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Abstract

Bone morphogenetic proteins (BMPs) show promise in therapies for improving bone formation

after injury; however, the high supraphysiological concentrations required for desired

osteoinductive effects, off-target concerns, costs, and patient variability have limited the use of

BMP-based therapeutics. To better understand the role of biomaterial design in BMP delivery, a

matrix metalloprotease (MMP)-sensitive hyaluronic acid (HA)-based hydrogel was used for

BMP-2 delivery to evaluate the influence of hydrogel degradation rate on bone repair in vivo.

Specifically, maleimide-modified HA (MaHA) macromers were crosslinked with difunctional

MMP-sensitive peptides to permit protease-mediated hydrogel degradation and growth factor

release. The compressive, rheological, and degradation properties of MaHA hydrogels were

characterized as a function of crosslink density, which was varied through either MaHA

concentration (1–5 wt%) or maleimide functionalization (10–40 %f). Generally, the compressive

moduli increased, the time to gelation decreased, and the degradation rate decreased with

increasing crosslink density. Furthermore, BMP-2 release increased with either a decrease in the

initial crosslink density or an increase in collagenase concentration (non-specific MMP

degradation). Lastly, two hydrogel formulations with distinct BMP-2 release profiles were

evaluated in a critical-sized calvarial defect model in rats. After six weeks, minimal evidence of

bone repair was observed within defects left empty or filled with hydrogels alone. For hydrogels

that contained BMP-2, similar volumes of new bone tissue were formed; however, the faster

degrading hydrogel exhibited improved cellular invasion, bone volume to total volume ratio, and

overall defect filling. These results illustrate the importance of coordinating hydrogel degradation

with the rate of new tissue formation.
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1. Introduction

Every year millions of patients undergo surgical procedures to treat bone loss. Currently, the

clinical gold standard to promote bone repair for severe nonunion fractures, spinal fusions,

joint revisions, and to fill voids after tumor resection remains autograft bone [1]. A report

was published earlier this year estimating that 1.6 million bone grafts are performed every

year in the United States alone [2]. Limitations of this treatment include: a limited tissue

supply, donor site morbidity (which has been noted to occur in as high as 44% of patients

[3]), and poor integration. Allograft bone is also an available treatment option; however,

disease transmission, toxicity, and variable immune responses limit its efficacy and use in

the clinic [4]. The use of bone morphogenetic proteins (BMPs), extracellular molecules

capable of promoting osteoblast differentiation, is also FDA-approved, including BMP-2

and BMP-7 with collagen carriers, and shows promise as a therapy for bone repair [5–6].

BMPs delivered in solution are largely ineffective due to a short half-life and diffusion away

from the target area; as a result, delivery vehicles are typically required to maintain growth

factor retention and bioactivity [7–8]. Regardless of the delivery mechanism, current

approaches suffer from high supraphysiological concentrations required for a desired

osteoinductive effect, costs, and patient variability, which have limited BMP-based

therapeutics [1,9]. The objective of this work was to develop a hydrogel-mediated delivery

approach of BMP-2 and to evaluate the effect of growth factor release rate on in vivo bone

repair.

Scaffolds used for bone tissue engineering should promote differentiation down an

osteogenic lineage (osteoinduction), support ingrowth of bone tissue (osteoconduction), and

integrate well with neighboring tissue (osteointegration) [1,10–11]. The development of a

material capable of these features is a continuing challenge within the tissue engineering

community [12]. Several critical parameters have been identified as contributing factors for

bone regeneration, including: porosity, surface characteristics, delivery of cells and/or

bioactive signals, and mechanical properties [12]. Materials investigated include bioactive

ceramics, bioactive glasses, polymers, and composites of these materials, all exhibiting some

limitations for clinical repair [1,13]. Hydrogels in particular are promising, as they mimic

aspects of the native extracellular matrix (ECM), exhibit cytocompatibility, and have tunable

properties [14–15]. Of particular interest are hyaluronic acid (HA)-based hydrogels, since

HA is a naturally occurring polysaccharide found throughout the body [16–18]. In addition

to inherent biocompatibility and bioactivity, HA has been shown to increase ECM

production [19–20], participate in wound healing [18], and induce osteoblast differentiation

and mineralization in a size and dose dependent manner [21]. Furthermore, recent research

has shown that HA is capable of inducing cell chemotaxis through the CD44 receptor [22].

In regards to chemical modification, HA can be easily modified by targeting the hydroxyl or

carboxyl groups along the HA backbone, providing synthetic versatility [18]. Several

researchers have investigated the delivery of BMP-2 from hydrogel materials [23–25],

including hyaluronic acid [26–27]; however, further research is still needed to optimize

BMP-2 delivery.
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Tissue-engineered scaffolds typically degrade and release biomolecules via simple

hydrolysis [28–29]. Introducing protease-sensitive crosslinks within the material allows for

active biomolecule release through cell-mediated material remodeling. Several researchers

have investigated matrix metalloprotease (MMP)-sensitive hydrogels, which mimic the

native remodeling mechanism of the ECM [30–32]. For example, Patterson and Hubbell

evaluated a variety of MMP-sensitive peptide crosslinkers for controlled hydrogel

degradation in both MMP-1 and MMP-2, where the peptide sequence VPMS↓MRGG was

found to be sensitive to both proteases [33]. MMPs are known to be involved in bone

formation, remodeling, and repair, where individual MMP activity can vary as a result of the

precise injury and severity [34–35]. As a result, MMP-sensitive hydrogels also offer the

advantage of allowing for a dynamic response to local in vivo MMP activity.

In this work, an MMP-sensitive hydrogel formed from maleimide-functionalized HA

(MaHA) and that incorporates both cell-adhesive (RGD) and MMP-sensitive

(VPMS↓MRGG) peptide domains was developed and used to deliver BMP-2. Previous

work has shown that adhesive groups (e.g. pendent RGD groups) are crucial for cell

adhesion and spreading within maleimide-functionalized HA hydrogels, where cells

appeared rounded and exerted lower traction forces in the absence of RGD [36].

Furthermore, high cell viabilities (~90%) were noted for encapsulated human mesenchymal

stem cells in these hydrogels after seven days of in vitro culture [36]. Here, hydrogel

degradation and growth factor release profiles were quantified for a range of hydrogel

formulations and protease concentrations. From this data, two formulations were selected

with unique BMP-2 release profiles to investigate the effect of hydrogel degradation and

growth factor release on osteogenesis in vivo. A critical-sized calvarial defect rat model was

used to assess new bone formation.

2. Materials and methods

2.1. Maleimide-functionalized hyaluronic acid (MaHA) synthesis

Maleimide-functionalized hyaluronic acid (MaHA) was synthesized according to a two-step

protocol. First, the tetrabutylammonium salt of HA (HA-TBA) was synthesized as described

previously [16]. Briefly, the highly acidic ion exchange resin Dowex 50Wx4 (50–100 mesh,

Sigma Aldrich) was added to 1 wt% sodium hyaluronate (90 kDa, Lifecore Biomedical) in

deionized water for 8 hours with stirring. This solution was filtered to remove the resin and

neutralized with 0.2 M tetrabutylammonium hydroxide (TBA-OH; Fisher) to form HA-

TBA. HA-TBA was frozen, lyophilized, and analyzed with 1H NMR (360 MHz Bruker

DMX 360).

Secondly, MaHA (Figure 1a) was synthesized by combining HA-TBA,

aminoethylmaleimidetrifluoroacetate salt (MA; Sigma-Aldrich), and benzotriazole-1-yl-oxy-

tris-(dimethylamino)-phosphonium hexafluorophosphate (BOP; Sigma-Aldrich) in an oven-

dried round bottom flask. For all reactions the MA to BOP molar ratio was 1:1 and the MA

to HA repeat unit molar ratio varied between 0.2:1 and 1:1, depending on the desired

maleimide functionalization, as shown in Figure 1b. After nitrogen purging, the flask was

sealed and anhydrous dimethyl sulfoxide (DMSO; Fisher) was cannulated into the sealed

flask until the contents were completely dissolved, yielding an approximately 2 wt% HA-
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TBA solution. The reaction proceeded at room temperature with stirring for 2 hours,

followed by extensive dialysis against deionized water at 4°C for purification. The final

product, MaHA, was frozen, lyophilized, and analyzed with 1H NMR to determine

maleimide functionalization percent (%f). Specifically, maleimide functionalization was

determined using 1H NMR chemical shifts (δ) corresponding to the maleimide protons (6.92

ppm, 2H, s) and the pendent acetyl protons on the HA backbone (2.06 ppm, 3H, s).

2.2. MaHA hydrogel formation

Hydrogels were formed by combining MaHA, a monofunctional cell-adhesive peptide, and a

difunctional MMP-sensitive crosslinker, where the cysteine residues within the peptides

provided thiols for addition reaction with maleimides, as shown in Figure 1c. Specifically,

lyophilized MaHA was dissolved in phosphate buffered saline (PBS; Gibco) and the cell-

adhesive peptide GCGYGRGDSPG (RGD; Mw: 1025.1 Da; italics indicate cell-adhesive

domain) was added to the polymer solution for a final concentration of 2 mM and the

reaction was performed for 30 minutes at 4°C to form the hydrogel precursor solution.

Successful RGD coupling has been observed previously using these conditions with

fluorescently labeled RGD [36]. Following RGD coupling, gel formation was initiated by

adding the difunctional MMP-sensitive peptide GCRDVPMS↓MRGGDRCG (Mw: 1696.96

Da; down arrow indicates MMP cleavage site) to the hydrogel precursor solution. Both

peptides were obtained from GenScript (Piscataway, NJ) and when reconstituted remained

under neutral or acidic conditions to inhibit disulfide bridging [37]. Although gelation

occurs within a few minutes, the hydrogels were allowed to react at room temperature for at

least 30 minutes (or longer if needed according to rheology). The specific hydrogel

formulations varied macromer concentration (1–5 wt%) and maleimide functionalization

(10–40 %f), where RGD concentration remained constant (2 mM). In all cases, the

concentration of MMP-sensitive peptide was calculated assuming complete consumption of

the available maleimide groups after RGD coupling. Previous work evaluated maleimide

conversion by solubilizing the hydrogel in hyaluronidase and analyzing the solution with 1H

NMR, where the peak corresponding to the maleimide protons (6.92 ppm) disappeared,

indicating complete conversion of the maleimide group [38]. For hydrogels loaded with

BMP-2 (R&D Systems), BMP-2 was added to the hydrogel precursor solution after RGD

coupling and before gel formation.

2.3. Rheological measurements

Rheological studies were performed using a TA Instruments AR 2000 with a parallel cone

and plate geometry at room temperature (the temperature used for hydrogel gelation).

Immediately after adding the crosslinking MMP-sensitive peptide to the hydrogel precursor

solution, MaHA solutions were loaded onto the rheometer. Experiments were performed

using a constant frequency and strain of 1 Hz and 0.5%, respectively. To evaluate changes in

the time for mechanical properties to plateau between hydrogel formulations, the time to

reach 90% of the final or plateau storage modulus was compared between samples (n=2).
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2.4. Hydrogel degradation and BMP-2 release

Hydrogel degradation and BMP-2 release rates were evaluated for a range of hydrogel

formulations loaded with either 100 or 0 ng BMP-2 per hydrogel. Hydrogels were formed

using cylindrical acrylic molds, where the total volume for each hydrogel was 40 μL (n=4).

Following complete reaction, hydrogels were placed in 1 mL Triton-Tris-Calcium buffer

(TTC; 0.05 (v/v)% Triton X 100 (Sigma-Aldrich), 50 mM tris hydrochloride (EMD

Biosciences), 1mM calcium chloride (Sigma-Aldrich), pH 7.4) with 10, 2, 1, or 0 U/ml

collagenase type II (CLS 2, Worthington Biochemical Corporation) at 37°C. The solution

was changed every 24 hours until complete degradation or the study was terminated and the

collected hydrogel degradation solutions were stored at −20°C until analysis. After the final

time point, any remaining samples were degraded in 1 mg/ml hyaluronidase (Sigma-

Aldrich) in PBS for analysis.

The amount of uronic acid, a degradation component of HA, within the hydrogel

degradation solutions was quantified using a modified uronic acid assay that has been

described in detail elsewhere [39,40] and compared to known concentrations of HA (ranging

from 2.0 to 0.1 μg/ml). For hydrogels loaded with BMP-2, BMP-2 within the degradation

solutions was quantified using a BMP-2 enzyme-linked immunosorbent assay (ELISA) kit

(DY355, R&D Systems).

2.5. In vivo calvarial defect

2.5.1. Surgical procedure—An in vivo model for bone formation using a critical-sized

calvarial defect in rats has been well established [41–43]. Here, a critical-sized 8 mm defect

was created using a trephine in the crania of Sprague Dawley (250–275 g, male, Charles

River) rats that were anesthetized using isoflurane. The craniotomy segment was removed

and the defect was either left empty or filled with the hydrogel material. Two hydrogel

formulations (2 or 3 wt% MaHA, 30 %f MaHA and 2 mM RGD) either without or with 1.0

μg BMP-2 loaded were investigated for a total of five treatment groups when including the

empty control group (n=3 per sample group for a total number of 15 animals). Hydrogels

were loaded with a chosen dose of 1 μg BMP-2 per scaffold, a dose on the lower end of

commonly investigated doses using this animal model, as off-target effects can result from

supraphysiological doses [9,44]. All animals completely recovered within one day from the

procedure and no issues were observed over the course of the treatment. The procedure for

hydrogel formation remained the same as described previously; however, the hydrogel

precursor solution (MaHA + PBS + RGD peptide) was sterilized under UV light for 10

minutes prior to adding sterile BMP-2 (if desired) and MMP-sensitive crosslinker.

Hydrogels were crosslinked in a Teflon mold 8 mm in diameter and 1 mm in height

(approximately 70 μL) for 30 minutes. Six weeks after implantation, the rats were

euthanized using CO2 asphyxiation, the crania were harvested, washed in PBS, and fixed in

10% neutral buffered formalin (Fisher) for 72 hours. After fixing, samples were washed in

PBS and stored in 70% ethanol at 4°C until after imaging. All animal procedures were

approved by University of Pennsylvania’s Institute for Animal Care and Use Committee

(IACUC).
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2.5.2. X-Ray radiography—Planar radiographs were taken of the excised crania to

visualize mineralization in the controls and the treated defects using a Faxitron cabinet

planar radiography system (model #43855A). Film exposure was performed for 15 s at 25

kV. The percent radiopacity in each defect compared to native tissue was quantified using

NIH ImageJ software.

2.5.3. Micro-computed tomography (μCT)—Samples were imaged using a Scanco

Medical VivaCT 75 μCT scanner with X-Ray acquisition settings at 70 kVp and 114 μA.

Scans were performed using a 20.5 μm isotropic voxel size and an integration time of 381

ms and Scanco computer software was used to create three-dimensional reconstructions of

the scanned tissue. In addition, a region of interest (ROI) was manually drawn around the

defect area, including all new bone formation within the defect. Within each ROI, manual

thresholding was used to best capture the bone volume, after which the software measured

the bone volume and total volume of the defect area. For consistency, the same threshold

value of μ=1.26/cm (software value of 158) was applied to all samples. Using a top view of

the three-dimensional reconstructed tissue, each sample received a defect score to represent

the degree of bridging macroscopically observed according to a previously developed

scoring metric [41]. Briefly, scoring was as follows: (0) no bone formation within the defect;

(1) minimal bone formation within the defect but no bridging; (2) bone bridging at the

periphery of the defect; (3) bone bridging beyond the periphery of the defect but not at the

widest section of the defect; and (4) bone bridging at the widest section of the defect.

2.5.4. Histology—After imaging, tissue samples were decalcified in 10%

ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich) for three weeks, dehydrated using

graded ethanol (Fisher) and CitriSolv (Fisher), embedded in paraffin (Polysciences), and

sectioned into 10 μm sections. Paraffin-embedded tissue sections were stained with

hematoxylin and eosin (H&E; Sigma-Aldrich) according to standard techniques and imaged

at 10x magnification. Individual images were stitched together using the MosaicJ stitching

plug-in available for ImageJ [45].

2.6. Statistics

All values are reported as mean ± standard deviation for at least three independent samples,

with the exception of rheological studies where only two independent samples were

performed for each data point. Where indicated, statistical analysis was performed using a

one-way analysis of variance (ANOVA) followed by a Tukey’s post hoc test with a 95%

confidence interval.

3. Results and discussion

3.1. MaHA synthesis and hydrogel formation

As a first step towards fabricating hydrogels that could be used for controlled delivery of

BMPs, the MaHA macromer was successfully synthesized. The extent of functionalization

was controlled during synthesis through the molar ratio of maleimide to HA repeat units

over the range of 0.2:1 to 1:1, corresponding to approximately 10 %f and 40 %f,

respectively (Figure 1b). Higher ratios did not result in higher maleimide functionalization,
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so 40 %f was the upper limit of MaHA functionalization investigated. Rheological studies

were used to monitor gelation over a wide range of hydrogel formulations, where the

macromer concentration and functionalization were varied. Formulations consisting of 1 wt

% of either 10 or 20 %f MaHA did not gel and remained a liquid after 24 hours, likely due

to a low concentration of reactive groups for hydrogel formation. Furthermore, hydrogels

fabricated with greater than 5 wt% of either 30 or 40 %f MaHA underwent gelation too

quickly to allow for adequate mixing. These observations defined the range of hydrogel

formulations possible. It is important to note that in all cases the onset of gelation (defined

as the point where the storage modulus (G′) crossed the loss modulus (G″)) occurred before

measurements could begin. This time included time for mixing, loading the sample, and

lowering the cone onto the sample and was approximately 2 minutes. Due to the rapid

gelation time observed, this material could potentially be used as an injectable in situ

forming hydrogel system. Nonetheless, in this study hydrogels were formed ex vivo in order

to closely control hydrogel formulation, volume, and geometry and to remove potential

confounding factors from injection in evaluating the effects of hydrogel formulation on in

vivo bone formation.

Representative time sweep profiles showing changes in storage moduli over time for 3 and 5

wt% hydrogels synthesized with 10 %f MaHA are shown in Figure 2a. The higher

macromer concentration led to a more rapid polymerization due to a higher concentration of

maleimides available for crosslinking. The reactive maleimide concentration (defined as the

theoretical concentration of remaining maleimides after RGD coupling available to react

with the crosslinking peptide) was calculated for each hydrogel formulation. The reactive

maleimide concentration is a measure of the maximum crosslinking potential for each

hydrogel formulation, assuming complete consumption of maleimide groups. The time to

reach 90% of the plateau storage modulus as a function of reactive maleimide concentration

is shown in Figure 2b. As the maleimide concentration increased, corresponding to either

increased macromer concentration or functionalization, the time to reach 90% of the plateau

storage modulus decreased significantly and varied between ~3 minutes (3 wt%, 40 %f

MaHA) and ~110 minutes (3 wt%, 10 %f MaHA). Hydrogel mechanical properties were

also evaluated as a function of macromer concentration and functionalization, where

hydrogels exhibited higher moduli at higher crosslinking densities (Figure S1).

3.2. Hydrogel degradation and BMP-2 release

The influence of collagenase (non-specific MMPs) concentration, MaHA functionalization,

and MaHA concentration on hydrogel degradation is shown in Figure 3. Degradation was

measured via the release of uronic acid to the surrounding buffer solution and is important in

both the overall removal of implanted hydrogels, as well as towards understanding and

controlling the release of encapsulated therapeutics. As shown in Figure 3a, hydrogels

synthesized with 3 wt%, 30 %f MaHA degraded more quickly in solutions with higher

collagenase concentrations and the time to complete degradation varied between overnight

in 10 U/ml collagenase and ~12 days in 1 U/ml collagenase. Comparatively, limited

hydrogel mass loss (<20%) was observed over the same period in buffer without collagenase

and was likely, at least in part, the result of non-crosslinked HA chains dissolving in buffer.

The extent of hydrogel crosslinking also affected degradation by collagenase (1 U/ml),
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where increasing MaHA functionalization with 3 wt% MaHA (Figure 3b) and increasing

MaHA concentration with 30 %f MaHA (Figure 3c) resulted in slower degradation. This is

expected, since a higher crosslink density requires the cleavage of a greater number of

crosslinks in order to release HA chains and completely degrade the hydrogel. These results

indicated that degradation could be controlled through hydrogel design for various

applications. Although in vitro collagenase levels cannot be directly translated to a specific

in vivo response due to the complexity of the in vivo environment, the trends observed

regarding hydrogel degradation should correlate to in vivo environments.

Figure 4 illustrates MaHA mass loss and BMP-2 release for 3 wt%, 30 %f MaHA (Figure

4a) and 2 wt%, 30 %f MaHA (Figure 4b) hydrogels loaded with 100 ng of BMP-2 with and

without collagenase present. There was little initial burst release with BMP-2 release

corresponded very closely with hydrogel degradation, where sustained release occurred over

a period of 6 and 10 days following incubation in 1 U/ml collagenase for 2 wt% and 3 wt%

MaHA hydrogels, respectively. Differences in complete degradation time, particularly

noticed for 3 wt%, 30 %f MaHA hydrogels in 1 U/ml when comparing Figure 3 (12 days)

and Figure 4a (10 days), resulted from using two different batches of collagenase, where

protease activity and composition can vary between batches. For comparison within each

figure, the same collagenase type II batch was used. As a further control, all BMP-2 release

studies were performed in parallel with unloaded samples, where no difference was noted in

complete degradation time with or without BMP-2 for hydrogels using the same collagenase

batch.

For samples incubated in buffer without collagenase, a relatively small amount of BMP-2

was released as a result of diffusion over the same period regardless of hydrogel

formulation. The close correlation between hydrogel degradation and BMP-2 release

indicates that BMP-2 is adequately entrapped within the initial network and that release

occurs primarily through degradation, rather than diffusion. This allows for tailoring of

growth factor release through initial hydrogel crosslink density.

3.3. In vivo calvarial defect

The influence of BMP-2 release rates and hydrogel degradation on in vivo bone formation

was investigated using a well-accepted critical-sized calvarial defect model in rats, since this

defect will not heal without intervention. This model allows for evaluation of new bone

formation in a non-load bearing environment, in which bone formation occurs through

intramembranous ossification as opposed to endochondral ossification [41]. It is important

to note that the observed results may vary in other animal models, where MMP activity, the

mechanism of bone formation (endochondral versus intramembranous ossification), and

load bearing, among other factors, can alter bone formation [35,46].

Five groups were investigated: (1) empty defect (negative control), (2) 2 wt% MaHA, (3) 3

wt% MaHA, (4) 2 wt% MaHA loaded with 1 μg BMP-2, and (5) 3 wt% MaHA loaded with

1 μg BMP-2. MaHA functionalization for all groups was 30 %f and RGD concentration was

constant at 2 mM. The two chosen hydrogel formulations (2 and 3 wt%, 30 %f MaHA) were

chosen since they exhibited distinct hydrogel degradation and BMP-2 release profiles in

vitro (Figure 4), where 2 wt% hydrogels degraded significantly faster and released BMP-2
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more quickly than the 3 wt% hydrogels. Typical radiographs for all five groups are shown in

Figure 5a. The percent radiopacity in each defect compared to the surrounding native

calvarial bone tissue was calculated for all treatment groups and is shown in Figure 5b,

where increased radiopacity is indicative of additional bone formation. As expected,

statistically significant increases in radiopacity were noted for both hydrogel formulations

loaded with 1 μg BMP-2 compared to defects left empty (p < 0.05). However, only 2 wt%

MaHA hydrogels loaded with 1 μg BMP-2 were statistically significant from the same

hydrogel formulation without BMP-2 (p < 0.05). Without BMP-2 delivery, there was no

statistically significant difference between the empty defects and either hydrogel

formulation.

New bone formation within the calvarial defects was further quantified using μCT. A

representative top and side view of the three-dimensional reconstructed bone tissue for each

treatment group is shown in Figure 6a. Quantitative measures to evaluate new bone

formation included: bone volume (Figure 6b), bone volume to total defect volume (Figure

6c), and defect score (Figure 6d). Both bone volume and defect score showed similar trends

compared to the observed trends in radiopacity, where statistically significant increases were

noted for both hydrogel formulations containing 1 μg BMP-2 (p < 0.05) and no significance

was observed for either hydrogel without BMP-2 when compared to empty defects.

However, additional significance was also noted for 2 wt% MaHA hydrogels loaded with 1

μg BMP-2 compared to hydrogels without BMP-2 (p < 0.05) for bone volume. Together, the

radiopacity, bone volume, and defect scores indicate the importance of BMP-2 delivery for

bone formation in a critical-sized defect, where statistically significant increases in these

metrics were only observed with BMP-2 delivery. Without BMP-2 incorporated there was

no statistical difference between the hydrogel treatment group and the empty defect group (p

< 0.05).

Interestingly, when evaluating bone volume/total volume a statistically significant increase

was observed for the faster degrading 2 wt% MaHA hydrogels loaded with BMP-2 when

compared to controls (p < 0.05), but not for the other treatment groups. Furthermore, 2 wt%

MaHA hydrogels with BMP-2 were also found to be statistically different than the 3 wt%

MaHA hydrogels either with BMP-2 or without (p < 0.05). These results indicate the

importance of degradation rate on new tissue formation, where slower degrading hydrogels

led to new tissue formation outside of the initial defect site and faster degrading hydrogels

better filled the defect site with bone.

Histology was used to evaluate cellular invasion, the amount of hydrogel degradation, and

tissue morphology after six weeks in vivo. Representative sections are shown in Figure 7 for

each treatment group, where the defect boundaries are indicated with dashed lines and any

remaining hydrogel material stained a light purple color. As expected, the empty defect was

primarily filled with thin fibrous tissue with minimal new bone formation. For hydrogels

loaded with BMP-2, significant bone formation was observed compared to hydrogels

without BMP-2 and defects left empty. Hydrogel volume was reduced for 2 wt% hydrogels

compared to 3 wt% hydrogels, which is likely due to faster degradation for 2 wt%

hydrogels. Furthermore, increased cellular invasion was observed for 2 wt% hydrogels

compared to 3 wt% hydrogels, where very limited cellular invasion was apparent.
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Histological results corroborate μCT data, where the faster degrading 2 wt% hydrogels

allowed for increased cellular invasion and bone formation within the original defect volume

as opposed to bone formation outside the original defect volume as observed for 3 wt%

hydrogels. Typical hydrogel mesh sizes, including for hyaluronic acid hydrogels, have been

reported within the 5–100 nm range [47–48], which is significantly smaller than a cell. As a

result, hydrogel degradation and a corresponding increase in hydrogel mesh size are

generally required to encourage cellular invasion. Consequently, these results indicate that

the organization and location of new bone formation is dependent on the speed at which the

hydrogels degrade.

Contrary to in vitro degradation results, hydrogel was still observed at six weeks in vivo,

suggesting that hydrogel degradation and BMP-2 release occurs over a longer period of time

than observed in vitro. Differences between in vivo and in vitro hydrogel degradation rates

were expected, as no in vitro system can adequately recapitulate the biological complexity

of the in vivo environment. Nonetheless, the general trends observed in vitro regarding

hydrogel degradation and BMP-2 release rate as a function of hydrogel formulation are still

believed to be applicable in vivo. In particular, the observed histological differences in

hydrogel area between the two hydrogel formulations appears to confirm that the lower

crosslinked hydrogel (2 wt%) degrades faster than the higher crosslinked hydrogel (3 wt%).

4. Conclusion

In this work, a tunable HA hydrogel system was designed that incorporates proteolytically

degradable crosslinks and cell-adhesive peptides for BMP-2 delivery in bone repair

applications. MaHA hydrogels degraded and released BMP-2 rapidly in the presence of

collagenase and were stable in buffer alone. When implanted in rat cranial defects and

assessed after six weeks, minimal evidence of bone repair was observed for defects left

empty and defects filled with hydrogels alone, regardless of hydrogel formulation. For both

hydrogel formulations investigated and loaded with BMP-2, similar volumes of new bone

tissue were formed; however, the faster degrading hydrogel exhibited signs of increased

cellular invasion, bone volume to total volume ratio, and overall defect filling. This study

clearly displays the influence of hydrogel degradation rate on new tissue formation and

organization.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Maleimide-functionalized hyaluronic acid (MaHA) and (b) MaHA functionalization with

respect to maleimide to HA ratio during synthesis determined using 1H NMR (inset;

numbered peaks are for 1: pendent acetyl protons on the HA backbone or 2: maleimide

protons). (c) Cell-adhesive MaHA hydrogels were formed through an addition reaction

between maleimides on MaHA and thiols on cysteine groups within cell-adhesive peptides

(RGD, pendant) or MMP-sensitive peptides (VPMS↓MRGG, crosslinker).
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Figure 2.
(a) Characteristic storage modulus (normalized to plateau storage modulus) versus

polymerization time for two gel formulations, 3 wt% and 5 wt% using 10 %f MaHA, and (b)

average time to reach 90% of plateau storage modulus measured during hydrogel formation

after mixing MaHA with crosslinker (n=2).
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Figure 3.
Hydrogel mass loss as a function of (a) collagenase concentration using the 30 %f, 3 wt%

MaHA formulation, (b) MaHA functionalization using 3 wt% MaHA in 1 U/ml collagenase,

and (c) MaHA concentration using 30 %f MaHA in 1 U/ml collagenase. Error bars represent

standard deviations from the mean (n=4).
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Figure 4.
BMP-2 release (solid lines) and hydrogel mass loss (dashed lines) for (a) 3 wt% and (b) 2 wt

% of 30 %f MaHA after incubation in 0 and 1 U/ml collagenase. Error bars represent

standard deviations from the mean (n=4).
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Figure 5.
(a) Representative radiographs with dashed circles indicating approximate defect area and

(b) corresponding radiopacity of calvarial defects six weeks after treatment. Statistical

significance (p < 0.05): (*) compared to empty defect and (#) compared to the same

hydrogel formulation without BMP-2. Error bars represent standard deviations from the

mean (n=3).
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Figure 6.
(a) Representative three-dimensional micro-CT reconstructions (top view and cross-section)

with dashed circles indicating approximate defect area, as well as quantified (b) bone

volume, (c) bone volume to total volume ratio, and (d) defect score for calvarial defects six

weeks after treatment. Statistical significance (p < 0.05): (*) compared to empty defect, (#)

compared to the same hydrogel formulation without BMP-2, and (+) compared to 3 wt%

hydrogels with and without BMP-2. Error bars represent standard deviations from the mean

(n=3).
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Figure 7.
Hematoxylin and eosin (H&E) stained calvarial defects for all treatment groups at 6 weeks,

where the approximate defect boundaries are indicated with dashed lines. Black arrowheads

indicate representative areas with smaller gel pockets.
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