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Abstract: Bone tissue engineering scaffolds loading growth factors have been considered as the most perspective 
among all bone substitutes, yet little progress of its clinical translation has been made. The concept of “micro-scaf-
folds” was proposed in this study to provide a trajectory to the clinical translation of porous scaffolds. Combining 
CPC and rhBMP-2, a pre-cured CPC/rhBMP-2 micro-scaffold has been successfully developed and further applied 
as an easy-to-operate filler for bone regeneration in a pilot clinical study. The results demonstrated superior overall 
performances of CPC/rhBMP-2 microffolds to traditional therapies, with not only shortened repairing time and im-
proved repairing qualities, but also the potential in treating fractures that are most challenging for current therapies. 
This pilot clinical study of CPC/rhBMP-2 microffolds further promoted the clinical translation of porous scaffolds for 
bone regeneration, and provided new insights for future development of artificial bone substitutes.
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Introduction

Considerable bone defects resulting from non-
union fractures, severe trauma, malignancy re- 
section or infection, have raised great demands 
for clinical bone repair [1]. Large bone defects 
that cannot heal on its own require implanta-
tion of suitable bone grafts into the defect site 
[2]. Bone grafts include autografts, allografts 
and artificial bone substitutes. Autograft re- 
mains the gold standard in orthopaedic surgery 
due to its excellent osteoinductive and osteo-
conductive capability, yet limited tissue avail-
ability, donor site morbidity and additional sur-
gical pain restrict their clinical applications [3, 
4]. As a sub-optimal alternative, allografts ha- 
ve risks of immune rejection and disease tr- 
ansmission [5, 6]. These complications neces-
sitate the pursuit of synthetic substitutes for 
treatment of these formidable defects [7].

Bone tissue engineering scaffolds have been 
widely developed and are considered as the 
most perspective among all bone substitutes. 
Macroporosities of scaffolds, comparing to de- 
nse materials, have been demonstrated as a 
prerequisite for bone formation in vivo. Based 
on previous studies [8, 9], the minimum require-
ment of pore size is considered to be ~100 μm 
for cell migration and nutritious transportation, 
and pore sizes > 300 μm are recommended, 
due to enhanced new bone formation and for-
mation of capillaries. To date, researchers have 
developed various biomaterials into porous 
scaffolds, and some of them have been suc-
cessfully applied in clinic, such as β-tricalcium 
phosphate (β-TCP) and biphasic calcium phos-
phate (HA/TCP) scaffolds [10-12]. However, a 
major problem of these artificial scaffolds is 
their deficient osteoinductivity compared to 
autografts, which might cause delayed union or 
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even nonunion in clinic [13, 14]. Another chal-
lenging problem that needs to be addressed in 
the clinical translational process is the custom-
ization of the scaffold according to the defect 
size and shape of the patient, which often 
requires a long period and is hard to achieve.

Currently, a widely efficient and clinically appli-
cable way to promote endogenous repair mech-
anism and enhance bone formation is the load-
ing of growth factors into biomaterials [15, 16]. 
Among all growth factors, bone morphogenetic 
protein-2 (BMP-2), a highly potent osteoinduc-
tive growth factor, has been considered as the 
most notable cytokine to enhance bone forma-
tion and bone tissue reconstruction [17, 18]. 
Recombinant human BMP-2 (rhBMP-2)-loaded 
absorbable collagen sponge has been approved 
by FDA in 2002 for interbody fusion surgeries, 

and its osteogenic capacity has been validated 
in numerous studies [19-21]. However, due to 
the lack of sustained release, low dosage of 
rhBMP-2 with desirable therapeutic efficacy 
remains a challenge in the therapy of bone 
defects [22, 23]. High dosage not only increas-
es the potential risks associated with excessive 
concentrations of rhBMP-2, but also raises the 
therapeutic costs to an unaffordable level that 
hampers further applications of rhBMP-2 [24, 
25]. Although researches have realized the sus-
tained release of rhBMP-2 from different scaf-
folds, most of the BMP-2-loaded scaffolds are 
still confined to in vitro and animal experiments, 
and still have a long way from bench to bedside 
[26].

Calcium phosphate cement (CPC), a bioresorb-
able bone substitute, has been widely applied 

Scheme 1. Design of CPC/rhBMP-2 microffolds and comparison between microffolds and traditional scaffolds/ 
traditional CPC. (A) Massive production route of CPC/rhBMP-2 microffolds: molding, salt leaching and rhBMP-2 im-
mobilization. In comparison with traditional scaffolds: need of customization according to the defect size and shape, 
which is time-costing and requires specific equipment. (B) Rapid regeneration process by CPC/rhBMP-2 microffolds: 
abundant porosities allow cell ingrowth and vascularization, which renders rapid formation of new bone tissue and 
synchronous degradation of material. In comparison with traditional CPC paste: bioresorption layer by layer slowly 
due to its high density, and thus not being replaced by bone tissue until years later.
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in clinic due to its outstanding properties 
including similarity in composition to bone min-
eral, osteoconductivity, excellent bioactivity 
and cytocompatibility. The performances of 
CPC scaffolds in vitro and in animal models 
have been widely reported [27, 28]. Based on 
these situations and to address the aforemen-
tioned two major problems, by combining CPC 
and rhBMP-2, two mature clinical applications 
of material and growth factor, we have success-
fully developed a pre-cured CPC/rhBMP-2 
micro-scaffold and further applied it as an 
easy-to-operate filler for bone regeneration in 
clinic. We proposed the concept of “microf-
folds” (short for “micro-scaffolds”), which can 
be massively produced in advance, and is easy 
to operate as bone filler during the surgery 
(Scheme 1A). The porous structure of microf-
fold and the stacking macroporosities among 
the microffolds ensure rapid ingrowth of tissue 
and fast degradation of the material (Scheme 
1B). Physicochemical properties and protein 
release kinetics of the microffolds were charac-
terized. In a rabbit distal femur defect model, 
bone regeneration was achieved in 3 months 
after CPC/rhBMP-2 scaffold implantation, with 
regenerated tissue similar to normal tissue. A 
pilot clinical study was initiated in 81 patients 
to test safety and preliminary efficacy in hu- 
mans (bone tissue repairing capacity) and to 
evaluate standard clinical and rehabilitation 
protocols that are not possible in animal mod-
els. Compared to traditional therapies by CPC 
paste, the average fracture healing time (for 
bony reunion) was 0.5~2 month shortened and 
the repairing qualities were improved by CPC/
rhBMP-2 microffolds. This bench-to-bedside tr- 
anslation represents a potential development 
of the clinical treatment of bone defects.

Materials and methods

Preparation and characterization of CPC/rh-
BMP-2 microffolds

CPC powders and rhBMP-2 used in this study 
were both from Shanghai Rebone Biomateria- 
ls Co. Ltd. (Shanghai, China). The CPC powders 
were consisted of equimolar tetracalcium phos-
phate (TECP) and dicalcium phosphate anhy-
drous (DCPA).

The CPC microffolds were prepared through a 
salt leaching and molding method, with sodium 
chloride (NaCl) particles (size of ~500 μm) as 

macroporous porogen, and saturated NaCl 
solution as cement liquid and microporous 
porogen. Briefly, CPC powders, NaCl particles 
were mixed in a small amount of saturated 
NaCl solution to form a cement paste, which 
was cast into the mold with desirable shape (Ø 
3 × 4 mm) under a pressure of 2 MPa for 1 min 
to prepare cylinder samples. After 3 days’ cur-
ing at 37°C and 100% air humidity, the samples 
were soaked in purified water for 3 days (water 
renewed every 12 h) until the complete dissolu-
tion of NaCl, then dried at 100°C for 12 h to 
obtain the CPC microffolds.

After sterilization, a certain amount of rhBMP-2 
solution was dropped onto CPC microffolds  
and evacuated for 30 min for fully adsorption of 
the protein into the microporosities. A dose of 1 
mg/g (mg protein/g microffold) rhBMP-2 was 
applied. After lyophilized, the final CPC/rhBMP-
2 microffolds were obtained. The CPC/rhBMP-2 
microffolds could be long-term preserved at 
4°C in sterile conditions before use.

The CPC/rhBMP-2 scaffolds used in animal ex- 
periments were prepared through a similar pro-
cess, in which the shape and size of the mold 
was chosen according to the rabbit distal femur 
defect model (Ø 4.2 × 5 mm).

The phase composition of CPC was character-
ized by X-ray diffraction (XRD, Rigaku Co., Ja- 
pan). The macroporous morphology and the 
microstructure of CPC microffolds were obser- 
ved by scanning electron microscope (SEM, 
JSM-6360LV, JEOL).

In vitro release and bioactivity of rhBMP-2 
from CPC/rhBMP-2 microffolds

The in vitro protein release was studied by sus-
pending the CPC/rhBMP-2 microffolds in PBS 
(0.1 g scaffold/1 mL PBS) and maintaining it  
in a constant temperature incubator shaker 
(37°C, 100 rpm). At fixed time intervals, all 
release solutions were collected, and an identi-
cal volume of fresh PBS was added. RhBMP-2 
concentration of each collected sample was 
measured by an ELISA kit to calculate the 
releasing amount. Secondary structures of free 
rhBMP-2 and the released rhBMP-2 were ana-
lyzed by circular dichroism (CD) measurements 
and estimated by CD spectra deconvolution 
software CDNN. Receptor-binding capacity and 
ALP activity were further assayed to evaluate 
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the bioactivity of the released rhBMP-2, of 
which the detailed protocols are described as 
below.

To evaluate the receptor-binding capacity of the 
released rhBMP-2, rBMSCs were cultured with 
microffold-released rhBMP-2 and free rhBMP-2 
respectively. After 4 h incubation, cells were 
fixed with 1% glutaraldehyde at 4°C for 15 min, 
then blocked with 1% BSA solution for 1 h at 
37°C. After washed with PBS twice, cells were 
incubated with anti-BMP-2 antibody (R&D sys-
tems Inc., Minneapolis, USA) at 37°C for 1 h 
and 4°C for 1 h, then with FITC-conjugated 
goat-anti-mouse IgG (Sigma, St. Louis, USA) for 
1 h at room temperature. 2-(4-Amidinophenyl)-
6-indolecarbamidine dihydrochloride (DAPI, 
Beyotime Biotech, Jiangsu, China) solution was 
added to stain cell nucleus for 5 min. The 
amount of rhBMP-2 that bound to receptor on 
cell surface could be visualized using confocal 
laser-scanning microscopy (CLSM, Nikon A1R, 
Japan).

To evaluate the ALP activity of the released 
rhBMP-2, rBMSCs were cultured with microf-
fold-released rhBMP-2 and free rhBMP-2 re- 
spectively. After 3 and 7 days of culture, the 
medium was removed and 200 μL Nonidet 
P-40 (NP-40, 1%) solution was added to each 
well. Samples were incubated for 1 h to obtain 
cell lysates. Then 50 μL of the cell lysates from 

bance at a wavelength of 405 nm using a 
microplate reader. Total protein content of each 
cell lysate was determined using a BCA protein 
assay kit. ALP levels were normalized with total 
protein content, and all experiments were per-
formed in quadruplicates.

Evaluation of cell attachment and proliferation

For morphology observation of the cells atta- 
ched on the microffold, rBMSCs were seeded 
on CPC/rhBMP-2 microffolds in 24-well culture 
plates at a density of 2×105 cells/well, and 
after 24 h incubation, samples were fixed with 
glutaraldehyde solution (2.5%) for 15 min. Then 
fixed cells were incubated with FITC-Phalloidin 
(5 μg/mL) and DAPI (5 μg/mL) for cytoskeleton 
and cellular nuclei staining, respectively. Cell 
morphologies were visualized using confocal 
laser-scanning microscopy (CLSM, Nikon A1R, 
Japan). Detailed rBMSCs morphology was fur-
ther observed by SEM. After 12 h incubation, 
cells were fixed and dehydrated in ascending 
concentrations of ethanol (50, 70, 80, 90, 95 
100, v/v%, 5 min at each gradient), followed by 
immersing in isoamyl acetate for 20 min and 
vacuum-dried at 37°C for 4 h.

Cytotoxicity and cell proliferation on the microf-
folds were evaluated by MTT assay, and a seed-
ing density of 1×104 cells/well was applied. At 
each time point, 30 µL MTT solution (5 mg/mL) 
was added and incubated at 37°C for 4 h to 
allow formation of formazan crystals, which 
were subsequently dissolved with DMSO. Num- 
bers of total cells in the plate well and of cells 
on the scaffold were quantified to evaluate tox-
icity, cell attachment and proliferation on the 
scaffolds respectively. The optical density (OD) 
value was measured at 492 nm using a micro-
plate reader (SPECTRAmax 384, Molecular De- 
vices, USA) to quantify the number of cells. 
Additional cultures without scaffolds were set 
as blank control.

Evaluation of osteogenic capacity in vitro

Osteogenic gene expression analyses were per-
formed using Bio-Rad real-time quantitative 

Table 1. Secondary structure content of free rhBMP-2 and 
microffold-released rhBMP-2 calculated by CDNN

α-Helix β-Parallel β-Turn Random 
Coil

Structural 
Change

Free rhBMP-2 9.60% 32.50% 15.70% 42.20% -
Released rhBMP-2 8.20% 28.10% 12.80% 50.90% 5.69%

Table 2. Primer sequences used in real-time 
quantitative reserve transcription-polymerase 
chain reaction (RT-qPCR)
Primer Sequences
ALP-for CTCCGGATCCTGACAAAGAA
ALP-rev ACGTGGGGGATGTAGTTCTG
Col I-for CGTGACCAAAAACCAAAAGTGC
Col I-rev GGGGTGGAGAAAGGAACAGAAA
OC-for GCCCTGACTGCATTCTGCCTCT
OC-rev TCACCACCTTACTGCCCTCCTG
Runx2-for ATCCAGCCACCTTCACTTACACC
Runx2-rev GGGACCATTGGGAACTGATAGG
β-actin-for CACCCGCGAGTACAACCTTC
β-actin-rev CCCATACCCACCATCACACC

each sample was pipetted to 96-well 
plates. 50 μL of 2 mg/mL p-nitrophe-
nyl phosphate substrate solution 
(pNPP, Sangon, Shanghai, China) was 
added and incubated for 2 h at 37°C, 
the reaction was quenched by adding 
100 μL NaOH (0.1 mol/L) and ALP 
activity was quantified by the absor-
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reserve transcription-polymerase chain reac-
tion (RT-qPCR) system (Bio-Rad, Hercules, CA, 
USA). Osteogenic differentiation markers: ALP, 
type I collagen (Col I), osteocalcin (OC) and runt-
related transcription factor 2 (Runx2) were 
evaluated, with β-actin gene used as house-
keeping gene. Relative expression level for ea- 
ch gene (fold change) to that of CPC microffolds 
without rhBMP-2 was calculated. All experi-
ments were performed in quadruplicates. Pri- 
mer sequences used in this study were listed in 
Table 2.

Evaluation of osteogenic capacity in vivo: rab-
bit distal femur defect model

Eighteen 5-month-old New Zealand white rab-
bits (National Tissue Engineering Center, Sh- 
anghai, China) with an average weight of 3 kg 
were used and randomly divided into two gr- 
oups: CPC and CPC/rhBMP-2. Prior to surgery, 
the NZW rabbits were housed and fed in indi-
vidual cages under the same condition for 7 
days.

All rabbits underwent a cortical defect surgery 
in the distal femur (Ø 4.2 × 5 mm). The rabbits 
were anesthetized by intravenation injection 
via ear vein of 3% pentobarbital sodium at a 
dose of 3 mg/kg. After exposing the distal 
femur through a skin incision, the defect was 
created using a dental drill and rinsed with 
0.9% saline to wash away remaining bone frag-
ments. The bone defect was filled with a pre-
pared cylinder scaffold. Following implantation, 
the wound was sutured and disinfectant was 
applied to the wound site to prevent infection. 
After the surgery, the rabbits were individually 
caged and fed. At week 4, 8 and 12, the rabbits 
underwent X-ray radiography examination to 
observe the regenerative process, and were 
sacrificed to obtain the bony specimens. All 
procedures were carried out following approval 
of Institutional Animal Care and Use Committee 
of National Tissue Engineering Center (Shang- 
hai, China).

The retrieved bone specimens were prepared 
for histological analysis. The undecalcified sec-
tions were counter-stained with Van Gieson’s 
picro fuchsin (VG) to observe the mineralized 
bone tissue microscopically. For hematoxylin/
eosin (HE) staining, after fixation with 4% neu-
tral buffered formalin, the specimens were 
decalcified in 12.5% EDTA, dehydrated in a 

graded series of alcohol, and embedded in par-
affin. 4 μm thick sections were sliced, stained 
with HE and observed microscopically.

Pilot clinical trial

The clinical application of CPC/rhBMP-2 microf-
folds was approved by China Food and Drug 
Administration (CFDA Certified No. (2013): 34- 
60199); clinical protocols were approved by the 
respective ethic committees; and all patients 
gave informed consent before joining the study.

Patient selection

81 bone defect patients were enrolled in 3 hos-
pitals in China, including the Sixth People’s 
Hospital of Shanghai Jiao Tong University, Nin- 
th People’s Hospital of Shanghai Jiao Tong 
University, and Zhongshan Hospital of Sh- 
anghai. Details of surgical inclusion criteria are 
described below:

1. Age 16~70 years; 2. Tibial plateau fractures, 
proximal humeral fractures, or calcaneal frac-
tures at a similar level of severity, of which the 
situation involves collapse and requires implan-
tation; 3. An understanding of the rehabilitation 
protocol and willing to follow it; 4. An agree-
ment to postoperative visits and tests; 5. 
Signed an informed subject consent form.

The patients were randomly divided into two 
groups and treated by CPC/rhBMP-2 microf-
folds or traditional CPC paste (control group).

Surgical procedure

All operations were done by doctors titled with 
associate chief physician or above. Procedures 
were performed under general anesthesia in a 
tertiary care medical center.

A minimally invasive internal fixation method 
had been applied in the surgeries. In brief, the 
patients with fracture were first treated by 
reduction of fracture, correction of displace-
ment and deformity, and metal implant fixation. 
Then the collapse of the cancellous bone  
was filled with CPC/rhBMP-2 microffolds or  
CPC paste (product of Shanghai Rebone 
Biomaterials Co., Ltd, following the manufac-
turer’s instruction), which was compacted to 
prevent the material from filling into the joint 
cavity.
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X-ray imaging and function scoring

Post-operative follow-ups were conducted, and 
the assessment was based on clinical exami-
nation and X-ray radiographic imaging. After the 
CPC implantation, all patients were observed 
according to the following indexes: allergic or 
toxic reactions, rash or high fever. X-ray radiog-
raphy at different time intervals after implanta-
tion was employed to observe the osseointe-
gration of the implanted microffolds to host 
bone and the degradation of the material.

The time of clinical healing and fracture reunion 
were determined by observation of facture 
lines together with other physical criteria as 
described below. Criteria of clinical healing: 1) 
no local tenderness, vertical percussion pain or 
abnormal movements; 2) the ability of (upper 
limbs) stretching forward and bearing 1 kg for 

up to one minute or (lower limbs) continuously 
walking on the ground without crutches for 
three minutes and no less than 30 steps. 3) 
X-ray films showing massive bone trabeculae 
crossing barely discernible fracture line. Criteria 
of fracture reunion: 1) meet the criteria of clini-
cal healing; 2) X-ray films showing homoge-
neous bone structure and obliterated fracture 
lines [29].

The functional recovery was recorded at each 
follow-up time point using IOWA knee and ankle 
score [30] in cases of tibial plateau and calca-
neal fractures, and Neer shoulder score [31] in 
cases of proximal humeral fractures. The IOWA 
knee and ankle score is a questionnaire and 
clinical-examination-based evaluation of the 
function of the knee and ankle. The knee score 
is a five- category measurement, which includes 
activities of daily living, freedom from pain, gait, 

Figure 1. Physicochemical properties of CPC and CPC/rhBMP-2 micro-scaffolds: (A) Digital photographs of CPC/
rhBMP-2 microffolds. (B) EDS and wide angle XRD spectra of CPC microffolds. Asterisks indicate specific peaks of 
hydroxyapatite: 28.2°, 32.8°, 39.7°, 46.6°, 49.5° and 52.1°. (C) SEM images of the interconnected macroporous 
(c1) and microporous structures (c2) of CPC microffolds, and crystal morphology of the surface hydroxyapatite (c3). 
(D) The immobilized protein adsorbed on the macroporous surface of CPC/rhBMP-2 microffolds.
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aid dependence, deformity and range of move-
ment. The ankle score is a four-category mea-
surement of function, freedom from pain, gait 
and range of movement. Neer shoulder score 
has three parts: scoring of pain during the pre-
vious week by patients (verbal rating scale); 
clinical testing of function (muscle strength, 
reaching ability, and stability) and active range 
of motion; and an anatomical or radiological 
evaluation. Both IOWA and Neer scores are 
grouped into excellent (90 to 100), good (80 to 
89), fair (70 to 79) and poor (under 70) cate- 
gories.

Results

Microffolds designment and physicochemical 
properties

The CPC microffolds were designed to fill defect 
sites of different sizes and shapes with easy 
operability and sufficient macroporosities for 
tissue ingrowth (Scheme 1A). By a salt leach-
ing and molding method, cylindrical CPC microf-
folds (Ø 4 mm × 3 mm, Figure 1A) were mas-
sively prepared. The microffolds were then st- 
erilized, immobilized with rhBMP-2 by an ad- 
sorption and lyophilization process to achieve 
the final CPC/rhBMP-2 microffolds, which can 
be preserved for a long term and is easy to 
operate during surgeries (Scheme 1A).

The pre-cured CPC microffolds exhibited a com-
position of hydroxyapatite with low crystallinity 
(Figure 1B), which is similar to the inorganic 
phase of natural bone tissue. As shown in 
Figure 1C, the CPC microffolds exhibited inter-
connected macropores (c1) formed by NaCl 
granules and micropores (c2) formed by the 
saturated NaCl solution used in the formula-
tion. The former ensured the ingrowth of cells 
and tissues as well as a rapid degradation of 
material, and the later enhanced the bioactivity 
of the scaffold and provided a high surface 
area for rhBMP-2 immobilization. Under a high-
er magnification (Figure 1C, c3), extensive nee-
dle-like hydroxyapatite crystals were observed 
in the surface of the microffold. As shown in 
Figure 1D, after rhBMP-2 immobilization, floc-
culent proteins was uniformly adsorbed on the 
macroporous surface of CPC/rhBMP-2 mic- 
roffold.

Cytocompatibility, protein release kinetics and 
osteogenic capacity in vitro

In accordance with numerous previous rese- 
arches that demonstrated the excellent cyto-

compatibility of CPC, the in vitro experiment 
data here indicated that rBMSCs had tightly 
anchored and well spread on both CPC and 
CPC/rhBMP-2 microffolds (Figure 2A), and the 
microffolds exerted no toxicity on cell prolifera-
tion compared to blank control (Figure 2B).

As indicated by the release curve of CPC/
rhBMP-2 microffolds (Figure 2C), the profile 
exhibited a typical two-stage releasing kinetic: 
an initial burst occurring during the first 24 h 
and a slow sustained release during the rest of 
the time course. CD spectra of microffold-
released rhBMP-2 and free rhBMP-2 (Figure 2C 
insert) and the structural analyses (Table 1) 
demonstrated that the secondary structure of 
microffold-released rhBMP-2 was well main-
tained (with only 5.69% structural change), 
which should be attributed to the gentle immo-
bilization process mainly based on physical 
adsorption. The binding efficiency between 
rhBMP-2 and its receptor was detected by 
immunofluorescence staining of anti-BMP-2 
primary antibody and FITC-conjugated goat-
anti-mouse IgG. As intuitively shown in Figure 
2D, the microffold-released rhBMP-2 exhibited 
an equal binding amount to that of free rhBMP-
2, and thus led to an equivalent osteogenic effi-
ciency as reconfirmed by ALP activity tests 
(Figure 2E). As shown in osteogenetic genes 
expression results (Figure 2F), CPC microffolds 
exhibited very limited osteoinductivity, which 
was significantly enhanced by the incorporation 
of rhBMP-2.

Rabbit distal femur defect repair

To evaluate the osteogenic performance of 
CPC/rhBMP-2 microffolds more deeply, rabbit 
distal femur defect repair experiments were 
conducted using CPC and CPC/rhBMP-2 scaf-
fold with corresponding size and shape. All 
experimental rabbits exhibited no sign of wo- 
und infection. After the surgery, the incisions 
healed at week 1, and after 4 weeks the mobil-
ity of the operative limbs recovered to a normal 
level. As shown in Figure 3, the regenerative 
process was characterized by X-ray imaging 
(Figure 3A), VG (Figure 3B) and HE (Figure 3C) 
staining histological analyses.

At week 4 post-implantation, the boundary 
between bone tissue and CPC/rhBMP-2 scaf-
fold became fuzzy to the naked eye, as the 
material and bone tissue started to integrate. 
As the shadow of X-ray imaging indicated, part 
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of the bone defect area had a density close to 
the host bone. While in contrast, in the groups 
of CPC scaffolds without rhBMP-2, edge of 
bone defect was relatively distinct at week 4, 
and the biodegradation of the implant material 
was not obvious. VG staining images exhibited 
red-stained woven bone surrounding the mate-
rial and occupying the porosities in both groups, 
where CPC/rhBMP-2 microffold induced more 
continuous and more amount of bone tissue, 
and showed a fuzzier boundary. At week 8, it 
could be seen with naked eye that CPC/rhBMP-
2 scaffold was tightly integrated with bone tis-
sue, with extensive cartilage formation around 
the scaffold at the defect site. A significantly 
reduced shadow area was shown in the X-ray 
image, indicating that most of the scaffold were 
biodegraded and replaced by newly formed 
bone. The bone density of defect area was basi-
cally similar to the host bone, except a deeper 
shadow (higher density) in the center of the 
defect site where a small residual of the scaf-
fold remained. The edge of pure CPC scaffold 
started to blur at week 8, indicating a gradual 
biodegradation of the material. VG staining indi-
cated gradual degradation of material accom-
panied with new bone formation in both groups, 
and the rate of which in CPC group was much 
lower than in CPC/rhBMP-2 group. 12 weeks 
after implantation, regeneration of the bone 
defect was basically completed in CPC/rhBMP-
2 group, with a faded shadow of the scaffold in 
X-ray image. The density of the newly formed 
bone at the defect site was close to the sur-
rounded normal tissue. And at this time, in pure 
CPC scaffold group, a tight integration of scaf-
fold and bone tissue with cartilage formation 
around the scaffold and gradual degradation of 
material was observed. Small residuals of CPC/
rhBMP-2 microffold wrapped in bone tissue 
could be observed in VG staining images, while 
large parts of pure CPC microffold remained 
undegraded.

An endochondral bone formation process was 
intuitively revealed by HE staining histological 
analyses as shown in Figure 3C. In CPC/rhBMP-
2 group, the defect site was filled by plenty of 

chondrocytes and newly formed cartilage at 
week 4, which gradually transformed into wo- 
ven bone at week 8, followed by further miner-
alization into lamellar bone and formation of 
the medullary cavity. At week 12, completely 
degradation of material, maturely mineralized 
lamellar bone with typical ring-like Haversian 
osteons and blood vessels, and a matured 
bone marrow cavity with medulla ossium flava 
and medulla ossium rubra were achieved. In 
contrast, a similar regeneration process was 
observed in the pure CPC scaffold group, yet 
the rate of both tissue formation and material 
degradation was much lower.

Pilot clinical study and tissue imaging

The animal model provided some evidence of 
the osteogenic performance of microffolds in 
an active environment. However, clinically rele-
vant defects in humans are substantially larger 
and more complicated than those that can be 
created in animal models. Therefore, the appli-
cation of CPC/rhBMP-2 microffolds was evalu-
ated in human bone defects. Patient demo-
graphics and clinicopathologies were shown in 
Table 3.

81 bone defect patients were randomly divided 
into two groups and treated by CPC/rhBMP-2 
microffolds or traditional CPC paste (control 
group). In the CPC/rhBMP-2 group, 40 patients 
included 25 males and 15 females, with an 
average age of 46.7; the bone defects were 
located as follows: tibial plateau in 16 patients, 
proximal humerus in 11 patients and calcane-
us in 13 patients; the defects were repaired 
with CPC/rhBMP-2 microffolds. In the control 
group, 41 patients included 27 males and 14 
females, with an average age of 44.3; the bone 
defects were located as follows: tibial plateau 
in 15 patients, proximal humerus in 12 patients 
and calcaneus in 14 patients; the defects were 
repaired with traditional CPC paste.

7~12 days post-operation, skin wound healing 
by first intention of the surgical incisions was 
acquired in 78 cases; wound exudation occu- 
rred in 1 case of control group and 2 cases of 

Figure 2. In vitro evaluation of CPC and CPC/rhBMP-2 scaffolds: A. Morphological observation of rBMSCs attach-
ment by SEM and cytoskeletal staining by CLSM on CPC and CPC/rhBMP-2 microffolds. B. Proliferation of rBMSCs 
cultured with CPC and CPC/rhBMP-2 microffolds. C. RhBMP-2 release profile of CPC/rhBMP-2 microffolds and CD 
spectra of microffold-released rhBMP-2 and free rhBMP-2 (insert). D. Observation of microffold-released rhBMP-2 
and free rhBMP-2 bound on rBMSCs, detected by anti-BMP-2 antibody and FITC labeled anti-mouse IgG (green), with 
cell nuclei stained by DAPI (blue). E. ALP activity of microffold-released rhBMP-2 and free rhBMP-2. F. Osteogenetic 
genes (ALP, Col I, OC, Runx2) expression of rBMSCs on CPC and CPC/rhBMP-2 microffolds.
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CPC/rhBMP-2 group 2 weeks post-operation, 
which were all healed after dressing change. 
These implant rejections were diagnosed as 
idiopathic non-infectious inflammatory, which 
might be related with blood supply deficiency, 
scar constitution, long time of limb fixation, or 
heterologous protein allergy. No toxic effect, 
skin rash or high fever was found in all patients; 
liver and kidney functions, routine blood and 
urine tests and C-reactive protein were normal. 
All cases were followed up for 12~24 months, 
average 15.3 months. During follow-up, no 
occurrence of osteomyelitis, fractures, or obvi-
ous collapses after the bone defect repair was 
observed; no plate and screw loosening or 
other complications occurred. The average ti- 
me of clinical healing and bony reunion by CPC/
rhBMP-2 microffolds was significantly short-
ened compared to the control group repaired 
by traditional CPC paste (Table 3); and the aver-
age function scores and the excellent rates of 
function scores at each time point also indicat-
ed shortened repairing time and higher repair-
ing qualities in CPC/rhBMP-2 microffolds group 
(Table 4).

Typical cases were selected and shown in 
Figures 4, 5, including 3 cases of tibial plateau 
fractures, 3 cases of proximal humeral frac-
tures and 1 case of calcaneal fracture. The 
X-ray films intuitively indicated the acceleration 
of clinical healing (red dashed arrows) and bony 
reunion (red dashed circles) by CPC/rhBMP-2 
microffolds. Take the typical cases of tibial pla-
teau fractures as examples (Figure 4), 1 month 
post-operation, the anatomic shapes of the 

bone defects were all recovered after surgery; 
bone filler materials were closely connected 
with the host bone; there was no gap between 
the bone and the filling material at the inter-
face; and facture lines were clearly visible in 
both groups. In the cases using CPC/rhBMP-2 
microffolds (Figure 4, Case 1-1 and 1-2), the 
fracture lines became fuzzy at month 2, pro-
gressively faded and total disappeared at week 
4. The fuzziness of facture lines together with 
other physical criteria (see Materials and meth-
ods section) was considered as clinical healing, 
and the disappearance of fracture line was con-
sidered as bony reunion. In contrast, in case of 
traditional CPC paste (Figure 4, Comparable 
Case 1), the time of clinical healing and bony 
reunion were postponed to month 4 and month 
8. Moreover, CPC/rhBMP-2 microffolds exhibit-
ed a similar density to the host bone due to its 
abundant porous structure, while traditional 
CPC paste showed a white shadow indicating 
high density, which results from slow degrada-
tion and clear vision of the material remained 
after bony reunion. Similar trends could be 
observed from the typical cases of proximal 
humeral fractures and calcaneal fracture 
(Figure 5).

Furthermore, we had accepted two additional 
cases that could not be treated successfully by 
traditional treatment (Figure 6). Additional Ca- 
se A was a male patient of 26, bone nonunion 
of phalangeal fractures after internal fixation 
and treated with tradition CPC paste filling ther-
apy, implanted CPC/rhBMP-2 microffolds in re- 
vision. The X-ray films exhibited gradual degra-

Figure 3. In vivo evaluation of bone formation by CPC and CPC/rhBMP-2 scaffolds in a rabbit distal femur defect 
model: (A) X-ray imaging and tissue observation (insert), histological analyses by (B) VG and (C) HE staining at week 
4, 8 and 12.

Table 3. Patient demographics and clinicopathologies. A total of 81 patients were evaluated

Groups
Patient information Bone defect site

Number of 
patients

Age 
range

Average 
age

Tibial 
plateau

Proximal 
humerus Calcaneus

Traditional CPC paste M27, F14 16-70 44.3 Number of patients 15 12 14

Wound exudation 1 0 0

Toxic effect, skin rash or high fever 0 0 0

Average time of clinical healing (months) 4.6 2.6 3.1

Average time of bony reunion (months) 6.5 3.5 4.7

CPC/rhBMP-2 microffolds M25, F15 16-70 46.7 Number of patients 16 11 13

Wound exudation 2 0 0

Toxic effect, skin rash or high fever 0 0 0

Average time of clinical healing (months) 3.5 2 2.4

Average time of bony reunion (months) 4.3 2.7 3.5
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Table 4. Statistics of functional scores of patients, applying IOWA knee and ankle score in cases of tibial plateau and calcaneal fractures, and 
Neer shoulder score in cases of proximal humeral fractures

Defect site/score system Group

Time point
3 months 4 months 6 months 8 months 12 months

Average 
score

Excellent and 
good rate

Average 
score

Excellent and 
good rate

Average 
score

Excellent and 
good rate

Average 
score

Excellent and 
good rate

Average 
score

Excellent and 
good rate

Tibial plateau (IOWA score) Traditional CPC paste 64.8 ± 7.9 5% 80.3 ± 5.8 50% 83.8 ± 5.7 75% 85.2 ± 4.8 85% 88.6 ± 4.5 90%

CPC/rhBMP-2 microffolds 75.3 ± 8.5 25% 84.7 ± 4.0 88% 88.3 ± 5.2 94% 93.9 ± 3.7 100% 95.6 ± 3.2 100%

Proximal humerus (Neer score) Traditional CPC paste 77.4 ± 8.2 38% 80.4 ± 4.3 75% 87.5 ± 5.2 100% - - - -

CPC/rhBMP-2 microffolds 83.5 ± 7.3 57% 90.6 ± 5.4 100% 96.2 ± 2.8 100% - - - -

Calcaneus (IOWA score) Traditional CPC paste 50.7 ± 10.2 0% 78.5 ± 7.3 42% 82.9 ± 4.2 84% 83.6 ± 3.5 89% - -

CPC/rhBMP-2 microffolds 62.4 ± 11.9 9% 80.6 ± 6.4 64% 85.4 ± 5.0 95% 91.0 ± 3.2 100% - -
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Figure 4. Typical cases of tibial plateau fractures: two cases (Case 1-1 and Case 1-2) repaired by CPC/rhBMP-2 microffolds, and a comparable case (Comparable 
Case 1) repaired by traditional CPC paste. Red solid arrows indicate the fracture lines; red dashed arrows indicate fuzzy fracture lines, which were considered as 
clinical healing; red dashed circles indicate the disappearance of the fracture lines, which was considered as bony reunion.
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Figure 5. Left: Typical cases of proximal humeral fractures: two cases (Case 2-1 and Case 2-2) repaired by CPC/rhBMP-2 microffolds and a comparable case (Com-
parable Case 2) repaired by traditional CPC paste. Right: Typical case of calcaneal fracture (Case 3) repaired by CPC/rhBMP-2 microffolds. Red solid arrows indicate 
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dation of material accompanied with trabecular 
bone ingrowth after 1 month; after 6 months, 
the microffolds were replaced by host bone tis-
sue and clinical healing was achieved; after the 
removal of internal fixation 9 months post-oper-
ation, the affected finger was healed with com-
plete bony reunion. Additional Case B was a 
17-year-old male patient of scoliosis, who re- 
ceived orthopedic surgery of intervertebral 
fusion and pedicle screw fixation, using CPC/
rhBMP-2 microffolds in left side and autografts 
in right side, respectively. The orthopedic out-
come 12 months post-operation was satisfac-
tory with internal fixation in place. After removal 
of internal fixation 19 months post-operation, 
the X-ray films exhibited obvious callus forma-
tion in the side of CPC/rhBMP-2 microffolds 
(red dashed circle), and no callus formation in 
the side of autografts (green dashed circle), 
indicating a better therapeutic efficacy of CPC/
rhBMP-2 microffolds than autografts.

These results demonstrated that CPC/rhBMP-2 
microffolds were superior to traditional CPC 
paste in overall performances, with not only 
shortened repairing time, but also improved 
repairing qualities. Moreover, CPC/rhBMP-2 mi- 
croffolds exhibited the potential in treating frac-
tures that are most challenging for current 
therapies.

Discussion

Despite that the great potential of porous scaf-
folds and growth factors in the field of bone 
repairing has been well-acknowledged, most 
porous scaffolds are still in developmental 
stages, and most growth factors have very lim-
ited clinical application due to the lack of prop-
er carriers and an unaffordable cost.

Currently, scaffolds of specific size and shape 
can be prepared according to the protocol of 
the selected animal model, for example, long 
cylinder-shaped scaffolds for radius defect 
models [32], oblate scaffolds for cranial defect 
models [33], etc. However, bone defects of clin-
ical patients come in various sizes and shapes, 
which cannot be accurately determined with 
current imaging techniques, and the duration 
from the occurrence of defect to surgical treat-
ment is too short to order and customize the 

scaffolds (Scheme 1A, traditional scaffolds). 
The concept of “microffolds” proposed in this 
study could provide a trajectory to the clinical 
translation of porous scaffolds. The microffolds 
were designed not only to retain the advanta-
geous macroporosities of traditional scaffolds, 
but also for a better operability that is not 
restricted to the defect size and shape, which 
avoids the needs of customization, and allows 
massive production and long-term preserva-
tion in advance (Scheme 1A, microffolds).

Traditional CPC paste currently used in clinic 
has a porosity of 30~60% with pore size of ~1 
μm due to its inherent physicochemical proper-
ties, however, these pores are too small to allow 
fast bone ingrowth and CPC bioresorbs layer by 
layer slowly in vivo (Scheme 1B, traditional 
CPC). Traditional CPC paste can be filled into 
different sized and shaped defect site, howev-
er, due to its high density, the material cannot 
degrade completely and be replaced by new 
bone until years later in most patients’ cases, 
which makes this feature the main drawback of 
CPC. Preparation of CPC into porous scaffolds 
can effectively solve this drawback. In this 
study, the abundant macroporous and micropo-
rous structures (Figure 1C), similar co- 
mposition to that of natural bone (Figure 1B), 
and the inherent excellent biocompatibility of 
CPC (Figure 2) had endowed the CPC microf-
folds with biodegradability and excellent osteo-
conductivity (Figure 3). Compared to traditional 
CPC paste, the macroporosities of CPC microf-
folds ensured rapid ingrowth of tissue and syn-
chronous material degradation (Scheme 1B), 
which lead to an accelerated regeneration in 
clinic (Figures 3, 4).

The introduction of rhBMP-2 has greatly accel-
erated new bone formation and material degra-
dation in vivo (Figure 3). Current rhBMP-2 pro-
ductions for clinical use mainly adopted hy- 
drogel as carrier, however, since hydrogels lac- 
ked osteoconductivity and controlled release, 
high doses of rhBMP-2 were required to achie- 
ve desirable osteogenic efficiency, which had 
raised the cost to an unaffordable level. In addi-
tion, since current artificial bone substitutes 
(for example, traditional CPC paste) exhibited 
no notable advantage in the repairing efficiency 
comparing to autografts, most patients would 

the fracture lines; red dashed arrows indicate fuzzy fracture lines, which were considered as clinical healing; red 
dashed circles indicate the disappearance of the fracture lines, which was considered as bony reunion.
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Figure 6. Two additional cases: non-union phalangeal fracture (Additional Case A) repaired by CPC/rhBMP-2 microffolds and scoliosis (Additional Case B) implanted 
with CPC/rhBMP-2 microffolds and autografts. Additional Case B applies CPC/rhBMP-2 microffolds (red arrow) and allografts (green arrow) to each side of the 
spine; red dashed circle indicated callus formation on the side of CPC/rhBMP-2 microffolds, while green dashed circle exhibited no callus formation on the side of 
allografts.
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rather choose autografts for its relatively low 
cost and high efficiency [34]. As a solvation and 
improvement to current substitutes, the CPC/
rhBMP-2 microffolds combined the osteocon-
ductivity of porous CPC scaffolds and the 
osteoinductivity of rhBMP-2, and thus achieved 
a rapid bone repair with relatively low dose of 
rhBMP-2. Compared to current clinical thera-
pies (traditional CPC paste), the average frac-
ture healing time was 0.5~2 months shorter 
after implanted CPC/rhBMP-2 microffolds (Ta- 
ble 3), and the defect site could rapidly recover 
to a satisfactory functional level 3-6 months 
post-implantation (Table 4). Moreover, CPC/
rhBMP-2 microffolds exhibited the potential in 
treating fractures that are most challenging for 
current therapies (Figure 6).

In conclusion, by combining two mature clinical 
applications of material and growth factor, CPC 
and rhBMP-2, we for the first time brought bone 
substitutes based on scaffold/growth factor to 
clinical trials, and provided data support for 
clinical translation of this area. The concept of 
“microffold” proposed in this study, could be 
extended to the clinical translation of porous 
scaffolds of various materials. The CPC/rhBMP-
2 microffold developed in this study is expected 
to be widely applied in clinical, and provide 
more effective therapeutic treatment for bone 
repair.
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