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Abstract
Although fibrous collagens are major structural components of extracellular matrix in mammals,
collagen overproduction is associated with many human diseases including cancers and fibrosis.
Collagen is typically identified in biomedical research by western blot and immunohistochemistry;
however anti-collagen antibodies employed in these analyses are difficult to prepare and their
affinities to collagen can diminish if collagen becomes denatured during analyses. Previously, we
discovered that single-stranded collagen mimetic peptides [CMPs, sequence: (GlyProHyp)9] can
bind to denatured collagen chains by triple helix hybridization. Here we present collagen-specific
staining methods using simple CMPs conjugated to common fluorophores (e.g.
carboxyfluorescein), which allow direct detection of collagens and collagen-like proteins in SDS-
PAGE and in various mammalian tissue sections. By directly staining SDS-PAGE gels with
fluorescently labeled CMPs, both intact (type I, II, and IV) and MMP-1 cleaved collagen (type I)
chains as well as complement factor C1q were detected. Collagen bands containing as little as 5 ng
were optically visualized while no staining was observed for fibronectin, laminin, and a collection
of proteins from mammalian cell lysate. The CMP was unable to stain collagen-like bacterial
protein which contains numerous charged amino acids that are believed to stabilize triple helix in
place of Hyp. We also show that fluorescently labeled CMPs can specifically visualize collagens
in fixed tissue sections (e.g., skin, cornea, and bone) more effectively than anti-collagen I
antibody, and allow facile identification of pathologic conditions in fibrotic liver tissues.

Fibrous collagens, a major structural component of the extracellular matrix (ECM), are
largely found in connective tissues. Biosynthesis and degradation of collagens which are
mediated by growth factors and proteases secreted by cells are widely studied in
developmental biology,1-3 wound healing, and aging.4 Numerous human diseases including
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osteogenesis imperfecta,5 atherosclerosis,6 fibrosis7-10, arthritis,11-14 and tumors15 are
associated with abnormalities in either the structure or metabolism of collagens.

Western blot and immunohistochemistry are the two most common techniques for detecting
collagens,5,7-15 where a particular type of collagen is identified by antibody binding.
However, because the triple helical domains which constitute the major part of the fibrous
collagen (type I and II) have a highly repetitive triplet amino acid sequence (Gly-X-Y) and a
tight rod-like structure, it is difficult to generate antibodies with high specificities against
fibrous collagens.16,17 Therefore, extensive purification and selection steps, which involve
multiple immunoaffinity purification against serum proteins and other non-collagenous
ECM proteins, are needed to create collagen antibodies with low levels of cross-affinity. For
antibodies that recognize the intact triple helical collagen epitopes, their affinity decreases
dramatically when they are used in western blot and in formalin-fixed and/or paraffin
embedded tissue samples because collagens in those samples are partially denatured.
Moreover, antibody detection usually requires overnight reactions and additional detection
steps involving secondary antibodies labeled with either a reporter enzyme or a fluorescent
dye, which are often tedious and time-consuming. Considering these limitations, we sought
to develop a broad-spectrum collagen staining agent that is easy to use and can bind not only
to native collagens but also to denatured fibrous collagens.

Here we report a convenient collagen-specific staining method that is based on triple helix
forming peptide probe which can directly detect collagenous proteins in SDS-PAGE as well
as in immunohistochemical staining (Figure 1). Previously, we discovered that single strand
collagen mimetic peptides [CMP, sequence: (GPO)x, x = 6-10, O: hydroxyproline] can bind
to unfolded collagen chains presumably through the formation of collagen-CMP
heterotrimeric complexes.18-25 The binding interaction originates from the unique triple
helical structure of the collagens,26 and the inherently strong triple helical folding propensity
of the CMPs.27 Because CMPs self-assemble into homotrimers at room temperature which
have little driving force for collagen binding, monomeric CMPs were generated by heating
the peptide solution above CMP's melting temperature just prior to applying to collagen
substrates (Figure 1).20-22,28 Although such thermally activated CMPs were successfully
used for collagen tissue scaffold modification, they could not be used for in vivo
experiments for concerns associated with heat-induced tissue damage. Recently we've
developed a new type of CMP, namely caged CMP [(GPO)4

NBGPO(GPO)4, Figure 1],
whose triple helical folding can be controlled by UV light.18 The caged CMP contains a
photo-cleavable nitrobenzyl group attached to the peptide's central glycine, which sterically
prevents the CMP from folding into triple helix; yet removal of the protective cage group by
UV irradiation immediately recovers CMP's folding and collagen binding abilities. Taking
advantage of this efficient non-thermal trigger, we were able to employ CMP with strong
triple helical propensity (high Tm) to perform in vivo collagen targeting studies in mice.
This led to a surprising discovery that systemically delivered CMPs can target denatured
collagens of tissues undergoing normal or pathologic remodeling.18 Realizing CMPs'
effectiveness in targeting denatured collagen from these studies,18,20,21,23 we set out to
explore their full capacity for in vitro collagen/gelatin targeting using both the heat and light
activation approaches (Figure 1). We were particularly interested in devising a new and easy
collagen staining method that can help biomedical researchers and clinicians.

The rate of single stranded CMPs self-assembling into homotrimers depends strongly on the
concentration of CMP solution, because trimer formation follows a third order folding
kinetics.29,30 Previously, for diagnostic imaging18 and tissue scaffold engineering21,22

applications, it was necessary to use high concentrations (50 μM - 0.2 mM) of CMPs in
order to achieve binding levels high enough for collagen detection and for activating cellular
response in collagen scaffolds. Since homotrimer formation is fast in concentrated CMP
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solutions, we employed thermal quenching and caging-decaging strategies to minimize the
homotrimer formation in those studies. We realized that such strategies are not necessary for
in vitro collagen staining application, since the concentration of CMP staining solutions can
be very dilute (5-10 μM) with the trimerization half time in the order of hours at room
temperature.29,30 Therefore we decided to test staining of SDS-PAGE and tissue sections
using dilute solutions of CMPs.

We synthesized a peptide with (GPO)9 sequence conjugated to a fluorophore through a
flexible GGG linker to minimize fluorophore's influence on the peptide's triple helical
folding process (Figure 1). We chose 5(6)-carboxyfluorescein (CF) and 5(6)-
carboxytetramethylrhodamine (TAMRA) as the fluorophores since they are compatible with
standard fluorescence microscopes and imaging systems. All peptides were prepared by
conventional solid-phase peptide synthesis (SPPS) using Fmoc/HBTU chemistry. The caged
CMP was synthesized by inserting Fmoc(N-o-nitrobenzyl)Gly-OH in the middle of standard
SPPS; the coupling reaction following the NBGly was run using excess amount of Hyp and
PyBroP as previously reported.18 The fluorophores were conjugated to the amino termini of
the peptide on the solid phase in the presence of PyAOP and DIPEA (see Supporting
Information, Materials and Methods, and Figure S1).31 The CD spectra and thermal melting
curves of the fluorescent peptides (Supporting Information Figure S2) confirmed that the
triple helical folding propensity of the peptides remains largely unchanged even when they
are conjugated to the fluorophores. A sequence-scrambled peptide, CFSG9P9O9 (CF-GGG-
PGOGPGPOPOGOGOPPGOOPGGOOPPG) that cannot fold into triple helix was also
prepared for comparison.18

To test the CMP's collagen probing capacity in SDS-PAGE under dilute CMP concentration,
denatured type I collagen was resolved by SDS-PAGE. After the electrophoresis, the gel
was washed with deionized water three times to remove the remaining SDS, and immersed
in a solution of CF(GPO)9 (6 μM) that had been pre-heated to 85 °C which is above the
peptide's melting temperature (see Supporting Information, Materials and Methods). After 3
hr of incubation at room temperature followed by washing with deionized water, the gel was
photographed using a fluorescent imaging system. The image of the gels showed distinct
fluorescent emission from the bands of type I collagen chains (Figure 2A): not only the α1
and α2 chains were visible but also higher molecular weight bands corresponding to the
naturally crosslinked collagen chains were prominently visualized with high fluorescence
intensity. Under dilute conditions, the thermally melted CMPs remain mostly in single
strands immediately after the cooling due to their slow triple helix folding rate as described
above.29,30 These monomeric CMPs seem to be able to hybridize with the unfolded collagen
chains in the SDS-PAGE which are denatured and densely aggregated in the bands. To
estimate the sensitivity of the CMP probe, a dilution series of type I collagen was run. The
most dilute band that could be visualized by the CF(GPO)9 probe contained as little as 5 ng
of collagen chains (Figure 2A, arrow), which is similar to the sensitivity level of the
conventional coomassie brilliant blue (CB) staining (Figure 2A bottom panel). We also
found out that enzymatically digested collagen fragments can be readily visualized on SDS-
PAGE by the heat activated CF(GPO)9 just as well as the UV activated caged peptide
previously reported from our group (Figure 2B).18

We further determined the binding specificity of CF(GPO)9 for different collagen types and
other major ECM proteins. Fluorescent images of the gel after SDS-PAGE showed that
CF(GPO)9 binds to collagen types I, II and IV but has no affinity to fibronectin and laminin
(Figure 2C). Same gel stained with the sequence-scrambled peptide CFSG9G9O9 revealed no
collagen bands (Supporting Information Figure S3). These results clearly show that the
CMPs bind by triple helical hybridization and only to proteins with triple helical domains.
Intensity of the fluorescence emission in each collagen lane (Figure 2D) indicated that type
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IV collagen was stained to a lesser degree than the type I and II collagens. This is most
likely because the type IV collagen has lower triple-helical content due to the presence of
large globular non-collagenous domains as well as over 20 interruptions in the collagenous
domain that break up the triple helix.32 Finally, when CF(GPO)9 was used to stain the SDS-
PAGE of whole cell lysate of human umbilical vein endothelial cells (HUVEC), no protein
band was visualized (Figure 2E). This result demonstrates the remarkable specificity of the
CMP probe for detecting collagen strands.

Although the Gly-X-Y triplet repeat is the signature protein sequence of collagen family,
similar sequence is also found in several non-collagenous proteins, typically as a triple
helix-triple helix association domain of a larger protein (e.g. mannose binding protein and
complement factor C1q).26 The Gly-X-Y repeats capable of forming triple helical structure
are also found on the surface of bacteria and viruses.19,33,34 We were curious to see if these
collagen-like domains can also be detected in SDS-PAGE by CMP binding. We tested two
proteins: the complement protein C1q which is constructed of eighteen globular heads
connected to six collagen-like triple helical assemblies,35,36 and a recombinant protein,
Scl2.28CL, derived from the cell-surface protein (Scl2) of Streptococcus pyogenes
previously reported to form collagen-like triple helices.37 The Scl2 folds into lollipop-like
structure similar to C1q monomers and is speculated to interact with mammalian collagens
and proteins with collagenous domains (e.g. macrophage scavenger receptor38), facilitating
their adhesion to host cells and tissues.19,37,38 The collagen-like domain of complement
factor C1q is rich in Hyp and Pro, which are strong triple helix stabilizers, respectively in
the positions X and Y of the Gly-X-Y repeats;39 however in the Scl 2 protein, these
positions are populated by charged amino acids37 which are believed to stabilize collagen
triple helix by electrostatic interactions.40

We found out that CF(GPO)9 can stain the SDS-PAGE bands of C1q chains almost as
effectively as collagens (Figure 3A). This indicates that the CMPs are capable of hybridizing
with the collagen-like domain of the C1q chains. In drastic contrast, CF(GPO)9 failed to
stain the Scl2.28CL bands (Figure 3B). In mammalian collagens, hydroxyprolines play a
critical role in folding and stabilization of the triple helical structure,27 while collagen-like
domains of bacterial proteins that lack Hyp rely, in part, on charge-charge interactions for
making stable triple helix.40 Heat denatured mammalian collagens partially recover their
triple helical structure and turn into gelatin when cooled.41 The Scl2.28CL chains, however,
are unable to refold into triple helix after denaturation.42,43 The results suggest that CMP
can hybridize with the denatured strands of the Hyp rich collagen and C1q, but it does not
make stable heterotrimeric helices with collagen-like sequences of Scl2, presumably because
the CMP is a neutral peptide that cannot participate in electrostatic interactions and because
of inherently low triple helix folding propensity of the Pro-poor Scl2 sequence.

Compared to conventional antibody-mediated detection, CMP probes are more convenient
to use. Antibody binding in western blot requires transferring the proteins from PAGE gel
onto a polyvinylidene difluoride (PVDF) or nitrocellulose membrane, followed by blocking,
and long hours of immunoreactions. In contrast, because of CMP's small size and high
affinity, detection of collagen by CMP probes can be performed directly in gels, without
transferring and blocking, and in relatively short period of time. In addition, the CMP
hybridization relies on protein's overall secondary structure instead of a few well-defined
epitopes. Therefore, even fragments of collagen chains can be recognized, a feature useful
for studying collagen degradation which is common to many degenerative diseases (e.g.
arthritis). The main limitation of the CMP probes is that the probes cannot distinguish
different collagen types, since the Pro- and Hyp-rich Gly-X-Y motif recognized by the CMP
is universal in all types of collagens. Therefore CMP probes should be considered a broad-
spectrum collagen targeting molecule.
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While western blot is useful for molecular level detection and quantification of collagens,
direct visualization of collagens can help identify the location of collagens in tissue samples
and a pathological state of diseased tissues with abnormal collagen remodeling activity. In
immunohistochemistry, harvested tissues are often preserved by fixation, followed by
cryosectioning and probing by different antibodies to determine the location of
biomolecules. The fixation step is needed to keep the cellular components and overall tissue
morphology from deterioration during histological study and long term storage; however the
fixing procedures, which often include heat (microwave), and treatment with organic
solvents (e.g. acetone and alcohols) and crosslinking reagents (e.g. paraformaldehyde), can
denature the collagen molecules.44 Although such denaturation can reduce the number of
epitopes for antibody binding, it could have an opposite effect on CMP probes. The
denaturation may increase the number of binding sites for the CMP probes because the CMP
preferentially hybridizes with denatured collagen strands over intact collagen fibers. For this
reason, we anticipated that the fluorescent CMP probes could be an ideal collagen staining
agent for histology. Since addition of heat activated peptide probes to tissue sections could
result in further tissue damage and destruction of other heat sensitive antibodies (for co-
staining), the caged CMP that can be activated by UV light was used for staining tissue
sections.

Caged CMP, CFNB(GPO)9 was applied to tissue sections (fixed tissue sections from mouse
skin, cornea, and bone), followed by exposure to UV light to activate collagen binding.
Anti-collagen I antibody (2nd antibody: anti-rabbit-AlexaFluor594) was also applied to the
tissue samples for comparison (see Supporting Information, Materials and Methods). As
shown in Figure 4A and B, the decaged CF(GPO)9 effectively stained the collagen-rich
dermis layer of the fixed mouse skin and the stroma of the cornea sections. The control
groups stained by scrambled peptide CFSG9P9O9 showed no discernible binding under
identical experimental conditions (Figure 4A and B, bottom panels). The fluorescent signals
from the CF(GPO)9 overlapped largely with those from the antibody, which confirmed the
specificity of the probes for the collagen fibrils. Compared to the anti-collagen antibody, the
CF(GPO)9 showed more intense signals which also revealed finer details of the collagen
fibril organization in the dermis and the corneal stroma (Figure 4A and B). In addition, a
bright green line corresponding to the Descemet's membrane of cornea which contains type
VIII collagen was clearly visualized by the CMP probe (Figure 4B, arrow). We also noticed
that the processing of the tissue seems to enhance the CMP binding. Paraformaldehyde fixed
cornea samples were significantly brighter than the fresh unfixed samples when identical
CMP staining and imaging protocols were employed (Supporting Information Figure S4). In
particular, the mouse tibia bone sections that have undergone acidic demineralization
process as well as fixation and paraffin embedding exhibited strong CF(GPO)9 signals but
almost no collagen antibody signal was detected (Figure 4C). It is highly likely that the
tertiary protein structure of the epitopes targeted by the collagen antibody had been
compromised by the heat during the paraffin-embedding, and the highly acidic
demineralization process; yet the CMP probe can still target such collagens because it
recognizes the unfolded secondary protein structure that is prevalent in collagens.

The CMP probe's remarkable ability to target collagens in bones even after acidic
demineralization and extensive preservation process demonstrates the robustness and
versatility of the CMP mediated collagen staining. Histological preservation and processing
often cause alteration or masking of epitopes targeted by immunohistochemical agents. Even
for a same target biomolecule, different histological processing (e.g. frozen vs. paraffin-
embedded) may require different types of primary antibody. Sometimes, heat- or enzyme-
induced antigen retrieval step is necessary to improve the antibody binding.45 In contrast,
CMP probes recognize the secondary protein structure, the metastable polyproline-II-like
helix that is waiting for triple helix hybridization partners. For this reason, perturbation of
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collagen's tertiary and quaternary protein structures seem to have little effect on the CMP's
binding affinity to collagen strands.

To showcase the CMP's ability to identify pathological conditions, a set of healthy and
fibrotic rat liver sections were stained utilizing the photo-triggered CMP probe. Two
common fibrosis models were tested: a fibrosis induced by repetition of a toxic insult,
thioacetamide (TAA), to the liver, and the secondary biliary fibrosis model induced by bile
duct ligation (BDL).46 Because the liver tissues emit strong autofluorescence whose
spectrum overlaps with the emission spectrum of CF,47 TAMRA-NB(GPO)9 was used for
the liver fibrosis staining. In addition, CuSO4 solution was applied to the tissue sections
during optical imaging to selectively reduce the lipofuscin-like background autofluorescence
(see Materials and Methods, Supporting Information).48 As shown in Figure 5, TAMRA-
(GPO)9 revealed minimal collagen staining in healthy liver: collagens can only be found
surrounding the major vessels in the portal area. In the tissue sections of TAA and BDL
fibrotic models, the CMP successfully exposed the abnormal presence of collagens.49,50 In
the TAA sample, long and thin bridged septa of aggregated collagens were readily seen, and
in the BDL model, excess fibrotic collagens were detected around the circular proliferating
bile ducts (Figure 5). These results are consistent with the hepatic fibrosis patterns for those
classical fibrosis models.46 Compared to Masson Trichrome staining, a common non-
immunochemical staining procedure that chemically stains collagen fibers in blue on top of
pink colored cellular background (Supporting Information, Figure S5), the fluorescent CMP
probe offers more clear and collagen specific imaging as well as simultaneous co-staining
with other biomarkers that can be easily distinguished by the multi-color channels of
fluorescence microscope. The results demonstrate the potential application of CMP probes
not only for histology of clinical biopsies, but also for live imaging and targeting of fibrotic
tissues.51

In summary, this study has validated the use of fluorescently labeled collagen mimetic
peptides for direct and efficient detection of Hyp rich collagenous proteins in SDS-PAGE
and immunohistostaining. Our results indicate that CMPs are highly effective at staining
collagens in extensively processed tissue sections which are not easily probed by
conventional antibodies. We believe that the fluorescent CMP is an excellent alternative to
collagen antibodies for detecting fibrous collagens in various assays and tissue imaging.
Although CMP probes cannot distinguish different types of collagens, they offer higher
specificity to collagens when compared to conventional staining agents.52 Conventional
collagen staining agents such as Sirus Red rely on electrostatic interactions for binding to
collagens; negatively charged probes bind to positively charged collagens. Therefore the
staining is not specific to collagen and can stain other proteins with high content of basic
amino acids.53 Since CMP recognizes the triple helical amino acid sequence of collagen, it
is a true broad-spectrum collagen-specific staining agent with almost no binding affinity for
non-collagenous proteins as demonstrated in this paper. As a potent collagen targeting
molecule, CMP is a structurally simple peptide that is easy to prepare and conjugate to other
bioactive moieties. The two orthogonal activation mechanisms (Figure 1: heat activation of
CMP and light activation of caged CMP) provide great flexibility for the incorporation of
additional functionalities to this peptide: the heat activation system is suitable for
conjugation of chemically reactive compounds that may be sensitive to UV light or photo-
cleaved by-products, while the light activation system is suitable for conjugation of delicate
biomolecules (e.g. proteins) that might be incompatible with heat. The ability to synthesize
more complex CMP derivatives that can target collagen strands may lead to new
applications in tissue scaffold engineering, collagen-targeted drug delivery and in vivo
collagen imaging.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

Fmoc fluorenylmethyloxycarbonyl

HBTU 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate

PyBroP bromotripyrrolidinophosphonium hexafluorophosphate

PyAOP (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate

DIPEA N,N-diisopropylethylamine

CD circular dichroism

MMP matrix metalloproteinase

DAPI 4′,6-diamidino-2-phenylindole
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Figure 1.
Structures of fluorescently labeled CMP and nitrobenzyl (NB) caged CMP, designated
respectively as CF(GPO)9 and CFNB(GPO)9 for CF labeled peptides, and schematic
illustration of the two approaches (heat or UV activation) of generating single-strand CMPs
that can hybridize with collagen strands.
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Figure 2.
Detection of collagen in SDS-PAGE by heat activated fluorescent CMPs. (A) SDS-PAGE
loaded with a dilution series of type I collagen, stained and imaged first with CF(GPO)9 (top
panel) followed by coomassie blue (CB) staining (bottom panel). From left to right, each
lane was loaded with 4 μg, 2 μg, 1 μg, 500 ng, 250 ng, 125 ng, 62.5 ng, 31.2 ng, 15.6 ng
and 7.8 ng of denatured collagen, respectively. The arrow points to the least recognizable
band in the image which contains approximately 5 ng of collagen α1 chains. (B) SDS-
PAGE of intact and MMP-1 cleaved type I collagens (3 μg in each lane) similarly stained
with CF(GPO)9 and CB. (C) SDS-PAGE loaded with collagen type I, II, IV, fibronectin and
laminin (2 μg of each protein), and stained with CF(GPO)9 and CB. (D) Comparative
fluorescence levels of the ECM protein bands in SDS-PAGE stained by CF(GPO)9 (C) or
CFSG9P9O9 (Supporting Information Figure S3). The measured fluorescence intensities
were normalized by collagen I, and the experiment was performed in triplicate (±s.d.). (E)
SDS-PAGE of collagen I (0.7 μg) and a lysate of HUVECs stained by CF(GPO)9 and CB
showing remarkable specificity of CMP for collagen detection. Images of the CF(GPO)9
stained gels were recorded using a Typhoon fluorescent imager (λex = 488 nm), and CB
stained gels were photographed using a Gel Doc EQ system.
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Figure 3.
SDS-PAGE of collagen-like proteins stained with CMP. (A) SDS-PAGE loaded with 2 μg
of complement factor C1q and type I collagen, stained by CB, CF(GPO)9, or CFSG9P9O9,
showing specific visualization of the C1q chains by CF(GPO)9 hybridization. (B) SDS-
PAGE loaded with 2.5 μg of type I collagen and streptococcal collagen-like protein
Scl2.28CL stained by CF(GPO)9, showing almost no staining of the Scl2.28CL band.
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Figure 4.
Histological tissue staining using photo-activated caged CMPs. Fluorescent micrographs of
fixed mouse skin (A) and cornea (B) sections probed by photo-triggered CFNB(GPO)9 (in
green, top panels) or scrambled peptide CFSG9P9O9 (in green, bottom panels) and co-
stained with anti-collagen I antibody (red), and DAPI (blue). The CFNB(GPO)9 staining
revealed fine irregular collagen fibers of the dermis (A) and parallel collagen fibrils in the
corneal stroma as well as the collagens in Descemet's membrane (arrows) (B). (C)
Fluorescent images of paraffin embedded, demineralized mouse tibia sections stained with
photo-triggered CFNB(GPO)9 (green, left panels) or scrambled peptide CFSG9P9O9 (green,
right panels), and co-stained with anti-collagen I antibody (red), showing prominent CMP
signals and only weak non-specific antibody signals from the collagenous bone.
Concentrations of CFNB(GPO)9 and CFSG9P9O9 used in this study are: (A), 25 μM; (B), 2.5
μM; (C), 8 μM. (scale bars: A, 50 μm; B, 100 μm; C, 0.5 mm).
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Figure 5.
Identification of fibrotic conditions using CMP staining. Fluorescence micrographs of
normal and fibrotic rat liver sections (TAA and BDL) stained with photo-triggered
TAMRANB(GPO)9 (10 μM, in red) and DAPI (in blue), showing distinct collagen
distributions in fibrotic liver models. (scale bar: 200 μm).
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