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Design of hydrogels to stabilize and enhance bone 
morphogenetic protein activity by heparin mimetics

Soyon Kima, Zhong-Kai Cuib, Paul Jay Kimb, Lawrence Young Junga, and Min Leea,b

aDepartment of Bioengineering, University of California, Los Angeles, USA

bDivision of Advanced Prosthodontics, University of California, Los Angeles, USA

Abstract

Although bone morphogenetic protein-2 (BMP-2) is known to be the most potent stimulator 

available for bone formation, a major barrier to widespread clinical use is its inherent instability 

and absence of an adequate delivery system. Heparin is being widely used in controlled release 

systems due to its strong binding ability and protective effect for many growth factor proteins. In 

this work, we developed a hydrogel surface that can mimic heparin to stabilize BMP-2 and to 

enhance osteogenesis by introducing heparin-mimicking sulfonated molecules such as poly-

vinylsulfonic acid (PVSA) or poly-4-styrenesulfonic acid (PSS), into photo-crosslinkable 

hydrogel. Bioactivity of BMP-2 was well preserved in the presence of polysulfonates during 

exposure to various therapeutically relevant stressors. The heparin-mimicking sulfonated 

hydrogels were effective to bind BMP-2 compared to unmodified MeGC hydrogel and 

significantly enhanced osteogenic differentiation of encapsulated bone marrow stromal cells 

(BMSCs) without the addition of exogenous BMP-2. The sulfonated hydrogels were effective in 

delivering exogenous BMP-2 with reduced initial burst and increased BMSCs osteogenesis 

induced by BMP-2. These findings suggest a novel hydrogel platform for sequestering and 

stabilizing BMP-2 to enhance osteoinductive activity in bone tissue engineering.
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1. Introduction

Bone formation requires a proper commitment of mesenchymal stem cells (MSCs) to an 

osteoprogenitor lineage mediated by various osteoinductive factors, particularly bone 

morphogenetic protein-2 (BMP) signaling[1, 2]. Recombinant human BMP-2 (rhBMP-2) 

demonstrated extraordinary potential in bone formation and has been widely employed for 

bone repair[3, 4]. However, clinical applications of rhBMP-2 require supraphysiological 

milligram-level dosages due to its intrinsic instability and fast enzymatic degradation in 
vivo[5–11]. The premature release of such high dose rhBMP-2 from conventional collagen 

carriers may lead to unwanted ectopic bone formation and numerous unpredictable side 

effects such as well-documented soft tissue swelling, osteoclastic bone resorption, and 

inappropriate adipogenesis [12–18].

The extracellular matrix (ECM) is a natural reservoir of many growth factors and potentiates 

their bioactivities[19–21]. In particular, sulfated polysaccharides such as heparin possess 

structural domains exhibiting affinity to various growth factors including BMPs and have 

been shown to form stable complexes with rhBMP-2[22–24]. Therefore, heparin is often 

used to immobilize rhBMP-2 onto biomaterials for a controlled protein delivery with 

prolonged bioactivity[25–27]. However, heparin itself suffers from natural variability in 

structure, difficulty in modification, non-targeting bioactivities, anticoagulant activity, and 

unknown physiological roles[28–33]. Thus, the direct use of native heparin in tissue 

engineering is not desirable. Similar biological activities to heparin have been observed in 

small compounds that contain groups similar to those in the heparin, in particular, sulfates or 

sulfonates[34, 35].

We have previously developed an injectable hydrogel system composed of visible light 

crosslinkable chitosan (methacrylated glycol chitosan, MeGC) and riboflavin as a 

photoinitiator [36–38]. The MeGC hydrogel well supported proliferation of encapsulated 

MSCs and their commitment to an osteo- and chondroprogenitor lineage[38–40]. However, 

the hydrogel system was not efficient to deliver growth factor proteins and the majority of 

the initially loaded protein was released in one day from the hydrogel [41].

Here, we report a hydrogel surface that can mimic a natural protector of BMPs, heparin, to 

stabilize rhBMP-2 and enhance osteogenesis by incorporating heparin-mimicking 

polysulfonates, poly-vinylsulfonic acid (PVSA) or poly-4-styrenesulfonic acid (PSS), into 

MeGC hydrogel. The protective effect of PVSA or PSS on BMP stability was evaluated in 

various therapeutically relevant environments in comparison to that of natural heparin. The 

ability of the sulfonated hydrogels to bind or deliver rhBMP-2 was evaluated by incubating 

the hydrogels in a rhBMP-2 solution or loading rhBMP-2 into the hydrogels during 

photocrosslinking. We also determined the ability of the developed hydrogels to enhance 

BMP signaling and osteoinductive activity by encapsulating bone marrow stromal cells 

(BMSCs) into the hydrogels with or without the addition of exogenous rhBMP-2.
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2. Materials and methods

2.1. Materials

Glycol chitosan (GC, ~ 100 kDa) was supplied from Wako Chemical USA, Inc. (Richmond, 

VA). Glycidyl methacrylate, poly-vinylsulfonic acid (PVSA, ~ 2 kDa), poly-4-

styrenesulfonic acid (PSS, ~ 75 kDa), heparin sodium salt from porcine intestinal mucosa 

(heparin, ~ 18 kDa), Tween-20, p-nitrophenol phosphate, β-glycerophosphate, 

dexamethasone, nitro blue tetrazolium (NBT) and alizarin red S were purchased from 

Sigma-Aldrich (St. Louis, MO). Recombinant human bone morphogenetic protein-2 

(rhBMP-2) was purchased from R&D Systems (Minneapolis, MN). Mouse bone marrow 

stromal cells (BMSCs, D1 ORL UVA, CRL-12424) and mouse myoblast (C2C12, 

CRL-1772) cells were obtained from American Type Culture Collection (ATCC, Manassas, 

VA).

2.2. Polysulfonates cytotoxicity

Each polysulfonate was dissolved in phosphate buffered saline (PBS) at final concentrations 

of 65, 2.6, and 29 µM for PVSA, PSS, and Hep, respectively (This will be referred to as 1× 

polysulfonate solution), to present the same number of sulfonate groups per polysulfonate 

molecule. BMSCs were cultured in culture medium (CM) with high glucose Dulbecco’s 

Modified Eagle’s Medium (DMEM, Life Technologies, Grand Island, NY), 10% (v/v) Fetal 

Bovine Serum (FBS, Mediatech Inc, Manassas, VA) and 1% (v/v) antibiotic-antimycotic 

(AA, Life Technologies) at 37 °C with a 5% CO2 humidified atmosphere. BMSCs at 

passages 3–6 were used and stemness of early passage cells were confirmed by monitoring 

cell morphology and/or expression of MSC surface markers as previously described[42]. 

Then, BMSCs were seeded in a 96-well culture plate at 2 × 104 cells per well. After 24 h, 

the medium was replaced with the mixture of CM (180 µL) and 1× polysulfonate solution 

(20 µL). The polysulfonates were tested in various concentrations ranging from 0.1× (6.5, 

0.26, and 2.9 µM for PVSA, PSS, and Hep, respectively) to 10× (655, 26, and 290 µM for 

PVSA, PSS, and Hep, respectively) The cell viability was measured by following equation 

(1) after alamarBlue (Thermo Fisher Scientific, CA) assay as previously described[43]. In 

brief, BMSCs were cultured in CM containing polysulfonate 1× solution for 24 h and the 

medium was replaced with 10% (v/v) alamarBlue reagent in CM. Following 3 h incubation, 

alamarBlue fluorescence was measured.

Cell viability (%) =
Fe − Fb
Fc − Fb

× 100 (1)

where Fe, Fc, and Fb refers fluorescence value read at 585 nm and excited at 570 nm of 

experimental, control and blank groups, respectively.

2.3. BMP-2 stabilizing effect of polysulfonates

rhBMP-2 (1 µg) and 100 µL of polysulfonate 1× solution was dissolved in 1 mL of PBS. 

The rhBMP-2 and polysulfonate mixture was incubated in PBS at 37 °C for 7 days, 0.5% 

trypsin at 37 °C for 24 h, or pH 4.5 buffer at 37 °C for 24 h. Then, 20 µL of the treated 
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mixture was combined with at 180 µL of osteogenic media (OM) including DMEM, 10% 

(v/v) FBS, 1% (v/v) AA, 10 mM β-glycerophosphate, 50 mg/mL L-ascorbic acid, and 100 

nM dexamethasone. The bioactivity of rhBMP-2 in the treated mixture was determined by 

assessing its ability to enhance expression of alkaline phosphatase (ALP) in BMSCs. After 

incubation for 4 days, cells were fixed with 10% neutral buffered formalin (NBF) and 

incubated in a solution consisting of NBT and 5-bromo-4-chloro-3-indoxylphosphate 

solutions in AP buffer (100 mM Tris pH 8.5, 50 mM MgCl2, and 100 mM NaCl) for 3 h. In 

addition, ALP activity was measured by p-nitrophenol phosphate test with the same method 

from a previous study[38].

2.4. Preparation of heparin-mimicking sulfonated hydrogels

Photo-crosslinkable methacrylated glycol chitosan (MeGC) was prepared by following the 

previously developed methods[36, 44]. Briefly, GC was dissolved in distilled water (DW) 

(2% w/v) and functionalized with GMA (1:1.1 molar ratio) at pH 9.0 for 40 h. After the 

purification and lyophilization step, MeGC was rehydrated at 2% (w/v) in PBS solution. The 

sulfonated hydrogels were formed by 40 s irradiation of a mixture of MeGC, 1× 

polysulfonates solution, and 6 µM riboflavin initiator (100:10:0.5 volume ratio) with visible 

blue light (VBL, 400–500 nm, 300 mW/cm2, Bisco Inc., Schaumburg, IL).

2.5. Characterization of the sulfonated hydrogels

Sulfonated hydrogels were incubated in PBS for 21 days and collected at predetermined 

time points (0 h, 24 h, 7 days, 14 days, and 21 days). The incubating solution was used for 

1,9-dimethyl-methylene blue (DMB, Sigma-Aldrich) assay to quantify polysulfonate 

released in PBS[39–41]. The collected hydrogels were stained with 1% (w/v) toluidine blue 

(Sigma-Aldrich, MO) solution in PBS for 5 min and washed with PBS for 1 h. Mechanical 

strength was assessed by measuring compressive modulus with an indentation experiment 

setting using Instron Electro-Mechanical Testing Machines (Instron, Model 5564, Norwood, 

MA). The compressive modulus was calculated using a Poisson’s ratio of 0.25 as described 

from the previous protocol[36, 44]. The water contents of hydrogels were calculated by the 

following equation (2).

Water content (%) =
Ww − Wd

Wd
× 100 (2)

where Ww and Wd, refers wet weight of a hydrogel and dry weight of the same hydrogel 

after lyophilization, respectively. The morphology of hydrogels was observed using scanning 

electron microscopy (SEM, FEI Nova NanoSEM 230, Hillsboro, OR). All hydrogels were 

frozen in liquid nitrogen for 5 min, lyophilized overnight, and gold-coated with a sputter 

coater at 20 mA under 70 mTorr for 1 min.

2.6. Cell proliferation in the sulfonated hydrogels

BMSCs were encapsulated in the sulfonated hydrogels at 2 × 106 cells/mL concentration 

and cultured in CM for 14 days. The live/dead staining image was obtained on an Olympus 

IX71 fluorescence microscope (Olympus, Tokyo, Japan) after calcein/ethidium homodimer 
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staining for 15 min. The viability of cells was quantified by ImageJ software (NIH, 

Bethesda, Maryland) analysis measuring the ratio of live cells (green) to total cells (green + 

red). BMSCs proliferation was measured using alamarBlue assay following the 

manufacturer’s protocol.

2.7. BMP-2 release from sulfonated hydrogels

rhBMP-2 was encapsulated as 10 µg/mL in the mixture of MeGC, 1× polysulfonates, and 6 

µM riboflavin initiator (100:10:0.5 volume ratio) and crosslinked under 40 s VBL 

irradiation. rhBMP-2 encapsulated hydrogels were incubated in 1 mL PBS for 21 days at 

37 °C. The incubating solution was replaced with fresh PBS twice a week. At predetermined 

time points, the released rhBMP-2 in supernatant was quantified using BMP-2 ELISA kit 

(R&D Systems, MN) as per manufacturer’s protocol. The released rhBMP-2 was collected 

at day 7, 14, and 21 and its bioactivity was assessed by monitoring ALP expression in 

C2C12 cells.

2.8. Zeta potential of sulfonated hydrogels

The electrostatic potential on the hydrogel surface was evaluated by measuring the zeta 

potential measurement of the hydrogel. Briefly, samples were prepared according to the 

previous protocol[45]. Briefly, freeze-dried powders of the sulfonated hydrogels were 

suspended in DW to generate 5% (w/w) stock solution and centrifuged at 12,000 g for 2 

min. The supernatant was used for the zeta potential measurement at 25 °C using a Malvern 

Zetasizer (Worcestershire, UK).

2.9. BMP-2 binding of sulfonated hydrogels

The sulfonated hydrogels were incubated in PBS with 1 µg/mL rhBMP-2 for 7 days. Then, 

the hydrogels were placed in optimal cutting temperature (OCT, Thermo Fisher Scientific, 

CA) medium and frozen at −80 °C. The frozen samples were cryosectioned at a thickness of 

20 µm and mounted on glass slides. The sections were incubated with primary antibody 

against rhBMP-2 (R&D Systems, MN) and Alexa Flour 633-tagged secondary antibody 

(Invitrogen, CA). Images were obtained using an Olympus IX71 microscope (Olympus, 

Tokyo, Japan). The amounts of rhBMP-2 in the hydrogel and incubating supernatant were 

quantified by ELISA. The absorbed rhBMP-2 was collected by digesting the hydrogel in 10 

mg/mL lysozyme solution at 37 °C for 16 h.

2.10. Osteogenic differentiation of BMSCs in the sulfonated hydrogels

BMSCs were encapsulated in sulfonated hydrogels loaded with PBS or rhBMP-2 (1 µg/mL) 

and cultured in OM for 21 days. Osteogenic ability of BMSCs in sulfonated hydrogels was 

determined using real-time polymerase chain reaction (qRT-PCR) of different osteogenic 

gene markers along with ALP and alizarin red S staining. Samples were collected at day 4 

for measuring Runx2 expression and day 21 for Osteocalcin (OCN) expression. Total RNAs 

inside hydrogels were extracted by TRIzol (Invitrogen, CA) and RNeasy Mini kit (Qiagen, 

CA). The RNAs were reversely transcribed to cDNAs using cDNA transcription kit 

(Invitrogen) and the products were carried out in a LightCycler 480 PCR system 

(Indianapolis, IN) with 20 µL SYBR Green. The cDNAs were amplified for 45 cycles and 
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the GAPDH expression was used for normalization. The primer sequence of GAPDH, 

Runx2, and OCN were listed in Table S1. All experiments were run in multiplicate (n=6). 

Hydrogels were collected at day 4 for ALP staining and at day 21 for alizarin red S staining. 

The collected hydrogel samples were fixed in NBF for 16 h. For alizarin red S staining, the 

fixed samples were incubated in 2% alizarin red S staining solution for 5 min and washed in 

PBS for 16 h. The stained samples were imaged with the Olympus SZX16 Stereomicroscope 

(Olympus, Tokyo, Japan).

2.11. BMP-2 stabilizing effect of sulfonated hydrogels

For BMP-2 stabilizing test in a hydrogel system, rhBMP-2 was encapsulated into sulfonated 

hydrogels during hydrogel crosslinking at 10 µg/mL. The hydrogel loaded with rhBMP-2 

was incubated in PBS at 37 °C for 3 days, 0.5% trypsin at 37 °C for 5 h, or at pH 4.5, 37 °C 

for 5 h. Then, the treated hydrogel was digested with lysozyme (10 mg/mL in PBS) at 37 °C 

for 16 h. After enzymatic degradation, the hydrogel digest was centrifuged for 2 min at 

10,000 g and the supernatant was collected. rhBMP-2 concentration in the supernatant was 

quantified using BMP-2 ELISA and the final concentration of 100 ng/mL was used for ALP 

activity test using BMSCs.

2.12. Statistical analysis

All experiments were performed in triplicate unless otherwise stated. The values represent 

the average and the error bars are the standard deviation. Statistical analysis was performed 

using one-way analysis of variance (ANOVA) with Tukey’s post hoc test. A value of p < 

0.05 was considered as significant.

3. Results

3.1. Polysulfonates cytotoxicity

Since polysulfonates may be potentially toxic to cells, the cytotoxicity of polysulfonates was 

evaluated in BMSCs culture at various polysulfonate concentrations of 0, 0.1, 0.5, 1, 5, and 

10× (Fig. 1). The addition of polysulfonates supported high cell viability over 90% up to 1× 

(65, 2.6, and 29 µM for PVSA, PSS, and Hep, respectively) polysulfonate. Increasing the 

polysulfonate concentration from 1× to 5× (325, 18, and 145 µM for PVSA, PSS, and Hep, 

respectively) led to a decrease in BMSCs viability to approximately 80%. Significantly 

decreased cell viability (< 70%) was observed with 10× (650, 26, and 290 µM for PVSA, 

PSS, and Hep, respectively) polysulfonate and PSS led to the lowest cell viability among the 

experiment groups with values lower than 60%.

3.2. BMP-2 stabilizing effect of polysulfonates

In order to evaluate the ability of heparin mimicking polysulfonate molecules to protect the 

bioactivity of rhBMP-2, rhBMP-2 was incubated with various concentrations of PVSA, PSS 

or natural heparin in various therapeutically relevant environments (Fig. 2A). rhBMP-2 was 

incubated with 0.5% trypsin or pH 4.5 buffer for 16 h to mimic the proteolytic or mild acidic 

conditions present in bone fracture healing. The bioactivity of treated rhBMP-2 was 

determined by monitoring its ability to increase ALP expression in BMSCs at day 4 post 

stimulation. Freshly thawed rhBMP-2 served as a positive control. rhBMP-2 in the treatment 
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with trypsin or pH 4.5 buffer as well as in the incubation for 7 days in PBS at 37 °C did not 

significantly increase ALP activity of BMSCs, indicating that rhBMP-2 lost its bioactivity 

during the stressor treatments. In contrast, rhBMP-2 exposed to the stressors in the presence 

of polysulfonates, especially with PSS, significantly enhanced ALP expression as shown by 

ALP staining (Fig. S1). In particular, 1× PSS exhibited higher protective effects compared to 

heparin as quantified by ALP colorimetric assay (Fig. 2B). Further increase in PSS 

concentration to 10×, however, greatly reduced ALP activity in comparison to heparin. This 

is mostly due to high cytotoxicity of 10× PSS as shown in cell viability study (Fig. 1).

3.3. Preparation and characterization of heparin-mimicking sulfonated hydrogels

In order to prepare heparin-mimicking sulfonated hydrogels, MeGC solution was mixed 

with 1× polysulfonates and polymerized with a riboflavin (RF) initiator under visible blue 

light (VBL) irradiation (Fig. 3A). The homogenous distribution and stable incorporation of 

polysulfonates in hydrogels was verified using toluidine blue staining and DMB assay 

during a 21-day incubation. Blue color indicated incorporation of negatively charged 

polysulfonates in hydrogels and no significant color change or indication of polysulfonates 

release for three weeks was observed (Fig. 3B). High polysulfonate loading efficiency 

(>98%) was observed. DMB assay was performed to quantify the amount of polysulfonates 

released from hydrogels, and negligible quantity was detected for 21 days (Fig. S2). The 

mechanical strength of the sulfonated hydrogels was characterized by indentation 

measurements. The addition of polysulfonates or heparin did not significantly change the 

modulus of the hydrogel (Fig. 3C). No significant difference was observed in the 

equilibrium water content (>97%) among all four experimental groups (Fig. S3). The 

morphology of the hydrogels was characterized by SEM (Fig. 3D). Interpenetrating network 

was observed in sulfonated hydrogels, indicating the retention of polysulfonates or heparin 

added.

3.4. Cell viability and proliferative potential in sulfonated hydrogels

BMSCs were encapsulated in sulfonated hydrogels and viability of BMSCs was 

characterized during a 14-day culture. Live/dead fluorescence staining demonstrated that 

BMSCs in sulfonated hydrogels maintained cell viability above 90% over the 14 days 

culture period, indicating biocompatible nature of the hydrogel system (Fig. 4A and Fig. 

S4). The alamarBlue assay was employed to evaluate the proliferative potential of 

encapsulated cells in sulfonated hydrogels. The alamarBlue fluorescence intensity increased 

over time up to day 14, reflecting proliferative capacity of BMSCs, and there was no 

significant difference in fluorescence intensity among the hydrogels (Fig. 4B).

3.5. BMP-2 release from sulfonated hydrogels

In order to investigate the ability of sulfonated hydrogels to deliver growth factors, we 

determined the effective concentration range of polysulfonates to reduce initial burst release 

using avidin, a basic glycoprotein that binds heparin[46], as a model protein. Fluorescently 

labeled avidin was mixed with MeGC solutions and various concentrations of polysulfonates 

(0.1, 1 and 10×) and polymerized under VBL irradiation with RF (Fig. 5A). The release 

profile of avidin encapsulated in MeGC hydrogels demonstrated a rapid burst release of 60% 

within one day (Fig. 5B). The addition of PVSA or PSS into hydrogels reduced the release 
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rate of avidin in a dose-dependent manner. Similar trend of reduced burst release was 

observed with the addition of heparin. Since there was no significant difference in release 

profile between 1× and 10× polyfulsulfontes, rhBMP-2 was encapsulated in MeGC 

hydrogels modified with 1× polysulfonates and rhBMP-2 release was observed by BMP-2 

ELISA (Fig. 5C and Fig. S5). The high loading efficiency of rhBMP-2 was observed in all 

hydrogels (MeGC 95%, PVSA 97%, PSS 98%, and Hep 97%). The addition of 

polysulfonates or heparin into MeGC hydrogels significantly reduced the burst release of 

loaded rhBMP-2, consistent with the model protein observations. In particular, PSS was the 

most effective one to lower rhBMP-2 burst release. The zeta potential of MeGC hydrogels 

was 6 ± 1 mV, while the modification of the hydrogels with PVSA, PSS, and heparin greatly 

reduced to the negative zeta potentials of −2, −8, and −3 mV respectively (Fig. 5D). This 

result indicates that negatively charged sulfonate groups incorporated in MeGC led to 

hydrogel surfaces providing stronger interactions with rhBMP-2. The bioactivity of released 

rhBMP-2 was evaluated by examining ALP expression in C2C12 cells (Fig. 5E). The 

rhBMP-2 release media collected from sulfonated hydrogels at day 14 and 21 significantly 

increased ALP activity compared to that of MeGC.

3.6. BMP-2 binding ability of sulfonated hydrogels

In order to evaluate the ability of rhBMP-2 binding to sulfonated hydrogels, hydrogels were 

incubated in a rhBMP-2 solution for a week and bound rhBMP-2 was observed after 

immunofluorescent staining (Fig. 6A). PSS modified hydrogels were found to bind BMP-2 

while MeGC showed no significant staining of the protein, indicating successful 

sequestering of rhBMP-2 in sulfonated hydrogels through polysulfonates functionalization. 

Higher amount of rhBMP-2 was detected in the sulfonated hydrogels, especially in the PSS 

modified hydrogels, compared with unmodified MeGC hydrogels as measured by ELISA 

(Fig. 6B). To investigate the ability of sulfonated hydrogels to bind with endogenous BMP-2 

produced by cells, BMSCs were encapsulated in sulfonated hydrogels and cultured in OM 

without rhBMP-2 supplementation (Fig. 6C). At day 7, highly intense rhBMP-2 staining was 

observed in PSS or heparin modified hydrogels compared to unmodified MeGC groups.

In order to test the intrinsic effects of sulfonated hydrogels on osteogenesis, BMSCs were 

encapsulated in sulfonated hydrogels in the absence of rhBMP-2 and expression of ALP was 

monitored. The addition of polysulfonates into MeGC hydrogels significantly increased the 

expression of ALP as observed by ALP staining and quantified by ALP colorimetric assay 

(Fig. 6D). The findings are consistent with the observation that sulfonated hydrogels bind 

more exogenous (Fig. 6A, B) or cell-secreted BMP-2 (Fig. 6C)

3.7. Osteogenic efficacy of BMP-2 in sulfonated hydrogels

In order to evaluate the efficacy of sulfonated hydrogels delivering rhBMP-2 to enhance 

osteogenesis, BMSCs and rhBMP-2 were co-encapsulated in the hydrogels and osteogenic 

differentiation of BMSCs was evaluated by both ALP and alizarin red S staining (Fig. 7A). 

The rhBMP-2 loaded hydrogels modified with polysulfonates showed highly intense positive 

ALP and alizarin red S staining, suggesting strong ALP expression and mineral deposition 

compared to unmodified MeGC hydrogels. The sulfonated hydrogels also significantly 

increased osteogenic differentiation of encapsulated BMSCs as observed by upregulation of 
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Runx2, a key regulator of osteogenesis as well as OCN, a late osteogenic marker (Fig. 7B). 

To evaluate the maintenance of BMP-2 bioactivity in the sulfonated hydrogels during 

exposure to stressors, hydrogels loaded with rhBMP-2 were treated under various stress 

conditions first and the bioactivity of the rhBMP-2 extracted from the hydrogels was 

assessed in BMSCs by ALP assay (Fig. 7C and Fig. S6). Significantly increased ALP 

expression was observed in BMSCs cultured with rhBMP-2 recovered from MeGC or 

polysulfonates modified hydrogels with no stressor treatment. After exposure to stressors, 

MeGC hydrogels without polysulfonates exhibited low rhBMP-2 bioactivity. In contrast, 

sulfonated hydrogels provided better stabilizing effect during the treatment.

4. Discussion

In this study, we seek to increase biological activity of BMP-2 for osteogenesis by binding 

with heparin-mimicking molecules in MeGC hydrogels. Heparin is a polysaccharide with a 

highly negatively charged density and is being widely used in tissue engineering scaffolds 

and controlled release systems for many growth factors including BMP-2 due to its strong 

binding property and protective effect for the proteins from degradation[47, 48]. We 

investigated here whether the heparin-mimicking sulfonated polymers could stabilize 

rhBMP-2 and enhance MSCs osteogenic differentiation induced by rhBMP-2.

We evaluated the protective effect of polysulfonates under various physiological stressors 

found in bone fracture healing. Fracture healing is a cascade of osteoblastic new bone 

formation and osteoclastic resorption events. The bone remodeling process is related to 

proteolytic degradation of organic extracellular compartment through enzyme activity such 

as matrix metalloproteinase (MMPs), cathepsin K, and trypsin[49, 50]. Osteoclasts created 

mild acidic extracellular environment (pH 4–5) by secreting acid to dissolve bone mineral. 

Our results showed that the bioactivity of rhBMP-2 was well maintained with the addition of 

polysulfonates during exposure to enzyme or acidic stress conditions, especially with PSS. 

The acidic condition decreased the rhBMP-2 bioactivity to a lesser extent probably due to 

increased protein solubility at the experimental pH 4.5[10, 51]. Incubation of rhBMP-2 at 

physiological pH for 7 days greatly reduced the protein bioactivity. Given that rhBMP-2 

reduces solubility at pH above 6.5, the increase in test pH might cause protein aggregation 

which could affect the bioactivity of rhBMP-2[52, 53]. Interestingly, the bioactivity of 

freshly reconstituted rhBMP-2 was significantly increased in the presence of polysulfonates 

or heparin. It is demonstrated that the BMP-2 dimer contains two heparin binding sites on 

N-terminal domains which modulate its bioactivity[24]. The cell surface heparan sulfate 

played a direct and stimulatory role in BMP-2 signaling. Specifically, heparan sulfate serves 

as a catalyst to form signaling complexes by enhancing the recruitment of type II receptor 

although it does not directly affect BMP binding to type I receptor[54]. Heparin also reduced 

BMP-2 interaction with its antagonist noggin by modulating its distribution on the cell 

surface with prolonged half-life[55]. Extracellular regulation of BMP activity by other ECM 

proteins was also studied that BMP-7 underwent conformational change from bioactive open 

V-shape to latent closed ring shape upon binding to fibrillin-1[56].

rhBMP-2 binding ability of sulfonated hydrogels was explored after incorporation of the 

polysulfonates into MeGC. The sulfonated hydrogels were found to bind higher amount of 
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rhBMP-2 compared with unmodified MeGC hydrogels as shown by rhBMP-2 ELISA assay. 

This may be attributed to strong electrostatic interactions between sulfonate residues on the 

hydrogel surface and positively charged rhBMP-2 (isoelectric point: 8.5) [57, 58]. 

Specifically, PSS-functionalized hydrogels exhibited the highest sequestering ability. This 

may be due to decreased (more negative) zeta potential with PSS which created higher 

affinity binding of rhBMP-2. Moreover, the observed low levels of protein release in 

sulfonated hydrogels may be associated with high levels of protein absorption.

Sulfonated hydrogels significantly increased osteogenic differentiation of encapsulated 

BMSCs without addition of exogenous rhBMP-2 compared with unmodified MeGC 

hydrogels as observed by increased ALP expression (Fig. 6D). Matrix mechanical properties 

such as elastic modulus and stress relaxation are known to regulate osteogenic 

differentiation of MSCs[59, 60]. The addition of polysulfonates into MeGC did not have 

significant effect on hydrogel mechanical properties as well as cell viability and 

proliferation. Thus, the observed increase in osteogenesis is likely due to sulfonated 

hydrogel surfaces that may sequester BMPs secreted by entrapped BMSCs as validated by 

immunostaining for BMP-2. BMP-2 stabilizing effects of sulfonated hydrogels were verified 

after stress exposures (Fig. 7C). These findings suggest a promising hydrogel surface that 

could augment endogenous BMP activity by localizing the cell-produced BMPs. Moreover, 

the addition of polysulfonates reduced initial burst and further increased rhBMP-2 induced 

osteogenesis differentiation of encapsulated BMSCs, suggesting efficient protein delivery 

systems. In addition, the therapeutic efficacy of using large amount of heparin in tissue 

engineering scaffolds or drug delivery microparticles is limited due to its cytotoxicity and 

high charge density limiting BMP-2 release. Our study here incorporated heparin-mimicking 

sulfonated molecules into biodegradable bulk hydrogels to sequester, stabilize and release 

BMP-2 as the hydrogel degrades in vivo. Future study will modulate hydrogel degradation 

properties for tunable BMP-2 release kinetics and in vivo performance will be evaluated in a 

more challenging bone fracture healing model for clinical translation.

5. Conclusions

We developed a heparin-mimicking hydrogel surface that can stabilize BMP activity to 

enhance osteogenesis by incorporating sulfonated molecules into photocrosslinkable MeGC 

hydrogel. The sulfonated molecules exhibited protecting effects on BMP-2 bioactivity 

against various therapeutically relevant stressors. The sulfonated hydrogel was not only 

effective in delivering exogenous BMP-2, but also potentiated endogenous BMP signaling 

mediated by cells. This work suggests a promising hydrogel system to improve clinical 

efficacy of BMP-2 and other heparin-binding growth factors and also provides basis for 

future development of material-based therapeutics for tissue engineering.
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Statement of significance

Although bone morphogenetic protein-2 (BMP-2) is believed to be the most potent 

cytokine for bone regeneration, its clinical applications require supraphysiological BMP 

dosage due to its intrinsic instability and fast enzymatic degradation, leading to 

worrisome side effects. This study demonstrates a novel hydrogel platform that mimics a 

natural protector of BMPs, heparin, to sequester and stabilize BMP-2 for increased 

osteoinductive signaling. This study will achieve the stabilization of BMPs with 

prolonged bioactivity by a synthetic heparin mimic that has not been examined 

previously. Moreover, the heparin mimetic hydrogel surface can augment endogenous 

BMP activity by sequestering and localizing the cell-produced BMPs. The additional 

knowledge gained from this study may suggest basis for future development of material-

based therapeutics for tissue engineering.
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Figure 1. 
Viability of BMSCs after 24 h culture at various polysulfonate concentrations (0, 0.1, 0.5, 1, 

5, and 10×) measured by alamarBlue assay (1× polysulfonate: 65, 2.6, and 29 µM for PVSA, 

PSS, and Hep, respectively) (*: p < 0.05 compared with 0×).
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Figure 2. 
BMP-2 stabilizing effect of polysulfonates. (A) The scheme of BMP-2 stabilizing test. 

BMP-2 was incubated in various therapeutically relevant environments (37 °C for 7 days, 

0.5% trypsin for 16 h, and pH 4.5 for 16 h) in the presence of PVSA, PSS or heparin (Hep). 

BMSCs were cultured with the treated BMP-2 for 4 days and ALP production was measured 

by ALP staining and ALP activity test. (B) ALP activity of BMSCs measured by a 

colorimetric assay after 4 days of culture with BMP-2 samples treated in the presence of 

various concentrations of polysulfonates (0.1, 1, and 10×) (*: p < 0.05, **: p < 0.01).
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Figure 3. 
Characterization of the sulfonated hydrogels. (A) The scheme of sulfonated hydrogels 

preparation. The mixture of MeGC, 1× polysulfonates, and riboflavin (RF) was crosslinked 

under 40 s VBL irradiation. (B) Toluidine blue staining of MeGC and sulfonated hydrogels 

after incubation up to 21 days. (C) Compressive modulus of hydrogels. (D) Morphological 

characterization of sulfonated hydrogels using SEM.
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Figure 4. 
Viability and proliferative potential of BMSCs encapsulated in MeGC and sulfonated 

hydrogels for 14 days. (A) Live/dead staining images were obtained and cell viability was 

quantified by ImageJ analysis. (B) Proliferative potential of BMSCs was evaluated by 

alamarBlue assay.
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Figure 5. 
(A) The scheme of protein (BMP-2 or avidin) encapsulation during photocrosslinking of 

hydrogels. (B) The release profile of a model protein, avidin, from MeGC hydrogels 

containing various concentrations (0.1, 1, and 10×) of PVSA, PSS or heparin (Hep) in PBS 

at 37 °C. (C) BMP-2 release profile from MeGC hydrogels containing 1x polysulfonates in 

PBS at 37 °C for 21 days. (D) Zeta potential of MeGC and sulfonated hydrogels. (E) 

Bioactivity of BMP-2 released from sulfonated hydrogels as assessed by measuring ALP 

activity in C2C12 cells (*: p < 0.05).
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Figure 6. 
BMP-2 binding to sulfonated hydrogels. (A) BMP-2 immunostaining of hydrogels after 7-

day incubation in BMP-2 solution. (B) Amount of BMP-2 in sulfonated hydrogels and 

incubating supernatant quantified by ELISA. (C) BMP-2 immunostaining of hydrogels 

encapsulated with BMSCs after 7-day culture in OM. (D) ALP staining of hydrogels 

encapsulated with BMSCs after 4-day culture in OM. ALP activity was measured by ALP 

colorimetric assay (*: p < 0.05).
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Figure 7. 
Osteogenic differentiation of encapsulated BMSCs in sulfonated hydrogels loaded with 

BMP-2. (A) ALP (top) and mineral deposition (bottom) of BMSCs in hydrogels at day 4 

(ALP) or day 21 (mineral) after culture. (B) Osteogenic gene expression of BMSCs analyzed 

by qRT-PCR at day 4 (Runx2) or day 21 (OCN) after culture. (C) BMP-2 stabilizing effect 

of sulfonated hydrogels. BMP-2 was loaded into sulfonated hydrogels and incubated in 0.5% 

trypsin for 5 h. Solution obtained after hydrogel degradation was collected and its bioactivity 

was determined by measuring ALP activity of BMSCs compared with hydrogels loaded with 
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BMP-2 without trypsin treatment (Fresh BMP-2) or hydrogels loaded with PBS (Blank). (*: 

p < 0.05, **: p < 0.01, N.S: not significant).
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