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Objective: To study the degradation and basic fibroblast growth factor (bFGF) release activ-

ity of bFGF – poly(lactic-co-glycolic-acid) microsphere (bFGF-PLGA MS) under stress in 

vitro, including the static pressure and shearing force-simulating mechanical environment of 

the joint cavity.

Method: First, bFGF-PLGA MSs were created. Meanwhile, two self-made experimental 

instruments (static pressure and shearing force loading instruments) were initially explored to 

provide stress-simulating mechanical environment of the joint cavity. Then, bFGF-PLGA MSs 

were loaded into the two instruments respectively, to study microsphere degradation and drug 

release experiments. In the static pressure loading experiment, normal atmospheric pressure 

loading (approximately 0.1 MPa), 0.35 MPa, and 4.0 MPa pressure loading and shaking flask 

oscillation groups were designed to study bFGF-PLGA MS degradation and bFGF release. 

In the shearing force loading experiment, a pulsating pump was used to give the experimental 

group an output of 1,000 mL/min and the control group an output of 10 mL/min to carry out 

bFGF-PLGA MS degradation and drug release experiments. Changes of bFGF-PLGA MSs, 

including microsphere morphology, quality, weight-average molecular weight of polymer, and 

microsphere degradation and bFGF release, were analyzed respectively.

Results: In the static pressure loading experiment, bFGF-PLGA MSs at different pressure 

were stable initially. The trend of molecular weight change, quality loss, and bFGF release 

was consistent. Meanwhile, microsphere degradation and bFGF release rates in the 4.0 MPa 

pressure loading group were faster than those in the normal and 0.35 MPa pressure loading 

groups. It was the fastest in the shaking flask group, showing a statistically significant difference 

(P0.0001). In the shearing force loading experiment, there were no distinctive differences in 

the rates of microsphere degradation and bFGF release between experimental and control group. 

Meanwhile, microsphere degradation and bFGF release rates by shaking flask oscillation were 

obviously faster than those by shearing force only (P0.0001).

Conclusion: There are significant effects on bFGF-PLGA MS degradation and bFGF release 

due to the interaction between extraction stress and time. Static pressure has a conspicuous 

influence on bFGF-PLGA MS degradation and release, especially at a pressure of 4.0 MPa. 

The shearing force has a slight effect on bFGF-PLGA MS degradation and drug release. On the 

contrary, shaking flask oscillation has a significantly distinctive effect.

Keywords: microsphere, basic fibroblast growth factor, bFGF, poly(lactic-co-glycolic-acid), 

PLGA, stress, drug release

Introduction
Basic fibroblast growth factor (bFGF) is a member of the FGF family of proteins, 

which has been studied in embryonic development, nerve nutrition and regeneration, 

bone and muscle growth, blood vessel formation, wound healing, and tumor growth 
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and differentiation.1–7 However, because of its instability 

at high temperatures and in acidic environments its short 

half-life of 3–5 minutes in vivo, bFGF cannot meet clinical 

application criteria satisfactorily. Poly(lactic-co-glycolic-

acid) (PLGA), which is a biodegradable material, has been 

widely used in pharmaceutical industry as a carrier to load 

drugs and lengthen sustained release. Over the past few 

decades, PLGA microspheres (MSs), formulated into differ-

ent devices for loading a variety of drugs or reagents such as 

vaccines, antibiotics, peptides, proteins, and micromolecules, 

have been used to treat disease and promote tissue regen-

eration and repair.8–10 They can also be used for cartilage 

injury regeneration and repair, as the cartilage lacks good 

self-repairing ability.11–15

Generally, because of low self-repair capability, articular 

cartilage injury is a common and severe disease that seri-

ously affects physical function and quality of life.11 The 

current methods of repair include the application of exog-

enous growth factors, as have been reported in previous 

studies.12–16 The bFGF-PLGA MS could be injected into the 

joint cavity to promote cartilage defect healing. However, 

the complex environment of joint cavity, especially joint 

movement, impacts bFGF-PLGA MS degradation and 

bFGF release.

It is reported that the main degradation mechanism of 

PLGA microspheres, injected into joint cavity to repair 

articular cartilage injury, is hydrolytic decomposition, which 

in turn influenced by the partial microenvironment such as 

temperature, pH, and enzymes.17–19 In addition, it can be 

affected by stress factors such as static pressure of joint 

cavity and shearing force. Studies have reported that the 

highest pressure of hip joint cavity is 0.35 MPa and that of 

the knee joint cavity is 3.8–4.0 MPa.20–22 In both in vitro and  

in vivo studies, the stress effects on degradation of bioma-

terial have been a matter of concern for years. Bos et al23 

showed that when biomaterial was applied to weight-bearing 

parts of the cancellous bone fractures, the loading parts of the 

material had a faster degradation rate and loss of strength. 

Korin et al24 revealed that shearing stress caused by an intra-

vascular thrombus could break up the nanoparticles quickly 

to release thrombolytic drugs for the treatment of obstructive 

blood vessel diseases. However, there is still lack of research 

on the effects of stress on PLGA microsphere degradation and 

drug release in joint cavities. Thus, the purpose of this paper 

is to evaluate the effects of stress in vitro on bFGF-PLGA 

MS degradation and drug release, and to provide relevant 

data for further research.

Materials and methods
bFgF-Plga Ms preparation
The bFGF freeze-dried powder was supplied by the Biop-

harmaceutical R&D Center of Jinan University, People’s 

Republic of China. The PLGA, with a 50:50 copolymer ratio 

and 20 kDa average molecular weight, was prepared by the 

Department of Organic Chemistry of Chengdu Institute, 

Chinese Academy of Sciences. The bFGF-loaded micro-

spheres were prepared by solvent extraction/double emulsion 

(w/o/w) method and conserved by freeze-drying.4 The bFGF-

PLGA MSs prepared by this method were spherical (even and 

uniform) particles (mean particle size: 5.22±1.43 μm) that 

did not adhere to each other (Figure 1). The bFGF loading 

rate achieved was (48.10±1.03) ×10-3% (g/g).

equipment and experimental processes
According to previous studies regarding the static pressure 

of knee and hip joints cavity,20–22 self-made equipment, com-

posed of pressure tanks, chemical reaction pressure kettle 

(Shandong, People’s Republic of China), and pressure control 

valve (Shanghai, People’s Republic of China), normal atmo-

spheric pressure loading (approximately 0.1 MPa), 0.35 MPa,  

and 4.0 MPa pressure loading (Figure 2). The degradation 

and drug release studies of bFGF-PLGA MSs were per-

formed under those three pressure conditions, or in a shaking 

flask oscillator (thermostatic water bath oscillator, Jiangsu, 

People’s Republic of China). The detailed experimental 

process is given in Figure 2: 1) the four group’s tubes were 

marked 1–24a, 1–24b, 1–24c, and 1–24d. Approximately 

5 mg bFGF-PLGA MS and 10 mL phosphate-buffered saline 

Figure 1 The morphology of bFgF-Plga Ms (observed by an Fei Quanta 200 scanning 
electron microscope; Fei, hillsboro, Or, Usa).
Note: scale bar, 5 μm.
Abbreviation: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-
glycolic-acid) microsphere.
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(PBS, pH =7.4) were added separately in every tube. Tubes 

1a–24a, 1b–24b, and 1c–24c were placed in normal pressure, 

0.35 MPa, and 4.0 MPa pressure loading equipment, respec-

tively, while tubes 1d–24d were placed in thermostatic water 

bath oscillator (37°C, 100 rpm, normal pressure, amplitude: 

30 mm). The bFGF-PLGA MS present in supernatant fluid 

after centrifugation (three tubes of each group) was collected 

every week, respectively. The differences of bFGF-PLGA 

MS among those four groups, including microsphere mor-

phology (observed by an FEI Quanta 200 scanning electron 

microscope; FEI, Hillsboro, OR, USA), microsphere quality, 

and average molecular weight of polymer (studied by a 150 

CALC/GPC, Waters Corporation, Milford, MA, USA) were 

observed. 2) Approximately 20 mg bFGF-PLGA MSs and 

20 mL PBS were mixed and added into centrifugal tubes 

(three tubes of each group). The concentrations of bFGF in 

the supernatant fluid from the centrifuge tubes were mea-

sured at 0.5, 1, 3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 33 days, 

respectively. A sample of 1 mL was taken every time, and 

an equal amount of fresh PBS was added after sampling. By 

adopting the enzyme-linked immunosorbent assay technique, 

the absorbance of bFGF standard substance and sample 

solution were determined, and the releasing curves of the 

bFGF-PLGA MSs were drawn according to the accumulated 

release rate and time data.

The steps involved in the shearing force loading experi-

ment are shown in Figure 3. A filter membrane (Shanghai, 

People’s Republic of China) with a 0.45 μm aperture and 

1 kg/cm2 compression strength was placed on a filter board 

(with 10 cm diameter) in the middle of our self-made shearing 

force loading equipment (1a of Figure 3). The power system 

employed a Masterflex pulsating pump (Number 7550-17, 

Cole-Parmer, Vernon Hills, IL, USA) to provide stable flow 

field. A stainless steel micropore filter (Shanghai, People’s 

Republic of China), which was installed between the filtration 

unit and pump, collected bFGF-PLGA MSs debris in the flow 

field. This micropore filter was changed every 3 days. The 

experiment took place at a constant temperature of 37°C and 

under normal pressure. The output of the experimental pulsat-

ing pump was 1,000 mL/min, while that of the control group 

was 10 mL/min. Approximately 150 mg of bFGF-PLGA MSs 

and PBS were added into the equipment to set up an enclosed 

flow field system. Every week, 1/10 microspheres were 

removed after centrifugation and were freeze-dried for con-

servation and stored for 7 weeks. The drug release experiment 

was the same as that of static pressure loading experiment. 

The properties of bFGF-PLGA MSs including microsphere 

morphology, microsphere quality, weight-average molecular 

weight of polymer, and drug release were studied.

statistical analysis
SAS 9.2 (SAS Institute Inc., Cary, NC, USA) software was 

used for statistical analysis. The values are presented as 

mean ± standard deviation. Two-factor analysis of variance 

Figure 2 The equipment and experimental process of bFgF-Plga Ms degradation and drug release in static pressure loading experiment.
Abbreviation: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-glycolic-acid) microsphere.
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(ANOVA) was used to determine the differences between 

two groups and multiple groups of mean values. Meanwhile, 

the interaction and effect of the two factors (stress and time) 

on bFGF-PLGA MS degradation and bFGF release were 

studied. P0.05 was considered significant.

Results
The scanning electron microscope images 
of bFgF-Plga Ms
In static pressure loading experiment, no obvious deformation 

and structure damage of microsphere was found initially. The 

microsphere morphology in shaking flask oscillator group 

changed greatly (Figure 4). After 2 weeks of degradation, the 

surface of the microsphere appeared as pits and tiny holes. 

Five weeks later, the holes increased in size and the micro-

sphere dissolved gradually. After 8 weeks, the microsphere 

collapsed. The changes in the microsphere morphology in 

other groups were similar to that in the shaking flask oscilla-

tion group, just that there was a lesser extent of degradation. 

In the 4.0 MPa pressure loading group, few holes began to 

appear after 5 weeks degradation in microspheres. Eight 

weeks later, the holes increased in size and the microspheres 

began to deform (Figure 5). In the 0.35 MPa and normal 

pressure loading groups, the microsphere remained intact 

and pits and tiny holes appeared only after 8 weeks.

In shearing force loading experiment, the changes in 

microsphere morphology were similar in both the experi-

mental and the control group. After 3 weeks of degradation 

in experimental group, the surface of microspheres became 

irregular, like golf balls. After 5 weeks, there were some tiny 

holes on the surface. Microspheres began to distort and adhere 

together. Seven weeks later, the holes increased in number 

and became larger, and some had perforation (Figure 6).

The changes in bFgF-Plga Ms 
molecular weight
In the static pressure loading experiment, the molecular 

weight of bFGF-PLGA MS during degradation constantly 

Figure 3 The shearing force load experiment equipment and experimental process of bFgF-Plga Ms degradation and drug release.
Notes: 1a closeup details the vertical section of the filter board on the left and the cross section of the filter board on the right.
Abbreviations: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-glycolic-acid) microsphere; PBs, phosphate-buffered saline.
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reduced. The results are shown in Figure 7. The molecular 

weight of bFGF-PLGA MS in shaking flask oscillation group 

declined fastest of all, and fell by half after 4 weeks. After  

8 weeks degradation, the molecular weight had fallen to 27%, 

which was a statistically significant difference compared to 

the other three groups (ANOVA, P0.0001). Meanwhile, the 

trend of the molecular weight in normal and 0.35 MPa pres-

sure loading groups were consistent (ANOVA, P=0.9478), 

and their molecular weight had dropped finally to 36%. 

The molecular weight in 4.0 MPa pressure loading group 

declined in shaking flask oscillation group, and this was sta-

tistically significant compared to the normal pressure loading 

groups (ANOVA, P0.0001). After 8 weeks degradation, 

the molecular weight had fallen to 51%.

In shearing force loading experiment, shown in Figure 8, 

there was no significant difference between the experimental 

Figure 4 The scanning electron microscope images of bFGF-PLGA MS in shaking flask oscillation group.
Notes: (A) Before degradation. B–D are 2, 5, and 8 weeks after degradation, respectively. scale bars, 5 μm for (A–D).
Abbreviation: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-glycolic-acid) microsphere.

Figure 5 The scanning electron microscope images of bFgF-Plga Ms in 4.0 pressure loading group.
Notes: (A, B) 5, 8 weeks after degradation. scale bars, 5 μm for (A), 10 μm for (B).
Abbreviation: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-glycolic-acid) microsphere.
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and the control group (ANOVA, P=0.3747). After 49 days 

degradation, the molecular weight had dropped to 63% and 65%, 

respectively. However, the degradation rate of molecular weight 

in shaking flask oscillation was much faster than that in shearing 

force loading experiment only (ANOVA, P0.0001).

Figure 6 The scanning electron microscope images of bFgF-Plga Ms in shearing force loading experiment group.
Notes: (A) Before degradation, (B) 3 weeks, (C) 5 weeks, and (D) 7 weeks after degradation. scale bars 5 μm for (A, D), 10 μm for (B, C).
Abbreviation: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-glycolic-acid) microsphere.

Figure 7 The molecular weight changes of bFgF-Plga Ms during degradation in 
the static pressure loading experiment.
Note: The average of initial Mw was 11.32±0.11 kDa.
Abbreviations: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-
glycolic-acid) microsphere; Mw, molecular weight.

Figure 8 The molecular weight changes of bFgF-Plga Ms during degradation in 
shearing force loading experiment.
Abbreviations: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-
glycolic-acid) microsphere; Mw, molecular weight.

Mass loss of bFgF-Plga Ms during 
degradation
In the static pressure loading experiment, due to degrada-

tion, the mass of microspheres were getting reduced and 

the mass loss rate increased (Figure 9). After 8 weeks, the 
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mass loss ratio of microsphere had dropped 50% in the 4.0 

MPa pressure loading group, which was higher than in the 

0.35 MPa (30%) and atmospheric pressure loading group 

(33%) (ANOVA, P=0.0001, 0.0007). In shaking flask oscil-

lation group, the mass loss ratio of microspheres was more 

obvious, especially 3 weeks later. Meanwhile, the mass loss 

ratio of microspheres in shaking flask oscillation group had 

fallen to 7% finally, which was statistically significant com-

pared to other groups (ANOVA, P0.0001).

In shearing force loading experiment, the mass of micro-

spheres, both in the experimental and control groups, were 

reducing and were getting lost faster after 35 days. After 

49 days, the mass loss ratio of microsphere had dropped to 

58% and 65%, respectively. There was no significant differ-

ence in mass loss between two groups (ANOVA, P=0.0541) 

(Figure 10). Meanwhile, the mass of microspheres in shaking 

flask group reduced the most compared with the other three 

groups finally (ANOVA, P0.0001).

Outcomes of drug releasing of bFgF-
Plga Ms
In static pressure loading experiment, shown as in Figure 11, 

there were two typical release phases of drug release. The 

drug releasing rate of each group was approximately 25%, 

and there was little difference in initial release stage. In 

the second period, the drug releasing rate in shaking flask  

oscillation group obviously accelerated and had significant 

differences with other three groups (ANOVA, P0.001). The 

rate rose to 80% in 21 days. The drug releasing rate of the 4.0 

MPa group was faster than that of the 0.35 MPa and normal 

pressure loading group. Meanwhile, there was no difference 

between the normal pressure and 0.35 MPa group (ANOVA, 

Figure 9 Mass loss of bFgF-Plga Ms during degradation in the static pressure 
loading experiment.
Abbreviation: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-
glycolic-acid) microsphere.

Figure 10 Mass loss of bFgF-Plga Ms during degradation in shearing force loading 
experiment.
Abbreviation: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-
glycolic-acid) microsphere.

Figure 11 Drug release of bFgF-Plga Ms during degradation in the static pressure 
loading experiment.
Abbreviation: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-
glycolic-acid) microsphere.
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P=0.6256). In shearing force loading experiment (Figure 12), 

there was no significant difference between experimental 

and control group (ANOVA, P=0.0900). However, the drug 

release rate in flask-shaking is much faster than in a single 

shear force (ANOVA, P0.0001).

Discussion
Articular cartilage is frequently injured by disease, sports-

related trauma, and so on. However, its repairing capacity is 

limited because of its avascular characteristics.11,12 In previous 

studies, microspheres embedding bFGF could effectively 

promote cartilage regeneration and repair in large chondral 

defects.12–14 To our knowledge, the complex environment of 

articular cavity, especially joint motion, impacted the bFGF-

PLGA MS degradation and drug release thereby affecting 

cartilage regeneration and repair.

There are two kinds of distribution when bFGF-PLGA 

MSs are injected into synovial fluid. The bFGF-PLGA MSs 

either can diffuse in the joint synovial fluid or adhere to the 

surface of synovium and joint cartilage. As joints are kept 

stationary, the bFGF-PLGA MSs bear static pressure. When 

the joint moves, the bFGF-PLGA MSs adhere to the surface 

and are mainly affected by shearing force, besides joint static 

pressure. However, stress of bFGF-PLGA MSs suspended in 

synovial fluid is complicated. The bFGF-PLGA MSs collide 

with each other, joint capsule, and cartilage, just like shaking 

flask oscillation.

In our study of static pressure loading experiment, 

the results showed that the bFGF-PLGA MSs in 0.35 and 

4.0 MPa pressure groups had no obvious deformation and 

structure damage. It can be seen that the bFGF-PLGA MSs 

in joint cavity were stable. Although different load in joint 

cavity cannot affect bFGF-PLGA MS’s stability, its degrada-

tion rate can be affected. Our study showed that the bFGF-

PLGA MS degradation rate at 4.0 MPa pressure accelerated. 

Particularly in the second phase, the molecular weight and 

the quality declined more quickly significantly than in the 

normal pressure and 0.35 MPa groups. The reasons may be 

as follows:25–28 first of all, deformation of bFGF-PLGA MS 

by load produces strain energy, which promotes molecular 

chain movement. Second, the load makes the molecules of 

PLGA rearrange and the molecular chain segments become 

motor, which converts into chemical energy and reduces 

hydrolysis energy barrier, thus increasing moisture absorp-

tion and degradation. In addition, the load can directly affect 

the mechanical properties of materials, such as reducing the 

modulus of elasticity and increasing brittleness, which cause 

the branched chain breaking.

In shearing force loading experiment, there was no sig-

nificant difference between experimental and control group. 

Therefore, it can be thought that there was a slight effect of 

the shearing force on the degradation of microspheres. When 

the joint moved, the surface of joint cartilage normally did 

not contact closely and there was a thin layer of synovial 

fluid existing between the surfaces of two cartilages. It is 

regarded that the shearing force had a slight effect on the 

degradation of microspheres in joint cavity, because of the 

relatively low shearing force in synovial fluid. The degrada-

tion rate of microspheres in shaking flask oscillation was 

higher than that only in shearing force. Some factors that 

may affect degradation rate are as follows: the first is that 

microspheres can diffuse evenly and contact sufficiently in 

the synovial fluid during shaking flask oscillation. Thus, the 

area of hydrolysis increases. The other is that deformation 

of microsphere is caused during shaking flask oscillation. 

Some hollows could be observed on the surface of micro-

spheres by the scanning electron microscope, 2 weeks later. 

By this time, microspheres looked like golf balls (Figure 4). 

Meanwhile, kinetic energy and thermal energy are developed, 

which convert into chemical energy to accelerate microsphere 

degradation.

The drug release of microspheres can be divided into 

two stages: a sudden release phase (burst release phase) 

and steady release phase.29–33 As we know, the kinetics 

and mechanism of peptide drugs cause free direct release 

Figure 12 Drug release of bFgF-Plga Ms during degradation in shearing force loading 
experiment.
Abbreviation: bFGF-PLGA MS, basic fibroblast growth factor – poly(lactic-co-
glycolic-acid) microsphere.
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of protein molecules, which adsorb on the surface of the 

microspheres, causes sudden release phase. Stable release 

phase is the main carrier drug microsphere drug release 

phase, which is controlled by the diffusion and degradation 

processes. Thus, drugs can take a long time to maintain a 

steady drug release rate. In steady release phase, hydrated 

polymer degradation, polypeptide, and protein molecules dif-

fusing through the microporous structure of the microspheres 

by hydrolyzation form the first-line release phase. Finally, 

quality loss and polymer protein releasing along the PLGA 

erosion process compose the second linear phase. This study 

showed that load rarely affected the drug release rate in the 

static pressure loading experiment. The drug release rate of 

the 4.0 MPa group was quicker than the atmospheric and 

0.35 MPa pressure group. Maybe the reason is that 4.0 MPa 

pressure speeded up degradation rate of PLGA microspheres, 

especially in steady release phase. In shearing force loading 

experiments, the drug releasing rate of microsphere was 

relatively high. However, there was no significant difference 

of the drug releasing rates between the experimental and 

control group. It can be regarded that there was no effect 

of shearing force in flow field on the drug dissolution. The 

drug releasing rate of shaking flask oscillation was far higher 

than those of the two groups, and this was related to accel-

eration of microsphere degradation rate. It is indicated that 

shaking flask oscillation had an effect on the drug releasing 

of microspheres.

Conclusion
The bFGF-PLGA MS in joint cavity are stable. The lower 

load has slight effect on microsphere degradation and drug 

release, but the higher load (4.0 MPa) has more. The shearing 

force in flow field under the current condition has slight effect 

on microsphere degradation and drug release. Microsphere 

degradation and drug release during shaking flask oscillation 

are faster than those of shearing force only.
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