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Abstract

Craniosynostosis is the premature fusion of cranial sutures, which can result in progressive cranial 

deformations, increased intracranial pressure, and restricted brain growth. Most cases of 

craniosynostosis require surgical reconstruction of the cranial vault with the goal of increasing the 

intracranial volume and correcting the craniofacial deformities. However, patients often 

experience rapid post-operative bone re-growth, known as re-synostosis, which necessitates 

additional surgical intervention. Bone morphogenic protein (BMP) inhibitors have tremendous 

potential to treat re-synostosis, but the realization of a clinically viable inhibitor-based therapeutic 

requires the development of a delivery vehicle that can localize the release to the site of 

administration. Here, we present an in situ rapidly crosslinking injectable hydrogel that has the 

properties necessary to encapsulate co-administered proteins and demonstrate that the delivery of 

rmGremlin1 via our hydrogel system delays bone re-growth in a weanling mouse model of re-

synostosis. Our hydrogel is composed of two mutually reactive poly(ethylene glycol) 

macromolecules, which when mixed crosslink via a bio-orthogonal Cu free click reaction. 

Hydrogels containing Gremlin caused a dose-dependent inhibition of bone regrowth. In addition to 
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craniofacial applications, our injectable click hydrogel has the potential to provide customizable 

protein, small molecule, and cell delivery to any site accessible via needle or catheter.

Keywords

Bone ingrowth; Hydrogel; BMP (bone morphogenetic protein); Craniosynostosis; Re-synostosis

1. Introduction

Craniosynostosis is the pathologic premature fusion of the cranial sutures early in 

development, affecting nearly 1 in 2000 children [1–4]. If left untreated, craniosynostosis 

can result in progressive craniofacial deformities, restricted brain growth, and an increase in 

intracranial pressure (ICP), which may cause central nervous system complications such as 

blindness, deafness, seizures, and in extreme cases death [5–9]. The standard treatment for 

most cases of craniosynostosis is complex cranial vault reconstruction, wherein surgeons 

remove the majority of the calvaria and reshape the bones to increase the intracranial 

volume and correct the craniofacial deformities. In up to 10–40% of children, bone rapidly 

re-grows following surgery, resulting in a condition called re-synostosis [10,11]. This re-

synostosis can result in a subsequent increase in intracranial pressure and other nervous 

system complications. These patients frequently undergo subsequent cranial vault 

reconstructions, which are associated with a high incidence of life threatening complications 

including meningitis, encephalitis, and intracranial hemorrhage [12,13]. Despite the 

frequency and severity associated with the treatment of re-synostosis, there are no clinically 

viable therapies to control or prevent rapid post-operative cranial fusion.

The earliest treatment for re-synostosis involved placing a variety of physical barriers in the 

spaces created during surgery. These procedures were abandoned because these materials 

resulted in an increase in infections with no substantial delay in bone growth [14]. As a 

result, any therapy designed to delay re-synostosis must target the biological processes that 

are responsible for rapid bone formation. Prior work with both rabbit and adult murine 

models has attempted to prevent post-operative bone growth [15–18]. These methods have 

primarily used collagen-based vehicles or ex-vivo based therapies to control the post-

operative bone growth.

One of the major challenges when delivering any biologically active molecule is rapid 

diffusion away from the sight of administration. This makes it impossible to sustain 

therapeutic concentrations of the active molecules via bolus injection within the defects 

created during cranial vault surgery. Given their ability to conform to the shape of tissue 

defects and localize the continuous release of proteins to the site of administration, 

injectable in situ crosslinking hydrogels are ideal platforms for the sustained delivery of 

biologically active molecules. Injectable hydrogels are composed of mutually reactive 

soluble precursors that react in situ to form insoluble networks. In addition, due to their high 

water content, hydrogels are well suited for the delivery of proteins and other biomolecules 

that can be denatured upon contact with hydrophobic surfaces [19].
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Traditional gelation chemistries that are based on free radical polymerization, Michael 

addition, or amide bond formation, are either too slow to encapsulate co-delivered proteins 

before they diffuse away from the site of administration, or use initiators and precursors that 

react with cellular components and can be toxic to neuronal and skeletal tissues [20–26]. 

“Click chemistry” and other bio-orthogonal gelation mechanisms have great promise for in 

situ hydrogel formation, due to their rapid polymerization kinetics and low reactivity with 

cellular components. However, the development of catalyst-free click chemistry-based 

gelation mechanisms for protein release in vivo remains a major challenge. Thus, there is 

great interest in developing new injectable hydrogels based on click chemistry that can 

deliver proteins in vivo [27,28].

Bone morphogenetic protein (BMP) antagonists are attractive therapeutic proteins for 

controlling the rate of bone growth as they are normally secreted extracellularly to control 

the activity of BMP [29,30]. BMP is produced by osteoblast-lineage cells and acts in an 

autocrine/paracrine manner to stimulate bone formation. Activity of BMP is tightly 

controlled in vivo via a complex set of regulatory strategies involving availability of 

inhibitors, receptor subunits, and intracellular signaling mediators. Endogenous BMP 

inhibitors are secreted extracellularly and function by binding to the target BMP molecule 

and in turn preventing BMP receptor activation. BMP-inhibitors are differentially expressed 

during the rapid bone growth that occurs following the surgical removal of the posterior 

frontal suture in weanling mice [31]. One of these inhibitors, Gremlin is an attractive BMP 

inhibitor for use in delaying re-synostosis as it is up regulated prior to the BMP2 and BMP4 

mediated mineralization seen in a weanling murine model of re-synostosis [31]. In contrast, 

the widely studied antagonist Noggin was upregulated following the completion of 

mineralization of the cranial defect [15,16,31,32]. As a result, we hypothesized that Gremlin 

would be a more effective inhibitor as it was involved in the cartilage to mineralized tissue 

transition early in defect healing.

Here, we present a bio-orthogonal injectable hydrogel that is designed to crosslink to 

completion in less than two minutes and should thus have the gelation kinetics needed for in 

situ encapsulation and subsequent delivery of the BMP inhibitor rmGremlin1. In order to 

achieve such rapid network formation, we synthesized multivalent poly(ethylene glycol) 

precursors (Figure 1A, 1 & 2) that form an insoluble network upon mixing (Figure 1A, 3) 

via the ring-strain promoted Cu-free click reaction between dibenzylcyclooctynes (DBCO) 

and azides. Our hydrogel system also contains ester linkages to ensure that the system is 

ultimately degraded and excreted, which we anticipate will happen on the timescale of 

weeks. We selected the DBCO-azide reaction for in situ gelation because it is two orders of 

magnitude faster than previously reported click-based gelation mechanisms, proceeds under 

physiological conditions, and is non-toxic to cells [33]. Using a cranial defect over the 

posterior frontal suture of weanling mice, we investigated the ability of our hydrogel system 

to release therapeutic concentrations of active Gremlin1 by examining the effects of 

sustained release of the protein over 14 days on inhibition of the rapid post-operative bone 

growth that occurs with this model.
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2. Materials and Methods

2.1 Synthesis of tetraethylene glycol methacrylate (TEGMA)

Tetraethylene glycol (5.0g, 25.7 mmol), and pyridine (2.0 g, 25.3 mmol) were added to 

anhydrous dichloromethane (DCM) (100 ml) in a 250 ml flask and stirred for 30 min at 0°C. 

Methacryloyl chloride (2.6 g, 25 mmol) was added drop-wise to the stirred solution. The 

reaction was allowed to stir at 0°C for 2 h, and then at room temperature (rt) for an 

additional 2 h. The reaction was then concentrated via rotary evaporation, re-suspended in 

ethyl acetate, and finally evaporated onto silica gel. The mono methacrylate product was 

separated from the di-methacrylate byproduct and starting material via flash silica gel 

chromatography on silica gel using a mixture of ethyl acetate and hexanes (7:3). 1H NMR 

(300 MHz, CDCl3) δ 2.01 (t, J = 6.0 Hz, 3H, CH3), 2.82(t, J = 6.0 Hz, 1H, OH), 3.49–3.65 

(m, 16H, 8 × CH2), 6.48 (m, 2H, CH2=C); 13C NMR (75.5 MHz, CDCl3) δ 167.32 (C=O), 

δ 136.0 (C=CH2), 125.87 (CH2=C), 61.51 (CH2OH), 69.91 (CH2), 70.21 (CH2), 70.46 

(CH2), 70.52 (CH2), 70.56 (CH2), 72.43 (CH2), 39.23 (C), 17.83 (CH3).

2.2 Synthesis of tetraethylene glycol mono 4-methylbenzenesulfonate

Tetraethylene glycol (5.0g, 25.7 mmol) and pyridine (2.0 g, 25.3 mmol) were added to 

anhydrous dichloromethane (100 ml) in a 250 ml flask and stirred for 30 min at 0°C. A 

solution of 4-toluenesulfonylchloride (4.75, 20 mmol) in 30 ml DCM was added drop-wise 

via syringe pump to the flask. The reaction mixture was then stirred for 2 h at 0°C, then 

another 4 hours at rt. The reaction mixture was then poured into ice water and the organic 

layer was separated then washed 2X with brine and dried over MgSO4 before being 

concentrated via rotary evaporation. The crude product was then re-suspended in ethyl 

acetate and evaporated onto silica gel. The mono tosylated product was separated from the 

di-tosylated byproduct and starting material via flash silica gel chromatography using a 

mixture of ethyl acetate and hexanes (6:4). 1H NMR (300 MHz, CDCl3) δ 2.33 (s, 3H, 

CH3), 2.89 (t, J = 6.0 Hz, 1H, OH), 3.42–3.70 (m, 14H, 7×CH2), 4.00–4.12 (m, 2H, 

CH2OTs), 7.24 (d, J = 8.0 Hz,2H, 2×Hm), 7.68 (d, J = 8.0 Hz, 2H, 2×Ho); 13C NMR (75.5 

MHz, CDCl3) δ 21.41 (CH3), 61.40 (CH2OH), 68.44 (CH2OTs), 69.17 (CH2), 70.10 

(CH2), 70.22 (CH2), 70.41 (CH2), 70.46 (CH2),72.34 (CH2), 127.73 (2×CHo), 129.68 

(2×CHm), 132.76 (C), 144.68 (C).

2.3 Synthesis of tetraethylene glycol mono azide

Sodium azide (2.0 g, 30.76 mmol) was added to a solution of tetraethylene glycol mono 4-

methylbenzenesulfonate (2.0 g, 5.74 mmol) in dimethylformamide (100 mL) at room 

temperature. The reaction mixture was stirred overnight at 90 °C. The reaction was then 

filtered and concentrated via rotary evaporation. The crude product was added to cold water 

and extracted with ethyl acetate (4×100 mL). The combined organic layers were then dried 

over MgSO4 and concentrated under vacuum. The viscous liquid was then purified by flash 

column chromatography on silica gel using a mixture of ethyl acetate and hexanes (6:4) to 

yield the desired product as a colorless oil (1.63 g, 81%): 1H NMR (300 MHz, CDCl3) δ 

2.91 (t, J = 6.0 Hz, 1H, OH), 3.30 (t, J = 5.0 Hz, 2H, CH2N3), 3.49–3.65 (m, 14H, 7×CH2); 

13C NMR (75.5 MHz, CDCl3) δ 50.54 (CH2N3), 61.51 (CH2OH), 69.91 (CH2), 70.21 

(CH2), 70.46 (CH2), 70.52 (CH2), 70.56 (CH2), 72.43 (CH2).
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2.4 Synthesis of azido tetraethylene glycol methacrylate (ATEGMA)

Tetraethylene glycol mono azide (2.0g, 9.13 mmol) and pyridine (2.0 g, 25.3 mmol) were 

added to anhydrous dichloromethane (DCM) (100 ml) in a 250 ml flask and stirred for 30 

min at 0°C. Methacryloyl chloride (2.6 g, 25 mmol) was added drop-wise to the stirred 

solution. The reaction was allowed to stir at 0°C for 2 h, and then at room temperature for an 

additional 2 h. The reaction was then concentrated via rotary evaporation, re-suspended in 

ethyl acetate, and finally evaporated onto silica gel. The mono methacrylate product was 

separated from the starting material via flash silica gel chromatography on silica gel using a 

mixture of ethyl acetate and hexanes (4:6 v/v). 1H NMR (300 MHz, CDCl3) δ 2.01 (t, J = 

6.0 Hz, 3H, CH3), 2.91 (t, J = 6.0 Hz, 1H, OH), 3.30 (t, J = 5.0 Hz, 2H, CH2N3), 3.49–3.65 

(m, 14H, 7 × CH2), 6.48 (m, 2H, CH2=C); 13C NMR (75.5 MHz, CDCl3) δ 167.32 (C=O), 

136.0 (C=CH2), 125.87 (CH2=C), 50.54 (CH2N3), 61.51 (CH2OH), 69.91 (CH2), 70.21 

(CH2), 70.46 (CH2), 70.52 (CH2), 70.56 (CH2), 72.43 (CH2), 39.23 (C), 17.83 (CH3).

2.4 Synthesis of poly [tetraethylene glycol methacrylate)-co-(azidotetraethylene glycol 
methacrylate)] (PEG-N3) (1)

Tetraethylene glycol methacrylate (0.9 g, 3.43 mmol) and azido tetraethylene glycol 

methacrylate (0.28g, 1.0 mmol), benzothioylsulfanyl acetic acid (6.27 mg, 0.03 mmol), and 

azobisisobutyronitrile (AIBN, 0.5 mg, 0.003 mmol) were combined in dimethylformamide 

(1.5 ml). The reaction flask was degassed via four freeze-pump-thaw cycles, and then 

immersed in an oil bath and stirred at 70°C. After 20 h, the reaction was terminated by flash 

freezing in liquid nitrogen. The reaction product was added to dichloromethane (DCM) (5 

ml) and then precipitated via the addition of methanol (25ml). The supernatant was decanted 

and the precipitated polymer was subjected to three more rounds of resuspension and 

precipitation before being concentrated under reduced pressure. The purified polymer was 

analyzed for weight by gel permutation chromatography (tetrahydrofuran) and the structure 

and purity were verified by 1H NMR (deuterated chloroform) to have a molecular weight of 

Mw ~ 24 kDa, Mn ~ 18 kDa (Supplementary Figure 1).

2.5 Synthesis of 4-dibenzocyclooctynol PEG conjugate (PEG-DBCO) (2)

To a stirred solution of poly(ethylene glycol) bis(amine)3400 (340 mg, 0.1 mmol) and NEt3 

(40 mg, 0.4 mmol) in DCM (15 mL) was added benzyl-2-nitro-carbonate functionalized 

DBCO (90 mg, 0.23 mmol) under an atmosphere of argon. The reaction mixture was kept 

stirring overnight at ambient temperature, and the solvent was removed under reduced 

pressure. The residue was dissolved in DCM (30 mL), and washed with water (5 mL) and 

brine (5 mL). The organic phase was dried over Na2SO4, filtered, and evaporated to dryness 

under reduced pressure. The residue was purified by flash column chromatography on silica 

gel (DCM/CH3OH, 15/1) to afford (2) (0.31g, 81.3%) and analyzed by H-NMR. 1H NMR 

(400 MHz, CDCl3) δ (ppm) 3.13-3.03 (m, 4H, CH2CHO), 3.50–3.75 (m, 300H, 150 PEG 

CH2), 5.42–5.61 (m, 2H, OCHCH2), 7.21–7.46 (m, 16H, aromatic); and 13C NMR (100 

MHz, CDCl3) δ (ppm) 40.83(CH2CH), 46.08 (CH-O), 69.88 (CH2), 70.19 (CH2), 70.46 

(CH2), 76.58 (CH2), 77.50 (CH2), 109.91 (alkyne), 112.78 (alkyne), 121.12 (aromatic), 

123.68 (aromatic), 123.73 (aromatic), 125.78 (aromatic), 126.07 (aromatic), 126.94 
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(aromatic), 127.85 (aromatic), 127.96 (aromatic), 129.85 (aromatic), 150.92 (aromatic), 

152.12 (C=O), 155.41(C=O).

2.6 In vitro hydrogel testing

All in vitro experiments were performed under aseptic conditions. Aqueous stock solutions 

of PEG-DBCO (12.5%, 6.25%, 4.85%, 3.13%, 1.56%; w:v) and PEG-N3 (50%; w:v) were 

prepared by sonicating the polymers in PBS at room temperature. Two parts PEG-DBCO 

and 1 part PEG-N3 were incubated on ice until mixing by pipetting and injected in to a 

modified syringe mold. The gels were then incubated at 37 °C in 1 mL of PBS with 10% 

FBS until testing. Unconstrained compression testing was performed with the samples 

immersed in PBS, a 0.1 ± 0.01 N preload, a displacement of 3 mm, and a 2 mm/s 

compression velocity (Bose EnduraTEC 3100, Bose Corporation, Eden Prairie, Minnesota). 

GST was fluorescently labeled with Alexa Fluor 647 carboxylic acid, succinimidyl ester 

using the manufactures protocol, purified with a PD 10 column, lyophilized overnight, and 

re-suspended in sterile PBS. Aliquots were diluted 1:5 v/v in sterile PBS and quantified by 

fluorometry. The biological activity of rmGremlin1 delivered from the 12.5% w:v hydrogel 

was performed by incubating gels containing 100 ng rmGremlin1 or 4 nM HCl vehicle were 

incubated at 37 °C for 7 days in DMEM. Serum and 100 ng/mL rhBMP2 or vehicle were 

added to incubated medium and added to MG63 cells at 80% confluence. After 24 hours, 

cells were harvested and alkaline phosphatase activity was measured in cell layer lysates as 

previously described [34].

2.7 In vivo testing

All calvarial defects were created in post-natal day 21 male C57Bl/6J mice. Under 28X 

magnification a 1.5 mm by 2.5 mm defect was made by removing the posterior frontal 

suture using a piezoelectric instrument under constant irrigation with sterile PBS as 

previously described [31]. The defects were left empty or injected with 2 μL of the 12.5% 

hydrogel with the appropriate concentration of rmGremlin1 or GST-647. The ratios and 

mixing were performed as described above and the polymerization was verified after 20 

seconds with a blunt 25G needle. All mice were randomized to both treatment group and 

post-operative time point with all analysis conducted by a blinded reviewer. Fluorescence 

release from mice containing hydrogel + GST-647 or PEG-N3 + GST-647 was assessed in 

anesthetized animals on post-operative days 0, 2, 5, and 14 (IVIS Lumina II) (2 groups, 

n=5). Total fluorescent counts over the entire head and in a 1.5 mm by 2.5 mm area were 

determined using the same display scales.

The effect of rmGremlin1 delivered from the hydrogel was assessed by creating the cranial 

defects described above. Defects were randomized to contain 2 μL of: empty defect, 

hydrogel only, hydrogel + 300 ng rmGremlin1, hydrogel + 500 ng rmGremlin1, and the 

unpolymerized PEG-N3 + 500 ng rmGremlin1 (5 groups, n=10). On post-op days 5 and 14, 

mice were euthanized and imaged with μCT with a voxel size of 31 μm (VivaCT 40, Scanco 

Medical, Basel, Switzerland). The extent of bone regeneration in the defect was assessed 

using our advanced segmentation algorithm described and validated previously [31,35]. 

Histological assessment was performed by hematoxylin and eosin (H&E) staining of 

decalcified 7 μm axial sections in the middle of the defect and analyzed by light microscopy.
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2.8 Histomorphometric analysis

After imaging with μCT the samples were thawed and the brain was removed taking care not 

to damage the defect. The samples were fixed in 10% neutral buffered formalin, changing 

the solution after 24 hours. The skulls were decalcified using 10% EDTA changing the 

solution every 48–72 hours for a period of approximately 3 weeks. Complete de-

calcification was verified on a plain x-ray. Under 4x magnification the center of the defect 

was visualized and a coronal cut was made through the center of the defect. The samples 

were dehydrated with ethanol and embedded in paraffin. Sections 7 μm in thickness were 

made and stained with H&E using standard protocols. The samples were imaged at 10x 

magnification and the bone was manually segmented by a blinded reviewer. The average 

defect width and average thickness of the bones were calculated (Matlab).

2.8 Statistical analysis

All data are represented as the mean ± standard error of the mean. The sample size for all in 

vivo and in vitro experiments was determined by a prospective power analysis based on 

previously reported data. All cell culture experiments were performed with six independent 

cultures (n=6) and repeated two times. All in vivo experiments were performed in 5 mice 

per group per time point (n=5). The normality of the data was verified by the D’Agistino-

Pearson omnibus normality test. For all in vitro experiments, a one way ANOVA was 

performed and where appropriate significance among groups was determined by a multiple 

comparison test with Bonferroni adjustments. For all in vivo experiments a two way 

ANOVA was performed and as expected there a significant (P<0.001) effect of treatment 

group, time, and interaction for all analysis. Since interactions were found significant, main 

effect significance was tested by either a conditional one way ANOVA with Bonferroni 

multiple comparison post-test or an un-paired two-sided t-test not assuming equal variance. 

Statistical significance for all experiments was declared when the p-value was less than 0.05.

All procedures were approved by the Georgia Tech Institutional Animal Care and Use 

Committee in accordance with the guide for the Care and Use of Laboratory Animals.

3. Results

3.1 Hydrogel polymerization kinetics and mechanical testing

To generate a water-soluble non-fouling multivalent azide functionalized polymer, we 

synthesized PEG-N3 (Figure 1A, 1) from azide functionalized and non-functionalized PEG 

methacrylate monomers via reversible addition-fragmentation chain transfer (RAFT) 

polymerization, which affords tight control of azide functionality. The synthetic strategy 

presented here generates polymers with molecular weights (MN) of approximately 25,000 

Da and average azide functionality per polymer of 13 (Supplemental Figure S1). The 

difunctionalized PEG-DBCO crosslinker (Figure 1A, 2) was synthesized by reacting bis-

amino-PEG with excess benzyl-2-nitro-carbonate functionalized DBCO. Dynamic time 

sweep rheological experiments were conducted on gels formed in the presence of serum to 

monitor network formation kinetics. Upon mixing, hydrogels containing 12.5% PEG-N3 and 

4% PEG-DBCO underwent gelation in less than 30 seconds (i.e. G′= G″) and were 

completely crosslinked in under 90 seconds (Figure 1B). This rapid polymerization permits 

Hermann et al. Page 7

Biomaterials. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



rapid encapsulation and sequestration of co-delivered proteins before they can diffuse away 

from the site of administration.

One of the advantages of synthetic hydrogels is that the mechanical properties can be 

tailored to match different tissue types, allowing for better incorporation of the material. 

Varying the relative concentration of PEG-DBCO prior to polymerization enabled the 

formation of gels with highly customizable mechanical properties. To generate gels for in 

vitro evaluation, PBS solutions containing either PEG-DBCO (50%; w:v) or PEG-N3 

(12.5%, 6.25%, 4.85%, 3.13%, 1.56%; w:v) were mixed via pipette in a cylindrical form. As 

with most hydrogels, our gel displayed a highly non-linear behavior in response to 

compression [36]. A neo-Hookean hyperelastic model assuming incompressibility and 

isotropy was used to fit the non-linear stress-strain response of our gels (Supplemental 

Figure S2). The neo-Hookean coefficient (C1) was calculated in terms of the stretch ratio 

(λ)and the engineering stress in the axial direction . Unconstrained 

compression testing showed that increasing the concentration of PEG-DBCO resulted in an 

increase in the mechanical properties of the hydrogel (Figure 2A). At the lowest 

concentration, the neo-Hookean coefficient was less than 0.3. It increased to approximately 

2 for the mid concentrations, and then finally peaked at over 5 for the 12.5% PEG-DBCO. 

For 12.5% gels, this corresponded to a Young’s modulus of approximately 32 kPA. 

Hydrogels with concentrations less than 1.5% or greater than 12.5% did not polymerize 

(data not shown).

3.2 In vitro release kinetics from hydrogel

One of the most important aspects of delivery matrices is the ability to tailor the release 

kinetics of therapeutic factors based on the intended application. Varying the PEG-DBCO 

concentration from 3.13–12.5% in the gel enables substantial variation in protein release 

rate. To assess protein release kinetics, Alexa Fluor tagged glutathione s-transferase 

(GST-647) was added to the PEG-DBCO solution prior to polymerization. This protein has 

a molecular weight similar to the Gremlin1 dimer. To mimic the conditions at the treatment 

site, in vitro release kinetics were assessed by incubating hydrogels containing GST-647 for 

up to two weeks in sterile PBS containing 10% FBS at 37°C. Our results demonstrated that 

the GST-647 release rate from the hydrogel was inversely proportional to the crosslink 

density of the gel (Figure 2B). For example, hydrogels formulated with less crosslinker had 

a more rapid and non-linear release of incorporated proteins with the 3.1% gel releasing 

nearly 75% of the protein after only 1 day. In contrast, gels composed of 12.5% crosslinker 

had a nearly linear release profile out to 14 days. The compressive moduli of the hydrogels 

were retained for 3 days of incubation, before gradually decreasing for the remaining time 

points (Figure 2C).

3.3 Biological activity of co-administered proteins released from hydrogel

Gremlin1 mRNA is upregulated during cranial defect healing coincident with increased 

expression of Bmp2 and Bmp4, suggesting it plays a specific role in regulating bone 

formation at this time [31]. Gremlin1 is an extracellular BMP inhibitor that has a high 

affinity for BMP2 and BMP4 and blocks their action by preventing these proteins from 

binding their receptors, thereby inhibiting their differentiation into osteoblasts [37]. For this 
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reason, we hypothesized that the controlled release of Gremlin1 following suturectomy 

would delay post-operative re-synostosis. To verify that Gremlin1 retains its biological 

activity following in situ polymerization and subsequent release, we assessed the ability of 

rmGremlin1 released from the hydrogel to block the action of rhBMP2 in vitro. Delivery of 

rmGremlin1 in the hydrogel blocked the stimulatory effects of rhBMP2 on osteoblastic 

differentiation of pre-osteoblast MG63 cells, using alkaline phosphatase specific activity of 

the cultures as an outcome measure [38,39]. The use of rhBMP2 and MG63 cells was based 

on the manufacturer’s assay to verify the activity of rmGremlin1. Preliminary dose response 

experiments showed that 100 ng/mL rmGremlin1 was able to block the stimulatory effect of 

a 24h treatment with 100 ng/mL rhBMP2 on alkaline phosphatase activity (Supplemental 

Figure S3). Moreover, rmGremlin1 retained biological activity over time when delivered via 

the hydrogels. Hydrogels containing 100 ng/mL rmGremlin1 or the rmGremlin1 carrier (i.e. 

4mM HCl) were incubated in medium for 7 days to achieve release of incorporated proteins. 

MG63 cells treated with rhBMP2 alone or with rhBMP2 plus the hydrogel with carrier 

caused the expected increase in alkaline phosphatase compared to control cultures and 

cultures grown with the hydrogel alone. Addition of rmGremlin1 directly to the rhBMP-2 

treated cultures or delivered in the polymerized hydrogel blocked the stimulatory effect of 

rhBMP2 (Figure 2D). These results demonstrate that co-administered biologically active 

proteins can be delivered with the hydrogel and retain their biological activity when 

polymerized in the hydrogel.

3.4 In vivo release kinetics and performance of hydrogel

Given the ability of our hydrogel to encapsulate and release biologically active proteins, we 

assessed its ability to localize the continuous release of proteins within the weanling murine 

cranial defect following in situ polymerization. The cranial defect model involves removing 

the posterior frontal suture in a 21-day-old C57Bl/6 mouse [31]. Following creation of the 

defect, mice were randomized into two treatment groups. Mice received either an injection 

of a solution containing PEG-N3, GST-647, and PEG-DBCO (i.e. polymerized gel) or a 

solution containing PEG-N3 and GST-647 (i.e. unpolymerized gel). The gels have a low 

viscosity prior to polymerization and visual inspection revealed that the solution was able to 

fill the entire defect before crosslinking into a stable gel. Our results demonstrate that the 

crosslinked hydrogel was able to retain the fluorescent signal in the defect site and provide 

controlled release for up to 14 days (Figs. 3A–D). In contrast, the fluorescent signal in 

animals containing the un-polymerized PEG-N3 showed that the protein diffused out of the 

defect as early as 2 days post-op and there was essentially no signal seen on days 5 and 14 

post-op (Figs. 3E–H). Quantification of the total fluorescent signal over the head of the 

animals showed no differences at 0 and 2 days, but there was less total fluorescent signal in 

the PEG-N3 mice for the later time points on post-op days 5 and 14, indicating that the 

hydrogel provided a more controlled release of the incorporated protein (Figure 3I). 

Additionally, the ratio between the signal contained within the defect to the total signal 

detected at each time point was approximately 1 for the mice treated with the hydrogel, 

indicating that essentially all of the fluorescent protein was localized to the defects 

containing the hydrogel (Figure 3J). Defects containing just the un-polymerized PEG-N3 

started out having a ratio of approximately 1, but this more than doubled at later time points 

indicating that the protein continued to diffuse away from the defect site.
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To determine the effect of the hydrogel alone on bone regeneration, the extent of bone 

regeneration in the defects of mice treated with empty hydrogel was compared to bone 

regeneration in the defects of mice that received no treatment. The extent of bone 

regeneration was imaged by micro-computed tomography (μCT) on post-operative days 2, 5, 

and 14, and was quantified using advanced image processing algorithms [35]. We 

previously developed and validated these algorithms in order to segment bones of varying 

and heterogeneous mineral content, which are seen in the healing of this pediatric specific 

model of re-synostosis. There was a minor reduction of bone within the defect in mice 

treated with the hydrogel alone (Supplemental Figure S4). By 14 days post-op, there were 

no differences in either the average defect width or the volume of bone in the defect 

compared to empty defects. This indicates that our hydrogel has a space occupying effect 

early, but in vivo the empty gel has no long-term effect on bone regrowth. These results 

demonstrate that the gel is non-toxic to the cells responsible for bone regeneration and the 

hydrogel alone does not have a long-term effect on bone regeneration.

3.5 Effectiveness of hydrogel to deliver rmGremlin1 to delay re-synostosis

To address the clinical need in children who undergo surgical intervention for 

craniosynostosis, we used our click hydrogel to deliver the BMP inhibitor rmGremlin1 to 

delay the post-operative bone growth that occurs without any intervention in our weanling 

mouse model. Cranial defects were created over the posterior frontal suture in 21-day-old 

male mice and randomized to both the post-operative time point and treatment groups: 

empty defect, hydrogel + carrier (4 mM HCl), hydrogel + 300 ng rmGremlin1, hydrogel + 

500 ng rmGremlin1, and un-polymerized PEG-N3 + 500 ng rmGremlin1. Mice were 

euthanized and imaged with μCT and histology on post-op days 5 and 14. Empty defects 

contained a thick trabeculated structure by 14 days post-op, which was visible on both the 

μCT and histological images. This defect was nearly completely bridged as seen with the 3D 

rendering, similar to what has been observed previously in this animal model (Figs. 4A–C) 

[31]. The defects containing the hydrogel exhibited the same thick trabeculated structure, 

but complete bridging was not evident along the midline (Figs. 4D–F). The 3D rendering 

showed that this small gap occurred in only a very small region and the majority of the 

defect was healed (Figure 4D). Histology of the site showed disorganized fibrous connective 

tissue between the bones of the defect (Figure 4F). Inclusion of rmGremlin1 in the hydrogel 

resulted in a dose dependent decrease in the amount of bone present in the defect (Figs. 4G–

L). None of the animals in these groups displayed bridging of the defect and histology 

showed more fibrous connective tissue was present (Figs. 4I, L). Additionally, the 2D μCT 

images showed a lack of the thick trabecular structure noted above (Figure 4H, K). Defects 

containing the un-polymerized PEG-N3 also had nearly completed bridging of the defect 

and contained the thick trabecular structure observed in the empty defects on post-op day 14 

(Figs. 4M–O), indicating that the highest dose of rmGremlin1 did not have an effect on 

defect healing in the absence of a cross-linked gel.

These observations were supported by quantitative analysis of the μCT images using our 

advanced segmentation algorithms described above. On post-op day 5, there was a decrease 

in the width of untreated defects and a slight decrease in the distance between bones for the 

hydrogel + carrier group. However, for both of the groups containing rmGremlin1, there was 
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no decrease from the initial 1.5 mm wide defect (Figure 5A). At 14 days post-op, the 

distance between bones in the hydrogel + carrier and hydrogel + 300 ng rhGremlin1 

treatment groups decreased, but there was no change in defect width in sites treated with the 

hydrogel + 500 ng rmGremlin1, indicating that the effects of rmGremlin1 were dose 

dependent (Figure 5A). As seen previously, the empty defects were bridged early as no 

changes in distance between bones were observed between 5 and 14 days post-op [31]. 

Histomorphometric analysis of coronal sections cut through the center of the defect showed 

significantly wider defects at 14 days postop in the hydrogel + 500 ng rhGremlin1, but other 

differences were not present as the variability associated with the non-serial 

histomorphometry was greater as this only examined one section of the middle of the defect 

(Supplemental Figure S5). Cross-linking of the gel was necessary to retain rmGremlin1 at 

the site. PEG-N3 + 500ng rmGremlin1 had no impact on bone formation, as there were no 

differences at either time point between this group and the empty defect (Figure 5A). There 

were no differences among any of the groups on post-operative day 5 in the defect thickness, 

defect mineral content, and defect bone volume, as this time point is before the defect 

undergoes the mineralization that is part of normal defect healing (Figs. 5B–D). However, 

defect mineral content and bone volume were decreased in a dose-dependent manner on day 

14 when rmGremlin1 was delivered in the crosslinked hydrogel. Both parameters increased 

on day 14 in the empty defects, in defects treated with hydrogel + carrier, and in defects 

treated with PEG-N3 + 500 ng rmGremlin1 (Figs. 5C–D). Additionally, there were no 

changes in any of the parameters between days 5 and 14 in sites treated with hydrogel + 500 

ng rmGremlin1, indicating that no significant bone growth had occurred.

3.6 Long term performance of hydrogel to delay re-synostosis

The ultimate goal for any treatment of re-synostosis is to slow down, but not completely 

prevent the rapid post-operative bone growth that is commonly seen in children with 

craniosynostosis. To investigate the long-term effect of our hydrogel the same posterior 

frontal defect was created in 21-day-old male mice. The mice were randomized to receive an 

empty defect, hydrogel + carrier, hydrogel + 500 ng rmGremlin1. The mice were 

randomized for euthanasia at either 14 or 28 days and the extent of bone regeneration was 

assessed by μCT and histology. Similarly to what was seen above, the algorithm results 

showed that the average defect width was lower in the Empty and Hydrogel + Carrier groups 

and the defect width for the Hydrogel + 500 ng group did not change from the initial 1.5 mm 

(Figure 6A). By 28 days, the defect width decreased in the Hydrogel + 500 ng group and 

there were no differences among the groups by this later time point (Figure 6A). The 

average defect thickness was less in the Hydrogel + 500 ng group than the Empty defects at 

14 days post-op, but there were no differences seen by 28 days post-op (Figure 6B). Both 

the defect mineral content and bone volume were lower in the Hydrogel + 500 ng group, as 

compared to both other groups, 14 days post-op (Figure 6C–D). By 28 days post-op, both 

parameters increased in the Hydrogel - 500 ng groups and there were no differences among 

any of the groups (Figure 6C–D). Similar differences among the groups were seen with the 

histomorphometric analysis for both the average defect width and average defect thickness.
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4. Discussion

Our results clearly demonstrate that our click-hydrogel permits rapid in situ polymerization 

for controlled delivery of biologically active therapeutic proteins. Polymerization of PEG-

N3 and the PEG-DBCO to form hydrogels resulted in very rapid crosslinking that occurred 

spontaneously via a bio-orthogonal click-based gelation mechanism that is unreactive to co-

administered proteins and the surrounding tissues. The polymerization for all applications 

resulted in a fully cross-linked hydrogel in less than 90 seconds, which is almost two orders 

of magnitude faster than previously described click-based hydrogels [20]. Another major 

advantage of our click hydrogel is the ability to tailor the properties of the gel easily without 

modifying the chemistry of the components. This tremendous flexibility allows us to tailor 

the mechanical properties and release rate of the hydrogel making it suitable for numerous 

application. For our application, we were able to select a composition that was able to 

provide a controlled release of Gremlin1, for up to 14 days, which in turn was able to delay, 

but not prevent, the rate of postoperative bone growth.

The rapid spontaneous polymerization that is possible with our chemistry has the potential to 

deliver incorporated factors to any site that can be reachable with a needle. UV 

photopolymerization is perhaps the most widely used method to rapid form gels in situ. 

While this produces rapidly crosslinking gels, the toxicity associated with the UV radiation 

would be prohibitively toxic for the treatment for craniosynostosis, as any therapeutic 

polymer would have to be delivered directly onto the child’s dura. This is of upmost concern 

on the developing brain because UV radiation is commonly used as a method to induce 

neuron apoptosis. Aside from the potential toxicity associated with UV radiation, the 

polymerization of these materials is further limited because the components must be 

exposed to the UV source in order to undergo polymerization. As a result, these materials 

cannot be delivered to deep tissues without performing an invasive surgical procedure. 

Another advantage of our bio-orthogonal click hydrogel is that the gel reactions that occur 

during polymerization should not interfere with any co-administered therapeutics or with the 

surrounding tissues. This was seen with the incorporated proteins retained their biological 

activity following in situ polymerization both in vitro and in vivo.

This is the first use of rmGremlin1 to delay the rapid bone growth that is seen in pediatric 

patients following cranial vault surgery. The hydrogel with rmGremlin1 was able to achieve 

a dose dependent inhibition in the rate of bone growth. The results from the long-term study 

demonstrated that the bone was able to regenerate partially by 28 days post-op. This 

demonstrates that our therapy was able to delay, but not completely prevent the rapid re-

synostosis that is seen with the weanling murine model. Previous work in an adult murine 

cranial defect demonstrated that cells transfected to overexpress the BMP antagonist Noggin 

demonstrated some inhibition in the regeneration of bone in the defect [16]. The major 

drawback to this model is that adult animals do not experience rapid bone regeneration seen 

in identical defects created in weanling animals, thus limiting the applicability of the adult 

system to the clinical challenge of re-synostosis in infants [31]. Furthermore, this approach 

used cells transfected with retroviruses, which have significant barriers to becoming a viable 

therapy and have the potential for mutagenicity.
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One of the challenges necessary to translate the hydrogel into use for humans is to extend 

the delivery period of the hydrogels. In mice, the re-synostosis occurs in two weeks, but in 

some children with craniosynostosis, it would be necessary to extend this duration to several 

months. Moving from a relatively thin (~200 μm) hydrogel in mice to a much thicker gel in 

humans would extend the release kinetics as the distance of diffusion would be much 

greater. Additionally, the plug and play architecture of the PEG-N3 RAFT polymerization 

would allow therapeutic molecules to be tethered covalently or ionically to the hydrogel, 

further extending the active duration of the therapy. Alternatively, it would be possible to do 

a series of repeated injections of the hydrogel to extend the duration while simultaneously 

lowering the dose of the therapeutic molecule delivered to the child at any one time. In 

addition to delivering BMP inhibitors, rapid in situ polymerization that occurs with this 

hydrogel would also allow the hydrogel to be used for other regenerative applications that 

may necessitate cell adhesion peptides, cleavable linkages, or covalent attachment of 

therapeutic small molecules.

Not only does our hydrogel therapy have tremendous potential to delay the post-operative 

re-synostosis frequently seen in cases of craniosynostosis and in turn reduce the risk of life 

threatening complications associated with additional surgical intervention for the treatment 

of re-synostosis. Early treatment of re-synostosis used physical and chemical barriers to 

prevent the post-operative bone growth but these were abandoned because they were 

ineffective and were associated with numerous complications [40–42]. The ultimate goal 

with any re-synostosis therapy is to slow the post-operative bone growth for a period, but 

then allow the bone to re-grow as the child aged.

5. Conclusions

If successful, the hydrogel therapy could also allow for the endoscopic removal of the fused 

suture and in effect re-create the function of a normal suture. Outside of craniofacial 

reconstruction, delaying the rate of bone growth has direct applications in treating fractures 

of the growth plate and heterotopic ossification. In addition to delivering BMP inhibitors, 

rapid in situ polymerization that occurs with this hydrogel would also allow the hydrogel to 

be used for other regenerative applications that may necessitate cell adhesion peptides, 

cleavable linkages, or covalent attachment of therapeutic small molecules. For this reason, 

we anticipate numerous applications of our click-based hydrogel in areas of drug delivery 

and tissue engineering.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hydrogels formulated from azide functionalized PEG polymers and DBCO functionalized 

PEG crosslinker gel in less than two minutes. A. Azide-functionalized RAFT-copolymer 

(PEG N3) 1 rapidly crosslinks with PEG-DBCO crosslinker 2 via the [3 + 2] Huisgen 

cycloaddition to form a hydrogel. 1 and 2 react fast enough to allow for injection into tissue, 

hydrogel formation and biomolecule encapsulation. B. Spinning disk rheometry was used to 

determine the crosslinking dynamics of the hydrogel, and demonstrate that when mixed 

together, the two components begin to gel in less than 25 s with complete gelation occurring 

in less than 90 s. C. Cartoon illustrating the co-administration of rmGremlin1, 1, and 2, to a 

non-critical cranial defect and the subsequent entrapment of rmGremlin1 upon in situ 

crosslinking.
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Figure 2. 
Unconstrained compression testing of hydrogel using a Neo-Hookean hyperelastic model 

showed that increasing the concentration of the DBCO-PEG resulted in an increase in the 

Neo-Hookean coefficient (C1) (A) *=p<0.05 vs 12.5%. In vitro release of GST-647 from 

hydrogels with increasing concentrations of DBCO-PEG resulted in a more prolonged and 

linear release profile with the 12.5% gel having controlled release out to 14 days (B). 

Degradation of the 12.5% gel assessed by unconstrained compression had a decrease in the 

Neo-Hookean Coefficient after day 7 (C) *=p<0.05 vs day 0. The biological activity of 

rmGremlin1 was retained after release following polymerization in the hydrogel as assessed 

by blocking the BMP-2 mediated increase in alkaline phosphatase specific activity (D) 

*=p<0.05 vs carrier, #= p<0.05 vs BMP2.

Hermann et al. Page 18

Biomaterials. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. 
In vivo fluorescence release of GST-647 kinetics following in situ polymerization of the 

hydrogel. Fluorescent images of mice with GST-647 in crosslinked hydrogel showed a 

controlled and localized signal over the defect up to 14 days after administration (A–D). In 

contrast, the signal of the group containing the un-polymerized PEG-N3 (E–H) showed 

relatively low levels of fluorescence after 5 and 14 days, demonstrating that, in the absence 

of crosslinking, the protein rapidly diffused out of the defect. Quantification of the total 

fluorescent signal over the entire head shows that 2 days after surgery there is more signal in 

the hydrogel gel group as compared to the PEG-N3 group and there is only a slight decrease 

in the total fluorescent signal (I) *=p<0.05 vs day 2, #=p<0.01 vs hydrogel. Comparing the 

ratio between the fluorescent signal in the defect to the total signal showed that the hydrogel 

groups had a higher fluorescence intensity 2 to 14 days after surgery, indicating that the 

hydrogel orchestrated a controlled release of incorporated protein (J) *=p<0.05 vs day 0, 

#=p<0.05 vs hydrogel.
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Figure 4. 
Representative μCT and histology from 14 day post-op samples. Empty defects were nearly 

completely healed and bone bridging the defect (A–C). Defects with the hydrogel had very 

small regions that remained open, but there was thick trabecular bone present (D–F). Defects 

containing the hydrogel with rmGremlin1 showed a dose dependent decrease in the amount 

of bone present (G–L). The defects containing the low 300 ng dose showed no bone 

bridging of the defect (G–I), but the ends of the bone were thicker than the 500 ng group (J–

L). The defects containing 500 ng rmGremlin1 in the un-polymerized PEG-N3 showed 

complete bridging and the same thick trabecular structure that was seen in the empty defect 

(M–O).
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Figure 5. 
Quantification of bone regeneration in defect by μCT imaging algorithm. Defects were left 

empty (Empty) on injected with hydrogel with 4 nM HCl carrier (Hgel + Carrier), hydrogel 

with 300 ng rmGremlin1 (Hgel + 300 ng), hydrogel with 500 ng rmGremlin1 (Hgel + 500 

ng), or un-polymerized PEG-N3 with 500 ng rmGremlin1 (PEG-N3 + 500 ng). The average 

defect width had a dose dependent decrease on post-op day 14 and there was no change 

from the initial 1.5 mm defect (dashed line) for the Hgel + 500 ng group (A). The average 

defect thickness increased for all groups except the Hgel+300 ng and Hgel + 500 ng groups 

(B). Both the defect mineral content and bone volume showed a dose dependent decrease for 

the groups containing rmGremlin1 and there was no change in the Hgel + 500 ng groups 

(C–D). There were no differences between the Empty and PEG-N3 + 500 ng groups in any 

of the measures at either time point. P<0.05 vs. # = empty, $ = Hgel + Carrier, % = Hgel + 

300 ng, & = Hgel + 500 ng, * = 5 days.
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Figure 6. 
Quantification of bone regeneration for extended time periods using imaging algorithm. 

Defects were left empty (Empty) on injected with hydrogel with 4 nM HCl carrier (Hgel + 

Carrier), or hydrogel with 500 ng rmGremlin1 (Hgel + 500 ng). The average defect width 

showed no differences between the Empty or Hydrogel + Carrier groups, but was 

significantly wider in the Hydrogel + 500 ng group by 14 days, but no differences by 28 

days (A). The average defect thickness was lower in the Hydrogel + Gremlin, as compared 

to the empty defects, on 14 days postop, but there were no differences by 21 days (B). On 14 

days post-op the Hydrogel + 500ng group had less mineral content and bone volume than 

either the Empty or Hydrogel + Carrier, but there were no differences among the groups at 

28 days (C–D). Similar differences among the groups were also seen with 

histomorphometric analysis (E–F). P<0.05 vs. # = empty, $ = Hgel + Carrier, * = 14 days.
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