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Abstract

Bone morphogenetic protein-2 (BMP-2) is a clinically used osteoinductive growth factor. With a 

short half-life and side effects, alternative delivery approaches are needed. This work examines 

thiolation of BMP-2 for chemical attachment to a poly(ethylene glycol) hydrogel using thiol­

norbornene click chemistry. BMP-2 retained bioactivity post-thiolation and was successfully 

tethered into the hydrogel. To assess tethered BMP-2 on osteogenesis, MC3T3-E1 pre-osteoblasts 

were encapsulated in matrix metalloproteinase (MMP)-sensitive hydrogels containing RGD and 

either no BMP-2, soluble BMP-2 (5 nM) or tethered BMP-2 (40–200 nM) and cultured in 

a chemically defined medium containing dexamethasone for seven days. The hydrogel culture 

supported MC3T3-E1 osteogenesis regardless of BMP-2 presentation, but tethered BMP-2 

augmented the osteogenic response, leading to significant increases in osteomarkers, Bglap and 

Ibsp. The ratio, Ibsp-to-Dmp1, highlighted differences in the extent of differentiation, revealing 

that without BMP-2, MC3T3-E1 cells showed a higher expression of Dmp1 (low ratio), but an 

equivalent expression with tethered BMP-2 and more abundant bone sialoprotein. In addition, this 

work identified that dexamethasone contributed to Ibsp expression, but not Bglap or Dmp1 and 

confirmed that tethered BMP-2 induced the BMP canonical signaling pathway. This work presents 

an effective method for the modification and incorporation of BMP-2 into hydrogels to enhance 

osteogenesis.
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Introduction

Growth factors of the extracellular environment are important signaling molecules for 

tissue development.1 Extracellular matrix (ECM)-bound growth factors have been described 

as serving as a “memory function” for future cells.2,3 Essentially, the stored growth 

factors signal important information about the tissue environment, which encodes a set 

of instructions for cell behavior. Leveraging growth factors found within native ECM is 

a powerful approach for tissue engineering.4 Bone morphogenetic proteins (BMPs) are 

one class of growth factors that have been implicated in a number of cellular functions 

from embryonic to adult cells.5–7 BMP-2, specifically, has essential roles in maintaining 

homeostasis of the postnatal skeleton and providing osteogenic signals necessary for 

intrinsic initiation of bone fracture repair.8–10

Although BMP-2 is highly effective in its ability to affect cell behavior and stimulate bone 

formation, there are numerous challenges in delivering BMP-2 in vivo. Direct injection of 

BMP-2 at the injury site is largely ineffective because it is rapidly cleared in vivo due 

to its relatively short half-life (e.g., 7–16 minutes in the blood stream).4,11–13 Therefore, 

supraphysiological levels of the growth factor are often required to enhance the efficacy of 

exogenous BMP-2.11 These levels can lead to serious complications; including, ectopic bone 

formation, increased risk of cancer, bone resorption, and development of antibodies against 

BMP-2, which was observed in a small subset of patients.14–18 Given the importance of 

growth factors, there is a need to deliver them in a manner that does not require excessive 

concentrations and that maintains their bioactivity in a localized domain.14

Several methods have been developed to deliver growth factors in a therapeutically efficient 

mode.19 Examples include direct loading of the growth factor into a polymer matrix for 

controlled release or binding of the protein directly to a polymer matrix via intermolecular 

interactions or covalent bonds.20 Direct loading requires no modification of the exogenous 

growth factor and relies on the material to retain and then release the protein in a controlled 

manner.21–23 One shortcoming of this method is a burst release that results in a large initial 
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loss of the growth factor, most of which is proteolytically degraded. This shortcoming 

necessitates much higher loading to sustain the signal and in turn, increases the risk of 

negative side effects.11,20 Alternative methods that bind the protein to the delivery system 

have been developed. These methods more closely mimic the presentation of growth factors 

by the ECM.19 This matrix-bound delivery system provides a means to stabilize the active 

form of the protein, which protects it from immediate clearance and proteolytic inactivation, 

and reduces off-target effects. In addition, such a system may provide a mechanism for 

controlled dosing and localization to enhance the efficacy and safety of the use of growth 

factors.

Non-covalent methods of protein adsorption have been widely studied and utilized as a 

method for binding the growth factor to the matrix.24 These relatively weak interactions 

can result in similar burst release profiles of the protein, limiting the effectiveness of this 

approach.25 Research has shown that irrespective of the system used, delivery platforms 

that maintain a greater concentration of localized growth factor over time are more effective 

at promoting bone regeneration. These limitations have led researchers to explore covalent 

binding as an alternative to improve the stability and retention of the growth factor at 

the site of interest.24 It has been suggested that covalent immobilization may permit 

prolonged signal transduction of the protein relative to a soluble counterpart, because 

once immobilized, the protein cannot be internalized or easily deactivated by cells and 

proteolytic degradation would be reduced.25,26 There are several chemistries that have 

been leveraged to covalently tether BMP-2; including, attachment to a chitosan film via 

carbodiimide chemistry, covalent linking of BMP-2 to gold nanoparticles via amidation 

reaction with a heterobifunctional linker, and the coupling of BMP-2 to TiO2 nanorods 

by N,N-carbonyldiimiadazole reaction.25,27,28 The work presented herein investigates a 

thiol-ene reaction to covalently bind BMP-2 to a poly(ethylene glycol) (PEG) hydrogel.

When designing a growth factor delivery platform, several important considerations are the 

concentration of the growth factor delivered by the system and its bioactivity. In the work 

described herein, BMP-2 was modified with the addition of free thiols onto primary amines 

to enable its incorporation into a PEG network (Schematics 1 and 2). Similar methods 

have been previously described for use with TGF-β1 and TGF-β3.29–31 Photoclick reactions 

occur under mild conditions (e.g., room temperature and in PBS) and have been shown 

to support encapsulation of proteins, making this system promising for use with growth 

factors.32,33 The overarching goal for this work was to investigate the effectiveness of 

tethered BMP-2 on the osteogenic response of MC3T3-E1 pre-osteoblast cells, encapsulated 

in a PEG hydrogel and cultured in a chemically defined medium. A schematic of cell 

encapsulation and hydrogel formation is shown in Scheme 1. There were four primary 

aims for this study (Figure 1). The first was to assess the bioactivity of the BMP-2 after 

thiolation and after tethering into the hydrogel, utilizing the thiol-norbornene click reaction. 

The second aim was to evaluate the effects of the BMP-2 presentation and concentration 

of immobilized BMP-2 on MC3T3-E1 cells by the expression of osteogenic markers. The 

third and fourth aims were to identify the contribution of dexamethasone, which is known 

to induce osteogenesis, on the cellular osteogenic response of the encapsulated MC3T3-E1 

cells, thus providing insights into the specific role of the hydrogel alone (study 3a) and the 

tethered BMP-2 (study 4a).34–36 Additionally, these aims sought to determine if the BMP 
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canonical signaling pathway via activation of SMAD 1/5/8 was responsible for the increased 

osteogenic response in both the hydrogel alone, by activation from endogenously produced 

biomolecules (study 3b), and in the tethered condition by the immobilized BMP2-SH (study 

4b). MC3T3-E1 cells were chosen because they have been used extensively to study the 

biological effects of BMP-2 in 2D culture and in several 3D culture systems; including, 

nanorods, titanium substrates, and hydrogels.37–43 Ultimately, this work demonstrates an 

effective method for the modification and incorporation of BMP-2 into a PEG hydrogel.

Materials and Methods

Macromer Synthesis

Both 10 kDa and 20 kDa 8-arm poly(ethylene glycol) (PEG) amine (JenKem) were 

modified with a norbornene group at the end of each arm.44 Briefly, the PEG 

amine, dissolved in equal volumes of dimethylformamide (DMF, Sigma-Aldrich) and 

dichloromethane (DCM, Sigma-Aldrich), was reacted overnight, under argon, with 

eight times molar excess of 5-norbornene-2-carboxylic acid in the presence of three 

molar excess 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 

hexafluorophosphate (HATU, Chem-Impex International) and four molar excess N,N­

diisopropylethylamine (DIPEA, Sigma-Aldrich). The product was recovered by precipitation 

in ice cold ethyl ether (Sigma-Aldrich), dialyzed for 3 days in deionized water, filtered (0.2 

μm), and lyophilized. Comparison of the area under the peak for the allylic hydrogen closest 

to the norbornene hydrocarbon (δ=3.1–3.2 ppm) and the peak for the PEG backbone methyl 

group (δ=3.4–3.85 ppm) in an 1H-NMR spectrum were used and a ~100% conjugation of 

norbornene to the 8-arm PEG was determined.

Thiolation and assessment of BMP-2 bioactivity

BMP-2 was thiolated following an adapted protocol.30 Briefly, 2-iminothiolane (Traut’s 

reagent, Thermo Fisher Scientific) was reacted with recombinant, CHO-derived human/

murine/rat BMP-2 (Peprotech, Catalog Number 120–02C) at a 4M excess for 1 h in buffer 

at room temperature to produce the product BMP2-SH. Assessment of bioactivity was 

performed using the SMAD 1/5/8 luciferase reporter HEK293 cell line (Signosis, SL-0051) 

per manufacturer provided instructions. Briefly, HEK293 cells were expanded in complete 

growth medium containing Dulbecco’s modified Eagle media (DMEM, Invitrogen), 10% 

fetal bovine serum (FBS, Atlanta Biologicals), and 1% penicillin/streptavidin (Corning) to 

~90% confluency. Cells were trypsinized (Life Technologies), seeded into a 96-well plate 

at a concentration of 1×104 cells per well, and incubated at 37oC with 5% CO2 overnight. 

The next day, cells were incubated for 16 hours in media containing DMEM, 0.1% FBS and 

increasing concentrations of BMP-2 or BMP2-SH. Cells were washed with PBS and lysed 

with lysis buffer. Lysates were treated with luciferase substrate (Promega) and luminescence 

was recorded on a plate reader (BMG LabTech). Luminescence was subtracted from a blank 

containing lysis buffer and luciferase substrate.

Evaluation of the degree of thiolation of BMP-2

A fluorescent assay was used to assess the average degree of thiolation of BMP-2 post­

reaction with 2-iminothiolane. A model protein of bovine serum albumin (BSA, Sigma­
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Aldrich) was used to develop the assay. BSA was reacted at a range of 0:1 to 20:1 mole 

ratio of 2-iminothiolane to BSA in PBS at a pH of 7.4. The product, BSA-SH, was reacted 

at 100:1 molar ratio of maleimide-fluorophore to BSA-SH in PBS at a pH of 7.4 for two 

hours at room temperature in the dark. At pH values between 6.5 and 7.5, the maleimide 

preferentially reacts with free thiols, thus adding a fluorophore to each free thiol. Samples 

were then run through a 7kDa MWCO desalting column (Thermo Fisher Scientific), as per 

manufacturer instructions, to remove unreacted maleimide-fluorophore. Fluorescence was 

measured at an excitation of 515 nm and emission of 580 nm on a plate reader (Molecular 

Devices) with a standard curve of fluorescence versus picomoles of fluorophore-tagged 

maleimide. Fluorescence of all BSA-SH samples were compared to the standard curve 

to determine the moles of free thiol that were added by the 2-iminothiolane reaction, 

after accounting for the background fluorescence of the naive protein. To determine the 

number of free thiols per BMP-2 molecule, BMP-2 was reacted at 4 moles 2-iminothiolane 

to 1 mole BMP-2, as previously described. A control consisted of BMP-2 exposed to 

the same conditions, but without 2-imionthiolane. The same procedures were followed 

as described for the BSA. Average degree of thiolation was determined by subtracting 

the picomoles of the control BMP-2 condition (i.e., no 2-iminotiolane, but reacted with 

maleimide-fluorophore) from the experimental BMP2-SH condition. This difference was 

divided by the total moles of BMP-2 reacted.

Evaluation of incorporation of thiolated BMP-2 into PEG network

Hydrogels were prepared by reaction of 10% (g/g) 20 kDa PEG-norbornene with 1 kDa 

PEG-dithiol crosslinker (Sigma-Aldrich) and either no BMP-2, 400 nM naive BMP-2, or 

400 nM 2-iminothiolane-treated BMP-2 under UV light at 352 nm (5 mW/cm2) with 

0.05 wt% (g/g) photoinitiator, 1-(4-(2- Hydroxyethoxy)-phenyl)-2-hydroxy-2-methyl- 1­

propane-1-one (I2959; BASF), for 8 minutes (n = 5). In order to define experimental groups, 

conditions incorporating 2-iminotiolane-treated BMP-2 will subsequently be referred to as 

BMP2-SH. Hydrogels were swollen in media containing DMEM and 0.1% FBS at 37oC for 

24 hours to release untethered BMP-2 and BMP2-SH. Luciferase reporter cells were treated 

with media from the hydrogels to determine the relative quantities of BMP-2 and BMP2-SH 

released. Cells were washed with PBS and lysed with lysis buffer. Lysates were transferred 

to a white 96-well plate, treated with luciferase substrate (Promega), and luminescence was 

recorded on a plate reader. Luminescence was subtracted from a blank containing lysis 

buffer and luciferase substrate.

BMP-2 was thiolated and then pre-reacted with 10 kDa, 8-arm PEG-NB under UV light at 

352 nm (5 mW/cm2) with 0.05 wt% (g/g) I2959 for 1 minute to achieve a final precursor 

concentration of 0, 100, 250, and 500 nM BMP2-SH (n = 3). A precursor solution of 9 wt% 

(g/g) BMP2-tethered PEG-norbornene, 3.4 kDa PEG-dithiol (1:1 thiol:ene ratio), and 0.05 

wt% (g/g) I2959 was polymerized in a cylindrical mold under UV light at 352 nm (5 mW/

cm2) for 8 minutes. Following polymerization, hydrogels were washed 3x in PBS over 24 

hours. An adaptation of a previously described modified-ELISA protocol using components 

of the DuoSet ELISA kit for BMP-2 (R&D Biosystems) was used to validate the thiolation 

and subsequent tethering of the growth factor to the PEG network.45 Briefly, hydrogels were 

transferred to a low-bind 96 well-plate and incubated in a solution of anti-BMP-2 capture 
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antibody (5μg mL−1) for 2 hours at room temperature. Hydrogels were rinsed and incubated 

in a solution of biotin-labeled anti-BMP-2 detection antibody (250 ng mL−1) for 2 hours 

at room temperature. Gels were rinsed and incubated for 30 minutes at room temperature 

in a solution containing streptavidin- horseradish-peroxidase (1:40 dilution). Samples were 

washed and then transferred to a clean well-plate and incubated with tetramethylbenzidine/

H2O2 solution and incubated for 20 minutes at room temperature and then quenched. The 

absorbance of the solution was measured using a spectrophotometer (Molecular Devices) at 

450 nm with a 550 nm baseline.

Cell Culture and Encapsulation

MC3T3-E1 murine pre-osteoblast cells (ATCC, CRL-2593) were expanded in growth media 

(α- minimum essential medium, (Gibco)) supplemented with 10% of fetal bovine serum 

(Atlanta Biologicals) and 1% antibiotics (5000 Units mL–1 Penicillin, 5000 μg mL−1 

Streptomycin, Corning) in an incubator at 37 °C with 5% CO2. The medium was exchanged 

three times weekly and the cells were passaged at ∼90% confluency with 0.25% Trypsin­

EDTA (Gibco). Cell-laden hydrogels were formed by encapsulation of MC3T3-E1 cells 

at a cell concentration of 50×106 cells mL−1 of filter-sterilized (0.22 mm filter) precursor 

solution. Precursor solution contained 6% (g/g) 10 kDa-8-arm PEG-norbornene pre-reacted 

with either 0, 10, 100, or 500 nM BMP2-SH, 2mM CRGDS (GenScript), MMP-sensitive 

crosslinker (GCVPLS-LYSGC, GenScript) at a 0.8:1 thiol-ene ratio, and was reacted with 

0.05 wt% I2959 under UV light at 352 nm (5 mW/cm2) for 8 minutes.

Cell-laden hydrogels were cultured in chemically defined osteogenic differentiation 

medium, referred to as standard medium. Standard medium consisted of MEM α 
(Gibco), 1×ITS + premix (Corning), 100 nM dexamethasone (Sigma-Aldrich), 50 μg mL−1 

ascorbate-2-phosphate (Sigma-Aldrich), 1× MEM non-essential amino acids (Gibco), 10mM 

β-glycerophosphate (Sigma-Aldrich), penicillin/streptomycin (Invitrogen), and fungizone 

(Invitrogen). Study 2 utilized the standard medium for the no BMP-2 and tethered BMP2­

SH hydrogels. A subset of gels containing no tethered BMP-2 were cultured in the standard 

medium supplemented with 5 nM (130 ng mL−1) BMP-2 (Peprotech, Catalog Number 

120–02C). In studies 3a and 4a, the standard medium without dexamethasone was used. 

In studies 3b and 4b, the standard medium was supplemented with 10μM dorsomorphin 

(Cayman Chemical Company). Dorsomorphin in a small molecule inhibitor of the bone 

morphogenetic protein type I receptors; ALK 2, 3 and 6. Fresh dorsomorphin was added 

to the standard medium at every medium exchange. All cell-laden hydrogels were cultured 

under standard cell conditions of 37oC with 5% CO2 for one or seven days. All procedures 

were performed inside a biosafety cabinet using sterilized instruments.

ALP Assay

Hydrogel samples were removed from the culture after one or seven days and rinsed in PBS 

for 1 h, lysed in deionized water (diH2O), frozen in liquid nitrogen, and stored at −80 °C. 

Samples were disrupted and lysed using a tissue lyser (Qiagen) and subsequent freeze−thaw­

sonication cycles. DNA content was measured using a Quant-iT PicoGreen dsDNA assay 

kit (Thermo Fisher Scientific) by fluorescence with excitation at 485 nm and emission at 

520 nm according to the manufacturer specifications. Alkaline phosphatase activity was 

Schoonraad et al. Page 6

Biomacromolecules. Author manuscript; available in PMC 2022 March 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



determined by measuring the number of moles of p-nitrophenol phosphate catalyzed to 

p-nitrophenol, which was measured by absorbance at 450 nm using a spectrophotometer 

(Molecular Devices).

Gene expression

Samples were collected at days one and seven and placed in TRK lysis buffer (Omega) 

and stored at −80 °C. Samples were disrupted using a tissue lyser (Qiagen), and RNA 

was isolated using E.Z.N.A. microelute kit (Omega) as per the manufacturer instructions. 

The amount of pure RNA was quantified using a Nanodrop instrument (ND-1000, Thermo 

Fisher Scientific) with A260/280 greater than 1.90. Purified RNA was reverse-transcribed 

into cDNA using a high-capacity cDNA reverse transcription kit (Applied Biosystems) as 

per the manufacturer instructions. Quantitative real-time polymerase chain reaction (qPCR) 

was performed with Fast SYBR Green Master Mix (Applied Biosystems) on a 7500 Fast 

Real-Time PCR Machine (Applied Biosystems). Primers were designed and evaluated for 

efficiencies within the MIQE guidelines of acceptable range (80–120%, IDT).46 Genes, 

primer sequences, accession numbers, and efficiencies are reported in Table 1. All genes of 

interest (GOI) are relative to the housekeeping gene, L32. Data are presented as normalized 

expression (NE) given by:

NE = EGOIΔCt,GOI/EHKGΔCt,HKG ΔCt = (control‐sample)

where the gene expression is normalized to a control of the no BMP-2 condition in standard 

medium at day one.47

Immunohistochemistry (IHC)—At day seven, MC3T3-E1-laden hydrogels (n=3) were 

removed from culture and prepared for IHC. Samples were fixed overnight at 4 oC 

in 4% paraformaldehyde and transferred to sterile PBS for storage at 4 oC. Samples 

were dehydrated following standard methods, embedded in paraffin, and sectioned at 5 

μm. Samples were pretreated with Retrievagen A (BD Pharmingen) for antigen retrieval. 

Following permeabilization and blocking, sections were treated overnight at 4 oC with the 

primary antibody: 1:15 anti-bone sialoprotein II (DSHB) and 1:100 anti-DMP-1 (Millipore 

Sigma) in blocking solution. Samples were treated for two hours at room temperature with 

goat-anti-mouse IgG labelled Alexa Fluor 488 (1:200, Abcam) or goat-anti-mouse IgG 

labelled AlexaFluor 546 (1:200, Fisher Thermo Scientific) and the nuclei counterstained 

with DAPI (Life Technologies).

Statistical Analysis

Data are represented as mean with standard deviation shown parenthetically in the 

text or as error bars in the figures. Statistical analysis was performed using the Real 

Statistics add-in for Excel. Normal distribution and homogeneous variances were confirmed 

prior to performing analyses. Two-way ANOVAs were performed with α = 0.05 where 

factors included time and BMP-2 presentation as described in the results. If a significant 

interaction between the two factors was observed, one-way ANOVAs were performed 

holding each factor constant. For significant main effects, Tukey’s post-hoc was performed. 

In comparisons that were limited to two groups, a Student’s t test was performed assuming 
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independent samples and equal variances. Data were analyzed using a one-way ANOVA 

(α = 0.05) for comparisons with more than two groups but only one factor. Significant 

results were followed up with a Bonferroni comparison test. Additionally, p-values from the 

analyses are provided to indicate the level of significance, with p < 0.05 being considered 

statistically significant. The sample size was n = 3 unless otherwise noted.

Results and Discussion

BMP-2 maintains biological activity post-thiolation

To immobilize BMP-2 to the PEG hydrogel, naive BMP-2 was first reacted with 2­

iminothiolane, which adds a free thiol to a primary amine, which are located on lysine 

residues and the N-terminus position of the protein (Scheme 2a). The BMP2-SH is then 

reacted with the 8-arm PEG-norbornene, through the thiol-norbornene click reaction in the 

presence of a photoinitiator and light, to produce a stable sulfenamide bond (Scheme 2b). 

Once the BMP-2 is tethered and subsequently reacted into the hydrogel, the BMP-2 will 

remain tethered to the PEG and remain in the hydrogel until the hydrogel degrades.

The thiolation efficiency of the reaction was assessed by utilizing a fluorophore-tagged 

maleimide, which reacts efficiently with free thiols, and measuring the resultant 

fluorescence. To ensure the rigor of this method, bovine serum albumin (BSA) was used as 

a model protein that was reacted with 2-iminothiolane at different molar ratios to provide a 

range of thiols added per BSA molecule (BSA-SH). The fluorescence of BSA-SH from each 

reaction was overlaid on the standard curve of fluorescence versus maleimide (Figure 2a). 

An increase in the ratio of 2-iminothiolane to the BSA resulted in a relatively linear increase 

in the number of thiols added (Figure 2b). BMP2-SH, reacted with a fluorophore-tagged 

maleimide, was also overlaid on this same plot. This result indicates, that approximately 

52% of the BMP-2 molecules were modified, on average, with a single thiol post-reaction 

with 2-iminothiolane.

The relatively low efficiency of thiolation of both proteins is attributed to the pH of the 

reaction (i.e., pH 7.4), which was chosen to maintain the bioactivity of the growth factor. 

However, 2-iminothiolane is more reactive at a higher pH due to a greater proportion 

of unprotonated primary amines. The pKa values for the N-terminus amine and the 

primary amine on lysine residues are 7.6–8.0 and 10.0–10.2, respectively, indicating 

that a large number of the primary amines will be protonated and less reactive. The 

Henderson-Hasselbalch equation estimates ~68% of the N-terminus primary amines would 

be deprotonated and readily reactive with the 2-iminothiolane, which is consistent with our 

findings that 52% of the BMP-2 was successfully thiolated. Our findings are supported 

by other studies in the literature. For example, studies that have PEGylated BMP-2 via its 

primary amines reported ~30–42% was unmodified and that increasing the PEGylating agent 

(i.e., PEG-aldehyde) to a 10-molar excess improved the reaction efficiency.48 The results 

from BSA-SH suggest that an increased molar ratio between 2-iminothiolane and the protein 

of interest will result in increased thiolation. Future studies will require a higher molar 

excess to achieve a higher degree of BMP-2 thiolation.
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It is important to note that the maleimide fluorophore reacted with a small number of 

primary amines on the proteins. This was evident by the fluorescence of naive BSA and 

BMP-2 after reaction with maleimide fluorophore. Each BSA molecule has one free thiol, 

but ~4 maleimide molecules were added per naive BSA, indicating that roughly three of the 

30–35 free lysine residues found on BSA were reacted with maleimide.49–51 Similarly for 

BMP-2, which does not have any free thiols, ~1.5 maleimide molecules (out of 20 available 

primary amines) were added per naive protein. Due to the large (100:1) molar excess of 

maleimide and the reaction pH (i.e., 7.4) that favors free thiols over primary amines, it is 

reasonable to assume that the increased fluorescence over the naive protein is attributed to 

the free thiols that were added by the 2-iminothiolane.

As with many biomolecules, structure dictates function and it has been demonstrated 

that growth factors, including BMP-2, have structures that are sensitive to environmental 

changes.1,13 Studies on the structure of BMP-2 have shown that, in addition to the primary 

amine on the N-terminus, each monomeric chain contains four lysine residues within a 

flexible N-terminal segment and an additional five are found in a highly conserved cysteine 

knot domain, which is crucial for receptor binding.48 It has been previously demonstrated 

that the formation of amidine bonds by reaction between primary amines in proteins 

with imidoesters (e.g., 2-iminothiolane) produces minimal changes in the conformational 

domains and biological activities of proteins, as long as the modified lysine residue is not a 

vital component of the reactive site.52,53 These findings suggest that the structure of BMP-2, 

and thus its bioactivity, should be maintained as long as there are no modifications to lysine 

residues within the cysteine knot domain.

The bioactivity of BMP2-SH was assessed and compared to naive BMP-2. HEK293 reporter 

cells that stably express the firefly luciferase gene, when SMAD 1/5/8 is activated, were 

used. SMAD 1/5/8 is the canonical signaling pathway of BMP-2, therefore luminescence 

is indicative of BMP-2 activity.7 Plated HEK293 cells were incubated with either the naive 

(i.e., unmodified) BMP-2 or BMP2-SH at increasing concentration from 0 to 58 nM (Figure 

2c). Thiolation with 2-iminothiolane did not change (p > 0.05) the bioactivity of BMP2-SH 

relative to naive BMP-2 across the entire concentration range (Figure 2c). These results 

indicate that thiolation of the primary amine on BMP-2 did not affect the cysteine knot 

domain, which is required for BMP-2 activity.

BMP2-SH was successfully tethered into the network at a range of concentrations

Once functionalized with a thiol group, BMP2-SH was tethered into the network via 

thiol-norbornene click chemistry (Scheme 1 and 2b).54,55 Only BMP-2 that is thiolated 

is expected to be covalently tethered to the hydrogel. To assess thiolation and tethering, 

the BMP-2 incorporated into the hydrogel was indirectly assessed by measuring BMP-2 

that was released. Hydrogels were formed with no BMP-2, naive BMP-2, or BMP2-SH 

and then swollen in cell-culture media for 24 hours to allow untethered BMP-2 to diffuse 

out of the hydrogel (Figure 3a). The released BMP-2 was assessed using the SMAD 1/5/8 

reporter cell line and luminescence was measured (Figure 3b). Minimal luminescence was 

measured in the negative control (i.e., with no BMP-2). A 40% decrease in luminescence 

was observed between the BMP-2 and BMP2-SH conditions. This result suggests that an 
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average of 40% of the 2-iminothiolane-reacted BMP-2 was tethered into the network. This 

finding is consistent with our results from Figure 2a that an average of 52% of the BMP-2 

molecules have a single free thiol. Since it is possible that some BMP-2 molecules may have 

more than one free thiol, a lower percent of BMP-2 that is tethered into the hydrogel, is 

expected. We further surmise that the polymerization did not cause a loss of bioactivity.

The ability to vary the concentration of BMP2-SH incorporated into the hydrogel was 

also investigated. A modified-ELISA protocol was used to evaluate the amount of tethered 

BMP2-SH relative to the BMP2-SH concentration in the precursor solution. Hydrogels were 

formed by first pre-reacting 0–500 nM BMP2-SH (referring to the concentration of BMP-2 

used in the thiolation reaction) with the 8-arm PEG-norbornene, where there are 4.4 × 106 

norbornene molecules per BMP2-SH molecule. The hydrogels were swollen in PBS for 24 

hours to allow any untethered BMP2-SH to diffuse out of the network. A dose-dependent 

increase in absorbance was observed up to 250 nM BMP2-SH (Figure 3c). These results 

confirm that BMP2-SH is incorporated into the hydrogel and that the amount of BMP2-SH 

incorporated can be controlled. A saturation in the absorbance was observed at the 500 

nM BMP2-SH concentration, which is attributed to the technical limitation of the modified 

ELISA. The ELISA uses ~1.6 × 10−13 detection antibody molecules per sample; in the 500 

nM BMP2-SH condition, assuming 40% of the protein successfully tethered, there would 

be ~2.3 × 10−13 molecules of BMP2-SH per gel. It is unlikely that all of the detection 

antibody molecules in solution would be bound to a tethered BMP-2 molecule. It is also 

unlikely that BMP-2 or the antibodies would be transport limited due to the low crosslink 

density of the hydrogel (and hence a large mesh size),56 which is also supported by the 

results in Figure 3b. Nonetheless, these data demonstrate that the concentration of the 

BMP2-SH incorporated into the hydrogel can be readily modified by modulating the amount 

of BMP2-SH added to precursor solution prior to forming the hydrogel.

MC3T3-E1 cells undergo osteogenesis in 3D hydrogels regardless of BMP-2 presentation

To assess the bioactivity of the tethered BMP2-SH, this study measured alkaline phosphatase 

(ALP) activity and the gene expression of known osteogenic markers: Id1, Bglap, Ibsp, and 

Dmp1. MC3T3-E1 pre-osteoblasts were encapsulated in MMP-sensitive, PEG hydrogels and 

cultured for up to one week. Three experimental groups were compared and included: a 

hydrogel with 10 nM BMP2-SH (equivalent to 4 nM or 100 ng mL−1 of hydrogel volume, 

assuming 40% tethering efficiency, Table 2), a hydrogel treated with 5 nM soluble BMP-2 

(equivalent to 130 ng mL−1 of media), and a no BMP-2 condition (Figure 1). The soluble 

BMP-2 concentration was selected based on previous osteogenic studies.35,57–61 A defined 

medium was selected to avoid complicating the interpretation due to fetal bovine serum and 

its plethora of undefined growth factors.

Alkaline phosphatase activity, which is an indicator of osteoblast differentiation, was 

measurable across all groups. Time was a significant factor (p = 0.02) for ALP activity 

across all conditions but there were no significant pairwise comparisons (Figure 4a). BMP-2 

presentation was not a factor for ALP activity. This result is contrary to 2D studies, which 

have reported an upregulation in ALP activity in MC3T3-E1 cells under BMP-2 treatment.62 

However consistent with our findings, a different study reported minimal changes in ALP 
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levels in MC3T3-E1 cells when encapsulated in alginate hydrogels with the addition of 

BMP-2 in the medium or tethered to the hydrogel.38 Taken together, these studies suggest 

that a 3D-culture environment may be sufficient to regulate ALP activity independent of 

exogenous BMP-2 signaling in MC3T3-E1 cells.

Osteogenesis was also measured by gene expression of four bone markers (Figure 4b). 

Each gene was normalized to the expression in MC3T3-E1 cells encapsulated in the no 

BMP-2 condition at day one, to determine the contribution of BMP-2 and its presentation 

as well as the change in expression over time (i.e., from day one to seven). Expression 

of Id1, a direct target of BMP-2, significantly increased with time across all conditions 

(p < 0.001; no significant pairwise comparisons were found) but was not dependent on 

BMP-2 presentation. Expression of Bglap, a gene expressed primarily by osteoblasts, was 

also significantly increased with time (p < 0.001); pairwise comparisons revealed an 88-fold 

increase (p = 0.005) from day one to seven for the tethered condition. For the late stage 

osteoblast marker, Ibsp, there was a significant interaction between time and condition. 

Follow-up analyses indicate that both the soluble and tethered conditions were significantly 

upregulated (p < 0.001 and p = 0.02, respectively) in expression at day seven relative 

to no BMP-2. Additionally, there was a four-fold increase (p = 0.03) at day seven for 

the soluble condition relative to the tethered condition. Pairwise comparisons revealed a 

60-fold increase (p = 0.009) from day one to seven for the soluble BMP-2 condition, but 

no other pairwise comparisons were significant. Similarly, expression for Dmp1, a marker 

of osteocytes, resulted in a significant interaction between time and BMP-2 presentation.63 

Follow-up analyses found a nine-fold increase (p = 0.001) in Dmp1 expression from day one 

to seven for the no BMP-2 condition. Dmp1 expression for the soluble condition was lower 

(p = 0.03) relative to the no BMP-2 condition at day seven, but there were no differences in 

its expression between the soluble and tethered condition.

These data indicate that the 3D hydrogel culture supported osteogenic differentiation of 

encapsulated MC3T3-E1 cells, further supporting the ALP results. Several factors could 

have led to an osteoinductive environment in the hydrogel. Studies have indicated that 

RGD, when incorporated into a 3D hydrogel environment, has osteogenic capabilities.64,65 

For example, the addition of RGD into a PEG hydrogel increased ALP activity and 

Cbfa1/Runx2 expression in encapsulated goat bone marrow stromal cells when cultured 

in osteogenic medium.64 Previous work by our group reported that MC3T3-E1 cells 

encapsulated in a similar MMP-sensitive hydrogel with RGD had elevated ALP activity 

on day 14 when cultured in growth medium containing serum, but without additional 

osteogenic factors.65 The latter study suggests that timing of the experiment may have 

impacted the exact ALP activity levels; ALP activity often peaks during the early stages 

of osteogenesis and then declines.15 In this study and in the hydrogel alone, ALP activity 

was measured and osteogenic genes increased over time indicating differentiation. The 

incorporation of soluble or tethered BMP-2, however, resulted in a significant increase in 

Ibsp by day seven, which is consistent with other findings.38,66,67 Taken together, these 

findings demonstrate that the hydrogel supported osteogenesis, but that BMP-2, regardless 

of its presentation, further enhanced osteogenesis of MC3T3-E1 cells within the hydrogel.
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Increasing tethered BMP-2 concentration enhances osteoblast differentiation of MC3T3-E1 
cells

Given that the culture environment (hydrogel + chemically defined medium), irrespective of 

the presence of BMP-2, supported osteogenesis of encapsulated cells, we next investigated 

whether higher concentrations of tethered BMP2-SH could further induce the osteogenesis 

of the encapsulated MC3T3-E1 cells. Following the same hydrogel and culture conditions 

as described above, 100 and 500 nM BMP2-SH was introduced into the hydrogel and 

compared to the no BMP-2 control. Bioactivity was assessed by ALP activity and gene 

level expression (Figure 5). For this study we chose not to include a soluble condition, as 

the amounts needed to provide a comparable concentration in the media would have been 

unrealistically high. Additionally, as previously discussed, it has been demonstrated that 

the use of such high concentrations in the soluble form can lead to complications when 

translating to in vivo applications.

Consistent with previous results, ALP activity was measurable across all groups but was 

not affected by time or BMP-2 presentation (Figure 5a). These findings further support the 

hypothesis that BMP-2 does not enhance ALP activity beyond that of dexamethasone. The 

100 nM BMP2-SH condition at day seven resulted in significant differential gene expression 

relative to the no BMP-2 formulation for all genes analyzed. However, the 500 nM BMP-SH 

condition did not lead to further increases in the genes analyzed with the exception of 

Dmp1. Expression of Id1 was significantly lower (p = 0.01 and p = 0.02) by 2.25 and 

2.5-fold for the tethered conditions for the 100 and 500 nM, respectively, compared to the 

no BMP-2 condition. There was also a significant increase (p = 0.006) in expression for 

no BMP-2 between day one and seven, but neither tethered condition was affected by time. 

The expression of Bglap was 11-fold higher (p = 0.03) for the 100 nM BMP2-SH condition 

and 24-fold higher (p = 0.01) for the 500 nM BMP2-SH condition relative to no BMP-2. 

In addition, no BMP-2 and both tethered conditions, showed a significant increase (p = 

0.03, p < 0.001 and p = 0.002, respectively) in Bglap expression from day one to seven. 

Expression of Ibsp significantly increased (p = 0.03 and p = 0.002) by 11-fold and 18-fold 

for the 100 nM and 500 nM BMP2-SH conditions, respectively, as compared to no BMP-2. 

In both tethered conditions, there was also a significant upregulation (p = 0.004 and p = 

0.009, respectively) in from day one to day seven. Finally, the tethered conditions showed 

3 to 5-fold lower Dmp1 levels relative to no BMP-2 (p < 0.001). No BMP-2 and 500 nM 

BMP2-SH both showed significant upregulation (p = 0.003 and p = 0.002, respectively) of 

Dmp1 from day one to day seven. At day seven there was a significant increase (p = 0.04) in 

expression in the 500 nM BMP-2 condition relative to the 100 nM condition.

To understand the extent of differentiation in the hydrogels with tethered BMP-2, the 

relative degree of an osteoblastic to an osteocytic phenotype was assessed by the ratio of 

Ibsp-to-Dmp1 (Figure 5c). For both tethered conditions, the ratio significantly increased (p 

= 0.008 and p = 0.004, respectively), relative to no BMP-2, at day seven. For the 100 nM 

and 500 nM conditions, the ratio was higher (p = 0.007 and p = 0.04, respectively) at day 

seven compared to day one, but was lower (p < 0.001) for the no BMP-2 condition at day 

seven. These results suggest a difference in the extent of differentiation of the MC3T3-E1 

cells depending on the presence of tethered BMP-2.
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These results indicate that the tethered BMP-2 conditions enhanced the osteoblastic 

phenotype of the encapsulated MC3T3-E1 cells, as increases in osteoblast specific gene 

expression were observed. Dmp1, provides information about the extent of osteogenic 

differentiation and is associated with an osteocytic phenotype.68 This gene is involved in 

osteoblast differentiation and the protein DMP-1 is critical for proper mineralization of bone 

ECM.69 Interestingly, our findings suggest that the hydrogel alone (i.e., without BMP-2) 

exhibits a greater osteocytic phenotype. Contrarily, the presence of BMP-2 in this hydrogel 

system, appears to retain the MC3T3-E1 differentiation closer to an osteoblastic phenotype. 

ECM.69 Interestingly, our findings suggest that the hydrogel alone without BMP-2 exhibits 

a greater osteocytic phenotype. Contrarily, the presence of BMP-2 in this hydrogel system, 

appears to retain the MC3T3-E1 differentiation closer to an osteoblastic phenotype.

Osteogenic differentiation of MC3T3-E1 cells in the hydrogel alone is mediated by the 
canonical BMP signaling pathway

We next sought to determine the mechanisms by which the hydrogel, without BMP-2, 

induces osteogenesis (Figure 6 and Supplementary Information Figure S1). The hydrogels 

were cultured in chemically defined medium supplemented with dexamethasone, which 

is known to be osteoinductive. MC3T3-E1 cells have been reported to respond to 

dexamethasone by increased ALP activity.34,36,70 Other studies have also reported that 

dexamethasone promoted Dmp1 expression in rat mesenchymal progenitor (ROB-C26) 

cells.71 Therefore, dexamethasone may be responsible for inducing osteogenesis. In a 

follow-up study, we investigated expression of Bglap, Ibsp, and Dmp1 and protein 

expression of DMP-1 and bone sialoprotein, in MC3T3-E1 cells that were encapsulated 

in the hydrogels and cultured in chemically defined medium, but without dexamethasone. 

Interestingly, Bglap and Dmp1 were not affected by dexamethasone. This result is consistent 

with the DMP-1 protein expression, which showed that cytosolic DMP-1 remained present 

in most of the cells without dexamethasone. However, the elevated expression of Ibsp 
from day one to day seven required dexamethasone. There was a seven-fold decrease (p 

= 0.002) in Ibsp expression at day seven when dexamethasone was removed. Contrarily, 

bone sialoprotein was still detected, indicating that a sufficient level of Ibsp expression 

remained without dexamethasone. These results suggest that dexamethasone is not required 

for osteogenesis of the MC3T3-E1 cells in the hydrogels.

As MC3T3-E1 cells are known to constitutively express BMP-2 during osteogenesis, we 

treated the cells with dorsomorphin, an inhibitor of the BMP canonical pathway, which 

occurs via Smad signaling.72 Dorsomorphin treatment significantly inhibited Bglap, Ibsp, 

and Dmp1. At day seven Bglap expression decreased (p = 0.02) by 10-fold, Ibsp expression 

decreased (p = 0.004) by four-fold and Dmp1 expression decreased (p < 0.001) by 95-fold 

with the inhibitor. Qualitatively, the spatial presentation of the DMP-1 protein was distinctly 

different, where it was restricted to the nucleus with dorsomorphin. This finding is in 

agreement with the current understanding of the dual biological role of DMP-1. It has been 

reported in MC3T3-E1 cells, that DMP-1 behaves as a transcriptional regulator to initiate 

osteoblastic differentiation when localized to the nucleus; and with differentiation, DMP-1 

is transported out of the cell, where it initiates biomineralization.73 In the standard medium, 

DMP-1 is localized in the cytoplasm, indicating that the cells have matured beyond the 
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initial state of osteoblastic differentiation. This process appears to have been arrested with 

dorsomorphin. This suggests that the cells were still in the pre-osteoblastic stage at day 

seven when BMP-2 signaling is inhibited. There also appeared fewer cells staining positive 

for bone sialoprotein with the inhibitor. Taken together, these results confirm that the 

hydrogel alone is capable of supporting osteogenesis of encapsulated MC3T3-E1 through 

autocrine and paracrine BMP signaling.

Tethered BMP2 signals through the BMP canonical pathway and augments osteogenic 
response of MC3T3-E1 cells

In our final study, we sought to determine the mechanisms by which tethered BMP-2 

enhances MC3T3-E1 osteogenesis. We first teased apart the contribution of dexamethasone. 

It has been reported that the combination of BMP-2 and dexamethasone can significantly 

impact the osteogenic expression of MC3T3-E1 cells, particularly as related to their 

constitutive expression of BMP-2.74 Herein, a follow-up study was performed with the 100 

nM BMP2-SH condition. We investigated the expression of Bglap, Ibsp, Dmp1 and protein 

expression of DMP-1 and bone sialoprotein (Figure 7 and Supplementary Information 

Figure S2). Similar to our findings in the previous section, Bglap and Dmp1 were not 

affected by dexamethasone. Visually, DMP-1 protein expression was markedly lower in 

the tethered BMP-2 condition (comparing to Figure 6), showing minimal cytosolic staining 

and some positive nuclear staining, but no obvious difference without dexamethasone. The 

expression of Ibsp was once again significantly reduced in the absence of dexamethasone, 

resulting in a two-fold decrease (p = 0.02) in expression at day seven. Qualitatively, there 

were no observable differences in the extent of bone sialoprotein staining, indicating that 

differences at the gene level, were not significant enough to lead to large shifts in the protein 

distribution. Taken together, it appears that dexamethasone has a limited contribution to 

osteogenesis of MC3T3-E1 cells encapsulated in this 3D hydrogel environment, primarily 

influencing Ibsp expression.

To determine that the tethered BMP-2 is capable of signaling via its canonical pathway, 

the hydrogels with tethered BMP-2 were treated with dorsomorphin. A significant 

downregulation of Bglap, Ibsp, and Dmp1 was observed. At day seven, Bglap expression 

decreased (p < 0.001) by 68-fold, Ibsp expression decreased (p < 0.001) by 98-fold, and 

Dmp1 expression decreased (p = 0.007) by 11-fold with the inhibitor. There was similar 

DMP1 protein expression with the tethered BMP-2 (comparing to Figure 6) and the cells 

that did stain positive for DMP1, were similarly restricted to the nucleus. Bone sialoprotein 

appeared more abundant with the tethered BMP-2 (comparing to Figure 6). A decrease in 

the degree of positive staining for bone sialoprotein was evident with the inhibitor, indicating 

that tethered BMP-2 enhanced maturation of the cells. These data confirm that tethered 

BMP-2 signals to the encapsulated MC3T3-E1 cells through the BMP-2 canonical signaling 

pathway and enhances osteogenesis.

It is important to note several limitations of this study. This study was limited to a seven-day 

culture, which may not have captured the peak in ALP-activity. The MC3T3-E1 cells are 

considered a pre-osteoblast and thus already have a propensity to differentiate towards an 

osteoblast in differentiation medium. Thus, the effects of tethered BMP-2 on the initial 
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stages of osteogenesis was not examined. This may have contributed to the few observable 

differences between the soluble and tethered BMP-2 at the 4–5 nM concentrations, which 

are commonly used to induce osteogenesis of stem cells. Due to the differences when study 

2 and study 3 and 4 were performed, different lots of FBS were used to expand the cells. 

The differences in gene expression level for Ibsp is attributed to batch-to-batch variations 

of the FBS.75 Nonetheless the same trends were observed. Despite these limitations, this 

study demonstrates that tethered BMP-2 is biologically active and enhances osteogenesis. 

Future studies will investigate the response of encapsulated human mesenchymal stem cells 

to tethered BMP-2 to assess its role in initiating osteogenesis.

Conclusions

This work demonstrates that BMP-2 can be successfully thiolated by reaction with 2­

iminothiolane without loss of function and can be tethered into a PEG hydrogel via 

the photoclick thiol-norbornene reaction in a concentration-controlled manner. Moreover, 

tethered BMP-2 enhanced osteogenesis of encapsulated MC3T3-E1 cells, further supporting 

the conclusion that the growth factor maintained bioactivity and osteoinductive properties 

post-tethering. When there is no BMP-2 present in the hydrogel, encapsulated MC3T3-E1 

cells demonstrate both a greater expression of Dmp1 relative to Ibsp and an increased 

expression of DMP-1 at the protein level. In contrast, the presence of a relatively high 

concentration (40–200 nM) of immobilized BMP-2, results in an equivalent expression of 

Dmp1 and Ibsp, but with more cells expressing bone sialoprotein over DMP-1. Overall, 

the study suggests that the hydrogel environment promotes osteogenesis and maturation of 

MC3T3-E1 cells towards an osteocytic phenotype, while the inclusion of tethered BMP-2 

restricts the cells in an osteoblast differentiation state (Figure 8). Additionally, this work 

showed that dexamethasone has limited contribution to the osteogenic response, enhancing 

expression of Ibsp, but not affecting Bglap or Dmp1. Lastly, it was confirmed that tethered 

BMP-2 enhances the osteogenic response of the MC3T3-E1 cells by signaling through its 

canonical SMAD 1/5/8 pathway. Overall, this relatively simple method may provide an 

alternative approach to BMP-2 delivery for inducing osteogenesis locally while minimizing 

side effects associated with soluble delivery, warranting future in vivo studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BMP-2 bone morphogenetic protein-2

BMP2-SH 2-iminothiolane-treated bone morphogenetic protein-2

PEG poly (ethylene glycol)

MMP matrix metalloproteinase

RGD Arginylglycylaspartic acid

ECM extracellular matrix

SMAD small mothers against decapentaplegic

ELISA enzyme-linked immunosorbent assay

ALP alkaline phosphatase

Id1 inhibitor of DNA binding 1

Bglap bone gamma-carboxyglutamate protein

Ibsp integrin binding sialoprotein

Dmp1 dentin matrix acidic phosphoprotein 1
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Scheme 1. 
The formation of the BMP-2 tethered hydrogel with MC3T3-E1 cells. Hydrogels 

were formed from a precursor solution containing 8-arm PEG-norbornene, 8-arm PEG­

norbornene-BMP-2, crosslinker (PEG-dithiol or matrix- metalloproteinase (MMP)-sensitive 

crosslinker), cell adhesion peptide, and MC3T3-E1 cells. The BMP-2 characterization 

studies utilized hydrogels with the PEG-dithiol crosslinker without cells. Close-up box 

highlights the crosslinked network. Not drawn to scale.
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Scheme 2. 
(a) The addition of a free thiol to BMP-2 by reaction with 2-iminothiolane. (b) The radical­

mediated, photoclick, thiol-norbornene reaction between norbornene-functionalized PEG 

and thiol-functionalized BMP-2 (i.e., BMP2-SH). BMP-2 is tethered via a stable bond.
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Figure 1. 
An overview of the experimental design to assess the effectiveness of immobilizing BMP-2, 

via a thiol-norbornene click reaction, into PEG hydrogels. Study 1 assessed the bioactivity 

of thiolated BMP-2 in solution (study 1a) and the efficacy of tethering the functionalized 

growth factor to the PEG network (study 1b). A cell-reporter assay for SMAD 1/5/8 

signaling and a modified-ELISA were used. Study 2 assessed the effects of BMP-2 (soluble 

and tethered) (study 2a) and concentration effects of tethered BMP-2 (study 2b) on MC3T3­

E1 cells encapsulated in a PEG hydrogel and cultured in defined osteogenic medium 

(study 2a). Study 3 assessed the contribution of dexamethasone, which is present in the 

chemically defined medium (i.e., standard medium), on MC3T3-E1 cells encapsulated in 

the PEG hydrogel. The hydrogels were cultured in standard medium or standard medium 

without dexamethasone. Study 4 investigated if tethered BMP-2 signals via its receptors, that 

activates the SMAD 1/5/8 pathway, to induce the osteogenic response of the encapsulated 

cells. MC3T3-E1 cells were encapsulated in the PEG network and cultured in standard 

medium or standard medium with the inhibitor, dorsomorphin. In Studies 2–4, cell-laden 

hydrogels were cultured for up to seven days.
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Figure 2. 
(a) Fluorescence measured as a function of picomoles of fluorescently tagged-maleimide is 

used to quantify the average number of free thiols added to BMP-2 and BSA. Red notation 

on graph identifies data point related to the BMP2-SH used in this study. Data represent 

average with standard deviation error bars (n = 2). (b) Molar ratio of 2-iminothiolane to BSA 

as a function of the average number of molecules of maleimide added per macromolecule 

of BSA. Data represent average with standard deviation error bars (n = 2–4). (c) Schematic 

of the experimental system to test for biological activity of BMP2-SH as compared to naive 

BMP-2 growth factor using SMAD 1/5/8 reporter cells. Fold-induction of luminescence of 

the reporter cells as a function of concentration for naive BMP-2 and BMP2-SH relative to 

the 0 nM condition. p > 0.05 between each condition at all concentrations. Data represent 

average with standard deviation error bars; n = 3. Data were analyzed using a two-way 

ANOVA and Tukey’s post-hoc test.
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Figure 3. 
(a) Schematic of experimental design to test for efficacy of immobilizing BMP2-SH in 

hydrogel using SMAD 1/5/8 reporter cells and a modified-ELISA. Hydrogels were formed 

from a precursor solution containing no BMP-2, naive BMP-2, or BMP2-SH and then 

photopolymerized. The precursor solution contained 8-arm PEG-norbornene, PEG-dithiol, 

and photoiniator (I2959). Once formed, the hydrogels were swelled in cell-culture media 

for 24 hours to release any untethered BMP-2 or BMP2-SH. Luciferase reporter cells were 

treated with released BMP. (b) Luminescence of the reporter cells as a function of BMP-2 

and BMP2-SH released from hydrogels. Data are normalized to the no BMP-2 condition. (n 

= 4). Data were analyzed using a one-way ANOVA and a Bonferroni’s post-hoc comparison 

test.(c) Absorbance measured from a modified ELISA quantifies the presence of tethered 

BMP2-SH on the surface of the PEG hydrogel (n = 3). Data represent average with standard 

deviation error bars.
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Figure 4. 
The effects of BMP-2 presentation on osteogenesis of MC3T3-E1 cells encapsulated in 

MMP-sensitive hydrogels. (a) ALP activity normalized to DNA content as a function of 

time. (b) Relative expression of osteogenic genes normalized to no BMP-2 condition at 

day one. Data are represented as the mean with standard deviation error bars (n = 3). Data 

were analyzed by two-way ANOVA. Statistical significance determined by student’s t-test 

within a condition between days indicated by $. Statistical significance on the same day as 

determined by one-way ANOVA indicated by # for those relative to the no BMP-2 condition 

and by @ for those relative to the soluble condition. One symbol indicates p < 0.05, two 

symbols indicate p < 0.01, and three symbols indicate p < 0.0001. NSD = Not statistically 

different.
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Figure 5. 
(a) The ALP activity normalized to DNA content as a function of time. Data are represented 

as the mean with standard deviation error bars (n = 3). (b) Expression of osteogenic genes 

(Id1, Bglap, Ibsp, Dmp1) of encapsulated MC3T3-E1 cells normalized to gene expression 

of no BMP-2 condition at day one. (c) A ratio of the gene expression of Ibsp and Dmp1 of 

encapsulated MC3T3-E1. Data represented as the mean with standard deviation error bars 

(n = 3). Data were analyzed by two-way ANOVA. Statistical significance determined by 

student’s t-test within a condition between days indicated by $. Statistical significance on 

the same day as determined by one-way ANOVA indicated by # for those relative to the no 

BMP-2 condition and by @ for those relative to the 100 nM condition. One symbol indicates 

p < 0.05, two symbols indicate p < 0.01, and three symbols indicate p < 0.0001. NSD = Not 

statistically different.
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Figure 6. 
(a) Expression of osteogenic genes (Id1, Bglap, Dmp1) normalized to gene expression of 

no BMP-2 in standard medium at day one and a ratio of expression of Ibsp and Dmp1 of 

encapsulated MC3T3-E1 cells. Data are represented as the mean with standard deviation 

error bars (n=3). (b) Representative widefield fluorescent microscopy images for DMP-1 

(red) and BSP2 (green) at day seven cultured in standard medium (a-b), medium without 

dexamethasone (c-d), and medium with dorsomorphin (e-f). Nuclei are counterstained 

blue. Scale bar = 25 μm. Data were analyzed by student’s t-test. Statistical significance 

between day seven standard media and day one indicated by #. Statistical difference between 

day seven no dexamethasone and day seven standard media indicated by $. Statistical 

significance between day seven with dorsomorphin and day seven standard media indicated 

by *. One symbol indicates p < 0.05, two symbols indicate p < 0.01, and three symbols 

indicate p < 0.001.
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Figure 7. 
(a) Expression of osteogenic genes (Id1, Bglap, Dmp1) normalized to gene expression of 

no BMP-2 in standard medium at day one and a ratio of expression of Ibsp and Dmp1 of 

encapsulated MC3T3-E1 cells. Data are represented as the mean with standard deviation 

error bars (n=3). (b) Representative widefield fluorescent microscopy images for DMP-1 

(red) and BSP2 (green) at day seven cultured in standard medium (a-b), medium without 

dexamethasone (c-d), and medium with dorsomorphin (e-f). Nuclei are counterstained 

blue. Scale bar = 25 μm. Data were analyzed by student’s t-test. Statistical significance 

between day seven standard media and day one indicated by #. Statistical difference between 

day seven no dexamethasone and day seven standard media indicated by $. Statistical 

significance between day seven with dorsomorphin and day seven standard media indicated 

by *. One symbol indicates p < 0.05, two symbols indicate p < 0.01, and three symbols 

indicate p < 0.001.
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Figure 8. 
The different effects of the hydrogel environment without and with tethered BMP-2 on 

MC3T3-E1 osteogenic differentiation. The balance in expression of osteogenic markers Ibsp 
and Bglap compared to the osteocytic marker Dmp1 shows distinctly different osteogenic 

fates depending on the inclusion of tethered BMP-2. A ratio of expression of Ibsp and Dmp1 
of encapsulated MC3T3-E1 cells. Data are represented as the mean with standard deviation 

error bars (n=6). Data were analyzed by student’s t-test. Statistical significance *** indicates 

p < 0.001.
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Table 1.

Primer sequences, accession numbers, and efficiencies for genes used in this study.

Gene Forward Primer Reverse Primer Accession # Efficiency (E)

L32 CCATCTGTTTTACGGCATCATG TGAACTTCTTGGTCCTCTTTTTGA NM_172086 83%

Id1 AACGGCGAGATCAGTGCCTT CCTCAGCGACACAAGATGCGAT NM_001355113 106%

Bglap CAGACACCATGAGGAGGACCATCTT GATAGCTCGTCACAAGCAGG NM_007541 118%

Ibsp TTCGTTTGAAGTCTCCTCTTCC CTCCTCTGAAACGGTTTCCA NM_008318 94%

Dmp1 GCTTCTCTGAGATCCCTCTTCG GCGATTCCTCTACCCTCTCT NM_016779.2 97%
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Table 2.

Nomenclature and concentrations of BMP-2 used in this work.

Nomenclature BMP-2 (nM)
1

Tethered BMP-2 (nM)
2

Tethered BMP-2 (ng mL−1)
2

10 nM BMP2-SH 10 4 100

100 nM BMP2-SH 100 40 1000

500 nM BMP2-SH 500 200 5000

1
Concentration of BMP-2 used in the thiolation reaction.

2
Estimated concentration of tethered BMP-2 concentration in the gel after thiolation and immobilization based on modified ELISA, Figure 3c.
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