual histological scores obtained from the 

experimental group (HA/PLGA/SDF-1/KGN) were statistically higher than those in other groups. The 

HA/PLGA/SDF-1/KGN group got the highest scores of 11.3 ± 0.5 and 11.7 ± 0.5, which were 16.1 

(p<0.001) and 39 (p<0.001) folds of the respective ones of the Control group at 8 and 12 weeks, 

respectively. Moreover, the ICRS visual histological scores of HA/PLGA group were 4 ± 0.8 and 2.3 

± 0.5, which were 5.7 (p<0.001) and 7.7 (p<0.001) folds of the respective ones of the Control group 

at 8 and 12 weeks, respectively. The HA group was scored 7.3 ± 0.5 and 1.7 ± 0.5, which were 10.4 

(p<0.001) and 5.7 (p<0.001) folds of the respective ones of the Control group at 8 and 12 weeks, 

respectively. The Control group exhibited the least ICRS visual histological scores of 0.7 ± 0.5 and 

0.3 ± 0.5 at 8 and 12 weeks, respectively. The above histological morphology of the engineered tissue 

further confirmed but more clearly revealed the reparative conditions observed by macroscopic 

observation conditions of each group. It could also be clear that a cartilage-friendly microenvironment 

provided by HA hydrogel itself was important to initiate a favorable repair but was not enough to 

sustain a durable one since with time the defects became either degraded or more fibrous tissue 

dominated. Biological molecules of sustained effect thus could help to compensate the necessary 

effects which prevented the degradation of the initiated repair process. 

3.5.3 Expression of cartilage specific ECM  

Deposition of glycosaminoglycan (GAG) in the engineered cartilage tissue was confirmed by TBO 

staining at 8w and 12w post-surgery (Figure 7), respectively. GAG deposition was intensively 

observed in the HA/PLGA/SDF-1/KGN group (Figure 7A1), which further enhanced with time to 

show a more even and continuous layer of new cartilage tissue (Figure 7A2). However, almost no 
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GAG deposition or weak GAG staining was observed in the defect area of other groups either at 8 w 

or 12 w (Figure 7 B1,B2; C1,C2; D1,D2), respectively. Expression of COL II in the engineered 

cartilage was further revealed by immunohistochemical staining as shown in Figure 8. The COL II 

expression profile with time of each group was in well consistence with that of GAG deposition. That 

is, cartilage matrix production was more abundant in the defect area of the HA/PLGA/SDF-1/KGN 

group and became more homogenous and mature with time.  

It is also important to mention that collagen type I staining could be carried in the future. Factors that 

might contribute to collagen type I expression are mainly the differentiation status of recruited cells 

and the fibrosis phenomena of the degenerated fibrocartilaginous or regenerated cartilaginous tissue 

of the defect. It was reported that with the protection effect of KGN, the fibrosis effect was minimized 

and chondrogenic differentiation of BMSCs or synovium-derived mesenchymal stem cells could be 

enhanced.[3,23,24] The collagen type I would thus be weakened significantly with the effect of KGN, 

while the collagen type II would be enhanced in turn, which was proven by both in vitro and in vivo 

works.[24] Moreover, it was speculated that the collagen type I and type II would be more distinctly 

expressed by different groups and would also progress in different ways with time. 

Although it was demonstrated that the above package including HA injectable scaffold and SDF-1 & 

KGN co-encapsulated microspheres was effective in treating articular cartilage defects in rabbits, there 

are still a few issues left to be further addressed. We still need a longer follow-up to give a more 

substantial evaluation that the neo-tissue would not undergo fibrous degradation which is usually the 

case for a few current clinical therapies, such as microfracture. Whether there is room for further 

adjusting the current dosage of SDF-1 and KGN would also be informative at the end of a prolonged 



 

 

follow-up. On the other hand, it was only shown here that the neo-tissue bore great similarity to the 

histology of the normal articular cartilage tissue. Further confirmation at the molecular biology level 

remains to be carried out, which could help to identify the homed cells, trace their origin, and explore 

the quantitative correlation among SDF-1, KGN and cell status.  

Moreover, it was speculated that the in vitro synergetic effect of SDF-1 and KGN on chondrogenic 

differentiation of stem cells might be investigated in the future through cell migration assays. As 

reported, the in vitro individual effect of SDF-1 has been demonstrated to induce cell migration using 

a transwell migration model.[42] The in vitro effect of KGN on stem cells was shown to promote 

chondrocyte differentiation from MSCs under both monolayer and high-density culture conditions.[3] 

It might be possible that in addition to monitor the cell migration, the cell differentiating condition 

could also be evaluated when systems with both SDF-1 and KGN were designed. It was thus further 

speculated that SDF-1 could promote the in vitro MSCs migration, while KGN could promote 

chondrocyte differentiation from the migrated MSCs. Future work would be necessary to ascertain this. 

HA injectable scaffold is also an indispensible component of this design package. It not only provides 

a cartilage-friendly microenvironment, but also helps to stabilize the microspheres within the defect 

area instead of being flowing away. It further helps to stabilize the homed cells. The HA scaffold alone 

was not enough to initiate a sustainable repairing process as shown in the control group. Our previous 

work confirmed its role as an injectable scaffold [18]. That is, it not only acted as a delivery vehicle 

and also facilitated the morphogenesis as a three-dimensional hydrogel scaffold by working as tissue 

filler and augmenting volume. As a scaffold for cells, its primary role appeared to be retention of cells, 

thereby facilitating the expected biological repair processes and morphogenesis. Moreover, the 



 

 

degradation of this injectable scaffold could be tuned by the microenvironment, the presence of cells 

and cell physiological states. That is, cells or extracellular matrix within this scaffold could easily help 

to adjust its turnover, probably due to the biological nature of HA.  

However, although this is only a preliminary study to show a viable and promising articular cartilage 

therapy, the novelty still stands that this is the first to use microfluidic technology to achieve a 

controllable co-encapsulation and co-release of SDF-1 and KGN to expect a relatively precise way of 

articular cartilage regeneration.  

  



 

 

4. Conclusion 

SDF-1 and KGN was co-encapsulated successfully within the core and shell area of PLGA 

microspheres facilitated by the current microfluidic technology. They had a matchable sustained 

release to expect a synergistic functioning process, that is, KGN provides protection and desired 

induction on the SDF-1 mediated homing cells. These microspheres together with HA injectable 

scaffold was demonstrated to heal the full-thickness articular cartilage defects in rabbits. The current 

developed system could well expect a synergistic cell homing and chondrogenesis within a cartilage 

friendly microenvironment, which could be efficiently used to repair articular cartilage defects in case 

of no desired cells available, serving as an alternative and necessary supplementary therapy. 
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Table 1. Correlation coefficients and release rate constants for different models 

 

 

  



 

 

Captions: 

Figure 1. Schematic illustration of glass-capillary microfluidic device for generating water-in-oil-in-

water (W/O/W) emulsion droplets. The orifice diameter of the innermost phase of the device (Do) was 

100 µm, and the diameter of the collection tube tip of the device was 300 µm. The inner channel size 

of the square tube was 1mm x 1mm; Qi, Qm and Qo: the volume flow rates of fluid flow of the innermost 

water phase (Qi = 1 mL/h), the middle oil phase (Qm = 2 mL/h) and the outermost water phase (Qo = 

6 mL/h). 

Figure 2. Schematic illustration of forming HA injectable scaffold. 

Figure 3. Morphology of PLGA microspheres. Field-emission scanning electron micrograph (A) and 

size distribution (B) of PLGA microspheres; Three-dimensional overlay (C) of confocal scanning laser 

microscopy images of PLGA (D and E); (F) Cross-sectional morphology of PLGA microspheres. 

Figure 4. In vitro release profiles of NR and MB from PLGA microspheres in the PBS solution 

(pH=7.4, 10% isopropanol，0.1% Tween 80) at 37oC. Date are presented as mean ± SD (standard 

deviation), n=6. ●MB, ■NR 

Figure 5. Gross evaluation of the repaired tissue. (A) Macroscopic observation of the repaired tissues 

at 8 and 12 weeks. ICRS macroscopic scores of the regenerated tissue at 8 (B) and 12 (C) weeks. Bar 

scales: 3.5cm. Data are presented as mean ± SD (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001). 

Figure 6. Histology of the repaired tissues and microscopic evaluation. (A) H&E staining of the 

repaired tissue at 8 and 12 weeks. White arrows indicate the interface between the repaired tissue and 



 

 

adjacent normal cartilage. H&E staining of high magnification of the repaired tissue at the central area 

(B) of the defect, and interface (C) between normal tissue and defect at 8 and 12 weeks, respectively. 

ICRS visual histological scores of the regenerated tissue at (D) 8 and (E) 12 weeks. Bar scales: 1000μm. 

Data are presented as mean ± SD (n = 3; **p < 0.01, ***p < 0.001). 

Figure 7. TBO staining of the repaired tissues at 8 and 12 weeks. (Bar scale: 1000 μm). 

Figure 8. Immunohistochemical staining of COL II of the repaired tissues at 8 and 12 weeks. (Bar 

scale: 1000 μm). 
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