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ORIGINAL RESEARCH

Collagen- Targeted Peptides for Molecular 
Imaging of Diffuse Cardiac Fibrosis
Martin Ezeani, MSc*; Asif Noor, PhD*; Karen Alt, PhD; Sean Lal , MD, PhD; Paul S. Donnelly , PhD; 
Christoph E. Hagemeyer, PhD†;Be’eri Niego , PhD† 

BACKGROUND: Cardiac fibrosis is the excessive deposition of extracellular matrix in the heart, triggered by a cardiac insult, 
aging, genetics, or environmental factors. Molecular imaging of the cardiac extracellular matrix with targeted probes could 
improve diagnosis and treatment of heart disease. However, although this technology has been used to demonstrate focal 
scarring arising from myocardial infarction, its capacity to demonstrate extracellular matrix expansion and diffuse cardiac 
fibrosis has not been assessed.

METHODS AND RESULTS: Here, we report the use of collagen- targeted peptides labeled with near- infrared fluorophores for the de-
tection of diffuse cardiac fibrosis in the β2- AR (β- 2- adrenergic receptor) overexpressing mouse model and in ischemic human 
hearts. Two approaches were evaluated, the first based on a T peptide that binds matrix metalloproteinase- 2- proteolyzed col-
lagen IV, and the second on the cyclic peptide EP- 3533, which targets collagen I. The systemic and cardiac uptakes of both 
peptides (intravenously administered) were quantified ex vivo by near- infrared imaging of whole organs, tissue sections, and 
heart lysates. The peptide accumulation profiles corresponded to an immunohistochemically- validated increase in collagen 
types I and IV in hearts of transgenic mice versus littermate controls. The T peptide could encouragingly demonstrate both 
the intermediate (7 months old) and severe (11 months old) cardiomyopathic phenotypes. Co- immunostainings of fluorescent 
peptides and collagens, as well as reduced collagen binding of a control peptide, confirmed the collagen specificity of the 
tracers. Qualitative analysis of heart samples from patients with ischemic cardiomyopathy compared with nondiseased do-
nors supported the collagen- enhancement capabilities of these peptides also in the clinical settings.

CONCLUSIONS: Together, these observations demonstrate the feasibility and translation potential of molecular imaging with 
collagen- binding peptides for noninvasive imaging of diffuse cardiac fibrosis.
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Heart diseases diminish quality of life and cause 
severe economic burden worldwide.1 Cardiac fi-
brosis, characterized by excessive deposition of 

collagen matrix within the myocardium, predicts the 
progression of heart disease and its associated pa-
thologies,2 including cardiomyopathies, ischemic heart 
disease, heart failure, systemic arterial disease, and 
stroke. Cardiac fibrosis is a major contributor to the 
cause of nearly all forms of cardiac disease,3 resulting 
in chamber dilation, stiffening of the ventricular wall, 

abnormal electrical transmission,4 poor cardiac nutri-
ent and oxygen levels,5 and a consequent decline in 
cardiac function.6 The degree of the extracellular matrix 
(ECM) expansion as a reflection of adverse cardiac re-
modeling clinically correlates with mortality and wors-
ening of composite end points,7 such as systolic and 
diastolic heart functions.8,9 Whereas in some cases the 
progression of disease and the level of cardiac fibro-
sis may be inconsistent,10 a consensus surrounds the 
importance of the fibrotic process in heart pathology.
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Promisingly, progress has been made in the under-
standing of molecular pathways that propel myocardial 
fibrosis,11,12 and over 100 potential therapeutic targets 
have been identified.13 Among them, several collagen 
types were shown to be upregulated during human 
heart disease, including the ECM collagens types 
I and III and the basement membrane collagen type 
IV.14,15 Additionally, the enhanced activity of collagen- 
modifying enzymes, such as matrix metalloprotein-
ases, has been shown to be an indicator of active and 
progressive cardiomyopathic disease.16,17

Endomyocardial biopsy is presently the gold- 
standard method for evaluation and detection of 
cardiac fibrosis, but it is generally limited to the right 
ventricle. Furthermore, biopsy procedures are inva-
sive, provide limited spatial information, and possess a 

risk of sampling error; biopsies are hence inadequate 
for assessment of cardiac fibrosis over time.18 Current 
cardiac fibrosis imaging techniques are also insuffi-
cient. Nuclear imaging methodologies, such as single-
photon emission computed tomography and positron 
emission tomography, enable noninvasive and sen-
sitive evaluation of macroscopic myocardial fibrosis, 
but cannot precisely identify diffuse fibrosis because 
of their limited resolution. An improved delineation is 
achieved on contrast- enhanced cardiac magnetic res-
onance imaging using late gadolinium enhancement 
and T1 mapping of the myocardial wall, which pro-
gressively becomes the method of choice for precise 
evaluation of cardiac fibrosis.19– 21 Nevertheless, late 
gadolinium enhancement is considered indirect, as it 
relies on demonstration of the abnormal interstitial ex-
pansion but not the fibrotic matrix itself19– 21. It is also 
limited by spatial resolution and image quality, espe-
cially in atrial disease because of the thinness of the 
atrial wall,19,22 suffers from uncertain reproducibility, re-
quires a high degree of operator dependence,20,23 and 
has limited sensitivity in terms of payload of contrast 
agents. Taken together, a pressing need for new, more 
direct, and low- cost diagnostic methodologies and 
treatment- monitoring strategies becomes apparent.

Within this context, the potential benefits of an alter-
native, noninvasive, targeted molecular imaging tech-
nique of the cardiac ECM has been well- recognized.24 
Conceptually, the use of specific tracers directed to-
ward molecular targets within the fibrotic heart may 
overcome the present limitations by enabling en-
richment of a tracer- bound contrast agent in areas 
of fibrosis to improve signal- to- noise ratio and better 
demonstrate the cardiac condition.19 In line with the 
above notions, one could further speculate that car-
diac collagens and their digested forms could perfectly 
fit this purpose and represent excellent targets for di-
rection of therapeutics and imaging agents into the 
diseased heart, bearing crucial diagnostic and thera-
peutic value.

Here, we report an innovative use of 2 peptide trac-
ers for detection of diffuse cardiac fibrosis, the collagen- 
targeting T peptide (TLTYTWS), which binds selectively 
to MMP- 2 (matrix metalloproteinase- 2)- degraded col-
lagen IV25, and the cyclic peptide EP- 3533,26,27 which 
targets collagen I (Figure 1). We recently harnessed the 
T peptide for targeted delivery of drugs into MMP- 2– 
expressing cells,28 whereas EP- 3533 was previously 
used for magnetic resonance imaging enhancement 
of type I collagen in murine models of myocardial in-
farction26,27, as well as liver29 and pulmonary fibrosis.30 
However, the use of peptide probes for detection of 
diffuse cardiac fibrosis has never been described. For 
this purpose, we conjugated both tracers to the near- 
infrared (NIR) fluorophore sulfo- cyanine5.5 (Cy5.5) (ex-
citation maximum 675 nm/emission maximum 694 nm) 

CLINICAL PERSPECTIVE

What Is New?
• A proof- of- concept usage of fluorescently- 

labeled, collagen- targeted peptides for direct 
molecular imaging of the heart’s extracellular 
matrix to precisely demonstrate interstitial car-
diac fibrosis is presented in a mouse model of 
cardiomyopathy.

What Are the Clinical Implications?
• Although cardiac magnetic resonance imag-

ing allows direct detection of fibrotic patches 
or indirect viewing of interstitial fibrosis by T1 
mapping, our proposed collagen tracer- based 
technology tackles the ongoing challenge of 
direct imaging and accurate quantification of 
interstitial cardiac fibrosis.

• Furthermore, the rapid clearance and nontoxic-
ity of these collagen probes, together with their 
capacity to enhance fibrotic areas in human 
heart specimens, add critical value to the future 
translation efforts and ultimate clinical adoption 
of this molecular imaging technique.

Nonstandard Abbreviations and Acronyms

α- MHC alpha- myosin heavy chain
β2- AR beta- 2- adrenergic receptor
Cy5.5 cyanine5.5
ECM extracellular matrix
IHD ischemic heart disease
MMP- 2 matrix metalloproteinase- 2
MTC Masson’s trichrome
NIR near- infrared

D
ow

nloaded from
 http://ahajournals.org by on O

ctober 19, 2021



J Am Heart Assoc. 2021;10:e022139. DOI: 10.1161/JAHA.121.022139 3

Ezeani et al Collagen Tracers for Imaging of Cardiac Fibrosis

(Figure 1) to enable in vivo characterization of the wide-
spread interstitial cardiac fibrosis that develops in the 
β2- AR (beta- 2 adrenergic receptor) overexpressing 
mouse model.31– 34 Moreover, we also assessed our 
tracers in explanted, scar- bearing human heart tissue 
from patients with ischemic heart disease (IHD). Our 
results demonstrate the capacity of these collagen 
peptide- based approaches to detect diffuse interstitial 
fibrosis both experimentally and clinically, highlight-
ing their potential as feasible, new molecular imaging 
strategies.

METHODS
The data that support the findings of this study are 
either provided within the article or available from the 
corresponding author upon request.

Peptides Synthesis and Characterization
The linear heptapeptide TLTYTWS (termed in our study 
the “T peptide”) (Figure  1) was originally discovered 
by Mueller et al using phage display technology and 
described as a tumor- homing peptide.25 In principle, 

this peptide binds MMP- 2– degraded collagen IV and 
has dual affinity toward both the mouse and human 
proteins.25 A control nonbinding peptide GLGYGWS 
(termed the “S peptide”) (Figure  1), was also gener-
ated to assess the T peptide specificity. Peptides were 
conjugated to sulfo- Cy5.5 NIR fluorophore (below) 
(Figure 1).

Both the T and S peptides were synthesized using 
standard microwave- assisted, solid- phase peptide syn-
thesis. Briefly, the coupling cycle of each Fmoc protected 
amino acid involved the use of 1- [bis(dimethylamino)
methylene]- 1H- 1,2,3- triazolo[4,5- b]pyridinium3- oxide 
hexafluorophosphate and diisopropylethylamine as 
the base in dimethylformamide. Deprotection of Fmoc 
groups was achieved with 20% piperidine in dimeth-
ylformamide after each cycle, but no final N- terminus 
Fmoc deprotection was performed. The global depro-
tection of protecting groups was achieved using a stan-
dard trifluoracetic acid mixture (Supplemental Material). 
The peptides were conjugated with a single molecule 
of the NIR- soluble dye sulfo- Cy5.5 (excitation/emission 
maximum 675/694; Lumiprobe, Hunt Valley, MD) by in-
cubating a solution of peptide and dye in dimethylfor-
mamide at room temperature for 5 hours followed by 

Figure 1. Chemical structures of sulfo- cyanine5.5 (Cy5.5)- conjugated T peptide, S peptide, and the cyclic peptide EP- 3533.
The primary peptide structure appears in green and the sulfo- Cy5.5 conjugate in blue.
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removal of the Fmoc group from the N- terminus using 
20% piperidine in dimethylformamide, allowing the isola-
tion of peptides at a 32% to 38% yield. Stock solutions 
were prepared in sterile PBS and further diluted in sterile 
saline for in vivo use.

For the cyclic peptide (Figure  1), a version 
of the peptide EP- 3533,26 the linear sequence 
GKWHCTTKFPHHYCLYG was first synthesized, as 
mentioned above. Cyclization through the formation of 
an intramolecular disulfide bridge between the cyste-
ine residues was achieved by in situ deprotection of the 
acetamido methyl group on cysteine residues followed 
by oxidation with iodine in dimethylformamide. After 
global deprotection, the cyclic peptide was labeled with 
sulfo- Cy5.5, as described above. Fmoc groups were 
then removed from the N- termini using 20% piperidine in 
dimethylformamide, whereas ivDDe was removed from 
lysine residues with 2% hydrazine in dimethylformamide, 
allowing the isolation of sulfo- Cy5.5 cyclic peptide at 
21% yield. This cyclic peptide was previously function-
alized as a magnetic resonance imaging contrast probe 
and found to be effective for collagen type I target-
ing.26,27,29,30 Furthermore, it associated in vitro with sev-
eral sites on the mouse collagen I molecule,26 making it 
an optimal probe for molecular imaging. Stock solutions 
were prepared in 10% DMSO and 10% ethanol (v/v) 
in sterile PBS, and further diluted in sterile saline for in 
vivo use. Refer to Data S1 for the detailed reagents and 
methods used for peptides synthesis and purification.

β2- AR Transgenic Mouse Model
The well- described β2- AR transgenic mouse model,32 in 
which cardiac- specific expression of human β2- AR oc-
curs under the α- MHC (α myosin heavy chain) promoter, 
was kindly provided by Xiao- Jun Du (Baker Institute, 
Australia and Xi’an Medical University, China). This model 
produces classical phenotypes of heart disease, such 
as fibrosis and dilated cardiomyopathy, and has impor-
tant clinical relevance.31– 34 Notably, our transgenic mice 
express constant levels of the β2- AR transgene and 
therefore do not have variable cardiac phenotypes.34

Human Heart Tissue
Human heart tissue was obtained from the Sydney 
Heart Bank, University of Sydney, as approved by 
the University of Sydney Human Research Ethics 
Committee (ethics approval number 2016/923). All 
subjects gave informed consent for usage of the heart 
tissue. The Sydney Heart Bank cardiac specimens 
are freshly cryopreserved within minutes of harvest 
(ie, it is not postmortem and not fixed), as previously 
described.35– 37 Five donor (nondiseased) hearts (aged 
34– 65 years, 1 man and 4 women) and 3 diffusely fi-
brotic heart specimens secondary to IHD38 (aged 31– 
54 years, 3 men) were used. All samples were taken 

from the interventricular septum, a prevalent region 
for cardiac fibrosis. Tissues were kept at −80 °C until 
cryosectioning. Histological and immunohistochemical 
analyses were performed by standard procedures, as 
previously described,39,40 and further detailed below.

Cardiac Tracer Uptake Studies in Whole 
Organs Using NIR Fluorescence Imaging
All animal experiments were approved by the Alfred 
Research Alliance Animal Ethics Committee, Monash 
University (approval numbers E/1941/2019/M and 
E/1625/2016/M). Twenty- two heterozygote male β2- 
AR transgenic mice and 26 littermate nontransgenic 
male controls were used (36 at 49 weeks old, 6 at 8– 9 
weeks old, and 6 at 7 weeks old). To assess peptide 
uptake in various mouse organs and particularly in the 
heart, fluorescently tagged peptides (0.15  mg/mL in 
saline) were injected intravenously into mice at 0.5 mg/
kg of body weight via the tail vein (n=5 per group). 
Injections were performed by a person blinded to the 
administered substance. Four  hours after injection, 
animals were humanely euthanized by an overdose of 
ketamine (300  mg/kg) and xylazine (30  mg/kg), and 
transcardially perfused with 20 mL of PBS. The liver, 
lung, spleen, kidney, brain, thigh muscle, and the heart 
were next harvested for analysis, washed with PBS, 
and kept on ice until imaging. The peptide fluores-
cence intensity in the various organs was then meas-
ured on the Odyssey CLx near- infrared fluorescence 
(NIRF) 2- dimensional scanner (Li- Cor Biosciences, 
Lincoln, NE) at 169- µm resolution using the manual 
L1 intensity and 0- mm focus offset settings. Samples 
from an uninjected mouse served for background cor-
rection, whereas a 96- well plate containing the tracer 
stock (0.15  mg/mL) was scanned as a reference for 
the highest possible value of each peptide. Analysis of 
peptide uptake in organs was done with Image Studio 
5.2 software (Li- Cor Biosciences) by defining a region 
of interest in each organ, followed by extraction of the 
mean fluorescence intensity value per pixel. Notably, 
pixels were used as a normalization method instead 
of tissue weight, because the Odyssey scanner gen-
erates only 2- dimensional images. The biodistribution 
data were finally expressed as percentage of the maxi-
mal value (obtained from the injected stock) per tissue 
area in pixels (1 pixel=169×169 µm=0.0285 mm2).

Quantification of Peptide Accumulation in 
Mouse Heart Lysates
FastPrep- 96 high throughput bead beating grinder (MP 
Biomedicals, Santa Ana, CA) was used to obtain lysates 
from harvested hearts, separated into tissue chambers 
and homogenized based on wet weight/volume (mil-
ligrams per milliliter). In brief, atrial or ventricular tissues 
were weighed and placed in 0.5 mL tubes (attached 
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cap, MP- Bio catalog number 5076100) containing 
200  mg of lysing matrix D (MP- Bio catalog number 
6983- 001). PBS was then added at 75% of the volume 
required to obtain 250 mg/mL of homogenate. The tis-
sues next underwent 2 cycles of homogenization at 
1800 oscillations/min, 45 seconds each. Lysates were 
supplemented thereafter with 4× RIPA buffer to make 
the remainder 25% of the volume (final concentra-
tions: 0.022% β glycerophosphate, 1% 4- nonylphenol, 
branched, ethoxylated, 0.018% sodium orthovana-
date, 0.5% sodium deoxycholate, 0.038% EGTA, 1% 
sodium lauryl sulfate, 0.61% Tris, 0.029% EDTA, 0.88% 
NaCl, 0.112% sodium pyrophosphate decahydrate; v/v, 
pH 7.5) and placed on an orbital rocker for 1 hour at 
room temperature to complete the collagen solubili-
zation process. Samples were kept frozen at −80 °C, 
thawed before use, and clarified by centrifugation at 
1600g for 10 minutes at 4 °C. Fifty- five microliters of 
each supernatant were finally sampled and scanned in 
black- walled, clear bottom 96- well plates (Corning Life 
Sciences, Kennebunk, ME) on the Odyssey CLx NIRF 
scanner (169- µm resolution, manual L1 intensity, and 
3- mm focus offset settings). A standard curve of each 
peptide in PBS was prepared to convert fluorescence 
reads to peptide molarity values.

Blood Clearance and Peptide Toxicity 
Studies
Eight-  to 9- month- old male, nontransgenic β2- AR 
mice were intravenously injected with sulfo- Cy5.5– 
labeled peptides (0.5  mg/kg), as described above. 
Blood samples (2.5 µL) were then collected from the 
tail vein opposing the injected vein at 2.5, ≈10, ≈15, 
and 240 minutes, and placed in 47.5 µL of citrated PBS 
(0.32% w/v sodium citrate). Samples (50 µL) were then 
transferred into black- walled, clear bottom 96- well 
plates and scanned on the Odyssey CLx NIRF scan-
ner, as previously detailed. The total fluorescence per 
well (after subtraction of unlabeled blood background) 
was then plotted against time and the half- life calcu-
lated from a one- phase decay nonlinear regression.

Mice were humanely euthanized 24 hours after pep-
tide administration and transcardially perfused with PBS 
(20 mL), followed by 10% (v/v) neutral- buffered formalin 
(10 mL). The liver and kidneys were postfixed in neutral- 
buffered formalin for 24  hours and embedded in par-
affin. Peptide toxicity in hepatic and renal tissues was 
then evaluated from 4- µm- thick, hematoxylin and eosin– 
stained sections of treated versus untreated mice.

Ex Vivo Staining of Human Heart Sections 
With Collagen Peptide Tracers
Fresh- frozen human IHD and nonfibrotic donor speci-
mens were cryosectioned at 10 or 5 µm. Slides were 
washed twice for 7  minutes each in PBS at room 

temperature to remove the optimal cutting tempera-
ture material. Sections were then blocked in 10% v/v 
normal goat serum in PBS for 2 hours at room tem-
perature. The blocking solution was then aspirated and 
the sections incubated for 72 hours at 4 °C with 0.188 
and 0.0375 µg/mL of sulfo- Cy5.5 cyclic peptide and 
T peptide, respectively, diluted in PBS. Sections were 
finally washed 3 times in PBS (5  minutes each) and 
mounted with ProLong Diamond Antifade mountant, 
followed by scanning on the 2- dimensional Odyssey 
CLx NIRF scanner.

Immunohistochemistry and 
Immunofluorescence
A subgroup of fresh (unfixed, perfused) isolated mouse 
hearts were snap- frozen on dry ice. Tissues were kept 
at −80 °C until cryosectioning at 10 μm in 5 identical 
series. One series was stained for Masson’s trichrome 
(MTC), whereas another underwent collagen immu-
nohistochemistry. For the latter, sections were first in-
cubated for 1 hour at room temperature in a blocking 
solution (5% goat serum in PBS). Anti- collagen type I, 
anti- collagen type III, and anti- collagen type IV primary 
antibodies (SC- 59772, Santa Cruz, Dallas, TX; ab7778 
and ab6586, Abcam, Melbourne, Australia, respec-
tively; 10 µg/mL) were diluted in blocking solution and 
incubated with the sections overnight at 4 °C. The sec-
tions were then washed 3 times for 5  minutes each 
with PBS and incubated with 2 µg/mL of Alexa Fluor 
647 donkey anti- mouse (collagen I) or goat anti- rabbit 
(collagen III and IV) secondary antibodies (Thermo 
Fisher Scientific, Melbourne, Australia) in blocking solu-
tion for 3 hours at room temperature. For costaining of 
collagen and the T peptide, we used perfused mouse 
hearts that were labeled in vivo with sulfo- Cy5.5 T pep-
tide for 4  hours, as described above. Sections then 
underwent the same collagen immunohistochemis-
try using anti- collagen primary antibodies, but Alexa 
Fluor 488- conjugated secondary antibodies (2 µg/mL; 
Thermo Fisher Scientific). In all experiments, nuclei 
were counter stained with Hoechst (5 µg/mL; Thermo 
Fisher Scientific) for 1 hour (added 2 hours after appli-
cation of the secondary antibody). The sections were 
finally washed 3 times (5 minutes each) with PBS and 
mounted using ProLong Diamond Antifade mountant 
(Thermo Fisher Scientific). Images were acquired using 
the Nikon Imaging Software (NIS- Elements; Nikon, 
Tokyo, Japan), on widefield fluorescence and confo-
cal microscopes (Nikon Ti- E and Nikon A1r, respec-
tively), at ×20 magnification (Plan APO lens, Air, NA 
0.75; Nikon) at identical settings for each collagen type. 
Quantification of the mean collagen signal intensity in 
each heart section was calculated from 4 random cap-
tures using Image J Fiji (available at: http://fiji.sc/) after 
thresholding.
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Gelatin Zymography
MMP- 2 and - 9 activity were evaluated in ventricular 
lysates (250 wet weight/mL) from perfused hearts of 
8- month- old β2- AR mice and their littermate controls, 
as previously described.41 In brief, protein samples 
(60 µg/lane) were subjected to electrophoresis under 
nondenaturing conditions on SDS- polyacrylamide gels 
containing 0.03% (w/v) gelatin. Following 3 washes of 
30 minutes with Triton X- 100 solution (2.5% v/v) to re-
move SDS, gels were incubated overnight at 37 °C in 
developing buffer (10 mmol/L CaCl2, 50 mmol/L Tris- 
HCl, pH 7.4, 150  mmol/L NaCl, and 1% (v/v) Triton 
X- 100) with gentle agitation. Bands of gelatinolytic 
activity were visualized as areas devoid of color after 
Coomassie blue staining.

Statistical Analysis
Statistical analyses were performed using GraphPad 
Prism version 9. Data sets with n=3 are presented as 
median±interquartile range, whereas those with n≥4 as 
mean±SEM. Pairwise analyses employed the Mann- 
Whitney test (1-  or 2- tailed, as described in the figure 
legends), whereas ≥3 groups differing in 1 independ-
ent variable were analyzed by the Kruskal- Wallis test 
with Dunn post hoc analysis. Data sets differing in 2 
or more independent variables first passed both the 
Shapiro- Wilk (n≥4) and the Kolmogorov- Smirnov (n≥5) 
normality tests. A 2-  or 3- way ANOVA (with repeated 
measures when the right and left ventricles were sepa-
rately sampled) was then performed, followed by Tukey 

or Sidak post hoc analysis (see figure legends). Each 
significantly- different pair of columns by these paramet-
ric tests was also verified by a separate Mann- Whitney 
test (not shown). A P≤0.05 was considered significant.

RESULTS
Cardiac Collagens Profiles in the β2- AR 
Mouse Model of Diffuse Cardiovascular 
Disease and in Human IHD
Using MTC staining and immunohistochemistry, we 
first evaluated, respectively, interstitial collagen expres-
sion and collagen subtypes in both clinical heart speci-
mens (Figure S1) and in aged, cardiac fibrosis- prone 
β2- AR mice (10– 11 months of age)31– 34 (Figure 2). As 
expected, distinct areas of fibrosis were observed by 
MTC staining in the human IHD tissues compared with 
healthy controls (Figure S1A), corresponding to a signif-
icant increase in the Ishak fibrosis scoring (0– 6) of blue 
staining (P=0.05) (Figure  S1B). Immunohistochemical 
analysis further showed a significant increase in col-
lagen types I and IV (P=0.05) (Figure S1C, S1D, and 
S1F) and to a lesser extent of collagen type III (P=0.1) 
(Figure  S1C and S1E) in the interventricular septum 
of IHD samples compared with the healthy donor 
specimens.
Because the fibrotic areas in these clinical tissues rep-
resented mature (nonactive) scars after an ischemic 
heart attack, we also used the β2- AR overexpress-
ing mouse model.32 This model is characterized by 

Figure 2. Fibrosis and collagen (Col) types in fibrotic β- 2- adrenergic receptor (β2- AR) transgenic mice (Tg) vs nontransgenic 
(Ntg) healthy controls.
Representative images (A) and quantification (percentage of fibrotic area, B) of Masson’s trichrome– stained sections from Tg and Ntg 
mouse hearts. C through F, Representative heart images (C) and mean fluorescence intensities of Col I (D), Col III (E), and Col IV (F) 
in fibrotic (Tg) vs nonfibrotic (Ntg) control mice at 11 months of age. G, A gelatin zymogram of heart lysates from β2- AR Tg and Ntg 
mice (8 months of age) demonstrating upregulation of MMP (matrix metalloproteinase)- 2 in this model, indicative of active disease. 
Mean±SEM. *P≤0.05 compared with the Ntg group by Mann- Whitney test (1- tailed). N=4 per group, except for the Ntg group in Figure 
1B, where n=3. Scale bars=100 µm. a.u. indicates arbitrary unit; and HT1080 indicates conditioned medium from HT1080 human 
fibrosarcoma cell line stimulated with Phorbol 12- myristate 13- acetate (positive control).
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a nonischemic, diffuse, and active interstitial cardiac 
collagen deposition with a heart failure phenotype32 
developing in the heterozygous mouse from 6 months 
of age.31– 33 At 11 months of age, a striking, diffuse fi-
brosis covering about 40% of the myocardium was 
confirmed in our transgenic mice by MTC staining 
(P<0.01) (Figure 2A and 2B). Accordingly, the staining 
intensities of collagen types I, III, and IV were signifi-
cantly elevated in the fibrotic β2- AR transgenic mice 
compared with their nontransgenic controls (P<0.05) 
(Figure 2C through 2F). The β2- AR mice also harbored 
an enhanced ventricular MMP- 2 activity on a gelatin 
zymogram (Figure 2G), as previously reported,33 indic-
ative of a collagen turnover and an active cardiomyop-
athic process. Together, the human IHD samples and 
mouse β2- AR model provide us with excellent tools for 
assessment of collagen tracers against diffuse cardiac 
fibrosis. The β2- AR transgenic mouse, in particular, 
manifests an active MMP- 2 and collagen IV– rich heart 
disease, ideal for studies using the unique T peptide.

The Collagen IV– Targeting T Peptide 
Detects Diffuse Myocardial Fibrosis in β2- 
AR Mice
We next interrogated the potentials of type I and IV 
collagen- targeted peptides (Figure 1) to visualize and 
quantify cardiac interstitial fibrosis in fibrotic β2- AR 
mice. These mouse studies (Figure 3A) were designed 
to include in vivo tracer administration with ex vivo fluo-
rescent imaging.

We first examined the T peptide25 and a nonbinding 
version, the S peptide (GLGYGWS), which served as con-
trol. Strikingly, when performing whole- organ Odyssey 
scans (Figure  3B), no statistically different T- peptide 
uptake was observed in any of the organs scanned 
except the heart, neither when comparing transgenic 
(fibrotic) mice versus nonfibrotic controls nor relating T 
versus S peptides (Figure  S2). In the heart, however, 
we found a statistically significant difference in aver-
age peptide uptake, depending on both the genotype 
(F[1]=12.69, P<0.01) and the peptide type (F[1]=4.999, 
P<0.05), with a significant interaction between these 
terms (F[1]=8.061, P<0.05) (Figure 3C). A post hoc anal-
ysis then revealed that the fluorescence intensity of the 
T peptide (per unit area) in fibrotic β2- AR mice was 
significantly higher compared with nonfibrotic animals 
(P<0.01) (Figure 3C), indicating a fundamental capacity 
of the T peptide to detect cardiac fibrosis. Furthermore, 
the fluorescence intensity of the S peptide compared 
with the T peptide was significantly lower in transgenic 
mice (P<0.05) (Figure 3C), but not in the nonfibrotic lit-
termate controls (Figure  3C), suggesting specificity in 
the T- peptide uptake but mainly at the level of disease. 
Similar results were notably obtained in 7- month- old β2- 
AR mice harboring an earlier- stage cardiomyopathy with 

an intermediate cardiac fibrosis (compared with the se-
vere phenotype at 11 months of age)33,42– 44 (Figure S3). 
These important observations, in full correlation with the 
fibrotic phenotypes (Figure 2), laid exciting foundations 
for further development of the T peptide as an imaging 
tracer for diffuse cardiac fibrosis; nevertheless, because 
of the foundational role of these findings and potential 
differences between the T and S peptides (below), we 
sought to confirm these results by directly measuring 
peptide levels in tissue homogenates.

Because the right and left ventricles may patholog-
ically defer in the β2- AR model,44 we first separated 
each heart to its compartments. The exact levels of 
fluorescent peptide trapped in each ventricular lysate 
(Figure 4A) were then extracted from standard curves 
of the T and S peptides at equimolar concentrations 
(accounting for inherent differences in molecular weight 
and brightness [fluorescence per mole] between them). 
Cardiac peptide concentrations significantly relied on 
the genotype (F[1]=236.1, P<0.0001), the peptide used 
(F[1]=64.05, P<0.0001), and as postulated, also on the 
side of the heart (F[1]=342.4, P<0.0001), with signifi-
cant interactions between every combination of these 
variables (P<0.001) (Figure  4B). Consistent with the 
peptide accumulation profiles seen at the whole- organ 
level (Figure 3), a post hoc analysis demonstrated sig-
nificantly higher T- peptide concentrations in fibrotic 
β2- AR transgenic mice compared with nonfibrotic, 
nontransgenic controls in both the right (P<0.05) and 
left ventricles (P<0.0001), with the left chamber accu-
mulating 4.2- fold more T peptide than the right under 
disease conditions (P<0.0001) (Figure 4B).

Importantly, from the peptide’s standard curves, it 
was revealed that the S peptide was 2.169- fold brighter 
than the T peptide on an equimolar basis, as shown 
by the slope ratio of curves (Figure S4). Taking this fac-
tor into account and in line with our previous results in 
whole organs (Figure 3C), the post hoc analysis of the 
homogenate method also confirmed that the S- peptide 
uptake was significantly reduced in transgenic mouse 
hearts compared with the T peptide, in both the left 
and right ventricles (P<0.0001 and P<0.01, respectively) 
(Figure 4B). Surprisingly, in contrast to the whole organ 
scans (Figure 3C), S- peptide concentrations were also 
reduced in the left ventricles of nontransgenic hearts 
(P<0.01) (Figure  4B). Although the latter may be ex-
plained by a better accuracy of the homogenate- based 
quantification method, these results overall reiterate that 
the T- peptide uptake was largely specific.

To highlight additional aspects of the use of the 
T peptide in vivo, we gauged its blood clearance 
rate and possible toxicity (Figure S5). As anticipated, 
the T peptide was rapidly cleared with a half- life of 
8.96±0.19  minutes (Figure  S5A) and induced no ob-
vious toxic effects on hepatic and renal tissues (being 
the most highly exposed) when histologically evaluated 
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24 hours after administration (Figure S5B). These char-
acteristics add to the attractiveness of the T peptide as 
a novel molecular imaging agent.

Imaging of Diffuse Cardiac Fibrosis in 
β2- AR Mice Using a Collagen I– Targeted 
Cyclic Peptide
We next targeted type I collagen with a cyclic peptide 
named EP- 3533.26,27,29,30 Encouragingly, whole organs 
imaging on the Odyssey NIRF scanner 4 hours after 
cyclic peptide administration (as performed with the T 
peptide) (Figure 3A) showed a significant increase in the 
uptake of this collagen I tracer in fibrotic ventricles of 
β2- AR transgenic mice compared with their littermate 

nontransgenic controls (Figure 5A and 5B) (P<0.05). It 
was also interesting to note that the atrial tissue quali-
tatively showed a much stronger fluorescent peptide 
uptake than the ventricles under both heathy (non-
transgenic) and diseased conditions (Figure 5A).

Furthermore, a near- significant enhancement of 
peptide accumulation was detected also in the kidneys 
and lungs of fibrotic mice (Figure 5C and 5D, respec-
tively) (P=0.057– 0.1). These findings could indicate a 
wider- spread fibrotic phenotype in this heart- specific 
model, which is characterized by a left- heart failure with 
pulmonary congestion44 that could lead to pulmonary 
fibrosis following chronic lung overload and to a cardio-
renal pathology. Nevertheless, when assessing both 
lungs and kidneys by MTC staining (Figure  S6A and 

Figure 3. Collagen IV– targeted, T- peptide enhancement of fibrotic mouse hearts by whole- organ 
ex vivo imaging.
A, The study design. B, Representative ex vivo Odyssey images demonstrating the biodistribution of 
sulfo- cyanine5.5 (Cy5.5) T peptide in perfused, transgenic (Tg) β2- AR (β- 2- adrenergic receptor) mice (right 
column) and nontransgenic (Ntg) controls (left column). Although cardiac uptake increases in Tg animals, 
the kidney, liver, and lung uptakes are consistently high irrespective of the genotype. C, Quantification of 
sulfo- Cy5.5 T- peptide– mediated cardiac enhancement of fibrotic Tg hearts compared with Ntg controls. 
The T- peptide specificity is further observed against reduced accumulation of the control S peptide, but 
only in Tg mice (ie, at the level of disease). No differences between T and S peptides are observed in Ntg 
mice at the whole- organ level. Mean±SEM. N=5 per group. *P<0.05. **P<0.01 by 2- way ANOVA with Sidak 
post hoc.
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S6B), we identified only an age- related circumferential 
peribronchial idiopathic fibrosis (Figure S6C), with no 
significant differences in circumferential peribronchial 
idiopathic fibrosis and in interstitial fibrosis between 
transgenic and nontransgenic mice (Figure  S6A and 
S6C). These findings raise the possibility that an addi-
tional molecular target may exist for the cyclic peptide. 
Interestingly, no differences in elastin fiber deposition 
between the genotypes was identified in the lungs 
(Figure S6D), excluding this other important ECM pro-
tein as a possible off- target and prompting the need for 
additional investigation into the subject.

To confirm the robust observations with the cyclic 
peptide in whole- heart scans (Figure 5A and 5B), we 
tested our results once again in cardiac lysates (250 
wet weight/mL) from the right and left lower- heart 
chambers (Figure 5E). The cardiac concentrations of 
the cyclic peptide were significantly affected by both 
the genotype (F[1]=10.03, P<0.05) and the side of the 
heart (F[1]=8.368, P<0.05), but there was no significant 
interaction between these factors (F[1]=4.88, P=0.07). 
A post hoc analysis importantly revealed that the mean 

fluorescence intensity of sulfo- Cy5.5 cyclic peptide in 
cardiac lysates from fibrotic transgenic animals was 
≈2-  to 3- fold higher than in lysates from nontrans-
genic littermate controls (3.13-  and 1.95- fold for the left 
and right ventricles, respectively; P<0.01) (Figure 5F). 
Notably, the left transgenic ventricle attracted on av-
erage twice the amount of cyclic peptide (per gram 
tissue) than the right, evidence of a different fibrotic 
state of the ventricles in the β2- AR model (P<0.05) 
(Figure  5F). Clearance and toxicity wise, the cyclic 
peptide resembled the T peptide in its rapid clearance 
rate (half- life of 10.12±0.38 minutes) (Figure S5A) and 
lack of obvious toxicity to the liver and kidney 24 hours 
after exposure (Figure S5B). Taken as a whole, colla-
gen I tracing by the cyclic peptide emerges as another 
promising and powerful strategy for molecular imaging 
of diffuse cardiac fibrosis.

Confirmation of the T Peptide Collagen- 
Binding Specificity by Confocal 
Microscopy in Mouse Tissue
To prove the collagen- binding specificity of the T pep-
tide in the mouse, we conducted coimmunohisto-
chemical analysis of the collagen subtypes previously 
characterized in the β2- AR strain (Figure  2) together 
with the T peptide, labeled in vivo by intravenous in-
jection. As shown in Figure 6, the sulfo- Cy5.5 T pep-
tide strongly colocalized with microscars of basement 
membrane type IV collagen (Figure 6A and Video S1), 
but less with fibrillar collagen types I and III (not shown), 
an observation further reflected by the degree of over-
lap and fine spatial staining patterns within the colla-
gen deposits (Video S1yet a binding dependency on 
the collagen- degrading activity of MMP- 2 in vivo re-
mains to be confirmed.

Fibrosis Detection in Clinical IHD 
Specimens by the Collagen Peptide 
Tracers
Finally, we sought to validate these findings ex vivo in 
human tissue sections from heart specimens of pa-
tients with IHD and healthy donors. Both the T peptide 
and cyclic peptide conjugates enhanced the areas of 
clinical fibrosis, as could be inferred from their colocali-
zation with collagen- rich areas exposed by MTC stain-
ing in successive heart sections (Figure  7). Whereas 
the cyclic peptide staining pattern was generally char-
acterized by a prominent retention in fibrotic areas 
throughout the sections, the colocalization of the T 
peptide with collagen deposits was more limited to the 
section periphery (Figure  7A and 7B). Nevertheless, 
these varying staining patterns likely represent the 
particular distribution of the different collagen- type 
deposits within each specimen. Overall, the fibrotic 

Figure 4. Specific accumulation of T peptide in cardiac 
lysates from fibrotic β2- AR (β- 2- adrenergic receptor) mice.
A, Representative Odyssey scans of 96 wells containing 
ventricular lysates from perfused hearts of fibrotic β2- AR (Tg) 
and nonfibrotic (Ntg) control mice treated with sulfo- cyanine5.5 
(Cy5.5) T peptide. Fluorescent signal enrichment in the Tg 
sample can be observed. B, Quantification of sulfo- Cy5.5 T-  and 
S- peptide levels in lysates from the left ventricle (LV) and right 
ventricle (RV) showing enhanced concentrations of the T peptide 
in fibrotic hearts (Tg) compared with nonfibrotic controls (Ntg). 
Reduced levels of the control S peptide compared with the T 
peptide is further observed in both chambers at the disease level 
(Tg), evidence of T- peptide specificity. Enhanced T-  vs S- peptide 
uptake at the basal (Ntg) levels is also detected in the left but not 
in the right ventricle. Mean±SEM. N=5 per group. ****P<0.0001 
against all other groups, ####P<0.0001. #P<0.05 by repeated- 
measures 3- way ANOVA with Tukey post hoc. δδP<0.01 by an 
unpaired t test.
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regions of the IHD samples consistently showed en-
hanced peptide uptake compared with donor (non-
diseased) tissue, irrespective of staining durations 
(from 30 minutes to 72 hours, not shown), indicative 
of an affinity of our tracers also to human heart col-
lagens. Coimmunostaining of collagen IV and the T 
peptide revealed a high degree of overlap between the 
epitope and its tracer, confirming a prominent specific-
ity of the T- peptide probe also in human cardiac tissue 
(Figure 6B and Video S2).
Several limitations could have accompanied this clin-
ical investigation, mainly for the use of T peptide, 
because these human scars are conceptually more 
established and less active, with minimal matrix metal-
loproteinase activity and collagen turnover. In addition, 
in vivo labeling of myocardial fibrosis in the mouse 
could have been more robust and less washable than 
ex vivo labeling of human tissue. However, although 
further studies are required, both the T peptide and 
the cyclic peptide appear to preferentially bind fibrotic 
human cardiac tissue, opening exciting possibilities for 
future translation of these tracers.

DISCUSSION
Myocardial fibrosis characterizes the evolution of nearly 
all forms of myocardial diseases as it adversely affects 
the heart muscle. At the macro level, it alters ventricu-
lar geometry such as chamber volume and configu-
ration.45 On biochemical, histological, and functional 
characterization, the alterations are accompanied by 
cardiomyocytes apoptosis,46 loss of molecular signal-
ing,47 hypertrophy, ECM synthesis and expansion, and 
progressive interstitial diffuse fibrosis. The severity of 
ECM expansion, commonly referred to as scaring, 
results in adverse cardiac remodeling, both in animal 
models and in patients. Importantly, major compo-
nents participating in cardiac ECM expansion include 
fibrillar collagens, like type I and III, but also type IV 
basement membrane collagen.

As often performed by others using various mod-
els,33,34,39 our traditional MTC staining demonstrated 
extensive fibrosis and excessive accumulation of col-
lagen in the myocardium of aging β2- AR transgenic 
mice. These mice were not only highly fibrotic, but also 

Figure 5. Collagen I- targeted cyclic peptide enhancement of fibrotic mouse hearts and major organs in β2- AR (β- 2- 
adrenergic receptor) mice.
A through D, Representative ex vivo whole heart Odyssey images (A) and quantitation of cyclic peptide accumulation in the left 
ventricle (B), kidney (C), and lung (D) demonstrating cyclic peptide enhancement of perfused hearts and major organs in transgenic 
(Tg) vs nontransgenic (Ntg) β2- AR mice 4 hours after peptide administration (0.5 mg/kg). E and F, Representative Odyssey scans (E) 
and quantification (F) of 96 wells containing left and right ventricular lysates from the hearts of these cyclic peptide– treated β2- AR 
mice. Fluorescent signal enrichment in both chambers of the Tg mouse heart can be observed. Mean±SEM. N=4 per group. In (B 
through D and F), *P<0.05 by Mann- Whitney test (1- tailed). In (F), #P<0.05, ##P<0.01 by repeated- measures 2- way ANOVA with Sidak 
post hoc; δδP<0.01 by an unpaired t test. Scale bar=1.8 mm. a.u. indicates arbitrary unit.
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enriched in various collagen types, particularly collagen 
type I and IV. Because of the widespread abundance 
of these collagen types all through the β2- AR mouse 
heart, it was logical to select this model and these mo-
lecular targets for the development of collagen- avid 
probes for noninvasive imaging of diffuse cardiac dis-
ease. Success in this task could ultimately enable early 
detection, diagnosis, and monitoring of cardiac fibrosis- 
associated heart disease. Accordingly, the T peptide, an 
MMP- 2– digested collagen IV tracer,25 and a cyclic pep-
tide that targets type I collagen with high affinity26,29,30 
were chosen, attempting to harness key molecular 
characteristics of cardiac ECM expansion (ie, collagen 
deposition) for diagnosis. We showed that diffuse col-
lagen expression can be visualized using sulfo- Cy5.5 
cyclic-  and T- peptide– enhanced NIRF imaging, and 
that interstitial fibrosis is a suitable site for molecular 
imaging, that may be directly targeted for diagnostic 
and therapeutic purposes. This is contrary to current 
magnetic resonance imaging– based indirect methods 
for visualization and quantification of dispersed disease 
such as late gadolinium enhancement.20,48

When factoring in further the affinity of the T peptide 
to MMP- 2– degraded collagen IV, which marks active 

cardiac disease,16,17 and the reduced uptake of the 
control S peptide at both disease and baseline levels, 
the T peptide in particular represents a smart, specific, 
and sensitive probe that could be most suitable for 
disease stratification. Within this context, it will be also 
vital to unveil whether the activity of our probes can 
encompass the presence of cross- linked collagens, 
shown to be clinically important for cardiac disease 
prognostication and outcome.49 The cross- linking of 
collagen type I by lysyl oxidase marks an acute cardiac 
fibrotic process and worsening fibrogenesis, because 
it promotes the build- up of thicker and insoluble col-
lagen fibers within the heart that are also resistant to 
matrix metalloproteinase degradation.49 Consequently, 
several dedicated molecular imaging probes that tar-
get allysines (lysyl oxidase– generated, oxidized lysine 
residues that mediate collagen crosslinking) are being 
developed.50 Retention of the T and/or cyclic peptide’s 
binding capacity also to cross- linked collagen will add 
much value for future clinical adoption of these probes.

Another finding worth noting was an enhanced 
accumulation of the cyclic peptide in atria compared 
with the lower chambers of the heart (Figure 5A). This 
observation, also obtained with the T peptide (not 

Figure 6. Confocal microscopy of collagen (Col) IV binding by sulfo- cyanine5.5 (Cy5.5)- 
conjugated T peptide.
Colocalization of sulfo- Cy5.5- labeled T peptide (red; excitation/emission 647/703) with Col IV (green; 
excitation/emission 488/519) in heart sections from a fibrotic β2- AR (β- 2- adrenergic receptor) mouse 
(in vivo labeling with Cy5.5 T peptide for 4 hours) (A) and from a patient with ischemic heart disease 
(IHD) (ex vivo costaining) (B). Cell nuclei are depicted in blue (Hoechst). Scale bars=100 µm. Tg indicates 
transgenic.
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shown), could stem from a well- known increase (about 
4- fold) in the collagen content in normal atrial tissue 
compared with ventricles, a chamber difference that 
is maintained under diseased conditions51,52 (possibly 
because of a more prominent profibrotic atrial sig-
naling of TGF- β1 [transforming growth factor- β1]).53 
The capacity to strongly enhance the atrial tissue via 
collagen- targeting probes opens exciting possibilities 
to use these strategies also for imaging and therapy of 
atrial conditions, a key clinical challenge.

Favorably, although this is a proof- of- concept study, 
both the T and cyclic peptides were administered in-
travenously at a well- tolerated and nontoxic micro-
molar dose (estimated 2.5– 4  µmol/L in the blood), 
extravasated into the rodent heart within a clinically 
relevant 4- hour time frame (and most likely quicker), 
were rapidly cleared from the circulation (t1/2=≈10 min-
utes) (Figure S5), and demonstrated a binding capacity 
toward human fibrotic heart tissue, making their use 
consistent with clinical demands. Overall, the peptides’ 
ability to robustly and rapidly demonstrate interstitial fi-
brosis, albeit by ex vivo detection at this stage, arms 
these tracers with a promising translation potential 
as probes that enable early diagnosis, staging, and 

monitoring of heart disease, especially if configured as 
a background- free contrast agent for use on a more 
advanced imaging modality such as positron emission 
tomography/computed tomography.

From an experimental aspect, our NIRF imaging 
approach represents a superior imaging technique for 
in vitro, ex vivo, and possibly also in vivo applications. 
NIRF imaging offers a simple- to- operate, nontoxic (ion-
izing radiation- free), and low- cost alternative to com-
plex, expensive positron emission tomography and 
magnetic resonance imaging modalities. Additional 
advantages of ex vivo NIRF imaging include the ul-
tralow autofluorescence emitted by biological tissues 
at these wavelengths and the extreme sensitivity of 
some scanners, such as the Odyssey used here; how-
ever, for extension of the NIRF imaging capacity for in 
vivo use, some issues remain to be overcome. For ex-
ample, a limited sensitivity because of poor light pene-
tration through tissue exists, as well as light absorption 
and scattering issues, affecting fluorophore excitation, 
emission, and signal collection capabilities above 
background.54 Implementation of NIRF imaging at the 
second near- infrared (NIR- II) window (1000– 1700 nm, 
above the NIR- I range of 400– 900  nm used here) 

Figure 7. Collagen binding by T and cyclic peptides in human heart tissue.
Representative corresponding images of Masson’s trichrome (MTC)- stained (A) and ex vivo sulfo- cyanine5.5 T-  and cyclic peptide– 
labeled (B) human heart sections from patients with ischemic heart disease (IHD) (right) and from healthy donors (left). Colocalization of 
tracer accumulation in areas of cardiac fibrosis (blue patches on MTC staining, matching arrows) can be observed. Images represent 
3 different specimens per tracer. Scale bars=1.5 mm.
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offers a true breakthrough in this regard.54 Evidently, 
despite the challenges, investigators are increasingly 
applying NIRF imaging in preclinical and even clinical 
settings.55– 57 allowing the vision of diffuse cardiac fi-
brosis imaging by NIRF- conjugated peptide tracers in 
the foreseeable future.

Some limitations accompany our present study. 
First, as mentioned above, a possible off- target bind-
ing partner may exist, especially for the cyclic collagen I 
peptide probe EP- 3533 (Figure 5 and Figure S6), raising 
the need to explore this possibility further for complete 
validation of our observation with this agent. Second, 
we did not assess whether the peptides can demon-
strate myocardial fibrosis at early subclinical disease 
stage, though the ability of the T peptide to distinguish 
intermediate cardiac fibrosis in 7- month- old transgenic 
mice (Figure S3) and its specific uptake in aged, non-
transgenic healthy mice (Figure 4) was encouraging in 
this context. Third, cardiac remodeling is a dynamic 
process, therefore age- dependent, time- dependent,44 
and disease- specific quantitative changes in ECM ex-
pansion (eg, in the collagen content, type, typical pro-
portions, and distinctive ECM morphologies such as 
cross- linked collagen49) may affect imaging resolution, 
create detection limits or, on the contrary, present op-
portunities for more accurate disease stratification. 
Additional studies are required to assess the optimal 
time window of visualization, as well as the potential to 
discriminate between different stages of cardiac disease 
via collagen deposition and tailored molecular probes.

In summary, we demonstrated here the feasibility of 
a targeted molecular imaging approach for detection 
of diffuse myocardial fibrosis using specific collagen 
probes. Experimentally, the NIR fluorophore- conjugated, 
collagen- binding peptide approach, combined with a 
NIRF imaging capability, directly detects myocardial inter-
stitial fibrosis and enables both visualization and quantifi-
cation of myocardial disease ex vivo with great sensitivity. 
Importantly, the affinity of these peptide tracers to fibrotic 
human cardiac tissue lays the foundation for future de-
velopment of these methods also for clinical imaging of 
diffuse cardiac fibrosis and its associated heart disease.
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Supplemental Methods 

 

Detailed Methods for Peptides Synthesis and Purification  

General Synthesis and Instrumentation. Unless otherwise stated, all reagents were purchased 

from commercial sources and used without further purification. ESI-MS spectra were recorded 

on Thermo Fisher OrbiTRAP infusion mass spectrometer. HPLC purification and analysis 

were performed on an Agilent 1100 series using solvent A = 0.1 % TFA in MilliQ water and 

solvent B = 0.1% TFA in CH3CN. For analytical HPLC the purity of the peptides was tested 

by using a Hypersil BDS C18 analytical HPLC column (4.6 × 150 mm, 5 μm) at a flow rate of 

1 mL/min (Method: 0-100% buffer B to A over 25 min, λabs = 254 and 280 nm). For preparative 

HPLC a Phenomenex Luna® 5 µm C18(2) 100 Å, LC Column 250 x 21 mm at a flow rate of 

5-8 mL/min was used.  

 

Chemical Structures of Cy5.5-conjugated peptides (main manuscript Fig. 1) 
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Synthesis of Cy5.5-T-Peptide. Linear Fmoc-NH-T-Peptide with sequence [Fmoc-Thr(tBu)-

Leu-Thr(tBu)-Tyr(tBu)-Thr(tBu)-Trp(Boc)-Ser(tBu)-Gly-Lys(tBoc)-OH] were prepared using 

a CEM Liberty Blue™ automated microwave peptide synthesizer. Fmoc-Lys(tBoc)-OH was 

preloaded on wang resin and each coupling cycle involved HATU (1 equiv.) and DIPEA (5 

equiv.), followed by deprotection of Fmoc group using 20% piperidine in DMF, but no final 

deprotection of the N-terminal Fmoc group. The resin cleavage was performed using a solution 

of triisopropylsilane (2.5%), distilled water (2.5%) and 3,6-dioxa-1,8-octanedithiol (2.5%) in 

TFA (10 mL) with gentle shaking for 2 h at RT. The resin was filtered, and the filtrate was 

concentrated under a stream of N2, then ice-cold diethyl ether (40 mL) was added to precipitate 

the peptide which was collected after centrifugation. The crude peptide Fmoc-NH-T-Peptide 

was purified by HPLC (Phenomenex Luna® 5 µm C18(2) 100 Å, LC column 250 x 21 mm 

using 0.1% TFA in MilliQ water and acetonitrile) and the identity of the peptides were 

confirmed by ESI-MS. The peptide (6 mg, 4.69 µmol) and Sulfo-Cy5.5-NHS ester (11 mg, 

9.39 µmol) were dissolved in DMF (1 mL) then DIEA (4.10 µl) was added. The solution was 

agitated at room temperature for 5 hrs then ice-cold diethyl ether (40 mL) was added to 

precipitate the peptide which was collected after centrifugation. The precipitate was treated 

with 20% piperidine in DMF (1 mL) for 10 min then ice-cold diethyl ether (40 mL) was added 

to precipitate the peptide which was collected after centrifugation and purified by HPLC (2.3 

mg, yield 30%). Analytical HPLC was performed and the purity of the isolated peptides found 

to be >95%. The identity of the peptide was confirmed by ESI-MS. ESI-MS: Cy5.5-T-Peptide 

(-ve ion) [M - 2H]-2, m/z = 969.3320 (experimental), calculated for [C89H114N13O28S4]
-2: m/z = 

969.3316 

 

ESI-MS spectrum for Cy5.5-T-peptide 
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Analytical HPLC chromatogram for Cy5.5-T-peptide (Method: UV Abs at 280 nm, gradient 

0% B in A – 100% over 20 min (A = 0.1 % TFA in MIlliQ, B = 0.1 % TFA in MeCN) 

 

Synthesis of Cy5.5-S-Peptide. Linear Fmoc-NH-S-Peptide with the sequence [Fmoc-Gly-Leu-

Gly-Tyr(tBu)-Gly-Trp(Boc)-Ser(tBu)-Gly-Lys(tBoc)-OH] was prepared using the same 

method described above for the Fmoc-NH-T-Peptide, followed by the same procedure for 

Cy5.5 conjugation and purification (3 mg, yield 38%). Analytical HPLC was performed and 

the purity of the isolated peptides found to be >95%. The identity of the peptide was confirmed 

by ESI-MS. ESI-MS: Cy5.5-S-Peptide (-ve ion) [M - 2H]-2, m/z = 903.2908 (experimental), 

calculated for [C83H102N13O25S4]
-2: m/z = 903.2923 

 

ESI-MS spectrum for Cy5.5-S-peptide 

 

 

Analytical HPLC chromatogram for Cy5.5-S-peptide (Method: UV Abs at 280 nm, gradient 

0% B in A – 100% over 20 min (A = 0.1 % TFA in MIlliQ, B = 0.1 % TFA in MeCN) 
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Synthesis of Cy5.5-Cyclic-Peptide. Fmoc-Gly-OH was preloaded on Rink amide resin, then 

the linear sequence [Fmoc-Gly-Lys(Boc)-Trp(Boc)-His(trt)-Cys(Acm)-Thr(tBu)-Thr(tBu)-

Lys(Boc)-Phe-Pro- His(trt)-His(trt)-Tyr(tBu)-Cys(Acm)-Leu-Tyr(tBu)-Gly-OH] was prepared 

using the same method described for Fmoc-NH-T-Peptide. The resin-bound linear peptide was 

then cyclized using iodine (1 mg/mg of resin) in DMF (20 mL) for 4 hours. After cyclization, 

the N-terminus Fmoc group was removed by 20% piperidine in DMF (1 mL) for 10 min. Ice-

cold diethyl ether (40 mL) was then added to precipitate the peptide, which was collected after 

centrifugation. Resin cleavage was then performed using a solution of triisopropylsilane 

(2.5%), distilled water (2.5%), Phenol (2.5%), DMB (2.5%) and 3,6-dioxa-1,8-octanedithiol 

(2.5%) in TFA (10 mL) with gentle shaking for 2 h at RT. The resin was filtered and the filtrate 

concentrated under a stream of N2. Ice-cold diethyl ether (40 mL) was then added to precipitate 

the peptide, which was collected by centrifugation. The crude peptide Fmoc-NH-Cyclic-

Lys(ivDDe)-Peptide was purified by HPLC (Phenomenex Luna® 5 µm C18(2) 100 Å, LC 

column 250 x 21 mm using 0.1% TFA in MilliQ water and acetonitrile) and its identity 

confirmed by ESI-MS. The peptide (4 mg, 1.9 µmol) and Sulfo-Cy5.5-NHS ester (4.4 mg, 3.85 

µmol) were dissolved in DMF (1 mL) and DIEA (4.0 µl) was added. The solution was agitated 

at room temperature for 5 hrs. Ice-cold diethyl ether (40 mL) was then added to precipitate the 

peptide, which was centrifuged and collected. The precipitate was treated with 20% piperidine 

in DMF (1 mL) for 10 min, followed by addition of ice-cold diethyl ether (40 mL) to induce 

peptide precipitation. After centrifugation, the peptide pellet was treated with 2% hydrazine in 

DMF to remove the ivDDe protecting groups from Lys residues, followed by final HPLC 

purification (1.2 mg, yield 20%). ESI-MS: Cy5.5-Cyclic-Peptide (+ve ion) [M + 2H]+2, m/z = 

1480.0527 (experimental), calculated for [C137H173N29O34S6]
+2: m/z = 1481.0505 

 

ESI-MS spectrum for Cy5.5-Cyclic-peptide 
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Analytical HPLC chromatogram for Cy5.5-Cyclic-peptide (Method: UV Abs at 280 nm, 

gradient 0% B in A – 100% over 20 min (A = 0.1 % TFA in MIlliQ, B = 0.1 % TFA in 

MeCN) 
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Figure S1. Characterisation of fibrosis and collagen types in human cardiac specimens from an 

ischaemic heart disease (IHD) patient and a healthy donor. 

 

(A, B) Representative images (A) and quantification of cardiac fibrosis (percentage of the blue areas; 

B) based on Masson’s trichrome staining of IHD and healthy donor heart tissues. (C-F) Representative 

immunohistochemical images of collagen types (C), as well as quantification of the mean fluorescence 

intensities of collagen I (D), collagen III (E) and collagen IV (F) in IHD and healthy donor cardiac 

specimens. Median ± Interquartile range. n=1 sample per condition, averaging 3 tissue planes per 

sample. Mann-Whitney test (one-tailed). Scale bars = 100µm.  
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Figure S2. Characterisation of T- and S-peptide uptake in whole organs of transgenic (Tg) and 

non-transgenic (Ntg) β2-AR mice. 

 

Representative images (A) and quantitative comparisons between the accumulation profiles of Cy5.5-

T- and S-peptides in Ntg (B) and Tg animals (C), highlighting a trend for specific accumulation of the 

T-peptide in several organs, including the heart, in the latter. (D) Comparison of T-peptide uptake in 

fibrotic (Tg) vs. healthy (Ntg) mice demonstrating a significant difference in T-peptide uptake only in 

the heart, in line with the cardiac-specific fibrotic phenotype of the β2-AR model. Detailed analyses of 

the cardiac uptake are described in Fig. 2.  Mean±SEM. n=5 per group. Multiple Mann-Whitney tests 

with Holm-Sidak post-hoc (α=0.1). 
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Figure S3. T-peptide enhancement of β2-AR transgenic mouse hearts at 7-months of age. 

 

(A, B) Ex vivo Odyssey images (all hearts in A and higher resolution scans of the framed hearts in B) 

showing a Cy5.5-T-peptide ventricular enhancement of transgenic vs. non-transgenic β2-AR mouse 

hearts at 7-months of age, when they develop an intermediate cardiac fibrosis. (C) Quantification of the 

ventricular T-peptide uptake. Median + Interquartile range. n=3 per group. Mann-Whitney test (one-

tailed). 
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Figure S4. Standard curves of Cy5.5-T- and S-peptides comparing their brightness on a molar 

basis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) Representative Odyssey scans of 96-wells containing equimolar concentrations (16 nM) of sulfo-

Cy5.5-conjugated T- and S-peptides. An increased brightness of the S-peptide is observed. (B) Standard 

curves and linear regressions comparing the two peptides on an equimolar basis. The slope ratio S/T is 

5.2134/2.4038 = 2.169, meaning that the S-peptide is 2.169-fold brighter than the T-peptide. 
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Figure S5. Blood clearance and toxicity profiles of T- and Cyclic-peptides. 

     

(A, B) Representative Odyssey blood scans and the corresponding blood clearance curves, as well as 

the calculated half-lives (t1/2) of Cy5.5-conjugated T-peptide (A) and cyclic-peptide (B) within 4 h after 

intravenous peptide administration (0.5 mg/kg) to non-transgenic β2-AR mice at 8-9 months of age. 

(C) Representative images of H&E-stained livers (top panels) and kidneys (bottom panels) from 

untreated and peptide-treated mice (the same animals as in A & B) 24 h post-peptide administration. 

No cell death, abnormal morphology or tissue destruction are observed following peptide injections, 

despite the high exposure of these organs to the peptides. n= 2. t1/2 in A & B is calculated by one-phase 

exponential decay regression. Scale bars = 100µm. 
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Figure S6. Elastin and fibrosis staining in the lungs and kidneys of aged β2-AR and young wild-

type mice. 

 

(A, B) Representative Masson’s trichrome (MTC) staining of lungs (A) and kidneys (B) of fibrotic 

(transgenic; Tg; left) and normal (non-transgenic; Ntg; right) β2-AR mice. Quantification of the renal 

and lung fibrotic areas demonstrates no differences between the genotypes (A, B; right panels). (C, D) 

Representative MTC (C) and Verhoeff–Van Gieson elastin staining (D) of peri-bronchial fibrosis in 

lungs from fibrotic (Tg) and non-fibrotic (Ntg) β2-AR mice, as well as young wild-type C57Bl/6 mice 

at 5 weeks of age. No quantitative differences in peri-bronchial fibrosis between the β2-AR genotypes 

is observed (C; right). Median ± Interquartile range. n=3. In A & B Mann-Whitney test (one-tailed); In 

C Kruskal-Wallis test with Dunn’s post-hoc of preselected pairs of columns (α=0.1). Scale bars = 

100µm.   
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Supplemental Video Legends: 

 

Confocal microscope reconstruction videos of Cy5.5-T-peptide binding to collagen type IV in 

mouse and human fibrotic heart tissues. 

 

Video S1. 3-D confocal microscope reconstruction video of Cy5.5-T-peptide binding (red) to 

collagen type IV (green) in fibrotic β2-AR mouse heart. The T-peptide was administered 

intravenously, while collagen IV was revealed by immunohistochemistry ex vivo. Nuclei are depicted 

in blue (Hoechst). Best viewed with Windows Media Player. 

 

Video S2. 3-D confocal microscope reconstruction video of Cy5.5-T-peptide binding (red) to 

collagen type IV (green) in cardiac human sample from patient with an ischaemic heart disease 

(IHD). Nuclei are depicted in blue (Hoechst). Best viewed with Windows Media Player. 
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