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Collagen comprises 1
4 of the protein in humans and 3

4 of the dry weight of human skin. Here, we
implement recent discoveries about the structure and stability of the collagen triple helix to design new
chemical modalities that anchor to natural collagen. The key components are collagen mimetic peptides
(CMPs) that are incapable of self-assembly into homotrimeric triple helices, but are able to anneal
spontaneously to natural collagen. We show that such CMPs containing 4-fluoroproline residues, in
particular, bind tightly to mammalian collagen in vitro and to a mouse wound ex vivo. These synthetic
peptides, coupled to dyes or growth factors, could herald a new era in assessing or treating wounds.

Introduction

Collagen is a helix of three polypeptide strands. Each of these
strands consists of ∼300 Xaa-Yaa-Gly units, where Xaa is often
(2S)-proline (Pro) and Yaa is (2S,4R)-4-hydroxyproline (Hyp).
Studies with collagen mimetic peptides (CMPs) show that repla-
cing Pro with Hyp in the Yaa position stabilizes the collagen
triple helix.1 Initially, this stability was attributed to water mol-
ecules forming bridging hydrogen bonds between the 4-hydroxyl
groups and main-chain oxygens.2 We showed, however, that col-
lagen stability was enhanced dramatically by replacing Hyp in
the Yaa position with (2S,4R)-4-fluoroproline (Flp; Table 1),
which has a side chain that is compromised severely in its ability
to form hydrogen bonds.3–5 We concluded that stereoelectronic
effects were responsible for the extra stability conferred by
Hyp.6–8 Briefly, 4R-configured electronegative substituents
enforce a Cγ-exo ring pucker that preorganizes the main-chain
dihedral angles of the residue in the Yaa position to be those
required in a collagen triple helix.9,10

In contrast to Hyp in the Yaa position, Pro in the Xaa position
of a collagen triple helix adopts a Cγ-endo ring pucker.7,11

Accordingly, we found that replacing Pro in the Xaa position
with (2S,4S)-4-fluoroproline (flp), which prefers an endo ring

pucker, enhances triple-helical stability.12–14 Even though intro-
ducing flp into the Xaa position or Flp into the Yaa position is
highly stabilizing, introducing both is highly destabilizing due to
steric interactions between proximal fluoro groups within the
same cross section of a triple helix.15–18 Nonetheless, heterotri-
meric triple helices in which (flp-Flp-Gly)7 and (Pro-Pro-Gly)7
are in a ratio 1 : 2 or 2 : 1 are much more stable than the homotri-
meric triple helices that assemble from either of these strands
alone.16

Natural collagen is not effective in retaining passively
absorbed materials. Efforts have been made to deliver and
immobilize materials on natural collagen by chemical coup-
ling.19 Such covalent modification requires the use of electrophi-
lic reagents that can have adverse consequences for the structure
and attributes of endogenous collagen, as well as damage other
biopolymers. Hence, we sought to develop a noncovalent means
to anchor a material to natural collagen.

Strand invasion plays a key role in molecular biology. A
common example is the invasion of a single DNA or PNA
strand into a DNA duplex to form base pairs with one of the
parental DNA strands within a displacement loop (or
“D-loop”).20,21 Natural collagen contains loops or interruptions

Table 1 Thermostability of synthetic collagen triple helices

Collagen mimetic peptide Xaa Yaa Triple-helical Tm (°C)

(Xaa-Yaa-Gly)7 Pro Hyp 366

Pro Flp 456

flp Pro 3313

Pro Pro No helix16

flp Flp No helix16

(Xaa-Yaa-Gly)10 Pro Hyp 61–695,27

Pro Flp 915

Flp Pro 5814

Pro Pro 31–415,28

flp Flp 3015
†Electronic supplementary information (ESI) available: Analytical
HPLC traces and MALDI–TOF mass spectra for CMPs 1–4. See DOI:
10.1039/c2ob25190f
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in its triple helix,22,23 and these domains are accessible to
CMPs.24–26 We sought to take advantage of this phenomenon in
wound tissue, which abounds in frayed and broken collagen
(Fig. 1). We suspected that fluoroproline-based CMPs might
anneal to collagen under physiological conditions, unlike (Pro-
Hyp-Gly)n-based peptides, which require a high-temperature pre-
treatment to dissociate triple helices into single strands.29,30 Such
heating could damage the peptide or a pendant molecule, and is
not attractive in a clinical setting. Here, we report on the anneal-
ing of CMPs to natural collagen in vitro and ex vivo.

Results and discussion

Design and synthesis of collagen mimetic peptides

CMPs containing 7 Xaa-Yaa-Gly units can be synthesized
readily by solid-phase peptide synthesis (SPPS). These peptides
can form stable triple helices (Table 1) that resemble those in
natural collagen, as is apparent from circular dichroism spec-
troscopy, analytical ultracentrifugation, X-ray crystallography,
fiber diffraction analysis, and electron microscopy.9,31–36 This
synthetic strategy facilitates the introduction of nonnatural resi-
dues, like flp and Flp,37 into a CMP.

As our preferred CMP, we chose Ac-(flp-Flp-Gly)7-(Gly-
Ser)3-LysOH (1). The N-terminal acetyl group precludes any
unfavorable Coulombic interactions with natural collagen, and
the C-terminal lysine residue provides an amino group for conju-
gation by N-acylation. The (Gly-Ser)3 unit serves as a flexible,
soluble spacer.

As control CMPs, we chose Ac-(Pro-Pro-Gly)7-(Gly-Ser)3-
LysOH (2), Ac-(Pro-Pro-Gly)3-(Pro-Pro-Sar)-(Pro-Pro-Gly)3-
(Gly-Ser)3-LysOH (3), and Ac-Pro21-(Gly-Ser)3-LysOH (4). We
anticipated that CMP 2 should be effective in annealing, though
less so than CMP 1 because of its lesser preorganization.6–8 The
methyl group of the central sarcosine (Sar) in CMP 3 provides a
subtle but strong impediment to triple-helix formation by obviat-
ing the interstrand GlyNH⋯OvCPro hydrogen bond,38 but

allows CMP 3 to retain the other physicochemical characteristics
of CMP 2. Finally, the linear polyproline strand of CMP 4 is not
capable of annealing to natural collagen by triple-helix
formation.

CMPs 1–3 were synthesized by a convergent route relying on
the condensation of Xaa-Yaa-Gly units. CMP 4 was synthesized
the sequential coupling of amino–acid monomers. For annealing
experiments, biocompatible dyes were conjugated to the CMPs
by O- to N-acyl transfer using an NHS ester of the dyes (Fig. 2).

Annealing of collagen-mimetic peptides to collagen in vitro

In initial wound assessment studies, we treated insoluble calf-
skin collagen (type I) with fluorescently labeled CMPs 1–4, as
well as with the unconjugated fluorophore. We monitored the
changes in color and binding by visual inspection over several
days. CMPs 1 and 2, which have flp-Flp-Gly and Pro-Pro-Gly
units, respectively, annealed to collagen firmly as seen by the
persistent color of the insoluble collagen after 12 days (Fig. 3A
and B). In contrast, collagen treated with CMPs 3 and 4, and
free dye lost all apparent color during the first day and retained
none after 12 days (Fig. 3C–E). These initial results validated
our strategy (Fig. 1), but did not differentiate between CMPs 1
and 2.

Retention of collagen-mimetic peptides on a collagen gel

Next, we assessed the time-dependent retention of CMPs 1 and
2 on a gel of rat-tail collagen (type I) under physiological con-
ditions. Over the course of days, CMP 1 exhibited much greater
retention than did CMP 2 (Fig. 4). Nearly a third of the fluoro-
proline-containing CMP (1) was retained after two weeks,
whereas virtually all of the proline-containing CMP (2) was lost
after one week. These data are consistent with the preorganiza-
tion endowed by the fluoroproline residues.16

Annealing of collagen-mimetic peptides to an ex vivo wound

Then, we analyzed the ability of CMPs 1 and 2 to bind to
cutaneous wounds on pelts harvested from mice. Identical
wounds were created on mice pelts by removing the top layer of
the skin, and the consequent wound beds were treated with CMP
1, CMP 2, or the free fluorophore, incubated, and washed. Both
CMPs 1 and 2 remained annealed to the wound bed after aggres-
sive washing, whereas the free dye did not (Fig. 5A–C). We
repeated the experiment by treating the wound on one side of the
pelt with CMP 2 and the other side with CMP 4. As expected,
CMP 2 showed much greater binding than did CMP 4 (Fig. 5D
and E). The fluorescence in these experiments was limited pri-
marily to the wound bed and its edges, where the concentration
of damaged collagen is likely to be higher than in the surround-
ing unbroken skin.

Toxicity of collagen-mimetic peptides to human cells

Finally, we performed cytotoxicity assays on CMPs 1 and 2 to
determine their suitability for future work in vivo. The CMPs
were tested for toxicity towards a relevant model, normal human

Fig. 1 Representation of a collagen mimetic peptide (CMP) annealing
to damaged collagen to anchor a molecule (X) in a wound bed.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5892–5897 | 5893
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dermal fibroblast cells. Doxorubicin served as the positive
control and (Pro-Hyp-Gly)7 as the negative control. Both pep-
tides proved to be non-toxic to human fibroblast cells (Fig. 6).

Conclusions

We have demonstrated the efficacy of the strategy depicted in
Fig. 1. Both the (flp-Flp-Gly)7-based CMP (1) and the (Pro-Pro-
Gly)7-based CMP (2) bind strongly to collagen at room

Fig. 3 Photographs of CMPs annealed to calf-skin type I collagen.
Fluorescently labeled CMPs in MeOH were added to collagen, which
was washed with PBS, DMSO, and MeOH, and photographed after 12
days. A: RCMP 1; B: RCMP 2; C: RCMP 3; D: RCMP 4; E: Rhodamine
Red™-X NHS ester that had been reacted with ethylamine.

Fig. 4 Plot of the retention of CMPs on a gel of rat-tail type I collagen.
Fluorescently labeled CMPs were applied to a gel, which was washed
after 90 min (wash number 1) and then at 48 h intervals (wash numbers
2–6). The absorbance of the washes at 494 nm was used to calculate
retention on the gel. ♦: FCMP 1; ■: FCMP 2; ◯: 5-carboxyfluorescein
NHS ester that had been reacted with ethylamine. Values are the mean ±
SE from 4 gels.

Fig. 5 Photograph of the annealing of CMPs to mouse collagen ex
vivo. Fluorescently labeled CMPs were applied to 6 mm cutaneous
wounds on mouse pelts, washed, and imaged. A: IRCMP 1, photograph;
B: IRCMP 1, fluorescence image; C: IRCMP 2, fluorescence image; D:
RCMP 2, fluorescence image; E: RCMP 4, fluorescence image. In panels
A–C, the circles (6 mm) denote wounds treated with IRDye® 800CW
NHS ester that had been reacted with ethylamine. In panels B and C, the
mouse pelts are outlined.

Fig. 2 CMPs (1–4) and dyes used in this work. Each CMP has a C-terminal (Gly-Ser)3-LysOH segment. CMP–dye conjugates are indicated in the
text with a superscript: IRCMP for IRDye® 800CW, RCMP for Rhodamine Red™-X, and FCMP for 5-carboxyfluorescein.

5894 | Org. Biomol. Chem., 2012, 10, 5892–5897 This journal is © The Royal Society of Chemistry 2012
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temperature in in vitro and ex vivo. Binding does not require
heating the CMP prior to its application. CMP 1 is retained
longer on collagen than is CMP 2, providing the option of a
long-term attachment of an effector molecule or its sustained
release over a shorter time period. Neither peptide is toxic to
human fibroblast cells. We anticipate that either CMP 1 or CMP
2 could be used to affix a pendant molecule in a wound bed,
obviating the need for repeated application. This methodology
avails a myriad of possibilities for the delivery of therapeutic
small molecules, peptides, and proteins, and could be especially
useful for treating highly traumatized wounds (e.g., in burn
patients) or slowly healing wounds (e.g., in diabetic
patients).39,40 We foresee a CMP with a pendant dye highlighting
areas of maximal tissue damage (which would have many sites
for annealing), and a CMP with a pendant growth factor expedit-
ing the healing process.

Experimental procedures

General materials and methods

Commercial chemicals were of reagent grade or better, and were
used without further purification. Anhydrous THF, DMF, and
CH2Cl2 were dispensed from CYCLE-TAINER® solvent deliv-
ery systems from J. T. Baker (Phillipsburg, NJ). Other anhydrous
solvents, including DMSO, were obtained in septum-sealed
bottles. In all reactions involving anhydrous solvents, glassware
was either oven- or flame-dried.

Flash chromatography was performed with columns of silica
gel 60, 230–400 mesh from Silicycle (Québec City, Canada).
Semi-preparative HPLC was performed with a Varian Dynamax
C-18 reversed-phase column. Analytical HPLC was performed
with a Vydac C-18 reversed-phase column.

IRDye® 800CW NHS ester was from LI-COR (Lincoln, NE).
Rhodamine Red™-X NHS ester and 5-carboxyfluorescein NHS
ester were from Life Technologies (Grand Island, NY). Insoluble
calf-skin collagen from ICN Biomedicals (Irvine, CA) and rat-
tail type I collagen (5 mg mL−1) from Life Technologies were
used for the in vitro annealing and retention studies, respectively.
Cryopreserved PrimaPure™ normal human (adult) dermal

fibroblasts (NHDF) were from Genlantis (San Diego, CA), and a
LIVE/DEAD® Viability/Cytotoxicity Kit for mammalian cells
was from Life Technologies.

Mass spectrometry was performed with either a Micromass
LCT (electrospray ionization, ESI) mass spectrometer from
Waters (Milford, MA) in the Mass Spectrometry Facility in the
Department of Chemistry or an Applied Biosystems Voyager
DE-Pro (matrix-assisted laser desorption/ionization) mass spec-
trometer from Life Technologies in the Biophysics Instrumenta-
tion Facility at the University of Wisconsin–Madison.

Peptide synthesis

Peptides were synthesized by SPPS using an Applied Biosystems
Synergy 432A Peptide Synthesizer from Life Technologies at the
University of Wisconsin–Madison Biotechnology Center. The
first seven couplings were of a normal duration (30 min), sub-
sequent couplings were extended (120–200 min). Fmoc-depro-
tection was achieved by treatment with piperidine (20% v/v) in
DMF. CMPs 1–4 were synthesized on FmocLys(Boc)-Wang
resin (100–200 mesh). CMPs 1–3 were synthesized by segment
condensation of their corresponding Fmoc-tripeptides (3 equiv).

For CMP 1, Fmocflp-Flp-GlyOH was synthesized from com-
mercial BocflpOH and BocFlpOH,37 as described previously.16

Briefly, PyBOP-mediated coupling of BocFlpOH to the tosylate
salt of glycine benzyl ester yielded a dipeptide, which was con-
verted to its HCl salt, coupled to FmocflpOH, and subjected to
hydrogenation to yield the tripeptide. Fmocflp-Flp-GlyOH,
FmocGlyOH, and FmocSer(tBu)OH were used in SPPS, result-
ing in CMP 1.

For CMPs 2 and 3, FmocPro-Pro-GlyOH was synthesized by
using N,N′-dicyclohexylcarbodiimide-mediated coupling as
reported previously.41 FmocPro-Pro-GlyOH, FmocProOH,
FmocSarOH, FmocGlyOH, and FmocSer(tBu)OH were used in
SPSS, resulting in CMPs 2 and 3.

CMP 4 was synthesized by the sequential coupling of Fmoc-
ProOH, FmocGlyOH, and FmocSer(tBu)OH by SPPS.

Peptides were cleaved from the Wang resin by using
95 : 2.5 : 2.5 TFA/triisopropylsilane/H2O (total volume: 2 mL),
precipitated from t-butylmethylether at 0 °C, and isolated by cen-
trifugation. Peptides were purified by semi-preparative HPLC
using the following linear gradients: CMP 1, 5–45% B over
60 min, CMP 2, 10–90% B over 50 min, and CMP 3, 5–85% B
over 45 min, where solvent A was H2O containing TFA (0.1%
v/v) and solvent B was CH3CN containing TFA (0.1% v/v). All
peptides were judged to be >90% pure by analytical HPLC and
MALDI–TOF mass spectrometry: m/z [M + H]+ calculated for
CMP 1 2631, found 2635; m/z [M + Na]+ calculated for CMP 2
2403, found 2402; m/z [M + Na]+ calculated for CMP 3 2417,
found 2416; m/z [M + H]+ calculated for CMP 4 2658, found
2657; m/z [M + H]+ calculated for (Pro-Hyp-Gly)7 1889, found
1889.

CMP–fluorophore conjugate synthesis

The general method optimized for the milligram-scale synthesis
of peptide–dye conjugates was as follows. A CMP (1 equiv.)
was mixed with a fluorescent dye (1.13 equiv.) in ∼0.3 mL of

Fig. 6 Cytotoxicity of CMPs. The proliferation of human dermal fibro-
blast cells was assessed by fluorescence emission using a calcein AM/
ethidium homodimer-1 assay after incubation for 72 h with unlabeled
CMPs [♦, CMP 1; ■, CMP 2; ●, (Pro-Hyp-Gly)7] or doxorubicin (◯).
Values are the mean ± SE from 4 cultures.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 5892–5897 | 5895
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DMSO containing triethylamine (20 equiv.). The resulting sol-
ution was allowed to stir at room temperature in the dark for
48 h, and then subjected to purification by reversed-phase HPLC
using a linear gradient of 10 mM triethylammonium acetate
(pH 7.0) and MeOH. The purified products were characterized
by HRMS–ESI or MALDI–TOF mass spectrometry. The highly
anionic products of conjugation to IRDye® 800CW NHS were
stored in glass vials with the ammonium form of a cation-
exchange resin. This resin was prepared by stirring DowexTM

50WX4-50 resin overnight in 1 M NH4OAc. Before use, the
resin was washed in 1 M NH4OAc, water, acetone, and hexane,
and air-dried.

In vitro annealing

A 660 μM solution (50 μL in 5% v/v DMSO) of RCMPs 1–4 or
Rhodamine Red™-X NHS ester (Fig. 2) that had been reacted
with ethylamine (2 equiv.) was added to calf-skin type I collagen
(∼10 mg) in a Falcon™ tube. The tubes were incubated in a
water bath at 37 °C. After 2 h, each tube was agitated with a vor-
texing mixer and washed vigorously with phosphate-buffered
saline (PBS; 4×), DMSO (4×), and MeOH (4×). These washings
were discarded, and the samples were incubated in MeOH at
room temperature for 12 days.

Retention on a collagen gel

Rat-tail type I collagen (5 mg mL−1 in dilute acid), sterile 10×
PBS, sterile 1 N NaOH, and sterile H2O were cooled on ice. The
amount of each reagent was calculated to make a collagen sol-
ution with a final concentration of 3.8 mg mL−1 in 1× PBS as
follows:

Total volume of collagen gel: V
Volume of collagen (V1) = V × [collagen]final/[collagen]initial
Volume of 10× PBS (V2) = V/10
Volume of 1 N NaOH (V3) = V1 × 0.025
Volume of H2O (V4) = V − (V1 + V2 + V3)

The 10× PBS, 1 N NaOH, and H2O were mixed in a sterile
tube. The collagen was added slowly to the mixture, which was
then mixed thoroughly. This suspension was added to the wells
of a 48-well microtiter plate (0.20 mL per plate), which was
incubated at 37 °C and 93% humidity in an incubator for 1 h.
The resulting gel was rinsed with 1× PBS. Solutions (0.50 mM)
of FCMP 1, FCMP 2, and neutralized 5-FAM were prepared in
PBS containing DMSO (5% v/v). An aliquot (20 μL) of each
solution was added to the wells. The plates were incubated at
37 °C and 93% humidity, and the gel was washed with 4 °C
PBS (300 μL). The wells were the re-filled with PBS (500 μL),
and the culture plate was incubated at 37 °C with 90% humidity
and 5% v/v CO2. The buffer was exchanged with fresh PBS
(500 μL) every 48 h. The concentration of FCMP 1, FCMP 2, or
neutralized 5-FAM leached during incubation was determined by
measuring the absorbance of the removed PBS at 494 nm using
a Cary 50Bio spectrophotometer from Varian (Palo Alto, CA).

Ex vivo annealing

Pelts were harvested from euthanized mice and stored at −80 °C.
Immediately prior to an annealing experiment, pelts were thawed

and shaved with an electric clipper. The treatment area was
cleaned in a circular motion with cotton swabs wetted with
sterile PBS, and all residual hair was removed. Two identical
cutaneous defects were created in each pelt by using a 6 mm
biopsy punch, and the top layer of skin was removed by using a
forceps and scissors. The wounds were washed with sterile PBS
and air-dried. One wound on each pelt was treated with a 50 μM
solution (25 μL) of IRCMPs 1 or IRCMP 2, and the other wound
was treated with the same amount of the free dye (IRDye®
800CW NHS ester) that had been reacted with ethylamine (2
equiv.). The treated wounds were incubated for 1 h at room
temperature in a moist environment, and then washed with PBS
and DMSO successively for 10 min each. Similar comparisons
between CMP 2 and CMP 4 were made by creating identical
wounds on mice pelts, and treating one of them with RCMP 2
and the other with RCMP 4. (For the pelts treated with free and
conjugated Rhodamine RedTM-X dye, it was necessary to rub
the wounds with DMSO during the wash due to the highly
hydrophobic nature of this dye.) The pelts were then imaged
using an Odyssey Imager from LI-COR (for the IRDye®
800CW) and a dissecting fluorescent microscope (for the Rhoda-
mine Red™-X Dye).

Multiplex cytotoxicity assay

Solutions of CMPs 1 and 2, and (Pro-Hyp-Gly)7 (20 mM) were
diluted in anhydrous DMSO to a final concentration of 100×.
Serial dilutions were made in DMSO in 96-well polypropylene
microtiter plates using the Precision XS liquid handler from
BioTek (Winooski, VT). Compounds were divided equally into
the wells in all 4 quadrants of a 384-well microtiter plate using a
Biomek FX liquid handler with 96-channel pipetting head from
Beckman Coulter (Brea, CA). Compounds were stored at
−20 °C in DMSO until the day of the assay. Freeze–thaw cycles
were limited to a maximum of ten per plate.

NHDF cells were maintained as reported previously.42 Cells
were harvested by trypsinization using trypsin (0.25% w/v) and
EDTA (0.1% w/v), and then counted with a Cellometer Auto T4
cell counter from Nexcelom (Lawrence, MA), before dilution for
plating. Cell plating, compound handling, and assay set-up were
performed as reported previously,42 except that the cells were
plated in 50 μL volumes in 384-well clear-bottom tissue-culture
plates from Corning (Lowell, MA). Compounds were added
from 384-well stock plates at a 1 : 100 dilution using a Biomek
FX liquid handler. Loaded plates were incubated for 72 h at
37 °C and 5% v/v CO2. Calcein AM (to 10 μM) and ethidium
homodimer-1 (to 100 μM) were added (total volume: 30 μL),
and the plates were incubated for 30 min at 37 °C. The emission
in each well at 530 and 615 nm (calcein AM and ethidium
homodimer-1, respectively) was determined by using a Safire-
2 microplate reader from Tecan (Männedorf, Switzerland). In
addition, CellTiter-Glo reagent (15 μL) from Promega (Madison,
WI) was added, and the resulting solution was incubated for
10 min at room temperature with gentle agitation to lyse the
cells. The luminescence in each well was determined, and those
data were consistent with the data obtained with calcein AM and
ethidium homodimer-1.

5896 | Org. Biomol. Chem., 2012, 10, 5892–5897 This journal is © The Royal Society of Chemistry 2012
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