
© 2016 Liu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine 2016:11 1147–1158

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
1147

O r i g in  a l  R e s e a r c h

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/IJN.S100156

Sustained dual release of placental growth factor-2 
and bone morphogenic protein-2 from heparin-based 
nanocomplexes for direct osteogenesis

Yun Liu,1,* Li-Zhi Deng,2,3,* 
Hai-Peng Sun,1 Jia-Yun 
Xu,1 Yi-Ming Li,1 Xin Xie,1 
Li-Ming Zhang,2,3 Fei-Long 
Deng1

1Department of Oral Implantology, 
Guangdong Provincial Key Laboratory 
of Stomatology, Guanghua School of 
Stomatology, Sun Yat-sen University, 
Guangzhou, People’s Republic 
of China; 2PCFM Lab, 3GDHPPC 
Lab, Institute of Polymer Science, 
Department of Polymer and Materials 
Science, School of Chemistry and 
Chemical Engineering, Sun Yat-sen 
University, Guangzhou, People’s 
Republic of China

*These authors contributed equally 
to this work

Objective: To compare the direct osteogenic effect between placental growth factor-2 (PlGF-2) 

and bone morphogenic protein-2 (BMP-2).

Methods: Three groups of PlGF-2/BMP-2-loaded heparin–N-(2-hydroxyl) propyl-3-trimethyl 

ammonium chitosan chloride (HTCC) nanocomplexes were prepared: those with 0.5 μg PlGF-2; 

with 1.0 μg BMP-2; and with 0.5 μg PlGF-2 combined with 1.0 μg BMP-2. The loading effi-

ciencies and release profiles of these growth factors (GFs) in this nanocomplex system were 

quantified using enzyme-linked immunosorbent assay, their biological activities were evaluated 

using cell counting kit-8, cell morphology, and cell number counting assays, and their osteogenic 

activities were quantified using alkaline phosphatase and Alizarin Red S staining assays.

Results: The loading efficiencies were more than 99% for the nanocomplexes loaded with 

just PlGF-2 and for those loaded with both PlGF-2 and BMP-2. For the nanocomplex loaded 

with just BMP-2, the loading efficiency was more than 97%. About 83%–84% of PlGF-2 and 

89%–91% of BMP-2 were stably retained on the nanocomplexes for at least 21 days. In in vitro 

biological assays, PlGF-2 exhibited osteogenic effects comparable to those of BMP-2 despite 

its dose in the experiments being lower than that of BMP-2. Moreover, the results implied that 

heparin-based nanocomplexes encapsulating two GFs have enhanced potential in the enhance-

ment of osteoblast function.

Conclusion: PlGF-2-loaded heparin–HTCC nanocomplexes may constitute a promising system 

for bone regeneration. Moreover, the dual delivery of PlGF-2 and BMP-2 appears to have greater 

potential in bone tissue regeneration than the delivery of either GFs alone.

Keywords: placental growth factor-2, bone morphogenic protein-2, heparin, nanocomplexes, 

osteogenesis

Introduction
Reconstruction of critical-sized bone defects remains a vitally important challenge.1–3 

Its challenging nature is in part due to the development of bone tissue being a 

complex and coordinated process, involving direct and indirect osteogenesis. Indirect 

osteogenesis is mainly mediated by angiogenesis, which provides oxygen, nutrients, 

and pro-osteogenic cells to facilitate bone regeneration.4,5 Moreover, recent studies 

have suggested the existence of molecular crosstalk between angiogenesis and direct 

osteogenesis, which involves a myriad of growth factor (GF) cues.6

There has been increasing interest in mimicking the endogenous bone regenera-

tion cascade by utilizing exogenous GFs, which play key roles in direct and indirect 

bone healing.2 Among the various direct osteogenic GFs, bone morphogenic protein-2 

(BMP-2) is believed to be the most potent and has received clinical clearance from 
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the US Food and Drug Administration.7–9 However, a large 

dose of BMP-2 is necessary for an effective therapeutic effect 

because BMP-2 stimulates osteoregeneration only at a high 

concentration,10,11 and its half-life is as short as 7 minutes 

in vivo.11,12 This large dose results in high costs and adverse 

effects, including inflammation, swelling, ectopic bone 

formation, and even carcinogenicity.13 One feasible method 

to overcome these drawbacks is the selection of alternative 

GFs that enhance osteoregeneration at lower doses; another is 

the development of a GF delivery system that finds the ideal 

balance between releasing the GF at a minimal concentration 

and delivering it over a sufficiently long duration.

Placental growth factor (PlGF) was originally discovered 

as an angiogenic GF belonging to the vascular endothelial 

growth factor (VEGF) family and plays a potent role in 

angiogenesis.14–18 Although it is well established that VEGFs 

enhance osteogenesis indirectly and directly, little is known 

about PlGF.16,17 While human Plgf gene encodes four isoforms 

(PlGF1–4), mouse Plgf gene encodes a single isoform (PlGF-

2).19 There has also been an increasing interest in PlGF-2 during 

the past few years. Recent studies have implied that PlGF-2 is 

a multitasking cytokine that stimulates and activates numerous 

cell types, including bone marrow-derived cells.14,19–21

Apart from its traditional role as an angiogenic GF, 

PlGF-2 also plays an important role in bone remodeling and 

regeneration.10,18 Blocking of PlGF-2 receptors could inhibit 

bone formation in vivo.10,22,23 Moreover, some in vitro studies 

confirmed that PlGF-2 directly enhances markers of bone 

regeneration in osteoblasts and also enhances osteoclast 

migration and differentiation.10,24–27 A recent study by McCoy 

et al10 indicated that PlGF-2 plays a concentration-dependent 

osteogenic role different from that of BMP-2. Intriguingly, in 

contrast to BMP-2, which at higher concentrations induces 

more obvious bone regeneration,13 PlGF-2 acts in a more 

complex fashion. Briefly, while relatively high concentrations 

of PlGF-2 enhance angiogenesis and osteoclast recruitment 

and activation, low concentrations exhibit a direct osteogenic 

effect.10 The mechanism underlying these concentration 

effects could be associated with the mechanical stimulation 

and the activation of hypoxia-mediated pathways.10,28 More-

over, the PlGF-2 gene expression levels correlate with the 

duration and magnitude of stimulation, providing a potent 

mechanism by which PlGF-2 modulates osteogenesis in a 

concentration-dependent fashion.10

For this study, we focused on the direct osteogenic effect 

of PlGF-2. We used MC3T3-E1 cells as the model cell line 

for in vitro osteogenesis analysis, which has been proven 

to be effective.29 PlGF (0.5 μg) was loaded at half of the 

dose of BMP-2 (1.0 μg) to investigate whether the PlGF-2 

loaded at such a lower dose would exhibit an osteogenic 

effect comparable to the BMP-2 loaded at the higher dose. 

Furthermore, we used nanocomplexes loaded with both GFs 

(0.5 μg PlGF-2/1.0 μg BMP-2) to investigate any enhanced 

potential in bone tissue regeneration. An outline of this study 

is illustrated in Figure 1.

Materials and methods
Materials
Heparin sodium (molecular weight: 6,000–15,000 Da) was 

supplied by Qiyun Biotechnology Company Ltd (Guangzhou, 

People’s Republic of China). Chitosan (with a viscosity of less 

than 200 mPa·s) was supplied by the Jingchun Biochemical 

Technology Company Ltd (Shanghai, People’s Republic of 

China). Glycidyl trimethyl ammonium chloride and Alizarin 

Red S (ARS) were supplied by the Sigma Chemical Com-

pany (Darmstadt, Germany). Human recombinant BMP-2 

(Catalog 120-02/Lot 0411255) and human recombinant 

PlGF-2 (Catalog 100-56/Lot 0908460-1) were purchased 

from PeproTech (Rocky Hill, NJ, USA) and their uses were 

approved by Guanghua School of Stomatology at Sun Yat-sen 

University. Enzyme-linked immunosorbent assay (ELISA) 

kits for BMP-2 and PlGF-2 were purchased from Cloud-

Clone Corp (Houston, TX, USA). The osteoblast-like cell line 

MC3T3-E1 (subclone 14) was obtained from the Shanghai 

Figure 1 Schematic illustration of the fabrication and in vitro osteogenic effect of PlGF-2-/BMP-2-loaded heparin–HTCC nanocomplexes.
Abbreviations: PlGF-2, placental growth factor-2; BMP-2, bone morphogenetic protein; GF, growth factor; HTCC, N-(2-hydroxyl)propyl-3-trimethyl ammonium chitosan chloride.
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Cellular Institute of the China Scientific Academy (Shanghai, 

People’s Republic of China). α-Minimum essential medium 

(α-MEM) and a combined antimycotic antibiotic solution 

was obtained from Gibco (Carlsbad, CA, USA), while fetal 

calf serum was obtained from Hycolone (Logan, UT, USA). 

Cell counting kit-8 (CCK-8), used for the cell proliferation 

assay, was sourced from Dojindo (Kumamoto, Japan). An 

alkaline phosphatase (ALP) assay kit was obtained from 

Jiancheng (Nanjing, People’s Republic of China) and a bicin-

choninic acid protein assay kit from Beyotime (Shanghai, 

People’s Republic of China). A Sunrise ELISA reader was 

obtained from Tecan (Zurich, Switzerland).

Preparation and characterization of 
heparin-based nanocomplexes
A water-soluble chitosan derivative, N-(2-hydroxyl) propyl-

3-trimethyl ammonium chitosan chloride (HTCC), was 

synthesized as described previously.29,30 To prepare heparin–

HTCC nanocomplexes, heparin and HTCC powder were first 

dissolved in deionized water to obtain a final concentration 

of 2 mg/mL of each. Then, the two aqueous solutions were 

sterilized by passing them through 0.22 μm syringe filters, 

followed by adding the heparin solution dropwise to the 

HTCC solution (volume ratio of heparin:HTCC =3:5) with 

continuous stirring. Fifteen minutes later, the total 20 mL of 

the nanocomplex suspension was transferred into a dialysis 

bag with a molecular weight cut-off of 300,000 Da. The 

dialysis bag was then immersed in 50 mL of simulated body 

fluid and incubated in a reciprocal shaking water bath at 37°C. 

At predetermined time intervals (days 1, 3, 7, and 14), 3 mL 

of each of the nanocomplex suspensions was taken out for 

further tests. Briefly, the particle sizes and zeta potentials 

of various nanocomplexes were measured with Zeta PALS 

instrument (Brookhaven Inst. Ltd, Holtsville, NY, USA), 

while the morphologies were visualized by using transmis-

sion electron microscopy (TEM).

Preparation and characteristics of 
heparin–HTCC nanocomplexes loaded 
with PlGF-2 and/or BMP-2
PlGF-2 and BMP-2 were localized by adding 0.5 μg PlGF-2 or 

1.0 μg BMP-2 or a combination of 0.5 μg PlGF-2 and 1.0 μg 

BMP-2 to 1.25 mL of 2 mg/mL heparin in Dulbecco’s phos-

phate-buffered saline (DPBS), for binding. Three mixtures 

were produced by gently stirring these components for 12 hours 

at 4°C, and each of these mixtures was then added dropwise 

to 2.15 mL of HTCC solution (2 mg/mL in DPBS) under 

continuous stirring (volume ratio of heparin:HTCC =3:5).  

The resulting mixtures were then subjected to centrifugation 

for 5 minutes at 12,000× g to collect the respective GF-loaded 

heparin–HTCC nanocomplexes. The supernatant was col-

lected to determine the amount of GF (PlGF-2 and/or BMP-2) 

loaded using ELISA kits (according to the manufacturer’s 

instructions). In each case, the GF loading efficiency was 

determined by applying the following equation:30

	

Loading

efficiency (%)

Total amount of GF Free GF

Total amount of GF
=

–

aadded
×100%.

� (1)

The compositions of the nanocomplex groups are sum-

marized in Table 1. The morphologies and stabilities of the 

nanocomplexes were analyzed by visualizing them using 

TEM and measuring their zeta potentials.

In vitro PlGF-2/BMP-2 release
In vitro release of PlGF-2/BMP-2 from the GF-loaded nano-

complexes was carried out in α-MEM complete medium. 

Different heparin–HTCC mixtures (3.4 mL) were put in the 

inner filter concentrator tubes of ultrafiltration centrifugal 

tubes (Millipore’s Amicon® Ultra-15, Millipore, Billerica, 

MA, USA, with a cut-off molecular weight of 300,000 Da), 

and then the inner tubes were immersed in the outer tubes 

containing 8 mL α-MEM complete medium. Each sample 

was then incubated with a mild mechanical stirring/shak-

ing motion (50 rpm) at 37°C. At each predetermined time 

point over the course of 21 days, the medium in the outer 

centrifuge tubes was withdrawn and replenished with fresh 

α-MEM complete medium. The amount of PlGF-2/BMP-2 

in the medium was determined using ELISA kits, according 

to the manufacturer’s instructions. The medium collected at 

various time points is referred to as “released medium”. This 

released medium was frozen and stored at -80°C until used 

in the in vitro assays.

MC3T3-E1 cell culture
The MC3T3-E1 preosteoblast cells (subclone 14, obtained 

from the Shanghai Cellular Institute of the China Scientific 

Table 1 Nanocomplex groups and their compositions

Groups PlGF-2 
content (μg)

BMP-2 
content (μg)

Blank heparin-nanocomplexes 0 0
PlGF-2-loaded heparin-nanocomplexes 0.5 0
BMP-2-loaded heparin-nanocomplexes 0 1.0
Dual-GF-loaded heparin-nanocomplexes 0.5 1.0

Abbreviations: PIGF-2, placental growth factor-2; BMP-2, bone morphogenetic 
protein; GF, growth factor.
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Academy, Shanghai, People’s Republic of China) used in our 

experiments ranged from passages 8 to 20. Cells were cul-

tured in regular culture media consisting of α-MEM medium 

supplemented with 10% fetal calf serum and 1% antibiotic/

antimycotic solution. The MC3T3-E1 cells were incubated 

at 37°C in an incubator containing 5% CO
2
.

In vitro bioactivity test
The in vitro bioactivity of the released PlGF-2/BMP-2 from 

heparin–HTCC nanocomplexes collected at different times 

was tested by an MC3T3-E1 proliferation assay and osteo-

genesis assay.

In vitro cell viability assay
The influence of the released PlGF-2/BMP-2 on the pro-

liferation of MC3T3-E1 cells was determined by a CCK-8 

assay, using a standard protocol.31 In brief, MC3T3-E1 cells 

were seeded in 96-well plates at a density of 3×103 cells/

well and incubated overnight in 5% CO
2
 at 37°C. Then the 

medium was replaced with “released medium” prepared as 

described in the section “In vitro PlGF-2/BMP-2 release”. 

The medium was changed every 2 days. At days 1 and 3, 

cell viabilities were examined using CCK-8 assays. At the 

scheduled time points, 10 µL of CCK-8 was added to each 

well. Then the cells were incubated for another 2 hours at 

37°C, and the optical density (OD) value was measured at 

an optical wavelength of 450 nm (ELISA reader).

In vitro cell spreading and proliferation 
assays
For cell spreading and proliferation examinations, the 

morphologies of the MC3T3-E1 cells cultured with various 

“released medium” were observed directly by using an 

inverted phase contrast microscope (Axio observer Z1, Zeiss, 

Oberkochen, Germany). Briefly, the cells were seeded in 

24-well plates at a density of 1.6×104 cells/well and incubated 

overnight in 5% CO
2
 at 37°C. In parallel, the same culture 

conditions as for the cell viability assays were applied to the 

MC3T3-E1 cells. After 12 hours and 3 days, the images of 

the cells were obtained for analysis, respectively. Further-

more, the cell numbers were determined by a trypsinization 

method, according to a previously published procedure.32 

After culturing for 1 and 3 days, the cells cultured with the 

various “released medium” were rinsed with PBS, and then 

detached by trypsinization and counted using hemocyto

meters. To ensure representative cell counts, three replicates 

in each group were performed.

In vitro ALP activity assay
The osteogenic bioactivity of the released PlGF-2/BMP-2 

was determined by measuring its ability to stimulate ALP 

activity. Briefly, the MC3T3-E1 cells were seeded in 24-well 

plates at a density of 1×104 cells/well and incubated overnight 

in 5% CO
2
 at 37°C. Then, osteogenic medium (the released 

medium supplemented with 10 mM β-glycerol phosphate, 

0.05 mM l-ascorbic acid, and 100 mM dexamethasone) was 

applied. After 7 and 10 days of culture, the ALP activity was 

measured by using an ALP activity assay kit (Jiancheng), 

according to the standard procedures,33 and was then normal-

ized to the total protein content, which was measured with 

a protein assay kit (Beyotime).

In vitro ARS staining and quantification
In parallel with the ALP assay, ARS staining was performed 

to detect the mineralization effect of the released PlGF-2/

BMP-2. MC3T3-E1 cells were seeded in 6-well plates at a 

density of 1×105 cells/well and cultured in 5% CO
2
 at 37°C. 

After 24 hours, the medium was replaced with an osteogenic 

medium (the released medium supplemented with 10 mM 

β-glycerol phosphate, 0.05 mM l-ascorbic acid, and 100 mM 

dexamethasone; and in this assay the released medium 

was collected at day 7). The culture medium was changed 

every 3 days. At the end of the 21-day incubation period, 

the mineralization effect was detected by ARS staining. In 

brief, the MC3T3-E1 cells were washed with PBS and fixed 

with 4% formaldehyde for 15 minutes. Then, the fixed cells 

were stained with 2% Alizarin Red (pH 4.2) for 5 minutes 

at room temperature. The cells were then rinsed with PBS 

three times and viewed with an inverted light microscope 

(Axio observer Z1, Zeiss). In addition, the calcium mineral 

contents were quantified by a destaining method as previously 

described.34,35 The stained samples were extracted with 10% 

(v/v) acetic acid for 30 minutes at room temperature. The 

solubilized ARS extracts were then transferred to a 96-well 

plate, and the OD values were measured at 560 nm (ELISA 

reader).36

Statistical analysis
All quantitative data are shown as mean ± standard deviation. 

Statistical comparisons were carried out by using one-way 

analysis of variance, followed by Tukey’s test for multiple 

comparisons. The significance value was set at P,0.05. All 

data were analyzed with SPSS 21.0 software (IBM Corpora-

tion, Armonk, NY, USA).
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Results and discussion
Loading of PlGF-2/BMP-2
Three different combinations of GFs, specifically 0.5 μg 

PlGF-2 with 1.0 μg BMP-2 (so-called “dual-GF loaded”), 

1.0 μg BMP-2 without PlGF-2, and 0.5 μg PlGF-2 without 

BMP-2, as well as a GF-free sample, were immobilized in 

heparin–HTCC nanocomplexes (Table 1). For BMP-2, less 

than 3% of this GF was detected by using ELISA in the 

supernatant immediately after forming the nanocomplexes, 

confirming a high loading efficiency. And for PlGF-2, less 

than 1% was detected, indicating an even higher loading 

efficiency (Table 2). These high-efficiency values can be 

explained by the high binding affinity of the negatively 

charged heparin for positively charged GFs such as PlGF-2 

and BMP-2.30,37–42 Furthermore, heparin can specifically 

interact with heparin-binding GFs.38,39,43 Also, Martino et al40 

showed that domain II (Fg β15–66
(2)

) of heparin exhibits 

high affinity for GFs in general, but with heparin displaying 

a fourfold stronger affinity for PlGF-2 than for BMP-2;44 

they also revealed a specific heparin-binding portion of 

PlGF-2 spanning residues 123–144 and having the sequence 

RRPKGRGKRRREKQRPTDCHL.44 However, in our study, 

the difference of loading efficiency between PlGF-2 and 

BMP-2 was not so prominent, perhaps because both GFs 

were applied at overall low doses and exhibited high affinity 

to heparin. Also, the zeta potential and TEM test (Table 3, 

Figures 2 and S1) revealed that the average nanocomplex 

diameter increased after loading a single GF or both GFs 

together, and, intriguingly, that the immobilization of GFs 

was associated with gains in zeta potential and diameter of 

the nanocomplexes.

Sustained release of PlGF-2/BMP-2
For all the nanocomplexes, minimal burst releases of less 

than 3% were observed after 1 day (Figure 3). Thereafter, the 

release profiles were linear and steep until day 7, after which 

the release rates slowed and became more sustainable. After 

21 days, less than 17% of the PlGF-2 was released from the 

nanocomplexes, while for BMP-2, the release percentage was 

less than 12%. These data indicate that the nanocomplexes 

can efficiently control the release of PlGF-2 and BMP-2. 

Moreover, the nanocomplexes loaded with single GFs pre-

sented slightly faster release profiles than did those loaded 

with both GFs. In addition, BMP-2 was released a bit more 

slowly than PlGF-2. On day 21, the cumulative amounts 

of BMP-2 released from nanocomplexes loaded with just 

BMP-2 and from those loaded with both BMP-2 and PlGF-2 

were 11% (~110 ng) and 9% (~90 ng), respectively, while 

the cumulative amounts of PlGF-2 released from nanocom-

plexes loaded with just PlGF-2 and from the dual-GF-loaded 

nanocomplexes were 17% (~85 ng) and 16% (~80 ng), respec-

tively. All these results indicated that sustained deliveries of 

PlGF-2 and BMP-2 can be achieved by the heparin–HTCC 

nanocomplexes. Intriguingly, BMP-2 was released from the 

dual-GF-loaded nanocomplexes in a more constant manner 

than PlGF-2, indicative of sequential-release-like kinetics. 

According to recent research, PlGF-2 plays the role of a mul-

titasking cytokine and stimulates bone regeneration by direct 

and indirect mechanisms – and this GF also has different 

effects at different concentrations, enhancing vasculariza-

tion at relatively higher concentrations while enhancing 

osteogenic differentiation at lower concentrations.10 As the 

source of nutrients, oxygen and stem cells, vasculature is 

critical for osteogenesis.45 Accordingly, the sequential release 

kinetics indicated in this study may apply: in brief, the nano-

complexes release more PlGF-2 in the early phase to enhance 

angiogenesis; then, the subsequently released PlGF-2, at this 

point at lower concentrations than BMP-2, enhances direct 

osteogenesis in coordination with BMP-2.

Table 2 Loading efficiency of PlGF-2/BMP-2 into heparin–HTCC 
nanocomplexes

Group PlGF-2 loading 
efficiency (%)

BMP-2 loading 
efficiency (%)

PlGF-2-loaded heparin-nanocomplexes 99.81 –
BMP-2-loaded heparin-nanocomplexes – 97.79
Dual-GF-loaded heparin-nanocomplexes 99.79 98.93

Abbreviations: PIGF-2, placental growth factor-2; BMP-2, bone morphogenetic 
protein; HTCC, N-(2-hydroxyl)propyl-3-trimethyl ammonium chitosan chloride; 
GF, growth factor.

Table 3 Characteristics of heparin–HTCC nanocomplexes 
before and after GF loading

Group PDI Zeta 
potential
(mV)

Mean diameter (nm)

From zeta 
potential test

From
TEM

Blank heparin-
nanocomplexes 

0.10±0.02 31.3±1.6 371.9±4.8 213.0

PlGF-2-loaded heparin-
nanocomplexes

0.11±0.03 37.4±0.3 539.2±6.4 298.1

BMP-2-loaded heparin-
nanocomplexes

0.13±0.03 34.5±0.8 406.0±5.1 244.7

Dual-GF-loaded 
heparin-nanocomplexes 

0.16±0.02 35.1±0.3 485.7±6.2 266.4

Note: Data are presented as mean ± standard deviation.
Abbreviations: HTCC, N-(2-hydroxyl)propyl-3-trimethyl ammonium chitosan 
chloride; GF, growth factor; PDI, polydispersity index; PIGF-2, placental growth factor-2; 
BMP-2, bone morphogenetic protein; TEM, transmission electron microscopy.
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In this study, heparin acts as a “sandwich” or “double duty” 

component and interacts with HTCC to form highly stable 

polyelectrolyte complexes37 that have been demonstrated to 

effectively load GFs and maintain their bioactivities.13,30,44,46 

The minimal initial release may be attributed to the release of 

GFs that were physically adsorbed onto the heparin–HCCT 

nanocomplexes. The degradation test proved the stability 

of the nanocomplexes (Table 4, Figure 4), and its results 

matched the sustained release pattern. BMP-2 exhibited a 

more constant release than did PlGF-2, not only from the 

aforementioned dual-GF-loaded nanocomplexes but also 

from the single-GF-loaded nanocomplexes. This phenom-

enon can be largely explained by the different GF doses. As 

the PlGF-2 dose was just half that of BMP-2, we hypothesize 

that the PlGF-2 molecules were distributed farther apart from 

each other than were BMP-2 molecules, which would cause 

the release of PlGF-2 to be easier and faster. This hypothesis 

has yet to be tested.

In vitro bioactivity test
The medium released from the GF-loaded nanocomplexes 

induced significantly greater CCK-8 activities than did 

that released from the blank nanocomplexes (Figure 5), 

indicating that the released PlGF-2/BMP-2 from heparin/

HTCC nanocomplexes maintained their activities. Besides 

that, the results indicated that the PlGF-2, despite its lower 

dose, exhibited a similar level of CCK-8 activity as did the 

BMP-2. Also, compared to the other medium, the medium 

released from the dual-GF-loaded nanocomplexes yielded a 

significantly greater activity, indicating a greater potential to 

enhance the proliferation rate of MC3T3-E1 cells.

Figure 2 (A) TEM images of heparin–HTCC nanocomplexes after dual GF loading (scale bar =200 nm), (B) size distribution of heparin–HTCC nanocomplexes before and 
after PlGF-2/BMP-2/dual-GF loading.
Abbreviations: BMP-2, bone morphogenetic protein; PlGF-2, placental growth factor-2; TEM, transmission electron microscopy; HTCC, N-(2-hydroxyl)propyl-3-trimethyl 
ammonium chitosan chloride; GF, growth factor.

Figure 3 Release profiles of PlGF-2/BMP-2 from heparin–HTCC nanocomplexes.
Abbreviations: PlGF-2, placental growth factor-2; GF, growth factor; BMP-2, 
bone morphogenetic protein; HTCC, N-(2-hydroxyl)propyl-3-trimethyl ammonium 
chitosan chloride.

Table 4 Stability test for heparin–HTCC nanocomplexes

Day Mean diameter (nm) PDI Zeta potential (mV)

1 371.9±4.8 0.10±0.02 31.3±1.6
3 363.2±5.1 0.09±0.02 32.1±1.3
7 351.2±6.2 0.11±0.03 33.4±1.1
14 319.3±6.4 0.12±0.02 35.0±0.8

Note: Data are presented as mean ± standard deviation.
Abbreviations: HTCC, N-(2-hydroxyl)propyl-3-trimethyl ammonium chitosan 
chloride; PDI, polydispersity index.
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We also used an inverted phase-contrast microscope to 

assess the morphologies of MC3T3-E1 cells cultured with 

various release mediums for 12 and 72 hours, respectively. 

At each time point, there was major cell growth for the dual-

GF-loaded nanocomplex group (Figure 6[c]), while the blank 

nanocomplex group showed the fewest cells (Figure 6[d]). 

The MC3T3-E1 cells for all the groups proliferated stably 

with incubation, and the cells were characteristically spindle 

shaped (Figure 6A and B). The MC3T3-E1 cells for dual-

GF-loaded nanocomplex group expanded even more and 

yielded an even and dense MC3T3-E1 cell monolayer after 

3 days in culture (Figure 6A and B[c]), while the MC3T3-E1 

cells for single-GF-loaded nanocomplexes showed flat 

fibroblast-like morphologies, but did not reach confluence 

(Figure 6A and B[a, b]). The growth of MC3T3-E1 cells for 

different groups was further assessed by cell number count-

ing (Figure 6C), and a similar trend was observed. These 

results demonstrated that the dual-GF-loaded nanocomplexes 

presented better microenvironments for the proliferation and 

expansion of MC3T3-E1 cells than did the single-GF-loaded 

nanocomplexes.

In addition, the ALP activity was evaluated after 7 and 

10 days of culture, which is a well-established method to 

confirm having reached the initial stages of osteoblast-like 

cells differentiation.47 The ALP activity increased gradually 

in a time-dependent manner (Figure 7). Although the ALP 

activity of the blank nanocomplex group was significantly 

lower than that of the others, there were no significant dif-

ferences among the three GF-loaded nanocomplex groups on 

day 7. However, on day 10, the dual-GF-loaded nanocomplex 

group exhibited significantly higher ALP activity than did 

the single-GF-loaded nanocomplex groups. In addition, the 

difference between the PlGF-2-loaded nanocomplex group 

and BMP-2-loaded nanocomplex group was not significant. 

These results were similar to the calcium assay.

In parallel, we investigated the mineral deposition both 

qualitatively and quantitatively (Figure 8). ARS assay 

showed that all the groups demonstrated positive staining 

(Figure 8A). Moreover, there was more obvious positive 

staining for the single- and dual-GF-loaded nanocomplex 

groups compared with the blank nanocomplex group. While 

the BMP-2-loaded nanocomplex group presented similar 

staining to that of the PlGF-2-loaded nanocomplex group, 

the dual-GF-loaded nanocomplex group presented more 

prominent positive staining, implying a greater potential in 

osteoinduction. The quantitative results of calcium deposi-

tion (Figure 8B) also confirmed the same trend. Collectively, 

our results suggest that the PlGF-2/BMP-2 immobilized 

on heparin-based nanocomplexes is effective in inducing 

osteogenic differentiation of MC3T3-E1 cells.

According to the results obtained from measuring 

CCK-8 activity, observing cell morphology, counting cell 

number, and measuring ALP activity and calcium deposi-

tion, the activities of the medium released with PlGF-2 

and BMP-2 was essentially the same. The mechanism of 

Figure 4 Degradation test of heparin–HTCC nanocomplexes tested in SBF for 
various days.
Abbreviations: HTCC, N-(2-hydroxyl)propyl-3-trimethyl ammonium chitosan 
chloride; SBF, simulated body fluid.

Figure 5 MC3T3-E1 proliferation with the PlGF-2-/BMP-2-loaded heparin–HTCC 
nanocomplexes.
Notes: Released medium collected from various nanocomplexes was used to 
culture MC3T3-E1 cells for 96 hours. The CCK-8 assay was performed on days 1 
and 3 postseeding to determine the viability of the cells cultured with the released 
GFs. The released medium was collected on days 7 and 21 for analysis. Blank 
nanocomplexes were defined as the control. Error bars represent SD. *P,0.05, 
**P,0.01, ***P,0.001, ****P,0.0001.
Abbreviations: BMP-2, bone morphogenetic protein; PlGF-2, placental growth 
factor-2; GF, growth factor; CCK-8, cell counting kit-8 assay; OD, optical density; 
RM, released medium; RM-7, released medium collected on the seventh day; RM-
21, released medium collected on the 21st day; HTCC, N-(2-hydroxyl)propyl-3-
trimethyl ammonium chitosan chloride; SD, standard deviation.
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the osteogenic effects is complex, mainly owing to the 

reversible, noncovalent interactions between heparin and 

heparin-binding GFs, which ensure minimal impact on 

GF structure.13,30,37,39,43,44,48–52 We demonstrated that the 

nanocomplexes in our study not only effectively loaded and 

sustained release of PlGF-2/BMP-2, but also maintained their 

bioactivities for bone regeneration.

A key result in this study was the bioactivity of the 

released PlGF-2 being comparable to that of the released 

BMP-2, despite its dose being half that of BMP-2. According 

to the GF-loading efficiency coupled with the release profile, 

the PlGF-2 concentration in the released medium was 

slightly more than half of the BMP-2 concentration in the 

released medium. This phenomenon is supported by some 

recent research suggesting that PlGF-2 plays the role of a 

multitasking cytokine that stimulates bone regeneration by 

direct and indirect mechanisms.10,18 Apart from its traditional 

indirect role as an angiogenic factor, PlGF-2 also plays the 

unexpected role of a direct osteogenic factor.18 This latter 

role was first verified by Maes et al,18 who showed that 

PlGF-2 mediated the proliferation and osteoblastic differ-

entiation of progenitor cells. Based on that research, a more 

recent study defined a pro-osteogenic mechanosensitive 

role for PlGF-2 in orchestrating osteogenic differentiation.10 

According to that study, PlGF-2 works in a concentration-

dependent manner. However, compared to BMP-2, PlGF-2 

enhances osteogenic differentiation at lower concentrations 

and enhances vascularization at higher concentrations. The 

mechanism of this phenomenon may partly involve the 

extraordinarily promiscuous and strong binding of PlGF-2 

to the extracellular matrix, which would orchestrate the 

availability and signaling of GFs.44 This phenomenon is 

Figure 6 Microphotograph of MC3T3-E1 cells after 12 and 72 hours of culturing with released medium collected on various nanocomplexes, as observed by using the 
inverted phase-contrast microscope.
Notes: The released medium was collected on days 7 (A) and 21 (B). (a) BMP-2-loaded heparin-nanocomplexes; (b) PlGF-2-loaded heparin-nanocomplexes; (c) dual-GF-
loaded heparin-nanocomplexes; (d) blank heparin-nanocomplexes. The images were obtained at the same magnification (×10). Scale bar =100 μm. (C) Quantitative analysis 
of MC3T3-E1 cells after 1 and 3 days of culturing with various released mediums. ns.0.05, ****P,0.0001.
Abbreviations: BMP-2, bone morphogenetic protein; PlGF-2, placental growth factor-2; GF, growth factor; RM, released medium; RM-7, released medium collected on the 
seventh day; RM-21, released medium collected on the 21st day.

Figure 7 ALP activity of MC3T3-E1 cells cultured with released mediums from 
different nanocomplexes for 7 and 10 days, retrospectively. 
Notes: The released mediums were collected on days 7 and 21. Error bars 
represent SD. *P,0.05, **P,0.01, and ***P,0.001.
Abbreviations: BMP-2, bone morphogenetic protein; PlGF-2, placental growth 
factor-2; GF, growth factor; RM, released medium; RM-7, released medium collected 
on the 7th day; RM-21, released medium collected on the 21st day; SD, standard 
deviation.
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Figure 8 (A) ARS staining of MC3T3-E1 cells cultured for 21 days in osteogenic induction microenvironments containing different released mediums. (B) Quantification of 
mineral deposition by detecting absorbance of ARS extracts.
Notes: Scale bar =200 μm. Error bars represent SD. *P,0.05.
Abbreviations: BMP-2, bone morphogenetic protein; PlGF-2, placental growth factor-2; GF, growth factor; OD, optical density; ARS, Alizarin Red S; SD, standard deviation.

attractive for clinicians, as the current research typically 

focuses on BMP-2, which has undesirable side effects due 

to the large dose needed for achieving a therapeutic effect. 

Intriguingly, when PlGF-2 plays the role of a pro-osteogenic 

growth factor to enhance osteogenic differentiation, it 

requires a much lower concentration than that required for 

BMP-2. This therapeutic equivalence gives the clinician 

another choice. Upon comparing the osteogenic activity 

of the nanocomplexes loaded with the half-dose of PlGF-2 

to that of the nanocomplexes loaded with the full-dose of 

BMP-2, the advantages of using PlGF-2 to avoid high costs 

and side effects become apparent.

The other key result in this study was the greater potential 

in direct osteogenesis for the dual delivery of PlGF-2 and 

BMP-2. In this study, the dual-GF-loaded nanocomplexes 

exhibited significantly higher activity than did the single-GF-

loaded nanocomplexes. The underlying cellular and molecular 

mechanisms are still complicated and elusive. According to 

Ramasamy et al,6 there is a molecular framework coupling 

osteogenesis and angiogenesis. Until recently, little was 

known about the normal function of PlGF-2 as an angiogenic 

factor.17 However, the current research suggests that PlGF-2 

could be expressed by a series of cell types, including progeni-

tors of the bone marrow.6,18–20 Maes et al18 indicated that the 

expression of PlGF-2 and its receptor increased throughout 

the repair process, and they suggested that PlGF-2 coordinates 

the key aspects of bone repair. Moreover, PlGF-2 receptors, 

including neuropilin-2, are also expressed in osteoblast 

lineage cells during the repair of fractures, indicating a potent 

“switch” role of PlGF-2 in the process of osteogenesis.19 The 

key role of PlGF-2 in the osteogenesis/angiogenesis cross

talking framework could also be explained by its predominant 

role as the angiogenic and inflammatory “switch”.19,20,53 Con-

sidering that the bone remodeling process is mediated by a 

series of inflammatory factors, it is reasonable to believe that 

PlGF-2 may play a key role in the osteogenesis/angiogenesis 

crosstalking framework. It can be concluded that there is an 

as yet unidentified molecular framework coupling osteogen-

esis and angiogenesis, and PlGF-2 plays key roles in such 

a framework. Just as the angiogenic activity of VEGF (the 

homologue of PlGF-2) could be amplified by combining it 

with BMP-2,53,54 our data also emphasized that the osteogenic 

activity of BMP-2 may be amplified by combining it with 

PlGF-2. Future work will be to explore the mechanism and 

develop an animal model to investigate the in vivo osteogenic 

effectiveness of PlGF-2/BMP-2-loaded nanocomplexes.

Conclusion
In this study, we used heparin–HTCC nanocomplexes to 

deliver PlGF-2 and BMP-2 for in vitro bone regeneration. 

Both GFs exhibited high loading efficiencies and sustained 

release. Compared with BMP-2, PlGF-2 enhanced osteogenic 

differentiation at a much lower loaded lose. Moreover, the 

osteogenic activity of BMP-2 may be amplified by combin-

ing it with PlGF-2. The dual delivery of PlGF-2 and BMP-2 

could be used to improve osteoregeneration.
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Supplementary material

Figure S1 TEM images of heparin–HTCC nanocomplexes before and after PlGF-2/BMP-2/dual-GF loading.
Notes: (A) Blank heparin-nanocomplexes; (B) BMP-2-loaded heparin-nanocomplexes; (C) PlGF-2-loaded heparin-nanocomplexes (scale bar =200 nm).
Abbreviations: TEM, transmission electron microscopy; HTCC, N-(2-hydroxyl)propyl-3-trimethyl ammonium chitosan chloride; PlGF-2, placental growth factor-2; BMP-2, 
bone morphogenetic protein; GF, growth factor.
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