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Collagen remodeling is an integral part of tissue development,
maintenance, and regeneration, but excessive remodeling is asso-
ciated with various pathologic conditions. The ability to target col-
lagens undergoing remodeling could lead to new diagnostics and
therapeutics as well as applications in regenerative medicine; how-
ever, such collagens are often degraded and denatured, making
them difficult to target with conventional approaches. Here, we
present caged collagenmimetic peptides (CMPs) that can be photo-
triggered to fold into triple helix and bind to collagens denatured
by heat or by matrix metalloproteinase (MMP) digestion. Peptide-
binding assays indicate that the binding is primarily driven by
stereo-selective triple-helical hybridization between monomeric
CMPs of high triple-helical propensity and denatured collagen
strands. Photo-triggered hybridization allows specific staining of
collagen chains in protein gels as well as photo-patterning of col-
lagen and gelatin substrates. In vivo experiments demonstrate that
systemically delivered CMPs can bind to collagens in bones, as well
as prominently in articular cartilages and tumors characterized by
high MMP activity. We further show that CMP-based probes can
detect abnormal bone growth activity in a mouse model of Marfan
syndrome. This is an entirely new way to target the microenviron-
ment of abnormal tissues and could lead to new opportunities for
management of numerous pathologic conditions associated with
collagen remodeling and high MMP activity.
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As the most abundant protein in mammals, collagens play a
crucial role in tissue development and regeneration, and

their structural or metabolic abnormalities are associated with
debilitating genetic diseases and various pathologic conditions.
Although collagen remodeling occurs during development and
normal tissue maintenance, particularly for renewing tissues
(e.g., bones), excess remodeling activity is commonly seen in tu-
mors, arthritis, and many other chronic wounds. During collagen
remodeling, large portions of collagens are degraded and dena-
tured by proteolytic enzymes, which can be explored for diagnos-
tic and therapeutic purposes. Since unstructured proteins are not
ideal targets for rational drug design, library approaches have
been employed to develop monoclonal antibody (1, 2) and pep-
tide probes (3) that specifically bind to cryptic sites in collagen
strands that become exposed when denatured. However, these
probes suffer from poor pharmacokinetics (4), and/or low speci-
ficity, and binding affinity (5).

We envisioned that triple helix, the hallmark structural feature
of collagen, could provide a unique targeting mechanism for the
denatured collagens. The triple helix is nearly exclusively seen in
collagens except as small subdomains in a few noncollagen
proteins (6). Considering its striking structural similarity to the
DNA double helix in terms of multiplex formation by periodic
interchain hydrogen bonds along the polymer backbone (6), we
thought that a small peptide sequence with strong triple-helix

propensity could specifically recognize collagen sequence and
hybridize to collagen strands by forming triple helix in a manner
similar to DNA fragments or peptide nucleic acids binding to
complementary DNA strands (7).

Previously, we discovered that small collagen mimetic peptides
(CMPs, molecular weight: 2–3 kDa) capable of reversibly forming
collagen triple helices are able to bind to type I collagen (8–11).
Binding was observed only when CMPs [ðProHypGlyÞx, x ¼ 6, 7,
and 10] in a thermally melted, single-strand form and not in
folded trimeric form were allowed to fold by cooling in the pre-
sence of type I collagen fibers (9, 10). Although we observed
apparent CMP binding to collagens at temperatures below col-
lagen’s Tm, the binding was significantly enhanced when hot
CMP solution (typically above 70 °C) was applied to the collagen
film. This suggested that the binding is facilitated by collagen de-
naturation, which could provide more open collagen strands that
can hybridize the CMPs. However, we were unable to quantita-
tively assess the effects of collagen denaturation on CMP binding
because it was impossible to decouple CMP melting from col-
lagen denaturation. In addition, application of hot CMP solution
was not compatible with in vivo and ex vivo collagen-targeting
experiments. Therefore, we explored nonthermal means to con-
trol triple-helix folding and identified photo-caging as an ideal
alternative.

In this article, we present the design and synthesis of a new
caged CMP that can be photo-triggered to fold into triple helix.
Using the new caged CMP, we compare the CMP’s binding affi-
nity to intact type I collagen and the same collagen denatured by
heat or by matrix metalloproteinase (MMP) digestion, as well as
study its stereo-selective hybridization mechanism. We further
show that fluorescently labeled CMPs can be used in vivo to tar-
get and image denatured collagens in tissues undergoing remo-
deling, either due to normal renewal process (e.g., bones and
cartilages) or pathologic conditions, such as tumor progression
(e.g., prostate and pancreatic cancers) and musculoskeletal dis-
ease (e.g., Marfan syndrome).

Results and Discussion
Design and Photo-triggered Folding of the Caged Collagen Mimetic
Peptide. In the collagen triple helix, small Gly residues are peri-
odically located at every third position in each collagen strand to
allow close packing of three protein chains in a right-handed twist
(Fig. 1A) (12, 13). Mutations at even a single Gly position can
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destabilize the collagen structure and cause debilitating genetic
disease (14). Therefore, we reasoned that a bulky, photo-cleava-
ble cage group conjugated to the central Gly nitrogen of the CMP
would fully negate its ability to fold (SI Appendix, Fig. S1), while
exposure to light could liberate the cage group and trigger triple-
helix folding and collagen binding. This approach was also
appealing from a synthetic perspective as caged Gly, among all
amino acids, is the easiest to synthesize and has the highest re-
activity toward the addition of the next amino acid. The nitroben-
zyl (NB) caged and carboxyfluorescein (CF) labeled CMP of
sequence CF-Gly3-ðGlyProHypÞ4-NBGlyProHyp-ðGlyProHypÞ4
[designated as CFNBðGPOÞ9, Fig. 1B] was synthesized by incor-
poration of Fmoc(N-o-nitrobenzyl)Gly-OH (15) during conven-
tional Fmoc-mediated solid-phase peptide synthesis (SPPS).
Coupling of Hyp to the sterically hindered NBGly termini of
the growing peptide was sluggish under HBTU/HOBT coupling
condition; however, with the more powerful activating agent,
PyBroP (16), we were able to achieve almost quantitative cou-
pling efficiency and continue coupling the remaining peptide
by SPPS, including the triple Gly spacer and the CF fluorescent
tag (SI Appendix, Materials and Methods, Fig. S2) (17).

As we had anticipated, CFNBðGPOÞ9 exhibited photo-trig-
gered triple-helix folding behavior (Fig. 1 C–E). The NB cage
group completely suppressed the CMP’s ability to fold into a tri-
ple helix as evidenced by the linear CD intensity decrease during
melting (Fig. 1D, and SI Appendix, Fig. S3). Exposure to UV light
(365 nm, approximately 10 mW∕cm2) efficiently cleaved the NB
(Fig. 1C, and SI Appendix, Table S1) which allowed the CMP to
regain its full triple-helical folding capacity as exhibited by the
sigmoidal CD melting curve (heating rate: 60 °C∕h) with Tm
at 75 °C and fast refolding kinetics after thermal quenching from
80 °C to 25 °C (Fig. 1 D and E).

Photo-Triggered CMP-Collagen Hybridization. Using the new caged
CMP, we were able to study comparative CMP binding toward
intact and thermally denatured (gelatin) type I collagen because
collagen denaturation could be completely decoupled from CMP
melting. Photo-triggered binding affinity of the caged CMP was
studied by applying CFNBðGPOÞ9 to a 96-well assay microplate
coated with collagen/gelatin films, followed by UV (365 nm) ex-
posure and measuring the fluorescence intensity of the collagen
films after washing. While caged CMP binding (UV−) remained
negligible on both collagen and gelatin substrates, photo-acti-
vated caged CMPs (UVþ) exhibited binding to both substrates
with the level of binding an order of magnitude higher for gelatin
(Fig. 2A). These results indicate that CMP’s triple helical folding
is required for the binding, and collagen denaturation produces
unfolded collagen strands that avidly hybridize with photo-dec-
aged CMPs. The binding affinity was further confirmed for both
type I and type II gelatin in comparison to sequence-scrambled
CMPs which exhibited no triple-helical folding capacity (SI
Appendix, Fig. S4) and negligible affinity to gelatin (Fig. 2B).

Although these experiments demonstrated collagen binding
mediated by CMP’s ability to fold into a triple helix, questions
remain as to the precise mechanism underlying the CMP-collagen
interactions. We addressed this question by studying the collagen
affinity of a specially synthesized CMP composed of D-proline
(DP) which folds into an oppositely twisted left-handed triple
helix. Since D-hydroxyproline is not readily available, we synthe-
sized two caged Hyp-free CMPs; CFNBðGPPÞ9, which folds into a
natural right-handed twist, and CFNBðGDPDPÞ9, which was
expected to fold into an unnatural left-handed twist after photo-
decaging. The CDmelting curves of the two peptides after photo-
cleavage were exact mirror images with identical Tm at 51 °C (SI
Appendix, Fig. S5). Despite almost identical CD melting beha-
viors, CFNBðGDPDPÞ9 exhibited an order of magnitude lower
levels of gelatin binding to that of CFNBðGPPÞ9 after photo-
cleavage (Fig. 2C). Natural collagen strands can only fold into
right-handed triple helices and are unlikely to form a triple-
helical hybrid with a CMP having propensity for a left-handed
twist (18). The results clearly show that the binding is not due to
CMP trimers merely trapping the gelatin strands during triple-
helical assembly, but that it is primarily driven by stereo-selective
CMP-collagen strand hybridization, most likely in the form of a
triple helix.

To investigate the low but apparent CMP-binding affinity to
intact collagen films (Fig. 2A), we further performed a series of
binding experiments using a noncaged, triple-helical CFðGPOÞ9
and UV-triggered CFNBðGPPÞ9∕CFNBðGDPDPÞ9 pair as well as
thermally melted single-stranded CFðGPOÞ9 (SI Appendix, Text,
Figs. S6 and S7). The results confirm that CMP’s binding affinity
to intact type I collagen is real and also stereo-selective. We spec-
ulate that the low-level binding is caused by CMPs hybridizing
with thermally unstable domains of the native collagen (19) or
collagens partially denatured during purification and fiber regen-
eration. The density of photo-induced CMP binding to intact col-
lagen was determined to be as high as 0.56� 0.03 nmol∕cm2,
which is well above the bioactive ligand density for a variety of
cell scaffold interactions in cell culture and tissue development
(20, 21). Using CFNBðGPOÞ9, we were also able to photo-pattern
collagen and gelatin films demonstrating the potential for local
immobilization of CMP conjugated bioactive components (10,
22, 23) to collagen-containing tissue engineering scaffolds
(Fig. 2D) (24, 25).

Since many pathologic conditions are associated with collagen
remodeling by MMP activity, degraded collagens in diseased tis-
sue and circulation are potential diagnostic and therapeutic tar-
gets (26, 27). Anti-collagen antibodies and low molecular weight
targeting agents have been used to image collagens in fibrotic tis-
sues and tumors, but they suffer from poor pharmacokinetics,
and/or low specificity and binding affinity (2, 5). We tested the

Fig. 1. Photo-triggered triple-helical folding of caged CMPs. (A) The back-
bone NH groups of Gly (represented by the ball-and-stick model) play a key
role in stabilizing the collagen triple helix. (B) Structure of CFNBðGPOÞ9 fea-
turing the photo-reactive nitrobenzyl (NB) group (in blue) conjugated to the
central Gly. (C) Photo-cleavage of the NB cage group is monitored by MALDI-
MS. (D, E) The NB cage group completely abolishes the triple-helical folding
capacity of CFNBðGPOÞ9 and the photo-cleaving of the NB cage leads to CMP
folding into stable triple helices, evidenced by CD melting studies (D) and
refolding kinetics (E) of the peptides before and after UV exposure. For
the refolding kinetic study (E), CFNBðGPOÞ9 (before and after UV exposure)
were thermally quenched from 80 °C to 25 °C and the change in CD ellipticity
at 225 nm was monitored at 25 °C.
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caged CMP [CFNBðGPOÞ9]’s photo-triggered binding affinity to
type I collagen after MMP-1 digestion (SI Appendix, Fig. S8 for
SDS-PAGE and CD characterization). MMP-1 cleaves the ¾
position of the collagen molecule, resulting in two collagen frag-
ments with Tm around 34 °C that spontaneously denature at body
temperature (Fig. 2E, Inset) (28). The photo-triggered CMP-
binding assay was performed on intact and MMP-1 digested col-
lagens before and after incubation at 37 °C. For intact collagens,
the level of CMP binding was similarly low for the two tempera-
ture conditions. In contrast, MMP-1 digested collagens after the
37 °C incubation exhibited approximately four to tenfold higher
levels of CMP binding compared to all other collagens tested
(Fig. 2E). These results show that CMPs preferentially hybridize
with MMP-1 digested collagens, which are spontaneously dena-
tured at body temperature, over intact collagens. This hybridiza-
tion was further verified by SDS-PAGE staining experiment.
When used as a gel-staining agent, only the photo-cleaved CMP
and not the scrambled control peptide was able to stain theMMP-
1 digested collagen bands (Fig. 2F). No other bands from the pro-
tein ladder were stained by the CMP, which demonstrates its high
binding specificity to collagen chains.

In Vivo Tumor Targeting by CMP Hybridization. To demonstrate
CMP’s ability to target pathologic tissues of high MMP activity,
we performed an in vivo tumor-targeting experiment, using the
same caged CMP conjugated to a near-infrared fluorophore
(NIRF). Tumor progression involves proteolytic remodeling
of the extracellular matrix (ECM) by various MMPs that results
in the accumulation of stromal collagens with a unique struc-
tural and biochemical signatures (27, 29–31). We conjugated
IRDye800CW (IR) to the N-termini of the caged CMP

NBðGPOÞ9 and the scrambled peptide SG9P9O9 with flexible
aminohexanoic acid (Ahx) spacers (SI Appendix, Materials and
Methods, Fig. S9 for synthesis and CD melting curves). The
NIRF-labeled CMPs were rapidly decaged under intense UV
light (365 nm, >25 mW∕cm2) and immediately injected into
the tail vein of mice bearing subcutaneous PC-3 prostate tumor
xenografts. Considering the slow folding rate of the CMP triple
helix (half time of CMP refolding is approximately 50 min) and
the short time delay before the injection (<5min), most of the
CMPs were expected to enter the bloodstream in single-stranded
form (32). Once in the blood, the CMP solution is diluted by a
factor of 20, which results in dramatic reduction in the folding
rate because of the third-order folding kinetics (33). Therefore,
we expected that the single-stranded CMPs would be able to cir-
culate the body and eventually bind to denatured collagen strands
by triple-helical hybridization. Serial in vivo fluorescence imaging
over four days indicated that the IR-Ahx-ðGPOÞ9 was able to
permeate the tumor vasculature and accumulate at the tumor
sites, whereas the scrambled sequence (IR-Ahx-SG9P9O9) lack-
ing triple-helix folding capacity showed minimal accumulation at
the tumor sites (Fig. 3A and SI Appendix, Fig. S10). Furthermore,
coinjection of mice with MMPSense680™ (34), a fluorescent bea-
con for MMP activity, clearly showed the colocalization (in yel-
low) of MMP activity (in red) and CMP binding (in green) in the
tumors 102 h after CMP injection (Fig. 3B). Ex vivo fluorescence
microscopy of the tumor sections indicated that IR-Ahx-ðGPOÞ9
(in blue) was present near the CD31 positive perivascular tissue
(in red) and colocalized in part with antibody for MMP-1 cleaved
collagen fragments (in green) (Fig. 3C). This confirms that the
tumor uptake was caused by CMP reaching the tumor via the
blood vessels followed by binding to MMP digested collagens

Fig. 2. Characterization of photo-triggered CMP-collagen hybridization. (A) Fluorescence levels of collagen films (fibrillar collagen) and thermally denatured
collagen (gelatin) films treated by CFNBðGPOÞ9, with and without UV exposure. (B) Comparative fluorescence levels of type I and type II gelatin coatings treated
with UV-exposed CFNBðGPOÞ9 and the sequence-scrambled control peptide, CFSG9P9O9 (CF-GGG-PGOGPGPOPOGOGOPPGOOPGGOOPPG). (C) Fluorescence
levels of type I gelatin films treated with UV-exposed CFNBðGPPÞ9 and control peptide of opposite helicity, CFNBðGDPDPÞ9. (D) Fluorescence photographs
of the photo-patterned collagen (Left) and gelatin (Right) films along with photographs of the transparency masks (Top, in scale with the photo-patterned
films, Below) showing the line patterns [Scale bars: 2 mm (Left), 3 mm (Right)]. (E) Comparative fluorescence levels after photo-triggered CFNBðGPOÞ9 binding to
nonfibrillar form of intact or MMP-1 cleaved type I collagens before and after 1 min of 37 °C incubation. Inset: CD signals after a temperature jump from 22 °C
to 37 °C indicated fast denaturation (90% signal reduction in less than 3min) of MMP-1 digested type I collagens at 37 °C while intact collagen maintainedmost
of its triple-helical structure. (F) Fluorescence images of SDS-PAGE gels of MMP1-cleaved type I collagen (MMP-Col) and protein ladder stained with CFNBðGPOÞ9
(gel 1) or CFSG9P9O9 (gel 2) upon UV-activation, and white light photographs of the same gels stained with coomassie brilliant blue (CB). Bands labeled as 3/4α
and 1/4α chains are MMP-1 digested collagen fragments. All CMP binding assays were performed in triplicate (�s:d:).
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within the tumor tissue. Similar results were obtained for mice
bearing pancreatic tumor xenografts (SI Appendix, Fig. S11).

In Vivo Targeting of Collagen Remodeling in Bones and Cartilages. In
both the prostate and pancreatic tumor targeting studies, we were
surprised to see consistent and high level accumulation of CMPs
at the knee joints, which also colocalized with MMP activity
(Fig. 3B, and SI Appendix, Fig. S11A, arrowhead). Normal joints
are known for continual tissue remolding by MMP; however, tar-
geting this area by systemic delivery is difficult due to the avas-
cular nature of the cartilage and fast synovial fluid clearance (35).
To study the CMP accumulation at the joints and other tissues
specifically, we conducted further in vivo CMP targeting experi-
ments using BALB/c mice. This time, we used CMP conjugated to
a slightly different NIRF dye, IRDye680RD (IR 0) which has low-
er background fluorescence compared to 800CW. Fig. 4A shows
the whole-body fluorescence image of the normal mouse four
days after intravenous injection of the photo-decaged peptide.
The images show clear accumulation of the CMPs within the ske-
leton, especially in the spine and ribs, as well as within the knees,
ankles, wrists, and lower mandibles. Signals from other organs
(harvested organs, SI Appendix, Fig. S12) were negligible except
for the digestive system, which contained fluorescent chlorophylls
from food (arrows). A mouse injected with sequence-scrambled
peptide (IR 0-Ahx-SG9P9O9) showed signal only from the diges-
tive system. Furthermore, under similar experimental condition,
neither the caged-CMP lacking the folding capacity nor the

prefolded triple-helical CMP showed signs of skeletal uptake
after four days (Fig. 4B). These results strongly suggest that
the targeting of the skeletal tissue was mainly driven by the tri-
ple-helical propensity of the monomeric CMPs.

To identify the location of CMP binding more clearly, mice
were coinjected with the calcium-chelating fluorescent probe (IR-
Dye800CW BoneTag™) which targets calcifying tissues (36).
Although the overall distributions of the two probes [IR 0-Ahx-
ðGPOÞ9: red; BonTag™: green] seemed similar (Fig. 4C, Top,
and SI Appendix, Fig. S13A), close observation (Fig. 4C, Bottom,
and SI Appendix, Fig. S13B) revealed that CMP targets both cal-
cified and noncalcified bones (cartilages of the wrists, ribs, and
knees) while the BoneTag™ targets only the calcified bones.
The highest CMP intensity was detected at the articular cartilage
of the knee joints (red arrow) sandwiched between two endo-
chondral junctions (green arrows) targeted by both the Bone-
Tag™ (green) and CMP (red). Ex vivo histologic analysis of the
knee joint cartilage (unfixed frozen tissue section) showed CMP
localizing at the superficial zone which was also costained by anti-
bodies for MMP-1 cleaved, type II collagen fragments (Fig. 4D).
The superficial zone is densely populated by type II collagen
fibers, part of which are reported to be in denatured state due
to steady remodeling activity (37). Because of continual bone re-
modeling, collagens within bone are metabolized throughout the
lifespan, and products of collagen degradation (e.g., protein frag-
ments, hydroxyproline) are markers for bone resorption activity
(38). Considering the abundance of collagens in other organs, it is

Fig. 3. In vivo targeting of tumors by CMP hybridization with MMP-digested collagens. (A) In vivo NIRF images of mice bearing PC-3 prostate tumors at
forward right and left flanks (circled) administered with 3.7 nmol of UV-activated IR-Ahx-NBðGPOÞ9 or sequence-scrambled control peptide,
IR-Ahx-SG9P9O9 via tail vein injection. Ventral views of both mice at 96 h post-injection (PI), and after midline surgical laparotomy (open chest) indicate tumor
specific and stable accumulation of only the IR-Ahx-ðGPOÞ9 and not the control peptide. (B) NIRF images of another pair of mice bearing PC-3 tumors at the
same location at 102 h after IR-CMP injection and 24 h after MMPSense680 injection, showing colocalization (in yellow) of MMP activity (red) and CMP binding
(green) in the tumors (circled) and knee joint (arrowhead). (C) Epifluorescence micrographs of the unfixed PC-3 tumor sections from (B), additionally stained in
vitro with anti-Col 2 ¾Cshort csc antibody (green) and anti-CD31-PE antibody conjugate (red). IR-Ahx-ðGPOÞ9 (blue) colocalized partially with anti-Col 2 ¾Cshort

antibody (green) particularly within the peri-vasculatures. No such colocalization was detected for the control peptide (Scale bars: 100 μm).
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remarkable to see such localized and apparently stable accumu-
lation of CMPs in the bones and joints (little reduction in fluor-
escence intensity over 96 h). This suggests that the CMPs are
preferentially hybridizing with denatured collagens within the tis-
sue and not with collagen fragments in circulation which may be
too small to fold into triple helix (10). These results suggest that
the CMP could be used as cartilage-imaging agent, and appropri-
ate derivatives may likewise become bone- and cartilage-seeking
therapeutics. More work is under way to determine the effects of
CMP hybridization on the process of collagen remodeling in the
skeletal tissue and in tumor growth.

Finally, we tested CMP’s potential to detect bone abnormality
in a mouse model of Marfan syndrome, a genetic disorder of the
ECM (39). Photo-triggered IR 0-Ahx-ðGPOÞ9 was injected into
mice with a heterozygous missense mutation in fibrillin-1, which
was previously shown to exhibit marked skeletal pathology, in-
cluding severe kyphosis (SI Appendix, Fig. S14) and rib over-
growth (39). Whole-body fluorescence images of the mutant
and normal mice 96 h after the CMP injection showed a striking
difference in CMP uptake: strong CMP signal was detected at the
spine and ribs of the mutant mice with at least four times the in-
tensity of the wild-type mice (Fig. 4E). The mechanism of bone
overgrowth in Marfan syndrome is complex and still not fully
understood; however, the strong correlation between collagen

remodeling and bone growth in both physiological and patholo-
gical contexts (38), as well as high TGF-β signaling in multiple
tissues of this mouse model support the conclusion that promi-
nent CMP uptake in the Marfan mice, at least in part, derives
from increased collagen remodeling in skeletal tissues that dis-
play pathological overgrowth.

More work is needed to fully understand the nature of CMP
uptake in the skeletal tissues. The turnover rate of collagen in
cartilages is reported to be significantly slower than that of the
mineralized bones (40), and aortic aneurysm in Marfan disease
is associated with an abnormally high concentration of mature col-
lagens (41). Therefore, it is possible that the accumulation of de-
graded and damaged collagens, and not necessarily the fast rate of
collagen degradation is responsible for the high CMP uptake seen
in these tissues. It is also possible that calcification of collagens
(i.e., mineralization) reduces CMP uptake. This could explain
the high CMP uptake in the cartilage as well as the skeletal tissues
of Marfan mouse which have reduced mineral content.

To our knowledge, this is the first time that the structural
remodeling of ECM has been directly interrogated by peptide
hybridization. CMP is a simple peptide that can be readily con-
jugated to imaging and therapeutic moieties. Therefore, CMP-
mediated collagen strand targeting opens new avenues, beyond
tumor, bone, and joint imaging, for applications in detection

Fig. 4. In vivo targeting of collagen remodeling in bones and cartilages by CMP hybridization. (A) Whole-body NIRF images of BLAB/c mice injected intra-
venously with photo-decaged IR 0-Ahx-ðGPOÞ9 or IR 0-Ahx-SG9P9O9 showing skeletal uptake of only the IR 0-Ahx-ðGPOÞ9 probes. Arrows show fluorescence from
the chlorophyll in the digestive system. (B) Dorsal NIRF images of mice injected intravenously with photo-decaged IR 0-Ahx-ðGPOÞ9 (i), caged IR 0-Ahx-NBðGPOÞ9
(ii), or prefolded triple-helical IR 0-Ahx-ðGPOÞ9 (iii). The absence of signal from mice ii and iii strongly suggests that the skeletal CMP uptake is due to its triple-
helical folding propensity. (C) Dual-NIRF image of the whole skeleton showing the overall uptake of IR 0-Ahx-ðGPOÞ9 (red) and BoneTag™ (stains calcifying
tissues in green) and corresponding high-resolution images (colocalization shown in yellow). In the wrist, specific CMP uptake (red) is seen in carpal/metacarpal
structures and BoneTag uptake is seen in epiphyseal line of radius and ulna; costochondral junctions within the ribs are visualized where mineralized bone ends
(green-yellow) and cartilaginous ribs begin (red); CMPs colocalize with BoneTag™ at endochondral junctions (green arrowheads) in the knee while CMP-spe-
cific uptake can be seen within the articular cartilage and meniscus (red arrowhead) as well as focal regions within the tibia and the femur head.
(D) Immunofluorescence micrographs of ex vivo knee cartilage sections subsequently stained with anti-Col 2 ¾Cshort antibody and Hoechst 33342 showing
high CMP accumulation at the superficial zone of the cartilage (Scale bars, arrow: 100 μm). (E) Whole-body NIRF images of mouse model withMarfan syndrome
96 h after IR 0-Ahx-ðGPOÞ9 administration showing high CMP uptake in the skeleton of the diseased mouse. Whole body images were taken after skin removal.
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and treatment of a wide range of pathologic conditions associated
with high MMP activity, such as wound healing, ECM degenera-
tion, and fibrous tissue formation.

Materials and Methods
Peptide Synthesis. Fmoc(N-o-nitrobenzyl)Gly-OHwas synthesized as described
in (15) (SI Appendix, Fig. S2A). Caged CMPs were coupled using standard so-
lid-phase Fmoc and HBTU chemistry (10), with the exception of the amino
acid following NBGly, which was conjugated by 9 molar eq of the amino acid,
8.8 molar eq of PyBroP, and 20 molar eq of DIPEA for 24 h. The peptides were
purified by reverse-phase HPLC and analyzed by MALDI-ToF (SI Appendix,
Table S1) and circular dichroism spectroscopy.

Photo-Triggered Collagen Hybridization. Photo-triggered collagen binding
studies were conducted by exposing CF-labeled, caged CMPs (50 μM or, as
specified, 40 μL in 1 × PBS) to 365 nm UV light (10 mW∕cm2) directly on re-
constituted type I collagen or gelatin films (0.742 mg of protein per film) at 4
°C, followed by 3 h of incubation, extensive washing, and fluorescence read-
ing (ex: 489 nm; em: 533 nm). Type I collagen (416 μg∕mL) was digested using
MMP-1 (6.6 μg∕mL) activated by p-aminophenylmercuric acetate. For com-
parative binding assays, wells of maxisorp microplates coated with intact
and MMP-1 cleaved collagens (100 μg∕mL) were blocked with 5% BSA
and treated with CFNBðGPOÞ9 (20 μM; 50 μL in 1 × PBS), followed by UV
exposure, incubation (2.5 h), extensive washing, and fluorescence reading.

In Vivo Tumor Targeting. All animal studies were undertaken in compliance
with the regulations of the Johns Hopkins Animal Care and Use Committee.
Prostate cancer cells (PC-3) were implanted (1 × 106 in 50 μL of HBS) subcu-
taneously behind the right and left forearms of non-obese diabetic (NOD)/
severe-combined immunodeficient (SCID) mice. The tumors were grown until

5—7 mm in diameter, at which point, saline solution (100 μL) containing
3.7 nmol of IR-Ahx-NBðGPOÞ9 or IR-Ahx-SG9P9O9, and 1 nmol of cysteine
(for quenching photo-cleaved aldehyde byproduct), activated by UV expo-
sure (365 nm, >25 mW∕cm2, 5 min) was immediately injected via lateral tail
vein. MMPSense 680™ (2 nmol in 150 μL 1 × PBS) was administered intrave-
nously 80 h post CMP injection. Images were acquired at designated times
using a LI-COR Pearl Impulse Imager at both 710 nm (MMPSense) and
800 nm (CMP). The unfixed tissue sections were probed with antibodies
(anti-CD31, anti-Col 2 ¾Cshort), followed by a secondary anti-rabbit-Alexa-
Fluor488 and viewed using a Nikon 80i epifluorescence microscope.

In Vivo Skeleton Targeting. Male BALB/c mice (or Marfan mice developed
as reported in ref. 39) were dosed with 4 nmol of UV-activated
IR 0-Ahx-NBðGPOÞ9 or IR 0-Ahx-SG9P9O9 via tail vein as described. IRDye800CW
BoneTag™ (10 nmol) was administered to each mouse 72 h post-CMP injec-
tion. After 24 h, the mice were imaged after their skins removed to allow
imaging of deep tissues. Ex vivo hind limb and right hemisphere of ribs were
scanned laterally using a LI-COR Odyssey imager in both 710 nm (CMP) and
800 nm (BoneTag) channels. For full detailed Materials and Methods, see SI
Appendix.
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