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differentiation of human bone marrow derived mesenchymal
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Abstract

Background: Bone morphogenetic protein 2 (BMP2) can enhance posterolateral

spinal fusion (PLSF). The minimum effective dose that may stimulate mesenchymal

stem cells however remains unknown. Nano-hydroxyapatite (nHAp) polyethylene

glycol (PEG)/polylactic acid (PLA) was combined with recombinant human BMP2

(rhBMP2). We in vitro evaluated proliferation, differentiation, and osteogenic genes

of human bone marrow mesenchymal stem cells with 0.5, 1.0, and 3.0 μg/mL

rhBMP2 doses in this study.

Methods: In vitro experimental study was designed to proliferation by a real-

time quantitative cell analysis system and the osteogenic differentiation by

alkaline phosphatase (ALP) activity and osteogenic marker (Runx2, OPN, and

OCN) gene expressions of human derived bone marrow mesenchymal stem cells

(hBMMSCs). nHAp was produced by wet chemical process and characterized by

Fourier transform infrared spectrophotometer, scanning electron microscopy,

and energy-dispersive x-ray spectroscopy. PEG/PLA polymer was produced at a

51:49 molar ratio. 0.5, 1.0, and 3.0 μg/mL rhBMP2 and nHAp was combined

with the polymers. hBMMSCs were characterized by multipotency assays and

surface markers were assessed by flow cytometer. The hBMMSC-rhBMP2 con-

taining nHAp-PEG/PLA composite interaction was evaluated by transmission

electron microscopy. Proliferative effect was evaluated by real-time prolifera-

tion analysis, and osteogenic capacity was evaluated by ALP activity assay

and qPCR.

Abbreviations: ALP, alkaline phosphatase; EDX, energy dispersive x-ray spectroscopy; FTIR, Fourier transform infrared spectroscopy; hBMMSCs, human bone marrow derived mesenchymal

stem cells; HLA-DR, human leukocyte antigen-DR isotype; ITS, insulin transferrin selenous acid; nHAp, nano-hydroxyapatite; OCN, osteocalcin; OPN, osteopontin; PEG, polyethylene glycol; PLA,

polylactic acid; PLSF, posterolateral spinal fusion; qPCR, quantitative real time protein chain reaction; rhBMP2, recombinant human bone morphogenic protein 2; Runx2, Runt-related

transcription factor 2; SEM, scanning electron microscopy; SOX9, SRY-box transcription factor 9; TEM, transmission electron microscopy; TGF, transforming growth factor; μCT, microcomputer

tomography.
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Results: hBMMSC proliferation in the 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA and the

1.0 μg/mL rhBMP2 + nHAp-PEG/PLA groups were higher compared to control.

1.0 μg/mL rhBMP2 + nHAp-PEG/PLA and 3.0 μg/mL rhBMP2 + nHAp-PEG/PLA

containing composites induced ALP activity on days 3 and 10. 0.5 μg/mL rhBMP2 +-

nHAp-PEG/PLA application stimulated Runx2 and OPN gene expressions.

Conclusion: rhBMP2 + nHAp-PEG/PLA composites stimulate hBMMSC proliferation

and differentiation. The nHAp-PEG/PLA composite with low dose of rhBMP2 may

enhance bone formation in future clinical PLSF applications.

K E YWORD S

bone regeneration, mesenchymal stem cells, nano-hydroxyapatite, polyethylene glycol,
polylactic acid, posterolateral spinal fusion, rhBMP2

1 | INTRODUCTION

Auto-, allo-, and synthetic- grafts are frequently used for posterolat-

eral spinal fusion (PLSF).1 Donor site morbidity and limited availabil-

ity2 restrict the use of autografts. Allografts on the other hand may

trigger immune response3 and cause disease transmission.4 Bone mor-

phogenetic protein 2 (BMP2) has been used clinically for PLSF5 to

enhance bony fusion.6 High doses of recombinant human BMP2

(rhBMP2) caused side effects7–9 such as ectopic bone formation10,11

adipogenesis,12 and osteoclast-mediated bone resorption. Recent

research focused on decreasing the dose.13 A current study14 deliv-

ered BMP2/BMP6/activin A chimera with in a recombinant human

collagen plus calcium-deficient hydroxyapatite porous composite

matrix in monkeys for PLSF to overcome problems of supraphysiolo-

gic BMP2 concentrations. BMP2 combined with synthetic grafts

including polymers,15–17 bioceramics,18,19 bioactive glass20 and their

composites21–23 could facilitate adequate PLSF. The minimum effec-

tive rhBMP2 dose combined with synthetic grafts is however not

determined.15,19,22–27 The in vitro induction and proliferation of

human-derived bone marrow mesenchymal stem cells (hBMMSCs)

with the minimum effective rhBMP2 dose is also open to discussion.

Recent studies21–23,28–32 that combined rhBMP2 with biomaterials

worked in the range of 0.3 ng/mL and 250 μg/mL rhBMP2 doses

(Table 1). Two recent studies21,33 reported proliferation of pre-

osteoblasts and hBMMSCs with low dose of rhBMP2. Contradictory

results on hBMMSCs proliferation stimulated by the release of

rhBMP2 from synthetic grafts necessitated this in vitro study for

PLSF. We worked with 0.5, 1.0, and 3.0 μg/mL as a threshold for the

“low-dose rhBMP2” that was not defined. Nano-hydroxyapatite

(nHAp) is osteoconductive34 and could enhance rhBMP2 release from

polylactic acid (PLA) and polyethylene glycol (PEG). nHAp also

enhances cell adhesion by increasing the surface area of the compos-

ites.9 In vitro stimulation of hBMMSCs by rhBMP2 release from syn-

thetic grafts was demonstrated in limited studies21,33 with

controversial results.15,22–27 Five microgram15 and 200 μg/mL22

rhBMP-2 doped silk based composites did not affect alkaline phos-

phatase (ALP) activation of rat and human BMMSCs, however 1 μg/

mL BMP2 doped PLA increased ALP, Runx2 and OPN expressions of

rabbit24 and human26 BMMSCs. We previously produced and

assessed a novel rhBMP2 containing nHAp-PEG/PLA in a rat PLSF

model.30 150 ng (3.1%) and 300 ng (6%) of the 5 μg rhBMP2 released

from the composite on days 1 and 21 in that study, respectively.

Micro-computer tomography (μCT) revealed a higher bone and tra-

becular volume in 10 μg rhBMP2 group when compared to 3 μg

TABLE 1 Dose determination for rhBMP2, nHAp, and polymer composites.

Materials

ReferencesrhBMP2 nHAP Polymer

2.5 and 250 μg/mL Silk fibroin/chitosan 28

200 μg/mL PLA-Collagen 23

20 μg PLGA-PEG-COOH 29

3.0 and 10 μg/mL PLA/PEG 30

0.5, 1.0, and 3.0 μg/mL (PLA/PEG) Current study

0.5 μg/mL Poloxamer 407 31

0.2 μg/μL Silk-fibroin 22

0.1 μg/mL PLA-Collagen 32

0.3 ng/mL PLGA 21
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rhBMP2 group. A more solid fusion mass and a higher bone volume to

trabecular volume ratio was however evaluated with 3 μg rhBMP2.

Manual palpation assessment in that study was the same in both

groups.30 In this current study, we further asked whether this novel

rhBMP2 containing nHAp-PEG/PLA composite will stimulate prolifer-

ation and osteogenic differentiation of hBMMSCs in vitro with 0.5,

1.0, and 3.0 μg/mL rhBMP2 doses.

We aimed to evaluate adhesion by scanning electron microscopy

(SEM), proliferation by an impedance based real time proliferation

monitoring system, osteogenic differentiation properties by intracellu-

lar ALP activity and osteogenic activity related genes runt-related

transcription factor 2 (Runx2), osteopontin (OPN) and osteocalcin

(OCN) expressions by qPCR of 0.5, 1.0, and 3.0 μg/mL rhBMP2 doses

on hBMMSCs after combining with nHAp-PEG/PLA.

2 | MATERIALS AND METHODS

2.1 | Design

An in vitro observational study was designed (Figure S1). Groups were

(a) osteogenically induced hBMMSCs (+ control), and (b) untreated

hBMMSCs (� control) control groups, (c) carrier nHAp-PEG/PLA,

(d) 0.5 μg/mL rhBMP2, (e) 1.0 μg/mL rhBMP2, (f) 3.0 μg/mL rhBMP2,

(g) 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA, (h) 1.0 μg/mL rhBMP2

+ nHAp-PEG/PLA, (i) 3.0 μg/mL rhBMP2 + nHAp-PEG/PLA experi-

mental groups. Proliferation (n = 3) was assessed by an impedance based

real time proliferation monitoring system (RTCA, xCELLigence, Agilent

Scientific Instruments). ALP activity (n = 6) and osteogenic marker gene

expressions for Runx2, OPN, and OCN using qPCR (n = 3) analysis with

hBMMSCs were undertaken for osteogenic differentiation. We reported

the qPCR analysis results according to the MIQE guidelines.35 nHAp

ceramics were characterized by FTIR and SEM. hBMMSCs and nHAp

interaction was assessed using transmission electron microscopy (TEM).

2.2 | Production and characterization of nanosized
hydroxyapatite ceramics

Nano-hydroxyapatite ceramics were produced by wet chemical process

as described previously.36 In brief, nHAp particles were precipitated by a

reaction between ammonium and calcium nitrate (Ca/P:1,67). The solu-

tion was continuously added onto the precipitate and nanoparticles

were formed uniformly spherical. Complex-shaped nanoparticles were

produced by the uncontrolled precipitation method. The spark plasma

method37 at low sintering temperatures was followed for the

nanometer-sized bio-ceramic production (Figure S2).

2.2.1 | SEM analysis

The nHAp ceramics were dried at 50�C for 30 min. They were then

coated with a thin layer of gold and quantitatively analyzed for their

size, morphology, and content (FEI QUANTA FEG 250). Nanosized

HAp ceramic particles produced at 1000�C and sized between

61 � 50 nm2 (Figure S2A,B). The element content analysis by energy-

dispersive x-ray spectroscopy (EDX) revealed the Ca-P ratios were

34% and 20%, respectively (Figure S2C).

2.2.2 | FTIR spectroscopy analysis

The nHAp ceramics spectra were recorded with a spectral range of

400–4000 cm�1 (FTIR, Bruker IFS 66/S). Hydroxyapatite showed

strong characteristics of P-O tensile and bending absorption bands at

1089, 1023, and 963 cm�1 and at 600 and 561 cm�1. The O H volt-

age vibration was detected with a sharp absorption peak at

3572 cm�1 (Figure S2D).

2.3 | Preparation of rhBMP2 containing nHAp-
PEG/PLA

Synthetic biodegradable polymer PEG/PLA (Taki Chemicals Co. Ltd.,

Japan) was used for the preparation of the composites and the poly-

meric structure was produced at a PLA: PEG molar ratio of 51:49.30,38

rhBMP2 (Taki Chemicals Co., Ltd. and Osteopharma Inc., Japan) was

diluted to 1.0 μg/mL concentration with a buffer (5 mM glutamic acid

+ 0.5% sucrose + 2.5% glycine + 0.01% Tween 80). The PEG/PLA

polymer was liquidized with acetone and rhBMP2 was added to this

solution. nHAp ceramics were added into the mix afterwards and the

acetone was removed by evaporation within 5 min. rhBMP2 was then

combined with the nHAp-PEG/PLA and the final biomaterial was

obtained. Release kinetics of rhBMP2 from the composites revealed a

burst release that continued for at least 21 days.30

2.4 | Culture and characterization of hBMMSCs

A licensed standardized hBMMSCs cell line (A15652, #L8900-102,

StemPro®, Gibco) that is internationally validated39–43 and GMP-man-

ufactured.44 The hBMMSCs have been received and expanded in pas-

sage 5 that is used for all work packages. The hBMMSCs cell line has

been validated by the manufacturer for the whole multipotency until

passage 7.44 Briefly, they were cultured with DMEM-LG (Lonza,

Switzerland), 10% FBS (Gibco), 1% Pen-Strep (Lonza, Switzerland) and

L-glutamine (HyClone) at 37�C with 5% CO2 (Figure S3).

Morphological properties and adherence to the culture plates

were determined and the potential of osteogenic and chondrogenic

differentiation and the surface marker expressions were evaluated.45

hBMMSCs from passage 5 were used in all experiments. Human

BMMSCs adhered onto the culture plates within about 12–24 h and

fibroblastic spindle-shaped morphology was affirmed (Figure S3A).

hBMMSCs were trypsinized (Gibco) and seeded 2 � 105 cells per flow

cytometry tube. Cells were incubated with 5.0 μL anti-human CD73,

anti-human CD90, anti-human CD45, anti-human HLA-DR (All from
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BD Biosciences) at 4�C for 20 min and avoid from the light. Immuno-

labeling of hBMMSCs was evaluated with the Novocyte (Agilent)

device for 15.000 events and results were assessed with the Novo

Express (Agilent). Human BMMSCs were positively labeled with anti-

CD73 and anti-CD90 and were not label with CD45 and HLA-DR

(Figure S3B). hBMMSC were seeded in 24 well plates as

15 � 103 cells/well for the osteogenic differentiation assay.46,47

Briefly, the hBMMSCs were suplemented with DMEM-LG, 10 mM

β-glycerophosphate (Sigma-Aldrich, Germany), 100 nM dexametha-

sone (Sigma-Aldrich, Germany), 0.2 mM L-ascorbic acid (Santa Cruz

Biotechnology Inc.) and 10% FBS (Gibco) for osteogenic stimulation.

On day 21, osteogenic differentiation was assessed by intracellular

ALP activity.46,47 Briefly, all osteogenic media was removed, substrate

solution (SIGMAFAST pNPP, Sigma, Germany) was added instead of

osteogenic media, and incubated for 30 min at 37�C in a dark place.

The microplate reader (Molecular Devices) measured the absorbance

of the whole plate at 405 nm wavelength. hBMMSCs with osteogenic

differentiation medium showed higher values than the hBMMSCs,

which were cultured with growth medium (p < 0.001; Figure S3C).

hBMMSCs (25 � 104 cells/tube) were centrifuged at 1.500 rpm dur-

ing 15 min and the pellet was resuspended with growth medium.

After 24 h, the growth medium was removed and DMEM-LG, %0.01

dexamethasone, %1.25 L-ascorbic acid, %1 sodium-pyruvate, 1.0 μL

ITS, 1.0 μL TGF-3 was added to the forming spheroid pellet for chon-

drogenic differentiation. On day 21, SOX9 expression was assessed

by qPCR. Human BMMSCs were harvested, total RNA was isolated

and the RNA purification was evaluated by a spectrophotometer

(NanoDrop, Thermo Fisher Scientific). The cDNA synthesis was per-

formed by a cDNA synthesis kit (SCRIPT cDNA Jena Biosciences,

Germany) and samples were processed with the ViiA™7 at the qPCR

detection system (Thermofisher Scientific). Expression of SOX9

showed higher values than the hBMMSCs, which were cultured with

growth medium (p < 0.001; Figure S3D). The manufacturer of

hBMMSCs confirmed the adipogenic differentiation profile of these

cells (hBMMSCs, #L8900-102, StemPro®, Gibco).

hBMMSCs presented typical spindle shaped morphology, positive

expression for CD73 and CD90 and negative expression for CD45 and

HLA-DR, optimum chondrogenic and osteogenic differentiation patterns.

2.5 | Proliferation

Effects of rhBMP2 containing nHAp-PEG/PLA on hBMMSCs prolifer-

ation were evaluated by real-time quantitative cell analysis system

(xCELLigence, Agilent Scientific Instruments). hBMMSCs were seeded

as 5 � 103 cells/well in an E-Plate VIEW 96 (Agilent Scientific Instru-

ments) and incubated at 37�C, 5% CO2 for 21 h. After incubation of

hBMMSCs, nHAp-PEG/PLA, 0.5 and 1.0 μg/mL rhBMP2, 0.5 μg/mL

rhBMP2 + nHAp-PEG/PLA and 1.0 μg/mL rhBMP2 + nHAp-PEG/

PLA were placed into the E-Plate Insert 96 (#C06465382001, Agilent

Scientific Instruments) and incubated with hBMMSCs in the same well

but separately. The real-time proliferation assessment was performed

for 7 days and the cell impedance was measured at every hour.

The time points were determined as 12, 24, 48, and 72 h. Values were

normalized to normal culture media.

2.6 | Osteogenic differentiation

Osteogenic differentiation of rhBMP2 containing nHAp-PEG/PLA on

hBMMSCs was evaluated by assessing intracellular ALP activity via

spectrophotometric assay and early, mid and late osteogenic differen-

tiation markers48 (Runx2, OPN, and OCN, respectively) by qPCR.

Human derived BMMSCs (6 � 104 cells/ well) were incubated for

24 h at 37�C, 5% CO2 for the intracellular ALP activity assay. The

nHAp-PEG/PLA, 0.5, 1.0, and 3.0 μg/mL rhBMP2, 0.5 μg/mL

rhBMP2 + nHAp-PEG/PLA, 1.0 μg/mL rhBMP2 + nHAp-PEG/PLA, and

3.0 μg/mL rhBMP2 + nHAp-PEG/PLA composites were added to the

well. The evaluation of intracellular ALP activity assay was performed on

days 3, 10, and 21. According to instructions of manufacturer, the media

was removed, substrate solution (SIGMAFAST pNPP, Sigma, Germany)

was added into the wells instead of media and incubated for 30 min at

37�C in a dark place. The microplate reader (Molecular Devices) mea-

sured the absorbance of the whole plate at 405 nm wavelength.

For qPCR, the Runx2 was analyzed as early marker on day three,

OPN as midterm marker on day eight and OCN as late marker on day

21 for 3-week osteogenic differentiation protocol.49 The ACTB gene

expression was used as the reference gene for normalization. Primer

sequences were given in Table 2. The total RNA was isolated from

hBMMSCs by TRIzol reagent (Thermo Fisher Scientific). The RNA

purification was assessed by a spectrophotometer (NanoDrop,

Thermo Fisher). The cDNA was synthesized by a kit (SCRIPT cDNA

synthesis kit, Jena Biosciences, Germany). Standard dilutions were

prepared, and all samples were processed with the ViiA™7 at the

qPCR detection system (Thermo Fisher Scientific) in three replicates.

Relative mRNA levels were computed.50

2.7 | Morphologic evaluation of hBMMSCs and
rhBMP2 containing nHAp-PEG/PLA interaction

Human BMMSCs (106 cells/well) were treated with 3.0 μL

rhBMP2 + nHAp-PEG/PLA and incubated at 37�C, with 5% CO2

TABLE 2 Primer sequences were listed.

Primer sequences

Runx2 Forward GTTAATCTCCGCAGGTCACT

Reverse CACTGTGCTGAAGAGGCTGT

OPN Forward TTGCAGCCTTCTCAGCCA

Reverse CAAAAGCAAATCACTGCAATTCT

OCN Forward CACACTCCTCGCCCTATTG

Reverse CGCTGCCCTCCTGCTTG

ACTB Forward CGCAAAGACCTGTACGCCAAC

Reverse GAGCCGCCGATCCACACG
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for 3 days. For light and transmission electron microscopical eval-

uation, the medium was removed on day three and hBMMSCs

were washed with PBS at room temperature. Then, the cell fixa-

tion was performed at 4�C for an hour by %2 glutaraldehyde and

cells were post-fixed by osmium tetroxide. The samples were

embedded in epon (EMS, Germany), after dehydration with 25%,

50%, 75%, 95%, and 100% (series) ethanol and clearing with pro-

pylene oxide. The epon plastic blocks (Agar Scientific, UK) were

cut to obtain semi-thin and thin sections. The semi-thin sections

were stained with methylene blue-Azur II, the ultra-thin sections

were stained with uranyl acetate and lead citrate.

For SEM evaluation, hBMMSCs were fixed with 2% glutaralde-

hyde solution (Sigma-Aldrich, Germany) at 4�C for an hour on day

3. After fixation, the samples were dehydrated in a series of etha-

nol. The samples were then dried with a critical point dryer instru-

ment (Tousimis CPD, Autosamdri 815 B) for 30 min and coated

with 10 nm gold–palladium by using the Precision Etching Coating

System instrument (GATAN 682). Finally, the samples were

visualized with SEM (Fei Quanta 200F). EDX analysis showing the

surface mineral distribution was also performed in the same

device.

2.8 | Statistical analysis

Normality of distribution was evaluated with Shapiro–Wilk test.

Kruskal-Wallis and Mann–Whitney U tests were done for comparing

non-parametric multiple or two groups of proliferation assay. One-

way variance analysis (ANOVA) and Dunn tests were performed for

comparing parametric multiple or two groups of ALP activity assays

and qPCR, respectively. Descriptive statistics were represented as the

mean ± standard deviation for the parametric tests and median,

minimum-maximum for the nonparametric tests. The significance was

accepted as p < 0.05. Statistical analyses were conducted with version

21 of IBM SPSS® (IBM).

3 | RESULTS

3.1 | Proliferation

0.5 μg/mL of rhBMP2 doped on nHAp-PEG/PLA showed highest

effect on hBMMSCs proliferation from 48 to 72 h comparing to other

rhBMP2 doses and controls with no statistical significance. Thus, pro-

liferative effect of 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA was similar

to that of 1.0 μg/mL rhBMP2 + nHAp-PEG/PLA at all time points

(Figure 1). hBMMSCs proliferation rate increased in time (p < 0.05)

from until 72 h in 1.0 μg/mL rhBMP2 + nHAP-PLA/PEG composite

group. It increased until 48 h in 0.5 μg/mL rhBMP2 + nHAP-PLA/

PEG composite, the 0.5 μg/mL rhBMP2 and nHAp-PEG/PLA groups

(p < 0.05, Figure 1).

3.2 | Osteogenic differentiation

3.2.1 | Alkaline phosphatase activation assay

ALP activity increased (p < 0.001) in the 0.5 μg/mL rhBMP2 + nHAp-

PEG/PLA, 1.0 μg/mL rhBMP2 + nHAp-PEG/PLA and 3.0 μg/mL

rhBMP2 + nHAp-PEG/PLA groups from day 3 to days 10 and 21. On

day 3, 3.0 μg/mL rhBMP2 + nHAp-PEG/PLA composite increased

(p < 0.001) ALP activity compared to 3.0 μg/mL rhBMP2, nHAp-PEG/

PLA treated groups, negative and positive control groups. ALP activi-

ties of the 1.0 μg/mL rhBMP2 + nHAp-PEG/PLA composite group

F IGURE 1 Proliferation of hBMMSCs was shown with normalized cell indexes of groups at 12, 24, 48, and 72 h. The lowercase letters a, b
and c denote statistically significant (p < 0.05) differences compared to 12, 24, and 72 h in same group, respectively. Note that proliferative effect
of 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA is highest comparing to other groups on 48 and 72 h but not statistically significant. ( ) represents
individual scatters of the samples (n = 3).
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was higher (p < 0.001) than nHAp-PEG/PLA treated group, negative

and positive control groups on day 3. 0.5 μg/mL rhBMP2 + nHAp-

PEG/PLA composite did not affect ALP activity of hBMMSCs on day

3. On day 10, 1.0 μg/mL rhBMP2 + nHAp-PEG/PLA and 3.0 μg/mL

rhBMP2 + nHAp-PEG/PLA composites increased (p < 0.001) ALP

activity compared nHAp-PEG/PLA treated groups negative and posi-

tive control groups. The 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA com-

posite group induced (p < 0.05) ALP activity of hBMMSCs compared

to nHAp-PEG/PLA treated and negative control groups on day 10. On

day 21, 0.5, 1.0 and 3.0 μg/mL rhBMP2 + nHAp-PEG/PLA composite

groups increased ALP activity compared to nHAp-PEG/PLA treated

and negative control groups (p < 0.001, Figure 2).

3.2.2 | qPCR

The 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA composite group

increased Runx2 expression compared to the nHAp-PEG/PLA com-

posite (p < 0.001) and the positive control (p = 0.021) groups. Runx2

expressions of the hBMMSCs increased in the 0.5, 1.0, and 3.0 μg/mL

rhBMP2 (p = 0.017, p < 0.001, p < 0.001, respectively) groups com-

pared to the positive control group. OPN expression of the hBMMSCs

increased (p < 0.001) in the 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA

composite groups compared to the nHAp-PEG/PLA, the positive

control and the 0.5, 1.0, and 3.0 μg/mL rhBMP2 groups. The 1.0 μg/

mL rhBMP2 + nHAp-PEG/PLA decreased OPN expression of

hBMMSCs compared to the positive control group (p < 0.05). The

0.5 μg/mL rhBMP2 + nHAp-PEG/PLA group increased OCN expres-

sion of hBMMSCs compared to the 0.5 μg/mL and the 3.0 μg/mL

rhBMP2 groups (p = 0.007, p = 0.025, respectively). OCN expression

of the positive control group was higher (p < 0.05) than that of the

0.5 and 3.0 μg/mL rhBMP2 groups (Figure 3). Thus, inductive effect

of 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA was superior to that of 1.0

and 3 μg/mL rhBMP2 + nHAp-PEG/PLA on osteogenic gene expres-

sion (Figure 3).

3.3 | hBMMSCs and nHAp-PEG/PLA containing
rhBMP2 were in close contact

The hBMMSCs presented ovoid or stellate shape morphology with a

centrically located euchromatic nucleus, single or double nucleoli,

enlarged endoplasmic reticulum cisternae and numerous cytoplasmic

vacuoles under TEM. They exhibited multiple cytoplasmic projections

and appeared to be in close contact with the composite particles.

Composite particles attached to each other, formed clusters and

adhered to the culture plates. They formed huge superposed masses

with hBMMSCs or presented as nanoparticles in the vacuoles of the

F IGURE 2 Osteogenic differentiation of hBMMSCs was shown with ALP activity of groups on days 3, 10, and 21. The lowercase letters a, b,
c, d, e, f, g, h, and i denote statistically significant (p < 0.05) differences compared to (�) control, (+) control, nHAp-PEG/PLA, 0.5 μg/mL rhBMP2,
1.0 μg/mL rhBMP2, 3.0 μg/mL rhBMP2, 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA, 1.0 μg/mL rhBMP2 + nHAp-PEG/PLA, 3.0 μg/mL
rhBMP2 + nHAp-PEG/PLA groups in same time point, respectively. *p < 0.05 change in groups depending on time. ( ) represents individual
scatters of the samples (n = 6).
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cytoplasmic extensions of cells that have increased vesicular traffic

within their endo-lysosomal compartments (Figure 4A–C).

PEG/PLA particles were amorphous and nHAp particles pre-

sented homogeneous crystal structures (Figure 4D) under SEM. At

least one dimension of the nHAp crystals was in the nanometer scale

(Figure 4E). hBMMSCs exhibited oval or spindle shaped morphology

with cytoplasmic projections adjacent to and/or attached to the nano-

biomaterial pores (Figure 4E,F). The high-density distribution of Ca

and P indicated the presence of nanosized hydroxyapatite, while O, P,

and N the hBMMSCs by EDX elemental analysis (Figure 4G).

4 | DISCUSSION

We hypothesized that 0.5, 1.0, and 3.0 μg/mL rhBMP2 + nHAp-PEG/

PLA composites will stimulate proliferation and osteogenic differenti-

ation of hBMMSCs. These composites can then be used in PLSF when

the appropriate dose of application could be optimized. We therefore

developed a novel composite of rhBMP2 containing nHAp-PEG/

PLA30 and evaluated its proliferation and osteogenic differentiation

potential on hBMMSCs previously. Real time cell analysis demon-

strated the hBMMSC proliferation capacity with these composites.

The 0.5 μg/mL rhBMP2 group had the highest proliferative capacity.

The 3.0 μg/mL rhBMP2 + nHAp-PEG/PLA composite group pre-

sented higher ALP activity in all times when compared to the other

groups. The 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA composite group

presented the highest expression rate for Runx2, OCN, and OPN

according to our qPCR results.

Peaks of P-O and O-H bands appeared at 1089, 1023, 963, 600,

561, and 3572 cm�1, respectively in FTIR and characteristic bands of

nHAp were detected during the characterization of the composites. A

previous study51 reported that the P-O and the O-H bands appeared

at 1086, 1030, 962, and 3570 cm�1, 630 cm�1, while another study51

stated that the P-O band was detected at 1092, 1023, and 963 cm�1.

Our SEM and EDX evaluations showed that the produced nHAp was

nano sized and had 34% of Ca and 20% of P content. SEM and EDX

findings proved that the nHAp that was produced for this study was

in compliance with the literature51–54 and may have osteoconductive

properties.

In our study, hBMMSCs proliferated from 12 to 48 h when com-

bined with 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA, and to 72 h when

combined with 1.0 μg/mL rhBMP2 + nHAp-PEG/PLA. 0.5 μg/mL of

rhBMP2 generated similar real time proliferation rates on hBMMSCs

when doped to nHAp-PEG/PLA comparing to higher dose (1.0 μg/mL

rhBMP2 + nHAp-PEG/PLA). Composites containing rhBMP2 in previ-

ous studies21–23,28–32 revealed conflicting MSC proliferation results

F IGURE 3 Osteogenic
differentiation as relative
(A) Runx2, (B) OPN, and (C) OCN
expressions were shown by qPCR
evaluation. The lowercase letters
a, b, c, d, e, f, g, h, and i denote
statistically significant (p < 0.05)
differences compared to (�)
control, (+) control, nHAp-PEG/

PLA, 0.5 μg/mL rhBMP2, 1.0 μg/
mL rhBMP2, 3.0 μg/mL rhBMP2,
0.5 μg/mL rhBMP2 + nHAp-
PEG/PLA, 1.0 μg/mL
rhBMP2 + nHAp-PEG/PLA,
3.0 μg/mL rhBMP2 + nHAp-
PEG/PLA groups, respectively.
Note that the osteogenic effect
of 0.5 μg/mL rhBMP2 + nHAp-
PEG/PLA is superior that of 1.0
and 3 μg/mL rhBMP2 + nHAp-
PEG/PLA on Runx2, OPN, and
OCN gene expression. 1.0 and
3 μg/mL rhBMP2 + nHAp-PEG/
PLA act similarly. ( ) represents
individual scatters of the
samples (n = 3).
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F IGURE 4 (A, B, C) Transmission electron micrographs show the nanoceramic particles taken into the cytoplasmic extensions of hBMMSCs,
uranyl acetate, lead citrate (A) 30 000�, (B) 50 000�, (C) 60 000�. (D, E, F) Scanning electron micrographs present the hBMMSCs superposed
with nHAp-PEG/PLA on day 3, (D) 40 000�, (E) 5000�, (F) 40 000�. (G) EDX mineral distribution graphic of rhBMP2 containing nHAp-PEG/PLA
with hBMMSCs. nHAp-PEG/PLA and hBMMSCs with nHAp and PEG/PLA were visualized by SEM on day 3 (E, F). (*) shows nHAP-PEG/PLA
composite.
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for different doses (Table S1). PEG/PLA-dexamethasone containing

5.0 μg of rhBMP2 increased proliferation of rat BMSCs when com-

pared to the PEG/PLA-dexamethasone group on day four by live and

dead cells assay.19 25 μg rhBMP coated silk scaffold stimulated prolif-

eration of hBMMSCs on day 533 and 0.3 ng/mL rhBMP2 containing

nHAp-PLGA nanofibrous scaffolds increased the proliferation of

mouse MC3T3-E1 pre-osteoblastic cells on day 6.21 Our proliferative

dose range within the composite is in line with previous studies

revealing 0.5 μg/mL being effective when doped into nHAp-PLA/

PEG. We previously reported rhBMP2 release from nHAp-PLA/PEG

as 3%–6% in 21 days.30 Our data are consisted with the previous

studies.19,21,33

Osteogenic differentiation assays showed that the 3.0 μg/mL

rhBMP2 + nHAp-PEG/PLA composites increased ALP activity on

days 3, 10, and 21. OCN, Runx2, and OPN expressions increased in

the 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA composite group. In previ-

ous studies,21–23,28,29,31,32 ALP activity and qPCR methods were used

to determine osteogenic differentiation by rhBMP2. Different

rhBMP2 doses were however not examined for osteogenic differenti-

ation. Our study that evaluated the dose-effect was in line with the

literature (Table S1). The 1 μg rhBMP2-loaded HAp/beta-tricalcium

phosphate microsphere/hydrogel composite induced ALP activity,

OCN, Runx2 and OPN expressions on MC3T3 pre-osteoblast cells

from days 7 to 14.31 The nHAp-collagen-PLA containing 0.132 and

200 μg/mL23 rhBMP2 composites increased ALP activity, OCN,

Runx2, OPN, ALP, and collagen 1 (COL1) expressions of human

amnion derived MSCs and rat BMMSCs, respectively, from day 7 to

21. PLGA-PEG-COOH microparticles loaded with 20 μg/mL rhBMP2

encapsulated in a nHAp-PLGA scaffold containing the encapsulated

PLGA-PEG-COOH microparticles loaded with 20 μg/mL rhBMP2

induced ALP activity from days 14 to 21.29 nHAp-Silk-fibroin scaffolds

containing 0.2–250 μg/mL rhBMP2 also increased ALP activity22,28

and OCN, ALP, COL1 and Runx2 expressions28 of rat BMMSCs from

days 7 to 14. The increase in ALP activity and osteogenic genes OCN,

Runx2, and OPN expression were evident in the rhBMP2 groups.

nHAp-PEG/PLA alone was not sufficient in stimulating the ALP activ-

ity in our study. rhBMP2 in between 0.0003 and 200 μg/mL doses

increased extracellular mineralization and osteogenic differentiation

(Table S2). In previous studies (Table S2), this increase was monitored

by ALP activity and expression rates of osteogenic differentiation-

related genes which were Runx2, OPN, OCN, COL1, and ALP on the

MSCs in a week to 4 weeks. We evaluated ALP activity on days 3, 10,

and 21 and Runx2, OPN, and OCN on days 3, 8, and 21. All rhBMP2

containing composites increased Runx2 when compared to the con-

trol group in our study. Increasing the rhBMP2 dose from 1.0 to

3.0 μg/mL, however, did not change the Runx2 expression. This how-

ever was only observed in the 0.5 μg/mL rhBMP2 + nHAp-PEG/PLA

composite group for OPN and for the 1.0 μg/mL rhBMP2 + nHAp-

PEG/PLA composite group for OCN. We, therefore, conclude that

0.5 μg/mL rhBMP2 having a release rate as 3%–6% (in 21 days) from

nHAp-PLA/PEG composite is adequate to stimulate mesenchymal

stem cell proliferation until 3 days. Same dose induces also expression

of early (Runx2), medium (OPN) and late (OCN) term osteogenic

markers on days 3, 7, and 10, respectively. However, 0.5 μg/mL of

rhBMP2 within the composite has not been enough to induce ALP

activity as an early indicator of extracellular matrix synthesis.

Combining synthetic grafts with MSCs and BMP is a challenging

issue as the synergistic effect of each of the components may stimu-

late proliferation and differentiation in PLSF as it was observed in our

previous study.30 Our findings were partially in line with two other

studies.19,31 PEG/PLA-dexamethasone containing 5.0 μg of rhBMP2

increased proliferation of rat BMSCs when compared to the PEG/-

PLA-dexamethasone group on day four by live and dead cells assay19

0.5 μg rhBMP2 however did not change the proliferation of MC3T3

cells from 12 to 72 h by the CCK-8 proliferation assay in another

study.31 These studies did not compare outcomes with different

doses of BMP2. Polymer-based composites containing 0.5 μg/mL

rhBMP2 did not change proliferation but osteogenic differentiation of

hBMSCs and MC3T3 cells.31 5.0 μg/mL rhBMP2 increased prolifera-

tion and differentiation of MSCs19 as we observed in this current

study. Our group previously reported that 3 μg/mL rhBMP2 doped

nHAp-PEG/PLA presented similar spinal fusion rate and increased

bone volume on week 8 comparing to higher dose (10 μg/mL doped

nHAp-PEG/PLA) by manual palpation, μCT and histology when

applied in vivo to lumbar 4–5 vertebrae rat PLSF model. Our findings

were in line with a recent study14 that evaluated fusion in non-human

primates. Our dose window is in line with previous in vitro studies21–

23,28,29,31,32 revealing that optimal beneficial osteogenic effect of

rhBMP2 takes place within a very tight dose window that would

cause no inflammation but osteoinduction when applied to in vivo

setting including lumbar spinal fusion model.30 Systemic dose of

rhBMP2 that is doped into nHAP-PLA/PEG was higher in our previ-

ous in vivo animal model when compared to present in vitro molecular

experiment setting and demonstrated that a lower dose may be effi-

cient to induce proliferation and ossification of stem/progenitor oste-

ogenic cells (MSCs).

This study has several limitations. hBMMSCs but no osteoblasts

were examined. Additionally, the hBMMSCs were from a single but

licensed, standardized commercial cell line belonging to one donor.

However, the hBMMSCs cell line has been widely used as a single test

line in previous studies39–43 that proved the validity of the line and

did not interfere with our aims as MSCs are precursors of osteogenic

and chondrogenic cells in this pilot study. Results of osteogenic differ-

entiation assays were restricted to four biomarkers and three time

points. Adding nHAp-PEG/PLA into the real-time quantitative cell

analysis system may have deteriorative effects for quantifying cellular

proliferation.

In conclusion, this study revealed the effects of a novel

rhBMP2 + HAp-PLA/PEG composite on the in vitro proliferation and

osteogenic differentiation of hBMMSCs. Previous pre-clinical studies

have used a dose range in between 5.0 and 50.0 μg of BMP2 for bone

regeneration19 and spinal fusion.13,30 However we were able to pre-

sent proliferation and differentiation with 0.5 and 1.0 μg/mL BMP2

doses when combined with nHAP-PEG/PLA. Our in vitro results sug-

gest that 0.5 and 1.0 μg/ml BMP2 doses when combined with nHAP-

PEG/PLA could enhance PLSF results.
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