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Abstract: We propose a new strategy of biomaterial design
to achieve selective cellular degradation by the incorporation
of cathepsin K-degradable peptide sequences into a scaffold
structure so that scaffold biodegradation can be induced at
the end of the bone formation process. Poly(ethylene glycol)
diacrylate (PEGDA) hydrogels were used as a model biomaterial system in this study. A cathepsin K-sensitive peptide,
GGGMGPSGPWGGK (GPSG), was synthesized and modiﬁed
with acryloyl-PEG-succinimidyl carbonate to produce a crosslinkable cathepsin K-sensitive polymer that can be used to
form a hydrogel. Speciﬁcity of degradation of the GPSG
hydrogels was tested with cathepsin K and proteinase K as a
positive control, with both resulting in signiﬁcant degradation
compared to incubation with nonspeciﬁc collagenases over a
24-h time period. No degradation was observed when
the hydrogels were incubated with plasmin or control buffers.
Cell-induced degradation was evaluated by seeding differenti-

ated MC3T3-E1 osteoblasts and RAW264.7 osteoclasts on
GPSG hydrogels that were also modiﬁed with the cell adhesion peptide RGDS. Resulting surface features and resorption
pits were analyzed by differential interference contrast (DIC)
and ﬂuorescent images obtained with confocal microscopy.
Results from both analyses demonstrated that GPSG hydrogels can be degraded speciﬁcally in response to osteoclast
attachment but not in response to osteoblasts. In summary,
we have demonstrated that by incorporating a cathepsin
K-sensitive peptide into a synthetic polymer structure, we can
generate biomaterials that speciﬁcally respond to cues from
C 2011 Wiley Periodicals,
the natural process of bone remodeling. V

INTRODUCTION

chronize the degradation of the material with cellular
responses that occur during bone remodeling—a dynamic
process consisting of both bone formation and resorption.6
Bone formation is accomplished following mineralization by
matrix producing osteoblasts, whereas bone resorption is
carried out by osteoclasts. When the resorption cycle starts,
osteoclasts migrate and attach to resorption sites. Attached
osteoclasts then polarize and the apex membrane forms a
functional secretory domain. Polarized osteoclasts secrete
hydrochloric acid to dissolve hydroxyapatite and proteases
to degrade the type I collagen-rich organic matrix. One such
protease is cathepsin K, which is predominantly expressed
in osteoclasts during bone resorption.7,8 In the current
study, by incorporating a collagen I (a-1) peptide fragment,
we have developed a synthetic polymer with high sensitivity
and speciﬁcity for cathepsin K.
Herein we describe such a biomaterial that was
designed using our new strategy for creating biodegradable
materials that degrade in response to speciﬁc cellular events.
With poly(ethylene glycol) diacrylate (PEGDA) hydrogels
as a model system, we demonstrate that we can fabricate

Autologous bone grafts are considered the gold standard
treatment in orthopedic surgery, where the biological properties of the grafts can undergo balanced bone formation
and bone resorption at the implanted sites. These grafts
have been commonly used in spinal fusion, revision total
hip arthroplasty, maxillofacial reconstruction, and repair of
segmental skeletal defects.1–4 Despite being the standard of
care, autografts are limited by donor-site morbidity and
availability. As an alternative to the bone graft, three main
classes of biomaterial have been designed and used extensively for different orthopedic applications: metals, ceramics,
and polymers.5 Although each class of biomaterial has its
own advantages, poor degradation properties are a major
drawback common to all. At best, these materials undergo
nonspeciﬁc degradation, and at worst, they are essentially
nondegradable.
The ideal biomaterial for orthopedic applications should
be osteoconductive, osteoinductive, osteogenic, and also bioresorbable. An important aspect of designing a degradable
biomaterial for orthopedic applications is the ability to syn-
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the hydrogel scaffold to be gradually degraded and speciﬁcally targeted by bone resorption processes. The degradable
hydrogel is designed by incorporating a short peptide fragment of type I collagen (a-1), (160-163), Gly-Pro-Ser-Gly
(GPSG), which was found to be highly cleavable between serine and glycine by cathepsin K.9 After inserting this peptide
into a PEGDA backbone, we evaluated the degradation proﬁles of the cathepsin K-sensitive GPSG hydrogel in the presence of select enzymes. We also examined the hydrogel’s
capacity for degradation by osteoclasts and osteoblasts.
MATERIALS AND METHODS

Speciﬁcity of degradation of the cathepsin K-sensitive
peptide
The cathepsin K-sensitive peptide sequence, GPMGPSGP
WGK, and a scrambled sequence, GMPSGGPPWGK, were synthesized on an APEX 396 peptide synthesizer (Aapptec,
Louisville, KY). After synthesis, the peptides were cleaved
from the polystyrene resin (95% triﬂuoroacetic acid, 2.5%
water, and 2.5% triisopropylsilane), precipitated in ethyl
ether, and puriﬁed by dialysis. Following puriﬁcation, the
peptide molecular weights were conﬁrmed with matrixassisted laser desorption ionization time of ﬂight mass spectrometry (MALDI-ToF; Bruker Daltonics, Billerica, MA).
Degradation products of these peptides were evaluated
by MALDI-ToF after incubation with cathepsin K or a control
solution. Procathepsin K (Enzo Life Science, Plymouth Meeting, PA) was ﬁrst activated in 35 mM sodium acetate (pH 3.5)
for 2 h at room temperature. Activated cathepsin K was then
adjusted to 0.05 mg/mL in 50 mM sodium acetate buffer
(NaOAc; pH 5.5, 2.5 mM EDTA, 1 mM DTT, 0.01% Triton
X-100, 0.2 mg/mL sodium azide). NaOAc buffer without
enzyme was used as a negative control and the reactions
were allowed to proceed for 4 h at 37 C. The molecular
weights of the degradation products were determined with
MALDI-ToF mass spectrometry.
Synthesis and characterization of acryloyl-PEGsuccinimidyl carbonate (acrylol-PEG-SMC)
All reagents were obtained from Sigma unless otherwise
noted. Monoacrylation of poly(ethylene glycol) (PEG) was
undertaken by reacting the PEG with a stoichiometric
amount of acryloyl chloride in the presence of silver(I) oxide and a catalytic amount of potassium iodide, a process
shown to selectively monofunctionalize PEG in high yields
due to intramolecular hydrogen bonding between the two
hydroxyl groups, which differ in acidity.10 After reacting
PEG (50 mM; 3400 Da; Fluka, Milwaukee, WI) with 1.5 molar
equivalent silver(I) oxide (75 mM), 1.1 molar equivalent
acryloyl chloride (55 mM) and potassium iodide (30 mM) in
anhydrous dichloromethane (DCM) overnight at 4 C, the
mixture was puriﬁed. Silver(I) oxide was ﬁrst removed from
the acryloyl-PEG-OH solution by ﬁltering the mixture
through a Celite 521 pad (Spectrum Chemical Manufacturing
Corp, Gardena, CA). For further puriﬁcation, the ﬁltrate was
dried using a Rotovap, re-dissolved in de-ionized water, and
adjusted to pH 3 with 6N HCl. After heating to 35 C and
venting to air for 1 h, activated charcoal (Fisher Scientiﬁc,
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Pittsburgh, PA) was added to the mixture and stirred overnight to absorb iodine. The charcoal was then removed via
ﬁltration. Sodium chloride (25% w/v) was dissolved in the
aqueous ﬁltrate followed by DCM extraction. The organic
phase was collected and extracted again with 2M potassium
bicarbonate to remove chloride ions. Acryloyl-PEG-OH was
recovered by precipitation in cold ethyl ether, ﬁltered, dried
under vacuum overnight, and lyophilized until completely
dry. To proceed with the succinimidyl carbonate conjugation, acryloyl-PEG-OH (25 mM) was mixed with pyridine
(75 mM) and N,N0 -disuccinimidyl carbonate (100 mM) in anhydrous acetonitrile. After reacting under argon overnight,
pyridine and acetonitrile were removed with a Rotovap. The
mixture was re-dissolved in anhydrous DCM and ﬁltered to
remove unreacted N,N0 -disuccinimidyl carbonate. Acetate
buffer (0.1M, pH 4.5, 15% NaCl) was then used for phase
extraction. The organic layer was collected and dried with anhydrous magnesium sulfate. Acryloyl-PEG-SMC [Fig. 1(A)]
was recovered following precipitation in cold ethyl ether, ﬁltered, and dried under vacuum overnight. The products were
analyzed by 1H NMR (Advance 400, Bruker, Germany) and
MALDI-ToF and stored at 80 C under argon.
Synthesis and characterization of acryloyl-PEG-GPSGPEG-acryloyl, acryloyl-PEG-RGDS, and ﬂuorescentlylabeled acryloyl-PEG-RGDS conjugates
The cathepsin K-sensitive peptide sequence GGGMGPSGP
WGGK (GPSG) was synthesized on an APEX 396 peptide synthesizer and puriﬁed as previously described. The glycine
spacers sandwiching the peptide were included to avoid
steric hindrance with cathepsin K following conjugation to
PEG. Lysine, with a free amine on its side chain, enabled reaction with the active esters in the heterobifunctional acryloylPEG-SMC. The tryptophan residue allows the tracking of in
vitro degradation by monitoring UV absorbance at 280 nm as
the cleaved amino acid is released to solution.
The crosslinkable cathepsin K-sensitive acryloyl-PEGGGGMGPSGPWGGK-PEG-acryloyl
(acryloyl-PEG-GPSG-PEGacryloyl) polymer was synthesized by reacting the GPSG
peptide with acryloyl-PEG-SMC in a 2.1:1 (PEG:peptide)
molar ratio in a 50 mM sodium bicarbonate buffer (pH 8.5)
at room temperature overnight [Fig. 1(B)]. The resulting
product was dialyzed, lyophilized, and stored under argon
at 20 C until use. Similarly, the cell adhesive peptide ArgGly-Asp-Ser (RGDS, American Peptide, Sunnyvale, CA) was
reacted with acryloyl-PEG-SMC in a 1.1:1 molar ratio to
obtain acryloyl-PEG-RGDS. Conjugation products were analyzed by 1H NMR, and gel permeation chromatography with
UV/Vis and evaporative light scattering detectors (GPC,
Polymer Laboratories, Amherst, MA).
Fluorescently labeled acryloyl-PEG-RGDS was synthesized as previously described.11 In brief, puriﬁed acryloylPEG-RGDS was mixed with Alexa Fluor 680 carboxylic acid
(Invitrogen, Carlsbad, CA) in 50 mM sodium bicarbonate
buffer in a 1:10 (acryloyl-PEG-RGDS:dye) molar ratio and
allowed to react for 1 h at room temperature. The desired
products were then puriﬁed by a Sephadex G-25 ﬁne
chromatography column (Amersham Bioscience, Uppsala,
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FIGURE 1. (A) Synthesis of acryloyl-PEG-succinimidyl carbonate (acryloyl-PEG-SCM) and (B) modiﬁcation of PEG derivatives. The reaction of
3400 Da PEG ﬁrst proceeded with (1) monoacrylation to produce acryloyl-PEG-OH. Monoacrylated PEG-OH was reacted with N,N0 -disuccinimidyl
carbonate to produce acryloyl-PEG-SCM. (2) Acryloyl-PEG-SCM was then reacted with the adhesive ligand RGDS to form acryloyl-PEG-RGDS (3)
or reacted with the cathepsin K-sensitive peptide GGGMGPSGPWGGK to form a crosslinkable, cathepsin K-sensitive GPSG polymer (4).

Sweden) followed by dialysis and lyophilization. Recovered
products were stored under argon at 20 C until use.
In vitro degradation proﬁle of the PEG-GPSG-PEG
hydrogel
For evaluation of PEG-GPSG-PEG hydrogel degradation, a
prepolymer solution was prepared by combining 0.1 g/mL
crosslinkable acryloyl-PEG-GPSG-PEG-acryloyl with 1.5% (v/v)
triethanolamine, 37 mM 1-vinyl-2-pyrrolidinone, and 1% (v/v)
of 1.0 mM eosin Y in tris buffered saline (TBS; pH 7.5, 10 mM
CaCl2, 0.1% Tween 20, 0.2 mg/mL sodium azide). The precursor solution was sterilized by ﬁltration using a 0.22-lm ﬁlter
(Millpore Corporation Bedford, MA). For in vitro enzyme degradation tests, 3 lL of the prepolymer solution was transferred to the bottom corner of a micro-cuvette (Brandtech,
Essex, CT) and polymerized by exposing to visible light for 2
min. The power of the light source (Fiber Lite; Dolan Jenner
Industries, Boxborough, MA) is 408 mW/cm2 when measured
at 490 nm, which is the excitation wavelength for Eosin Y. The
spot temperature was measured to change in 2 min from
22 C to 29 C, well under the 37 C of the incubator. Following
equilibrium swelling overnight in 250 lL TBS, each hydrogel
was incubated with 250 lL enzyme solution at 37 C for 24 h.
Proteinase K (Invitrogen), plasmin, type I and type III collagenase (COL I and COL III; Worthington, Lakewood, NJ) were
prepared in TBS to ﬁnal concentrations of 0.05 mg/mL.
Hydrogels were also incubated in TBS and NaOAc buffer as
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negative controls. Hydrogel degradation was evaluated by
monitoring the release of tryptophan over time by measuring
the absorbance change of test solutions with a UV/Vis
spectrophotometer (Carey 50, Varian, Palo Alto, CA) at 280 nm.
The percentage released was calculated by comparing hydrogel degradation against an equivalent volume of uncrosslinked prepolymer solution after incubation with each respective enzyme. This control solution corresponds to 100%
degradation.
Maintenance of MC3T3-E1 and RAW 264.7 cells
Murine preosteoblast cells MC3T3-E1 subclone 4 and macrophage cells RAW 264.7 (ATCC, Manassas, VA) were cultured in alpha-MEM medium (Gibco BRL, Canada) and
DMEM (ATCC), respectively. Culture media were supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals, Lawrenceville, GA), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Gibco BRL, Canada). Cells were incubated at
37 C with 5% CO2. The media were refreshed every two to
three days and conﬂuent cells were subcultured through
trypsinization for MC3T3-E1 and scraping for RAW 264.7.
All experiments were conducted using cells between passages 4 and 10. MC3T3-E1 cells were differentiated into
osteoblasts via supplied 50 lg/mL ascorbic acid and 10 mM
b-glycerophosphate to the growth medium. Differentiation
medium was subsequently replaced every two to three days.
To differentiate cells to multinuclear osteoclasts, RAW 264.7
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were seeded at a density of 1.5  105 cells/cm2 and allowed
to adhere for 4 h. Culture media was then supplemented
with 30 ng/mL of receptor activator of nuclear factor kappa
B ligand (RANKL; R&D Systems Inc., Minneapolis, MN) and
replaced every 2 days. The cells were cultured for an additional 4 days before further use.12
Serum gradient puriﬁcation of differentiated
multinuclear RAW264.7
Differentiated multinuclear RAW264.7 (dRAW264.7) were
puriﬁed by a serum gradient.12 After differentiation in culture medium supplemented with 30 ng/mL RANKL for
4 days, dRAW264.7 cells were trypsinized and resuspended
in 15 mL of Moscona’s high carbonate (MHB; pH 7.2, 137
mM NaCl, 2.7 mM KCl, 0.4 mM NaH2PO4, 12 mM NaHCO3,
and 11 mM dextrose) solution. A serum gradient was prepared by placing a layer of 15 mL 70% FBS solution in
MHB at the bottom of a 50-mL conical tube, and slowly
overlaying with a second layer of 15 mL 40% FBS solution.
Fifteen milliliter of cell suspension was then slowly added
to the top without disturbing the layers. The tube was
capped and held undisturbed at room temperature for
30 min to permit cells to separate based on size. The top
17-mL layer, middle 16-mL layer, and bottom 12-mL layer
were collected separately. Cells in each layer were centrifuged at 500  g for 5 min, resuspended in culture
medium, and seeded in 12-well tissue culture plates at a
density of 5000 cells/cm2 overnight.
To conﬁrm the presence of differentiated osteoclasts,
cells were stained for the activity of tartrate-resistant acid
phosphatase (TRAP) as previously described.12 Brieﬂy, after
ﬁxing cells in 4% formaldehyde, TRAP staining solution
was prepared containing 0.125 mg/mL Naphthol AS-BI
Phosphate, 0.1M acetate buffer, 6.7 mM L(þ)-tartrate, 1 mM
sodium nitrite, and 0.07 mg/mL diazotized fast garnet GBC.
Medium was aspirated and 1 mL of TRAP staining solution
was added to each well. After staining at 37 C for 1 h, each
well was rinsed three times with deionized water and
allowed to air dry before imaging.
Surface degradation of differentiated RAW 264.7 and
MC3T3-E1 on PEG-GPSG-PEG hydrogels and bone
Flat hydrogel sheets for surface degradation studies were
formed by adding 10 mM acryloyl-PEG-RGDS and 1 mM
Alexaﬂour 680 labeled acryloyl-PEG-RGDS to the PEG-GPSGPEG prepolymer mixture (0.1 g/mL acryloyl-PEG-GPSG-PEGacryloyl with 1.5 % (v/v) triethanolamine, 37 mM 1-vinyl-2pyrrolidinone, and 1% (v/v) of 1.0 mM eosin Y in TBS) and
polymerizing between a mica sheet (Ted Pella, Inc., Redding,
CA) and glass slide separated by a 1 mm Teﬂon spacer. The
atomically smooth surface of the mica sheet permitted the
formation of hydrogels with smooth surfaces that displayed
no ﬂaws even under high magniﬁcation. Both MC3T3-E1
and RAW 264.7 cells were differentiated for 4 days in differentiation media in tissue culture plates. dRAW264.7 cells
were removed by scraping and reseeded at a density of 5 
104 cells/cm2 on both PEG-GPSG-PEG hydrogels and porcine
cortical bone slices, which served as control. Differentiated
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MC3T3-E1 (dMC3T3-E1) and multinuclear RAW264.7 osteoclasts collected at the bottom layer of the serum gradient
were also seeded on the mica-molded hydrogel surfaces at
the same density. Hydrogels seeded with either osteoblasts
or osteoclasts and bone slices seeded with osteoclasts were
then cultured in differentiation medium for 48 h before further analysis.
Confocal microscopy of pit formation on cathepsin
K-sensitive PEG hydrogel and bone surfaces
Following 48 h of incubation, hydrogel surfaces were
imaged after cells were either removed by 20 mM EDTA, or
ﬁxed and stained with 40 ,6-diamidino-2-phenylindole (DAPI;
Invitrogen) and rhodamine phalloidin (Invitrogen). Similarly,
bone slices were imaged following the removal of adherent
dRAW264.7 cells. Differential interference contrast (DIC) or
ﬂuorescence images were taken using a LSM-5 LIVE microscope system (Carl Zeiss Inc., German). Z-stack images were
acquired with a 20 objective. The z distance between each
step was 0.253 lm. Images were all processed with ImageJ
142 (NIH, Bethesda, MD). Three dimensional image reconstructions were processed using OsiriX Medical Imaging
software (version 3.0.2; the OsiriX Foundation, Geneva,
Switzerland). The areas of resorption lacunae on hydrogel
and bone surfaces were measured using ImageJ.
RESULTS

Characterization of synthesized materials
1
H NMR analysis demonstrated that acryloyl-PEG-SCM was
successfully synthesized and conjugated to GGGMGPSGP
WGGK and RGDS. After puriﬁcation, the acryloyl-PEG-SCM
showed the methylene protons of PEG as a triplet at 3.6–
3.7 ppm, the succinimidyl carbonate protons at 2.6 ppm, as
well as the acrylate protons at 5.9–6.4 ppm. After conjugation to GGGMGPSGPWGGK and RGDS, the peak for the succinimidyl carbonate protons disappeared, but peaks for the
methylene protons of PEG and acrylate protons remained
indicating successful conjugation reactions. A shift in the
molecular weights of conjugated products was also conﬁrmed by GPC, demonstrating an 81% conjugation of the
PEG-GPSG-PEG.
In vitro degradation of peptides and PEG-GPSG-PEG
hydrogels
Mass spectrometry (MALDI-ToF) following incubation of the
peptides GPMGPSGPWGK and GMPSGGPPWGK in cathepsin
K or buffer, revealed peaks at predicted molecular weights
(predicted: 1070.39 Da; actual: 1091.23 Da) when incubated
in NaOAc buffer. When incubated in cathepsin K, the peak at
1091.23 Da disappeared for the sequence GPMGPSGPWGK
and predicted degradation peaks appeared at 280.26,
324.38, and 379.39 Da. When the scrambled sequence
GMPSGGPPWGK was incubated in cathepsin K, there was no
change to the spectrum.
The tryptophan incorporated in the GGGMGPSGPWGGK
peptide allowed detection of enzymatic cleavage of the PEGGPSG-PEG hydrogels by monitoring the release of tryptophan
into solution. After incubation in different enzyme
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were incubated in TBS buffer, NaOAc buffer, or plasmin.
Hydrogels incubated in nonspeciﬁc collagenase I and collagenase III solutions also released 40% of incorporated tryptophan after a 24-h incubation.

FIGURE 2. Degradation proﬁles of cathepsin K-sensitive GPSG hydrogels. Hydrogel droplets (3 lL) were polymerized in micro-cuvettes and
swelled overnight with 250 lL of TBS buffer. Each hydrogel was incubated in buffer or enzyme solution at 0.05 mg/mL at 37 C. UV absorbance at 280 nm was measured over 24 h to monitor tryptophan
release corresponding to the degradation of the GPSP hydrogels.

solutions for 24 h, hydrogels in cathepsin K and proteinase K
solutions had similar degradation proﬁles, both indicating a
rapid tryptophan concentration increase within the ﬁrst
hour and reaching about 80% release of total tryptophan at
24 h (Fig. 2). No degradation was observed when hydrogels

Differentiation of RAW264.7
RAW264.7 cells stained for TRAP activity were all negative
prior to incubation with RANKL and all positive afterwards.
Although all RANKL exposed RAW264.7 cells stained TRAP
positive, not all of these cells fused into multinuclear cells
[Fig. 3(A)]. After separation by serum gradient, the top fraction of the gradient contained most of the mononuclear
cells. The middle fraction of the gradient contained mixed
groups of mononuclear and multinuclear cells. The majority
of cells in the bottom fraction were multinuclear, containing
a very small portion of mononuclear cells [Fig. 3(B–D)]. The
multinuclear cells collected in the bottom fraction also
stained TRAP positive, which indicated that they were differentiated multinuclear osteoclasts.
Comparison of surface resorption pits on cathepsin
K-sensitive hydrogels and bone slices
After incubating with differentiated RAW264.7 cells for
48 h, the surfaces of both the hydrogels and bone slices
revealed similar resorption pits (Fig. 4). The resorption pits
on the hydrogel were smaller and greater in number than

FIGURE 3. Isolated TRAP-positive dRAW264.7 osteoclasts by serum gradient. After differentiation in medium containing 30 ng/mL RANKL for
4 days, dRAW264.7 cells were combined with mono- and multi-nuclear cells [Fig. 3(A)]. After separation by serum gradient, the top fraction contained most of the mononuclear cells. The middle fraction of the gradient contained mixed groups of mononuclear and multinuclear cells. The
majority of cells in the bottom fraction were multinuclear cells, which contained a very small portion of mononuclear cells [Fig. 3(B–D)].
The multinuclear cells collected in the bottom fraction were also stained TRAP positive, which indicated that they were activated osteoclasts.
The bottom fraction of TRAPþ dRAW 264.7 osteoclasts was then used for hydrogel degradation studies.

JOURNAL OF BIOMEDICAL MATERIALS RESEARCH A | JUL 2011 VOL 98A, ISSUE 1

57

FIGURE 4. Comparison of resorption pits on both (A) bone slices and (B) GPSG hydrogels seeded with dRAW264.7 osteoclasts. Cells were
seeded and cultured for 48 h. Cells were detached with 20 mM EDTA and images of hydrogel and bone slice surfaces were obtained on a LSM
LIVE 5 confocal microscope. Similar pit features were observed on both bone slices and hydrogels. Although the pits on the hydrogel are
smaller and also outnumbered the pits on the bone slices, both hydrogels and bone slices have a similar percentage of total resorption area.

those on the bone. Despite the differences in size and number, the morphology of the pits was indistinguishable. Both
hydrogel and bone slice surfaces were resorbed at the same
order of magnitude (18,497.94 6 65.03 lm2 and 25,495.12 6
24.58 lm2), with similar percentages of total resorbed areas
of 9.56% 6 0.03% and 13.17% 6 0.01%, respectively.
DIC images of cathepsin K-sensitive hydrogel surfaces
seeded with dMC3T3-E1 and dRAW264.7
No features were detected on hydrogel surfaces seeded with
dMC3T3-E1 osteoblasts [Fig. 5(A)]. On hydrogel surfaces
seeded with dRAW264.7 osteoclasts, several features were
observed after cells were detached [Fig. 5(B)]. The intensity
proﬁle of the DIC image [Fig. 5(D)] suggests that the features on the hydrogels were depressions.
Three dimensional image reconstruction of dRAW264.7
cells on the surface of cathepsin K-sensitive hydrogels
dRAW264.7 cells stained with DAPI and rhodamine phalloidin showed multinuclear, polarized cells on the hydrogel
surface [Fig. 6(A); Supporting Information A video]. A sealing ring of F-actin and multiple nuclei were clearly observed
[Fig. 6(B)]. Within the hydrogel surface beneath an osteoclast, a decrease in the hydrogel’s ﬂuorescent signal was
observed [Fig. 6(C)]. Three dimensional volume reconstructions of z-stack images further illustrate this ﬂuorescent signal loss by showing it as a hole in the hydrogel through
which the cell can be visualized [Fig. 6(D–F)]. This signal
loss is indicative of activity by the differentiated RAW264.7
osteoclasts, degrading the underlying hydrogel and creating
a characteristic resorption pit, resulting in the ﬂuorescent
intensity loss. No signal loss was observed on the hydrogels
seeded with dMC3T3-E1 cells (Fig. 7).
DISCUSSION

In order to design an osteoclast degradable material, a cathepsin K-sensitive peptide derived from a collagen (a-1)
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fragment9 was examined for its capability to provide
enzyme-degradable cleavage sites within PEG hydrogels.
During the synthesis of the cathepsin K-sensitive, PEG polymer, we employed a method shown to result in selectively
high yields of the desired acryloyl-PEG-GPSG-PEG-acryloyl.10
Although unconjugated peptides and double conjugation in
the form of GPSG-PEG-GPSG are possible, Miller et al. previously demonstrated that such species, which are initially
physically entrapped within hydrogel, diffuse out during equilibrium swelling because they are not covalently bound.13
Successfully conjugated acryloyl-PEG-GPSG-PEG-acryloyl also
generates a distinct molecular weight shift, which makes dialysis a valid option for puriﬁcation. Our GPC results conﬁrmed
this shift, corresponding to a conjugation yield of 81%.
The sensitivity of our peptide to cathepsin K was ﬁrst
evaluated by incubating GPM;GPS;GPWGK (predicted:
1070.39 Da; actual: 1091.23 Da) with cathepsin K, with the
reported cleavage sites indicated by arrows. Our MALDI-ToF
results showed the molecular weights of GPM (predicted:
303.38 Da; actual: 324.38 Da) and GPS (predicted: 259.26
Da; actual: 283.05 Da), conﬁrming these cleavage sites and
demonstrating the peptide’s sensitivity to cathepsin K. Furthermore, our MALDI-ToF results revealed the molecular
weight of the peptide GPW (predicted: 358.39 Da; actual:
381.06 Da), indicating that in addition to the reported cleavage site between M–G and P–S, cathepsin K can also recognize and cleave the peptide between tryptophan (W) and G.
Hence our peptide contains three cathepsin K cleavage sites:
GPM;GPS;GPW;GK. A scrambled version of the peptide
GMPSGGPPWGK, in which the cathepsin K recognition site
G-P-X-G (X represents serine, methionine, arginine (R), glutamine (Q)9 or tryptophan) was disturbed did not degrade in
the presence of cathepsin K, indicating the speciﬁcity of the
enzyme for our sequence.
After establishing the speciﬁcity of cathepsin K for our
peptide, we altered the sequence to GGGMGPS;GPW;GGK in
order to permit conjugation with acryloyl-PEG-SMC while

CATHEPSIN K-SENSITIVE POLY(ETHYLENE GLYCOL) HYDROGELS

ORIGINAL ARTICLE

FIGURE 5. Differential interference contrast (DIC) images of GPSG hydrogel surfaces seeded with (A) dMC3T3-E1 osteoblasts and
(B) dRAW264.7 osteoclasts. Cells were seeded on the hydrogels and cultured for 48 h. Cells were detached with 20 mM EDTA and DIC images
were obtained on a LSM LIVE 5 confocal microscope. No features were observed on gel surfaces seeded with osteoblasts (A). On the gel surface
seeded with osteoclasts (B), several features can be identiﬁed after cells were detached. (C) and (D) show an enlarged image and an intensity
proﬁle of the feature, which suggests that the features on the surface were depressions.

avoiding steric hindrance with the enzyme. In order to evaluate the sensitivity of cathepsin K for our hydrogel, we
incubated the hydrogel before and after polymerization with
cathepsin K, proteinase K, collagenases, and buffers. Proteinase K is one of the most active endopeptidases reported. It
is a nonspeciﬁc serine protease extracted from fungus
Tritirachium album14 and was selected as a positive control.
Proteinase K does not exhibit pronounced cleavage speciﬁcity and its predominant cleavage sites are peptide bonds
adjacent to carboxyl groups of aliphatic, aromatic, or hydrophobic amino acids. Simply, it cleaves proteins and peptides
at A;B, where A is an aliphatic, aromatic or hydrophobic
amino acid and B is any amino acid. According to the
ExPASy proteomics PeptideCutter tool (Swiss Institute of
Bioinformatics), proteinase K cleaves our peptide sequence at
the carboxyl side of the tryptophan (GGGMGPSGPW;GGK),
which is a hydrophobic and aromatic residue. Our results
showed that cathepsin K degraded the PEG-GPSG-PEG hydrogel at the same rate and amount as proteinase K, indicating
that cathepsin K had a high sensitivity for our polymer.
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In order to demonstrate the speciﬁcity of our polymer
for degradation by cathepsin K, we selected collagenases
type I, type III, and plasmin as negative controls. These proteases are speciﬁc to other sequences and, as expected, did
not degrade the hydrogel to the same degree as proteinase K
or cathepsin K. The collagenases only showed a moderate
effect on our collagen-derived GPSG sequence, while plasmin was unable to degrade the peptide at all. Plasmin is
an important serine protease present in blood. It plays a
signiﬁcant role during wound healing processes and clot
dissolution.15 The fact that plasmin has no sensitivity for
our GPSG hydrogel poses an important advantage for
future clinical applications, ensuring the hydrogel will persist without undergoing nonspeciﬁc degradation mediated
by wound healing processes.
After we established cathepsin K’s sensitivity and speciﬁcity for our hydrogel, we demonstrated the capacity of our
polymer to undergo osteoclast-speciﬁc degradation. When
degrading bone, osteoclasts release hydrochloric acid to degrade the mineral component and collagenases and cathepsins
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FIGURE 6. Three-dimensional ﬂuorescent image reconstruction of an active osteoclast on the GPSG hydrogel surface. The GPSG hydrogel was
labeled with Alexaﬂuor 680 ﬂuorophore (green), which is conjugated to the acryloyl-PEG-RGDS and incorporated into the hydrogel by photopolymerization. The cells were ﬁxed and permeabilized before staining the nuclei with DAPI (blue) and F-actin by rhodamine phalloidin (red)
48 h after seeding. (A) Composed z-stack images of the osteoclast and hydrogel. (B) Sealing ring and multiple nuclei of the osteoclast.
(C) The reduced ﬂuorescent signal in the GPSG hydrogel marks the site of an osteoclast resorption pit. These pits, or resorption lacunae, are an
extracellular space between the osteoclast rufﬂed border membrane and the hydrogel, which is sealed from the extracellular ﬂuid by the sealing
zone. (D–F) Z-stack Images were reconstructed using a volume rendering algorithm. (D) Side view shows the dome shape of the cell sitting
above its resorption lacuna, indicating the polarization of an active osteoclast. (E) Orthogonal view of active osteoclast shown from above. (F)
The orthogonal view from below shows a view of the osteoclast through the hole it has degraded in the hydrogel. This resorption site is located
beneath the osteoclast, which can be observed in the loss of the ﬂuorescent intensity of Alexaﬂuor 680. The resorption lacuna on the hydrogel
surface can be clearly seen from different angles, suggesting that the GPSG hydrogel has been degraded by cathepsin K secreted by
osteoclasts.

to degrade the collagenous bone matrix. After a cycle of
resorption, the osteoclast undergoes apoptosis, thus normal
degradation proceeds as a sustained series of pitting processes. Our results showed such pitting with differentiated
RAW267.4 osteoclasts on both bone and our hydrogel.
Although the hydrogel resorption pits were smaller and
greater in number than those on the bone, similar differences
in osteoclast resorption pit number and size on various biomaterials were attributed to degradation-induced calcium
release,16 which is thought to regulate osteoclastic resorption.17 Since our hydrogel does not contain calcium, it does
not stimulate this response. Nevertheless, the identical morphology of the pits on both surfaces and the comparable area
resorbed indicate that osteoclasts were indeed capable of
resorbing our PEG-GPSG-PEG hydrogel.
In summary, results of this study demonstrate our
ability to synthesize an osteoclast degradable hydrogel. By
incorporating the collagen I (a-1) peptide fragment, we
have developed a synthetic polymer with a high sensitivity
and speciﬁcity for cathepsin K. Enzyme degradation experiments establish that both the peptide fragment and polymerized hydrogel are degradable by cathepsin K, whereas
nonspeciﬁc collagenases only have a moderate effect. Cell
culture experiments demonstrated that osteoclasts are capable of binding to and degrading an RGDS-modiﬁed version
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of this hydrogel. When seeded with osteoblasts or osteoclasts, these hydrogels showed evidence of degradation
only on surfaces seeded with osteoclasts, which revealed
characteristic resorption pits, further demonstrating that
degradation of the polymer is both enzyme and cell speciﬁc.
In particular, our hydrogel is speciﬁc to the enzymes and
cells with key roles in bone resorption.
We have previously demonstrated success forming heterotopic bone using genetically modiﬁed cells encapsulated
in PEG hydrogels.18 These cells were transduced with an
adenoviral vector to express bone morphogenetic protein,
type 2 (BMP-2). The encapsulation with PEG was an
improvement over directly injecting these cells because it
enables the use of nonautologous cells in immune competent animals.19 Despite the success in bone formation, bone
did not form where the hydrogel was present. Because the
modiﬁed cells need immunoprotection only for the duration
of bone formation, degradation of the hydrogel after the
cells have served their purpose would be beneﬁcial.
Although there exist hydrolytically degradable hydrogel
systems, our cathepsin K-degradable polymer would be an
improvement over such systems because degradation would
be timed to the arrival of osteoclasts, and would proceed
during the remodeling process of the newly formed bone.
Hydrolytically-degradable systems degrade at a set rate,
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FIGURE 7. Three-dimensional ﬂuorescent image reconstruction of osteoblasts on the GPSG hydrogel surface. The GPSG hydrogel was
labeled with Alexaﬂuor 680 ﬂuorophore (green), which is conjugated with the acryloyl-PEG-RGDS and incorporated into the hydrogel by
photo-polymerization. The cells were ﬁxed and permeabilized before staining the nuclei with DAPI (blue) and F-actin by rhodamine phalloidin
(red) 48 h after seeding. (A) Composed z-stack images of the osteoblasts and hydrogel. (B) Osteoblasts shown without the hydrogel. (C) GPSG
hydrogel shown without the osteoblasts shows no decrease in ﬂuorescent signal beneath the osteoblasts. Z-stack Images were reconstructed
using a volume renderings algorithm and presented from (D) side view, (E) orthogonal view from above, and (F) from below.

purely dependent upon water uptake. Because bone
formation proceeds differently between each individual, a set
rate that might be ideal in one animal or patient may not be
appropriate for another. Thus, the rate of degradation should
be set by the rate of bone remodeling. Cell-mediated degradation is useful in any scenario where the presence of the
hydrogel is needed until the host tissue has replaced it. When
cell types other than osteoclasts are targeted for material
degradation, one can easily change the peptide sequence in
the polymer backbone to achieve sensitivity to other proteolytic enzymes. This approach could improve the design of tissue engineering scaffolds, wound dressings, and other biomaterial devices.
CONCLUSIONS

In summary, we have successfully used PEG hydrogels as a
model system to demonstrate a new strategy to initiate
biomaterial degradation through a speciﬁc cellular response.
We developed a PEG hydrogel system with a cathepsin Ksensitive peptide sequence, GPSG, incorporated into the
polymer backbone. This hydrogel system can be gradually
degraded with cathepsin K secreted by osteoclasts during
bone resorption processes. In the future, this strategy can
be applied to different biomaterials to improve their performance in orthopedic applications.
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