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Abstract: Bone morphogenetic protein 2 (BMP-2) has received considerable attention because of
its osteoinductivity, but its use is limited owing to its instability and adverse effects. To reduce
the dose of BMP-2, complexation with heparin is a promising approach, because heparin enhances
the osteoinductivity of BMP-2. However, the clinical use of heparin is restricted because of its
anticoagulant activity. Herein, to explore alternative polymers that show heparin-like activity, four
polycarboxylates, poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA), poly(aspartic acid) (PAsp),
and poly(glutamic acid) (PGlu), were selected and their capability to modulate the osteoinductivity
of BMP-2 was evaluated. Dynamic light scattering indicated that these polycarboxylates formed
polyelectrolyte complexes with BMP-2. The osteogenic differentiation efficiency of MC3T3-E1 cells
treated with the polycarboxylate/BMP-2 complexes was investigated in comparison to that of the
heparin/BMP-2 complex. As a result, PGlu/BMP-2 complex showed the highest activity of alkaline
phosphatase, which is an early-stage marker of osteogenic differentiation, and rapid mineralization.
Based on these observations, PGlu could serve as an alternative to heparin in the regenerative therapy
of bone using BMP-2.

Keywords: bone morphogenetic protein-2; osteogenic differentiation; polyelectrolyte complex;
polycarboxylate; poly(glutamic acid)

1. Introduction

Autologous bone grafts are widely used in the clinical treatment of bone defects in maxillofacial
and plastic surgery [1-3]. Although this approach has been recognized as a gold standard for bone
reconstruction, the collection of bone grafts is generally invasive for patients. As an alternative
method to bone grafting, various approaches to stimulate bone regeneration have been investigated,
such as artificial bone substitute materials (e.g., f-tricalcium phosphate and hydroxyapatite) [4,5] and
pharmacological molecules (e.g., growth factors and low-molecular-weight drugs) [6-10]. Bone
morphogenetic protein 2 (BMP-2), a secreted growth factor that belongs to the transforming
growth factor-p (TGF-f) superfamily, has attracted considerable attention because of its strong
osteoinductivity [11,12]. In recent years, BMP-2 has been applied for the treatment of spine fusion,
bone fracture, and periodontal tissue therapy [13-15], and it is expected that clinical application will
continue to expand. However, BMP-2 is easily deactivated under physiological conditions. In other
words, high doses of BMP-2 are required to maintain its activity in the long term and to regenerate a
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wide range of bone defects. Unfortunately, it is reported that BMP-2 at high doses possibly induces
adverse effects, such as inflammation at the implantation site, bone resorption by increasing osteoclastic
activity, and the induction of structurally abnormal bone [16-18]. To reduce the dose of BMP-2 while
maintaining its activity, heparin has received much attention because the mixture of BMP-2 and heparin
is known to enhance osteoinductivity [19-23]. The negatively charged heparin forms a polyelectrolyte
complex with the positively charged BMP-2 (isoelectric point: 8.5), protecting BMP-2 from deactivation
and enhancing osteoinductivity of BMP-2 [24]. However, the clinical use of heparin might be limited
because of its strong anticoagulant effect [25,26].

As an alternative to heparin, various sulfated and sulfonated polymers have been investigated
to enhance the osteoinductivity of BMP-2 without anticoagulant activity and toxicity. For example,
our group has developed sulfonated polyrotaxanes that formed polyelectrolyte complexes with
BMP-2, which enhanced osteogenic differentiation efficiency and promoted bone regeneration in a
mouse model of calvarial defect [6,7]. Liu and co-workers developed BMP-2-loaded 2-N,6-O-sulfated
chitosan nanoparticles and investigated their capability of bone regeneration in a rabbit critical-sized
radial defect [27,28]. The effect of sulfated and sulfonated polymers in modulating the activity
of BMP-2 has also been observed for other growth factors such as basic fibroblast growth factor
(bFGF). Maynard and co-workers investigated the heparin-mimicking effect of synthetic polymers and
identified that poly(vinyl sulfonate) had the strongest ability to enhance the binding of bFGF to FGF
receptor [29]. Although heparin is utilized for surface modification, conjugation of functional molecules,
and preparation of microparticles to fabricate bone regenerative biomaterials [30-32], it is difficult to
apply sulfated and sulfonated polymers as a building block of biomaterials owing to the poor reactivity
of sulfate and sulfonate groups. On the other hand, carboxy groups are also negatively charged and
easily react with amino and hydroxy groups in the presence of a condensation reagent. Therefore,
negatively charged polycarboxylates offer an appealing property for the fabrication of biomaterials.
Sulfated and sulfonated polymers have been widely investigated for the modulation of growth factor
activity, but negligible studies have been reported on polycarboxylates. Herein, we demonstrated the
effect of a series of four polycarboxylates, poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA),
poly(aspartic acid) (PAsp), and poly(glutamic acid) (PGlu) (Figure 1), in enhancing the osteogenic
differentiation efficiency of BMP-2.

jLCHy—CHﬁn— —QCHZ—C—)— +g—CH—N+ +C—CH—N+
" i " "
OH OH (.|7=O (|3H7
OH (|3=O
OH
Poly(acrylic acid) Poly(methacrylic acid) Poly(aspartic acid) Poly(glutamic acid)
(PAA) (PMAA) (PAsp) (PGlu)

Figure 1. Chemical structures of polycarboxylates, where 1 indicates the degree of polymerization.

2. Materials and Methods

2.1. Materials

Recombinant human BMP-2 was obtained from R&D Systems (Minneapolis, MN, USA).
PAA (catalog molecular weight: 5000) was obtained from Fujifilm Wako Pure Chemical Corporation
(Osaka, Japan). Heparin, PMAA (catalog molecular weight: 7750), PAsp (poly(«,3-pL-aspartic acid);
catalog molecular weight: 2000 to 11,000), and PGlu (poly(r-glutamic acid); catalog molecular weight:
1500 to 5500) were obtained from Sigma-Aldrich (Milwaukee, WI, USA).
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2.2. Size Exclusion Chromatography (SEC)

SEC was performed using a high-performance liquid chromatography system consisting of an
AS-2057i Plus autosampler (Jasco, Tokyo, Japan), DG-2080-53 degasser (Jasco), PU-2080i Plus pump
(Jasco), CO-965 column oven (Jasco), RI-2031 Plus refractive index detector (Jasco), and a combination
of TSKgel G4000PWx1, and G2500PWxy, columns (300 mm X 7.8 mm internal diameter) (Tosoh, Tokyo,
Japan). The sample solutions (10 mg/mL, 50 uL) were injected into the system and eluted with 100 mM
NaNOj solution at a flow rate of 1 mL/min at 40 °C. The relative number-average molecular weight
(Mp,sec) and molecular weight distribution (Mw/Mn) were calculated from a calibration curve of
standard poly(ethylene glycol) (PEG; Agilent Technologies, Wilmington, DE, USA).

2.3. Potentiometric Titration

The polycarboxylates were dissolved in 7.5 mM NaOH solution (20 mL) at a carboxy concentration
of 5 mM. The solutions were titrated with 10 mM HCl at 25 + 1 °C using an automatic titrator (AUT-701;
DKK-TOA, Tokyo, Japan). The titrant was added in quantities of 50 puL at an interval of 10 s. The pKj,
and degree of protonation (o) were calculated from the pH-« curves.

2.4. Dynamic Light Scattering (DLS) of the Polycarboxylate/BMP-2 Complexes

BMP-2 was dissolved in 10 mM phosphate buffer at a concentration of 200 pg/mL. Separately,
the polycarboxylates were dissolved in 10 mM phosphate buffer at a concentration 2 mg/mL. BMP-2
and the polycarboxylate solutions were combined at an equal volume ratio to form the polyelectrolyte
complexes. The final concentrations of BMP-2 and the polycarboxylates were 100 pg/mL and 1 mg/mL,
respectively. DLS measurements were performed on a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK) equipped with a 4 mW He-Ne Laser (633 nm). The measurements were conducted at
25.0 °C at a detection angle of 173°.

2.5. Cell Culture

MC3T3-E1 cells subclone 4, an osteoblastic cell line derived from mouse calvaria, was obtained
from the American Type Culture Collection (ATCC; Manassas, VA, USA). The MC3T3-E1 cells were
cultured in a-minimum essential medium («-MEM; Fujifilm Wako Pure Chemical) supplemented with
10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), 1% penicillin (100 U/mL; Fujifilm Wako
Pure Chemical), streptomycin (100 pg/mL; Fujifilm Wako Pure Chemical), and r-alanyl-L-glutamine
(2 mM; Fujifilm Wako Pure Chemical) in 5% CO, at 37 °C.

2.6. Cytotoxicity of Polycarboxylates

MC3T3-E1 cells were plated in 96-well plates at a density of 1 x 10* cells/well and incubated for
24 h. The medium was replaced with treatment medium (100 pL) containing the polycarboxylates
and heparin (0.005 to 500 nug/mL). After 24 h of incubation, Cell Counting Kit-8 reagent (Dojindo
Laboratories, Kumamoto, Japan) was added to each well (10 uL/well) and incubated for 1 h at 37 °C.
The absorbance at 450 nm was measured on a Multiskan FC plate reader (Thermo Fisher Scientific,
Waltham, MA, USA). Cellular viability was calculated relative to that of untreated cells.

2.7. Anticoagulant Activity of Polycarboxylates

The anticoagulant activity of the polycarboxylates and heparin was evaluated using Test Team
Heparin S (Sekisui Medical, Tokyo, Japan) according to the manufacturer’s instructions. Each polymer
solution (32 pL) was combined with plasma (4 pL) and anti-thrombin III solution (4 pL) in 96-well
plates (Thermo Fisher Scientific) and incubated for 5 min at 37 °C. Factor Xa solution (20 L) was then
added to each well and incubated for 30 s at 37 °C. A chromogenic substrate solution (40 uL; substrate:
S-2222) was added to each well and incubated for 3 min at 37 °C. Finally, the absorbance at 405 nm was
measured on a Multiskan FC plate reader.
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2.8. Osteogenic Differentiation and Alkaline Phosphatase (ALP) Activity in MC3T3-E1 Cells

MC3T3-E1 cells were plated in a 24-well plate at a density of 1 X 10° cells/well and incubated
for 24 h. The medium was replaced with osteogenic differentiation medium (300 puL) supplemented
with 10% FBS, ascorbic acid (50 pg/mL; Sigma-Aldrich), 3-glycerophosphate disodium salt (10 mM;
Sigma-Aldrich), and each BMP-2 complex (50 ng/mL BMP-2 and 500 pug/mL polymers). After 72 h
of incubation, the cells were washed twice with phosphate-buffered saline (PBS). The cell lysate
was prepared using radioimmunoprecipitation assay (RIPA) buffer (Fujifilm Wako Pure Chemical)
containing a Complete Protease Inhibitor Cocktail (Roche, Basel, Switzerland). The enzymatic activity
of ALP in the lysate was determined using LabAssay ALP (Fujifilm Wako Pure Chemical) according to
the manufacturer’s instructions. The absorbance at 405 nm was measured on a Multiskan FC plate
reader. The concentration of total protein in the cell lysates was determined using a Micro BCA Protein
Assay Kit (Thermo Fischer Scientific) according to the manufacturer’s instruction. The activity of ALP
was normalized to the amount of protein.

2.9. Mineralization of MC3T3-E1 Cells

MC3T3-E1 cells were cultured in osteogenic differentiation medium as described above.
The concentrations of BMP-2 and the polymers were 100 ng/mL and 1,000 ug/mL, respectively.
The medium was changed twice every week. After 14 days of incubation, the cells were fixed with
methanol for 10 min, followed by staining with 1% Alizarin red S solution for 5 min. After the cells
were washed with PBS, images of cells were acquired using an IX-71 microscope (Olympus, Tokyo,
Japan) equipped with a DP-80 dual charge-coupled device (CCD) microscope camera (Olympus).
The stained areas in the images were quantified using Image ] software ver. 1.45] (National Institutes
of Health, Bethesda, MD, USA).

2.10. Statistical Analysis

Data were analyzed by one-way analysis of variance (ANOVA) followed by Tukey—Kramer
multiple comparison test. A p value of less than 0.05 was considered to indicate statistical significance.

3. Results and Discussion

3.1. Chemical Characterizations of Polycarboxylates

In this study, the capability of four commercially available polycarboxylates to enhance
osteogenic differentiation efficiency of BMP-2 was assessed. Although the molecular weights of
these polycarboxylates were provided by the supplier, their methods of determination were different.
Additionally, while the pK, values of the polycarboxylates have been previously reported in the
literature, the experimental conditions to determine the pK, values were not identical. Therefore,
the relative number-average molecular weight (Mpsgc) and pK, of the polycarboxylates were
determined by SEC and potentiometric titration, respectively. Figure 2A shows the SEC charts
of the polycarboxylates and heparin in 100 mM NaNOj3 solution. From these results, the M, spc and
M,/Mp of the polycarboxylates and heparin were calculated based on the calibration of PEG (Table 1).
The M, sgc of the polycarboxylates ranged from 5100 to 13,500 with relatively broad molecular weight
distribution. Although the molecular weight of the polycarboxylates were not identical, we utilized
these polymers for further studies. The pK, values and degree of ionization () at pH 7.4 were
determined from the pH-« curves (Figure 2B and Table 1). The pKj, values of the (meth)acrylate-based
polymers (PAA and PMAA) were slightly higher than the polyamino acids (PAsp and PGlu). The «
values of PAsp and PGlu at pH 7.4 were over 0.9, which were higher than those of PAA and PMAA
(0.64 to 0.71). It is considered that the difference in main chain structure might change the pK, and «.
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Figure 2. (A) Size exclusion chromatography (SEC) charts of polycarboxylates and heparin eluted with
100 mM NaNOj solution at 40 °C. (B) pH-« curves of polycarboxylates at 25 + 1 °C. The plots represent
poly(acrylic acid) (PAA, squares), poly(methacrylic acid) (PMAA, circles), poly(aspartic acid) (PAsp,
triangles), and poly(glutamic acid) (PGlu, diamonds).

Table 1. Characterization of polycarboxylates and heparin.

Sample M, sEC 1 My /Mp 1 pKa 2 oatpH 7.4 2
PAA 10,100 1.56 6.65 0.71

PMAA 5100 1.36 6.84 0.64
PAsp 13,500 1.37 5.74 0.94
PGlu 12,700 1.16 6.05 0.90

Heparin 25,600 1.23 - -

I Determined by SEC eluted with 100 mM NaNOj at 40 °C. The relative number-average molecular weight of
the polymers was calculated based on a calibration curve of standard poly(ethylene glycol)s. 2 Determined from

pH-a curves.

Next, the polyelectrolyte complex formation of BMP-2 with polycarboxylates was investigated
using DLS (Figure 3). The polyelectrolyte complexes between polycarboxylates and BMP-2 were
prepared in 10 mM phosphate buffer at pH 7.4. The size distributions of the polymer/BMP-2 complexes
were approximately 5 to 6 nm, which were slightly shifted to large size and narrow polydispersity
index (PDI) in comparison to the polymers for all polycarboxylates and heparin. From the size of
the complexes, it is suggested that a few polymer chains covered the surface of BMP-2. Aggregation
was not observed probably because of the excess of polymers. Additionally, the difference in the
« of polycarboxylates was not reflected in the size of the complexes. In our previous study on the
polyelectrolyte complexes of sulfonated polyrotaxanes and BMP-2, similar tendencies were observed [7].
Accordingly, it is considered that the polycarboxylates and heparin formed a polyelectrolyte complex

with BMP-2.
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Figure 3. Size distributions of the polymers and their complexes with bone morphogenetic protein
2 (BMP-2): (A) PAA and PAA/BMP-2, (B) PMAA and PMAA/BMP-2, (C) PAsp and PAsp/BMP-2,
(D) PGlu and PGlu/BMP-2, and (E) heparin and heparin/BMP-2 in 10 mM phosphate buffer at pH 7.4.
The concentrations of BMP-2 and polymers were 100 ug/mL and 1 mg/mL, respectively.

3.2. Biological Characterizations of Polycarboxylates

To examine the biocompatibility of polycarboxylates, the cytotoxicity and anticoagulant activity
of the polycarboxylates were evaluated. Cytotoxicity was determined in MC3T3-E1 cells after 24 h
of treatment with the polycarboxylates. As a result, all the polycarboxylates and heparin showed
negligible toxicity in MC3T3-E1 cells at a concentration of 500 pug/mL (Figure 4A).
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Figure 4. (A) Relative viability of MC3T3-E1 cells treated with polycarboxylates and heparin at various
concentrations for 24 h (n = 6). (B) Relative enzymatic activity of Factor Xa after incubation with a
mixture of antithrombin III and polycarboxylates or heparin at various polymer concentrations (n = 3).
The plots represent PAA (squares), PMAA (circles), PAsp (triangle), PGlu (diamonds), and heparin
(down triangles). The data are expressed as the mean + standard deviation (SD).
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Heparin has strong anticoagulant effect because it specifically forms a complex with antithrombin
III and changes the conformation of antithrombin III [33]. This results in the inhibition of coagulation
factors such as Factor Ila (thrombin) and Xa [34,35], leading to anticoagulant effects. Because bleeding
can interrupt surgical operation and the healing process after surgery, anticoagulant properties should
be avoided in materials. The anticoagulant ability of polycarboxylates was investigated with regard to
the enzymatic activity of Factor Xa after incubation with a mixture of polycarboxylates and antithrombin
III. As a consequence, heparin markedly inhibited the enzymatic activity of Factor Xa at a concentration
of 0.5 pg/mL (Figure 4B). In the case of PMAA, PAsp, and PGlu, the enzymatic activity of Factor Xa
remained unchanged even at 500 ng/mL. However, PAA at 500 pg/mL slightly inhibited Factor Xa.
Monien reported that PAA can bind to antithrombin and accelerate the inhabitation of Factor Ila and
Xa [36]. Although the inhibitory effect of antithrombin III by PAA was significantly lower than that of
heparin, it is considered that PAA exerts potent anticoagulant effects.

3.3. ALP Activity in MC3T3-E1 Cells Treated with the Polycarboxylate/BMP-2 Complexes

ALP activity is known as an important early stage marker of osteogenic differentiation.
Lee described that the activation of the BMP-2 signaling pathway by BMP-2 treatment or by
overexpression of BMP-2 receptors strongly stimulates ALP activity [3]. Therefore, ALP activity
in MC3T3-E1 cells was evaluated to verify the early stage osteogenic differentiation ability of
polycarboxylate/BMP-2 complexes. In these experiments, the concentration of BMP-2 was adjusted
to 50 ng/mL because treatment of cells with 50 ng/mL BMP-2 significantly increased ALP activity
compared with that in untreated cells (data not shown). When each polycarboxylate was added
to BMP-2 at the concentration of 500 pg/mL, the ALP activity in MC3T3-E1 cells treated with each
polycarboxylate/BMP-2 complex increased significantly compared to free BMP-2 (Figure 5A). In this
experiment, the heparin/BMP-2 complex was also tested as a control because of its ability to enhance
osteogenic differentiation activity of BMP-2 [19-21]. Consistent with previous studies, heparin/BMP-2
complex induced significantly higher ALP activity than that of cells treated with free BMP-2 (Figure 5A).
Interestingly, the cells treated with PAsp/BMP-2 and PGlu/BMP-2 complexes resulted in higher ALP
activity than the heparin/BMP-2 complex. Especially, the PGlu/BMP-2 complex led to significantly
high ALP activity compared to the other complexes. The negatively charged polymers such as heparin
and sulfonated polymers can form a polyelectrolyte complex with BMP-2 and protect BMP-2 from
the deactivation such as the interaction with Noggin [20]. We have previously confirmed that the
sulfonated polyrotaxanes attenuate the deactivation of BMP-2 in the presence of Noggin [6]. Therefore,
it is considered that the polycarboxylates also protect the deactivation of BMP-2, resulting in enhancing
the ALP activity of MC3T3-E1 cells.

Figure 5B shows the ALP activity of MC3T3-E1 cells treated with only polycarboxylates or heparin.
When the cells were treated with polymers only, the ALP activity were remained comparable to that
of cells cultured without BMP-2. This result suggested that the enhanced ALP activity induced by
the polycarboxylate/BMP-2 complexes was not attributed to the polymers, and the complexation
between the polycarboxylates and BMP-2 contributed to enhancing the osteogenic differentiation
activity of BMP-2.
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Figure 5. (A) Alkaline phosphatase (ALP) activity in MC3T3-E1 cells after 72 h of treatment with
free BMP-2, polycarboxylate/BMP-2 complexes, and heparin/BMP-2 complex at polymer and BMP-2
concentrations of 500 pg/mL and 50 ng/mL, respectively (n = 3 in a single experiment). (B) ALP activity
in MC3T3-E1 cells after 72 h of treatment with free BMP-2 (50 ng/mL), polycarboxylates (500 pug/mL),
and heparin (500 ug/mL) (n = 3 in a single experiment). The data are expressed as the mean + SD
(***p < 0.001).

3.4. Mineralization of MC3T3-E1 Cells Treated with Polycarboxylate/BMP-2 Complexes

Because cell mineralization is a strongly evidence of osteogenic differentiation, the deposited
mineralized matrix in MC3T3-E1 cells treated with free BMP-2 or polycarboxylate/BMP-2 complexes
was stained with Alizarin red S, which specifically binds to calcium in the mineralized matrix
(Figure 6A) [37,38]. Untreated MC3T3-E1 cells, which were cultured in osteogenic differentiation
medium without BMP-2, did not show mineralized matrix deposition at 14 d. Cells cultured in
osteogenic differentiation medium containing free BMP-2 were slightly stained with Alizarin red S.
It is considered that the cells were not stained because in these conditions culture period was short
(generally, 21 to 28 d of culture is required). In the case of the polycarboxylate/BMP-2, remarkable
staining was observed in PGlu/BMP-2 complex-treated cells (Figure 6A). Image analysis of stained area
of Alizarin red also supports the suggestion that the mineralization of MC3T3-E1 cells was induced by
PGlu/BMP-2 complexes at 14 d of culture (Figure 6B). However, these results were inconsistent with
the results of ALP activity (Figure 5A). Although the all polycarboxylates can enhance the activity of
BMP-2 at the early stage of osteogenic differentiation, it is considered that the effect is not prolonged
until the mineralization of the cells. Accordingly, PGlu is considered as a potential candidate for
enhancing the osteoinductivity of BMP-2. However, we could not clarify why PGlu show superior
effects in modulating the activity of BMP-2. The ALP activity (Figure 5A) and mineralization (Figure 6)
in MC3T3-E1 cells were not correlated with the properties of polymers such as the M}, sgc or pKa of the
polymers (Table 1). It is considered that the chemical structure of PGlu is suitable to form a complex
with BMP-2 and protect BMP-2 from the deactivation.



Polymers 2019, 11, 1327 9of 11

(A)  Wwithout BMP-2 (B)
BT TR

—~ 40—
x
n

8 30—
PAA/BMP-2 PMAA/BMP-2 =
.0 L g iR 'Slajl‘ AR S =
o W“&“‘” - 3 ®

(e : N 20

A PN . RN A -
4.5 o g 2" - %
) ? s dTa @

T 10—
pel
Q
c
£

L2 ] = i
@251' \‘\Qﬂl §W \‘8'1« §W §9’ Qg'b
T & & & & & 9
& & Q\’YX \?-5Q o fb.‘\e
& < & < Q oF

Figure 6. (A) Alizarin red S staining of MC3T3-E1 cells treated with free BMP-2, PAA/BMP-2,
PMAA/BMP-2, PAsp/BMP-2, PGlu/BMP-2, and heparin/BMP-2 complexes for 14 d (Scale bars: 500 pm).
(B) Relative area of MC3T3-E1 cells stained with Alizarin red S (n = 4). The concentrations of BMP-2
and the polymers were 100 ng/mL and 1000 pug/mL, respectively.

4. Conclusions

In summary, a series of four polycarboxylates were demonstrated for enhancing the
osteoinductivity of BMP-2. PMAA, PAsp, and PGlu showed no toxicity and anticoagulant activity,
while PAA exhibited weak anticoagulant activity at high concentration. The capability of the
polycarboxylates to enhance the osteogenic activity of BMP-2 was evaluated by measuring ALP activity
and mineralization of MC3T3-E1 cells. The PGlu/BMP-2 complex induced the highest ALP activity
and most rapid mineralization compared to the heparin/BMP-2 complex. Consequently, PGlu is a
promising candidate for enhancing the osteoinductivity of BMP-2 and could serve as an excipient for
BMP-2 or a building block for biomaterials for bone regeneration.

Author Contributions: M.T., A.T. (Atsushi Tamura), S.Y., T.Y. and N.Y. conceived and designed the experiments.
M.T., A.T. (Atsushi Tamura), and A.T. (Asato Tonegawa) performed the experiments. M.T., A.T. (Atsushi Tamura),
and A.T. (Asato Tonegawa) analyzed the data. M.T., A.T. (Atsushi Tamura) and N.Y. wrote the paper.

Funding: This work was supported by the following grants: Sasakawa Scientific Research Grant from the Japan
Science Society (M.T.); TMDU President’s Young Researchers Award (M.T.); Grant-in-Aid for Young Scientists
from Japan Society for the Promotion of Science (JSPS) (JSPS KAKENHI Grant Number JP19K19224 to M.T.);
Grant-in-Aid for Challenging Research (Exploratory) from JSPS (JSPS KAKENHI Grant Number JP18K19904 to
A.Ta.); Grant-in-Aid for Scientific Research (C) from JSPS (JSPS KAKENHI Grant Number JP17K11901 to S.Y.);
Grant-in-Aid for Scientific Research (A) from JSPS (JSPS KAKENHI Grant Number JP16H01852 to N.Y.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Block, M.S.; Kent, J.N. Sinus Augmentation for Dental Implants: The Use of Autogenous Bone. J. Oral
Maxillofac Surg. 1997, 55, 1281-1286. [CrossRef]

2. Ahlmann, E; Patzakis, M.; Roidis, N.; Shepherd, L.; Holtom, P. Comparison of Anterior and Posterior Iliac
Crest Bone Grafts in Terms of Harvest-Site Morbidity and Functional Outcomes. J. Bone Joint Surg. Am. 2002,
84,716-720. [CrossRef] [PubMed]

3.  Glowacki, J.; Kaban, L.B.; Murray, J.E.; Folkman, J.; Mulliken, J.B. Application of the Biological Principle of
Induced Osteogenesis for Craniofacial Defects. Lancet 1981, 1, 959-962. [CrossRef]

4. Athanasiou, K.A; Niederauer, G.G.; Agrawal, C.M. Sterilization, Toxicity, Biocompatibility and Clinical
Applications of Polylactic Acid/Polyglycolic Acid Copolymers. Biomaterials 1996, 17, 93-102. [CrossRef]


http://dx.doi.org/10.1016/S0278-2391(97)90185-3
http://dx.doi.org/10.2106/00004623-200205000-00003
http://www.ncbi.nlm.nih.gov/pubmed/12004011
http://dx.doi.org/10.1016/S0140-6736(81)91730-X
http://dx.doi.org/10.1016/0142-9612(96)85754-1

Polymers 2019, 11, 1327 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

LeGeros, R.Z. PROPERTIES of Osteoconductive Biomaterials: Calcium Phosphates. Clin. Orthop. Relat. Res.
2002, 81-98. [CrossRef] [PubMed]

Terauchi, M.; Ikeda, G.; Nishida, K.; Tamura, A.; Yamaguchi, S.; Harada, K.; Yui, N. Supramolecular
Polyelectrolyte Complexes of Bone Morphogenetic Protein-2 with Sulfonated Polyrotaxanes to Induce
Enhanced Osteogenic Differentiation. Macromol. Biosci. 2015, 15, 953-964. [CrossRef] [PubMed]

Terauchi, M.; Inada, T.; Kanemaru, T.; Ikeda, G.; Tonegawa, A.; Nishida, K.; Arisaka, Y.; Tamura, A.;
Yamaguchi, S.; Yui, N. Potentiating Bioactivity of BMP-2 by Polyelectrolyte Complexation with Sulfonated
Polyrotaxanes to Induce Rapid Bone Regeneration in A Mouse Calvarial Defect. |. Biomed. Mater. Res. A
2017, 105, 1355-1363. [CrossRef] [PubMed]

Inada, T.; Tamura, A.; Terauchi, M.; Yamaguchi, S.; Yui, N. A Silencing-Mediated Enhancement of
Osteogenic Differentiation by Supramolecular Ternary siRNA Polyplexes Comprising Biocleavable Cationic
Polyrotaxanes and Anionic Fusogenic Peptides. Biomater. Sci. 2018, 6, 440-450. [CrossRef]

Terauchi, M.; Inada, T.; Tonegawa, A.; Tamura, A.; Yamaguchi, S.; Harada, K.; Yui, N. Supramolecular Inclusion
Complexation of Simvastatin with Methylated -cyclodextrins for Promoting Osteogenic Differentiation. Int.
J. Biol. Macromol. 2016, 93, 1492-1498. [CrossRef]

Terauchi, M.; Tamura, A.; Yamaguchi, S.; Yui, N. Enhanced Cellular Uptake and Osteogenic Differentiation
Efficiency of Melatonin by Inclusion Complexation with 2-Hydroxypropyl 3-Cyclodextrin. Int. |. Pharm.
2018, 547, 53-60. [CrossRef]

Lieberman, J.R.; Daluiski, A.; Einhorn, T.A. The Role of Growth Factors in the Repair of Bone. Biology and
Clinical Applications. J. Bone Joint Surg. Am. 2002, 84, 1032-1044. [CrossRef] [PubMed]

Kang, Q.; Sun, M.H.; Cheng, H.; Peng, Y.; Montag, A.G.; Deyrup, A.T,; Jiang, W.; Luu, H.H.; Luo, J;
Szatkowski, ].P; et al. Characterization of the Distinct Orthotopic Bone-Forming Activity of 14 BMPs Using
Recombinant Adenovirus-Mediated Gene Delivery. Gene Ther. 2004, 11, 1312-1320. [CrossRef] [PubMed]
Boden, S.D.; Kang, J.; Sandhu, H.; Heller, J.G. Use of Recombinant Human Bone Morphogenetic Protein-2 to
Achieve Posterolateral Lumbar Spine Fusion in Humans: A Prospective, Randomized Clinical Pilot Trial:
2002 Volvo Award in Clinical Studies. Spine 2002, 27, 2662-2673. [CrossRef] [PubMed]

Govender, S.; Csimma, C.; Genant, HK.; Valentin-Opran, A.; Amit, Y.; Arbel, R.; Aro, H.; Atar, D.; Bishay, M.;
Borner, M.G.; et al. Recombinant Human Bone Morphogenetic Protein-2 for Treatment of Open Tibial
Fractures: A Prospective, Controlled, Randomized Study of Four Hundred and Fifty Patients. J. Bone Joint
Surg. Am. 2002, 84, 2123-2134.

Quarto, R.; Mastrogiacomo, M.; Cancedda, R.; Kutepov, S.M.; Mukhachev, V.; Lavroukov, A.; Kon, E.;
Marcacci, M. Repair of Large Bone Defects with the Use of Autologous Bone Marrow Stromal Cells. N. Engl.
J. Med. 2001, 344, 385-386. [CrossRef] [PubMed]

Kanatani, M.; Sugimoto, T.; Kaji, H.; Kobayashi, T.; Nishiyama, K.; Fukase, M.; Kumegawa, M.; Chihara, K.
Stimulatory Effect of Bone Morphogenetic Protein-2 on Osteoclast-Like Cell Formation and Bone-Resorbing
Activity. J. Bone Miner. Res. 1995, 10, 1681-1690. [CrossRef] [PubMed]

Feldman, G.J.; Billings, P.C.; Patel, R.V.; Caron, R.].; Guenther, C.; Kingsley, D.M.; Kaplan, ES.; Shore, EM.
Over-expression of BMP4 and BMP5 in a Child with Axial Skeletal Malformations and Heterotopic
Ossification: A New Syndrome. Am. |. Med. Genet. A 2007, 143A, 699-706. [CrossRef] [PubMed]

Zara, ].N.; Siu, RK,; Zhang, X.; Shen, J.; Ngo, R.; Lee, M,; Li, W.; Chiang, M.; Chung, J.; Kwak, ].; et al. High
Doses of Bone Morphogenetic Protein 2 Induce Structurally Abnormal Bone and Inflammation in Vivo.
Tissue Eng. Part A 2011, 17, 1389-1399. [CrossRef]

Takada, T.; Katagiri, T.; Ifuku, M.; Morimura, N.; Kobayashi, M.; Hasegawa, K.; Ogamo, A.; Kamijo, R.
Sulfated Polysaccharides Enhance the Biological Activities of Bone Morphogenetic Proteins. J. Biol. Chem.
2003, 278, 43229-43235. [CrossRef]

Zhao, B.; Katagiri, T.; Toyoda, H.; Takada, T.; Yanai, T.; Fukuda, T.; Chung, U.L; Koike, T.; Takaoka, K.;
Kamijo, R. Heparin Potentiates the in Vivo Ectopic Bone Formation Induced by Bone Morphogenetic protein-2.
J. Biol. Chem. 2006, 281, 23246-23253. [CrossRef]

Kanzaki, S.; Ariyoshi, W.; Takahashi, T.; Okinaga, T.; Kaneuji, T.; Mitsugi, S.; Nakashima, K.; Tsujisawa, T.;
Nishihara, T. Dual Effects of Heparin on BMP-2-Induced Osteogenic Activity in MC3T3-E1 Cells. Pharmacol.
Rep. 2011, 63, 1222-12230. [CrossRef]


http://dx.doi.org/10.1097/00003086-200202000-00009
http://www.ncbi.nlm.nih.gov/pubmed/11937868
http://dx.doi.org/10.1002/mabi.201500032
http://www.ncbi.nlm.nih.gov/pubmed/25810046
http://dx.doi.org/10.1002/jbm.a.36016
http://www.ncbi.nlm.nih.gov/pubmed/28130833
http://dx.doi.org/10.1039/C7BM01100H
http://dx.doi.org/10.1016/j.ijbiomac.2016.01.114
http://dx.doi.org/10.1016/j.ijpharm.2018.05.063
http://dx.doi.org/10.2106/00004623-200206000-00022
http://www.ncbi.nlm.nih.gov/pubmed/12063342
http://dx.doi.org/10.1038/sj.gt.3302298
http://www.ncbi.nlm.nih.gov/pubmed/15269709
http://dx.doi.org/10.1097/00007632-200212010-00005
http://www.ncbi.nlm.nih.gov/pubmed/12461392
http://dx.doi.org/10.1056/NEJM200102013440516
http://www.ncbi.nlm.nih.gov/pubmed/11195802
http://dx.doi.org/10.1002/jbmr.5650101110
http://www.ncbi.nlm.nih.gov/pubmed/8592944
http://dx.doi.org/10.1002/ajmg.a.31649
http://www.ncbi.nlm.nih.gov/pubmed/17345627
http://dx.doi.org/10.1089/ten.tea.2010.0555
http://dx.doi.org/10.1074/jbc.M300937200
http://dx.doi.org/10.1074/jbc.M511039200
http://dx.doi.org/10.1016/S1734-1140(11)70642-9

Polymers 2019, 11, 1327 11 of 11

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Miyazaki, T.; Miyauchi, S.; Tawada, A.; Anada, T.; Matsuzaka, S.; Suzuki, O. Oversulfated Chondroitin
Sulfate-E Binds to BMP-4 and Enhances Osteoblast Differentiation. J. Cell Physiol. 2008, 217, 769-777.
[CrossRef] [PubMed]

Bramono, D.S.; Murali, S.; Rai, B.; Ling, L.; Poh, W.T.; Lim, Z.X; Stein, G.S.; Nurcombe, V.; van Wijnen, A.J.;
Cool, S.M. Bone Marrow-Derived Heparan Sulfate Potentiates the Osteogenic Activity of Bone Morphogenetic
Protein-2 (BMP-2). Bone 2012, 50, 954-964. [CrossRef] [PubMed]

Macdonald, M.L.; Samuel, R.E.; Shah, N.J.; Padera, R.E; Beben, Y.M.; Hammond, P.T. Tissue Integration of
Growth Factor-eluting Layer-by-Layer Polyelectrolyte Multilayer Coated Implants. Biomaterials 2011, 32,
1446-1453. [CrossRef] [PubMed]

Damus, P.S.; Hicks, M.; Rosenberg, R.D. Anticoagulant Action of Heparin. Nature 1973, 246, 355-357.
[CrossRef]

Jin, L.; Abrahams, J.P,; Skinner, R.; Petitou, M.; Pike, R.N.; Carrell, R.W. The Anticoagulant Activation of
Antithrombin by Heparin. Proc. Natl. Acad. Sci. USA 1997, 94, 14683-14688. [CrossRef]

Cao, L.; Werkmeister, J.A.; Wang, J.; Glattauer, V.; McLean, M.M.; Liu, C. Bone Regeneration Using
Photocrosslinked Hydrogel Incorporating rhBMP-2 Loaded 2-N, 6-O-Sulfated Chitosan Nanoparticles.
Biomaterials 2014, 35, 2730-2742. [CrossRef]

Zhou, H.; Qian, J.; Wang, J.; Yao, W.; Liu, C.; Chen, J.; Cao, X. Enhanced Bioactivity of Bone Morphogenetic
Protein-2 with Low Dose of 2-N, 6-O-Sulfated Chitosan in Vitro and in Vivo. Biomaterials 2009, 30, 1715-1724.
[CrossRef]

Nguyen, T.H.; Paluck, S.J.; McGahran, A.J.; Heather, D.; Maynard, H.D. Poly(vinyl sulfonate) Facilitates
bFGF-Induced Cell Proliferation. Biomacromolecules 2015, 16, 2684-2692. [CrossRef]

Yang, D.K.; Moon, S.W.; Lee, D. Surface Modification of Titanium with BMP-2/GDEF-5 by a Heparin Linker
and Its Efficacy as A Dental Implant. Int. ]. Mol. Sci. 2017, 18, 229. [CrossRef]

Tan, H.; Wang, H.; Chai, Y,; Yu, Y.; Hong, H.; Yang, F; Qu, X,; Liu, C. Engineering A Favourable Osteogenic
Microenvironment by Heparin Mediated Hybrid Coating Assembly and rhBMP-2 Loading. RSC Adv. 2017,
7,11439-11447. [CrossRef]

Hettiaratchi, M.H.; Rouse, T.; Chou, C.; Krishnan, L.; Stevens, H.Y,; Li, M.A.; McDevitt, T.C.; Guldberg, R.E.
Enhanced in Vivo Retention of Low Dose BMP-2 via Heparin Microparticle Delivery Does Not Accelerate
Bone Healing in A Critically Sized Femoral Defect. Acta Biomater. 2017, 59, 21-32. [CrossRef] [PubMed]
Rosenberg, R.D.; Damus, P.S. The Purification and Mechanism of Action of Human Antithrombin-Heparin
Cofactor. J. Biol. Chem. 1973, 248, 6490-6505. [PubMed]

Hogg, PJ.; Jackson, C.M. Fibrin Monomer Protects Thrombin from Inactivation by Heparin-Antithrombin III:
Implications for Heparin Efficacy. Proc. Natl. Acad. Sci. 1989, 86, 3619-3623. [CrossRef] [PubMed]

Hirsh, J.; Raschke, R.; Warkentin, T.E.; Dalen, J.E.; Deykin, D.; Poller, L. Heparin: Mechanism of Action,
Pharmacokinetics, Dosing Considerations, Monitoring, Efficacy, and Safety. Chest 1995, 108, 2585-275S.
[CrossRef] [PubMed]

Monien, B.H.; Cheang, K.I.; Desai, U.R. Mechanism of Poly(acrylic acid) Acceleration of Antithrombin
Inhibition of Thrombin: Implications for the Design of Novel Heparin Mimics. J. Med. Chem. 2005, 48,
5360-5368. [CrossRef] [PubMed]

Rawadi, G.; Vayssiere, B.; Dunn, F,; Baron, R.; Roman-Roman, S. BMP-2 Controls Alkaline Phosphatase
Expression and Osteoblast Mineralization by A Wnt Autocrine Loop. . Bone Miner. Res. 2003, 18, 1842-1853.
[CrossRef] [PubMed]

Stein, G.S.; Lian, ].B. Molecular Mechanisms Mediating Proliferation/Differentiation Interrelationships During
Progressive Development of the Osteoblast Phenotype. Endocr. Rev. 1993, 14, 424-442. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/jcp.21557
http://www.ncbi.nlm.nih.gov/pubmed/18720384
http://dx.doi.org/10.1016/j.bone.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22227436
http://dx.doi.org/10.1016/j.biomaterials.2010.10.052
http://www.ncbi.nlm.nih.gov/pubmed/21084117
http://dx.doi.org/10.1038/246355a0
http://dx.doi.org/10.1073/pnas.94.26.14683
http://dx.doi.org/10.1016/j.biomaterials.2013.12.028
http://dx.doi.org/10.1016/j.biomaterials.2008.12.016
http://dx.doi.org/10.1021/acs.biomac.5b00557
http://dx.doi.org/10.3390/ijms18010229
http://dx.doi.org/10.1039/C6RA27308D
http://dx.doi.org/10.1016/j.actbio.2017.06.028
http://www.ncbi.nlm.nih.gov/pubmed/28645809
http://www.ncbi.nlm.nih.gov/pubmed/4738234
http://dx.doi.org/10.1073/pnas.86.10.3619
http://www.ncbi.nlm.nih.gov/pubmed/2726739
http://dx.doi.org/10.1378/chest.108.4_Supplement.258S
http://www.ncbi.nlm.nih.gov/pubmed/7555181
http://dx.doi.org/10.1021/jm0503648
http://www.ncbi.nlm.nih.gov/pubmed/16078853
http://dx.doi.org/10.1359/jbmr.2003.18.10.1842
http://www.ncbi.nlm.nih.gov/pubmed/14584895
http://dx.doi.org/10.1210/edrv-14-4-424
http://www.ncbi.nlm.nih.gov/pubmed/8223340
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Size Exclusion Chromatography (SEC) 
	Potentiometric Titration 
	Dynamic Light Scattering (DLS) of the Polycarboxylate/BMP-2 Complexes 
	Cell Culture 
	Cytotoxicity of Polycarboxylates 
	Anticoagulant Activity of Polycarboxylates 
	Osteogenic Differentiation and Alkaline Phosphatase (ALP) Activity in MC3T3-E1 Cells 
	Mineralization of MC3T3-E1 Cells 
	Statistical Analysis 

	Results and Discussion 
	Chemical Characterizations of Polycarboxylates 
	Biological Characterizations of Polycarboxylates 
	ALP Activity in MC3T3-E1 Cells Treated with the Polycarboxylate/BMP-2 Complexes 
	Mineralization of MC3T3-E1 Cells Treated with Polycarboxylate/BMP-2 Complexes 

	Conclusions 
	References

