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ABSTRACT: Cell-penetrating peptide-based probes for positron emission tomography (PET)
are currently being developed for cardiac imaging. Herein, we have conjugated a synthetic 12
amino acids (NH,-APWHLSSQYSRT-COOH) cardiac targeting peptide (CTP) with a NOTA
chelator for %®Ga labeling. The [°8Ga]Ga-NOTA-CTP was synthesized with a decay-corrected
radiochemical yield of 68.9 + 12.8 % (n=13) and molar activity (A,,) of 1.3 £ 0.5 GBg/umol
(n=13). The tracer was evaluated in healthy and diseased CD1 mice with myocardial infarction
following ligation of the left anterior descending artery. PET/CT imaging and ex vivo
biodistribution revealed rapid (within 30 min) clearance of [%¥Ga]Ga-NOTA-CTP from the blood
through renal and hepatobiliary excretion pathways in both healthy and infarcted animals. The
uptake of [*®Ga]Ga-NOTA-CTP in the heart of healthy and infarcted animals did not show any
statistically significant difference for up to 120 min post-injection, but regional differences
within healthy and infarcted hearts were detected with [*Ga]Ga-NOTA-CTP by PET/CT
imaging at early time points post-injection. Within a healthy heart, the left ventricle standardized
uptake value (SUV) was lower than the right ventricle SUV at 10-30 min post-injection. This
regional difference between the left and right ventricles was absent in the infarcted heart, likely

due to post-ligation changes.
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INTRODUCTION:

Cardiovascular diseases (CVDs) are the leading cause of mortality in the world.!-* Globally, 523
million CVD cases and associated 18.6 million deaths were reported in 2019.5 Numerous novel
radiotracers in positron emission tomography (PET) and single-photon emission computed
tomography (SPECT) are being explored in assessing myocardial perfusion, cardiac autonomic
dysfunction, atherosclerotic plaques, cardiac metabolism, and viability.%'® Out of the two
modalities, PET is preferred over SPECT due to its higher sensitivity, greater interpretive
certainty, lower patient dosimetry, and shorter imaging protocol. Importantly, in the case of
CVDs, PET can assess microvascular function by quantitatively measuring the myocardial blood
flow at rest and peak stress.!”- 18

In clinical practice, PET imaging of cardiac perfusion allows the detection of cardiac
abnormalities. The perfusion imaging is commonly performed with 3N-ammonia (T, = 9.9
min), the potassium analog 8?Rb (T, = 76 sec), or ’O-water (T}, = 2.05 min).'#26 These
perfusion markers have their strengths and weaknesses. Administered '’N-ammonia is rapidly
cleared from the blood with a first-pass extraction fraction of ~80 % and is taken up by the heart,
brain, liver, and kidneys.!® 20 The uptake of '*N-ammonia is proportional to coronary blood flow;
once taken up, the 1*N-ammonia is metabolically trapped in the cardiac cells as '*N-glutamine.'*
20 In the case of #Rb, after administration, 8?Rb is rapidly cleared from the body with a first-pass
extraction fraction of ~65 % and is taken up primarily in the heart, lungs, and kidneys.?*-2* The
uptake of 82Rb in the myocardium is also dependent on blood flow, and once taken up, 8?Rb is
actively transported into the cardiac cells through the Na+/K ATPase pump.?*-2* As compared to
3N-ammonia, images from 8?Rb scans are inferior in resolution and image quality due to the
longer positron range of #Rubidium (8.6 mm) than '’N-ammonia (2.53-5.4 mm).!3-2% 25 The third
perfusion marker, >O-water is taken up by the heart by passive diffusion with highest first-pass
extraction fraction (~100 %).26 The positron range of 1O-water (4.14 mm) is between the
positron range of ’N-ammonia and #Rb and consequently the imaging quality is better than
82Rb scans but inferior to '*’N-ammonia scans.?!

Besides imaging quality, other factors need to be considered when choosing a cardiac perfusion
tracer. An onsite cyclotron is required for producing '*N-ammonia and 'O-water due to their
shorter half-life, whereas the shorter half-life of 8?Rb necessitates an onsite 82Sr/3?Rb generator.

Installing and maintaining an onsite cyclotron or generator can be prohibitive for many hospital
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sites.!®-22 For ease of use and ready availability of perfusion tracers, comparatively longer half-
life radiotracers are desirable for broader adoption of PET-based myocardial perfusion imaging
in imaging centers lacking onsite cyclotrons or generators. In this context, !8F, with a half-life of
109.7 min and a positron range of 1.03 mm, and %8Ga, with a half-life of 67.71 min and a
positron range of 3.5 mm, are possible choices for PET radionuclides for developing perfusion
markers.?!>27-30

More recently, a promising myocardial perfusion marker, ['8F]F-flurpiridaz or BMS-747158-02,
is emerging as an option in cardiac imaging.’!-33 It is based on the insecticide pyridaben, an
inhibitor of the mitochondrial respiratory complex I, a complex of the electron transport chain in
the mitochondria.?! It has a first-pass extraction fraction of 94 % with primary uptake in the liver,
brain, heart, and kidneys.3> 33 It has shown encouraging results in phase 3 clinical trials as a
perfusion marker for detecting coronary artery disease.?? There are two other !8F labeled
perfusion markers, fluorodihydrorotenone (['®F]JFDHR)** derived from insecticide and p-
fluorobenzyl triphenylphosphonium cation (['*F]JFBnTP)?>: 3¢ derived from fungicide that are
under investigation at the preclinical stage for their performance as perfusion marker. After
administration, these are rapidly cleared from the blood, taken up in the heart in a perfusion-
dependent manner, and trapped in the mitochondria of cardiomyocytes. Meanwhile the
manuscript is being written ['8F]F-flurpiridaz has received food and drug administration’s

approval in the United States for evaluation of myocardial ischemia and infarction.

Zahid et al. reported a synthetic 12-amino acid cardiac targeting peptide (CTP), NH,-
APWHLSSQYSRT-COOH, specifically targeting cardiomyocytes.3”*! The fluorophore-
conjugated CTP could accumulate in the heart of Balb/C mice following retro-orbital intravenous
injection.?’3% In a different study, accumulation of Cy5.5 labeled CTP was observed in the heart
in an isolated rat heart after perfusion in a Langendorff perfusion system.*’- 4! Following
encouraging results in vivo and ex vivo murine models, Zahid et al. tested CTP conjugated-
amiodarone (antiarrhythmic drug) in guinea pig** and CTP-conjugated miRNA106a for
treating hypertrophic human cardiomyocytes.** Authors delivered amiodarone to the heart of
guinea pigs after intraperitoneal administration of the CTP-amiodarone complex with a

functional response.*>*3 The ability of CTP to specifically enter cardiomyocytes has been
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replicated in multiple vertebrate species by at least four independent researchers around the

world.45-48

The exact mechanism by which CTP peptide gets internalized in the Cardiomyocytes is not well
understood, however we hypothesize that since it is a positively charged peptide at physiological
pH, it could cross the cytoplasmic membrane of cardiomyocytes passively like other cell
penetrating peptides and charged molecules**-°. It is known that lipophilic cations are capable of
passive diffusion into the cytoplasm and mitochondria of cardiomyocytes in response to a large
negative plasma- and mitochondrial- membrane potentials>?->!.

Encouraged by previous studies using CTP, an attempt was made to assess if radiolabeled CTPs
can be used to image the heart. In this pursuit, the biodistribution of *™T¢ radiolabeled CTP as a
[mTc]Te-HYNIC-CTP was compared to the known myocardial perfusion marker [**™Tc]Tc-
Sestamibi in CD1 mice using SPECT/CT imaging*. Among the two, [**"Tc¢]Tc-HYNIC-CTP
showed less extra-cardiac uptake than the [*™Tc]Tc-Sestamibi. The administered [*™Tc¢]Tc-
Sestamibi showed cardiac uptake and significant uptake in the liver, gut, and kidneys*. On the
other hand, [**™T¢]Tc-HYNIC-CTP showed a more targeted heart uptake and no uptake in the
liver and gut. There was [*™Tc]Tc-HYNIC-CTP uptake in the heart at early point post-injection
and renal clearance with radioactivity primarily present in the kidneys and bladder.*® This
suggested that [*™Tc¢]Tc-HYNIC-CTP could be used for cardiac imaging with SPECT. The next
logical step was to develop a PET radioisotope labeled CTP probe for PET imaging of cardiac
abnormalities. Hence, we synthesized [**Ga]Ga-NOTA-CTP with the PET radionuclide °®Ga and
tested its PET imaging potential and ex vivo biodistribution in healthy and diseased CD1 mice

with myocardial infarction.

MATERIALS AND METHOD:

General Consideration: All chemicals and solvents were purchased from various commercial
manufacturers - Sigma-Aldrich, St. Louis, MO, Fisher Scientific, Waltham, MA, and Alfa Aesar,
Haverhill, MA and used as received without further purification unless otherwise stated. The
NOTA-CTP was custom synthesized by the Peptide & Peptoid Synthesis Facility at the
University of Pittsburgh, Pittsburgh, PA, with > 97 % purity. The mass spectrum, HPLC/UV
trace of NOTA-CTP is provided in supplementary information Figures S1-S3. For the
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radiolabeling, 3.0 M NaOAc (pH 8.4-8.8) buffer was prepared by dissolving 24.6 g of NaOAc in
100 mL of distilled water. Oasis® Millex-GV 0.22 um (Part No.186008083) was purchased
from Merck, Rahway, NJ. rad-TLC analysis of the reaction mixtures was performed on glass
microfiber chromatography paper impregnated with silica gel in 0.1 M sodium citrate solution
(pH 5.0) and analyzed using an AR-2000 rad-TLC imaging scanner (Eckert & Ziegler, Valencia,
CA). The 0.1 M sodium citrate buffer was prepared by dissolving 0.294 g of sodium citrate
dihydrate in 10 mL of distilled water, and the pH was adjusted to 5.0 with 80 uL of concentrated
HCI. The final analytical rad-HPLC determined the final purity and identity of compounds
performed on a Phenomenex 5 um, C18(2), 100 A°, LC Column 250 x 4.6 mm (Phenomenex,
Torrance, CA), at a UV detector wavelength of 214 nm. Analytical rad-HPLC was performed
using H,O + 0.1 % TFA (solvent A and CH;CN + 0.1 % TFA (solvent B) with a flow rate of 0.5
mL/min by applying a gradient method (0-5 min = 24 % B to 32.2% B, 5-20 min = 32.2 % B to
35 % B). [®®Ga]Ga-NOTA -CTP was identified between 8.7-9.3 min retention time.

Synthesis of ["'Ga]-NOTA-CTP :

To a solution of 150 ug of NOTA-CTP peptide (1.0 pg/uL) in Milli-Q water, 10 uL of 3 M
sodium acetate (NaOAc) buffer was added and pH was adjusted between 4.0 and 4.5 using 1 M
HCI. Immediately afterward, 120 pg of GaCl; solution (12 pg/uL) was added, and the reaction
mixture was incubated at room temperature for 1 hour. UV-HPLC analysis confirmed the
formation of ["Ga]-NOTA-CTP with a 90 % yield and a retention time of 8.62 minutes
(Supplementary Figure S5).

Radiolabeling: All experiments were performed manually in a sterile hot cell environment. The
peptide precursor solution was prepared by dissolving 1.0 mg of the respective peptide (NOTA-
CTP) in 1.0 mL distilled water. For the synthesis of [®*Ga]Ga-NOTA-CTP, 1.0 mL of
[8Ga]GaCl; (0.2 = 0.1 GBq) (n=13) eluted from the ®¥Ge/**Ga generator (Eckert & Ziegler,
Valencia, CA) was transferred into a 5.0 mL reaction vial. The pH of the reaction mixture was
adjusted to 4.5-5.0 with 70 pL of 3 M NaOAc (pH 8.4-8.8) before the addition of 150 ug ata
concentration of 1.0 ug/uL of NOTA-CTP solution. Then, the reaction mixture was allowed to
stir for up to 10 min at RT. The radiolabeling yield was analyzed by rad-TLC using 0.1 M
sodium citrate solution (pH 5.0) as the mobile phase. The final pH of the reaction mixture was
adjusted to 6.1-6.5 with an additional 170 uL of 3 M NaOAc (pH 8.4-8.8) and passed through a
Millex-GV 0.22 um sterile filter unit. If the radiochemical purity calculated by rad-HPLC was
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less than 96 %, the reaction mixture was purified from a reverse phase rad-HPLC, and final
product was concentrated using a C-18 SepPak cartridge and eluted with a solution of 25 %
EtOH in NaOAc (1M) followed by addition of a saline solution (0.9 %) reaching a final
formulation of 10/30/60 V/V/V Ethanol/1.0 M Sodium Acetate/Saline. [®Ga]Ga-NOTA-CTP
was obtained in 68.9 £ 12.8 (n=13) decay corrected radiochemical yield, 1.3 £ 0.5 GBg/pumol
(n=13) of molar activity (Am) and > 97.8 % radiochemical purity after HPLC semipreparative
purification confirmed by analytical rad-HPLC at the end of the synthesis (supplementary
information Figures S4). Total synthesis and formulation time was 30 min without purification
and 60 min with HPLC purification from when [°8Ga]GaCl; was transferred into the reaction
vial. The radiochemical purity of the synthesized [**Ga]Ga-NOTA-CTP was analyzed by
analytical rad-HPLC having a retention time of 8.76 min (supplementary information Figures
S4). Molar activity (Am) was measured by dividing the radioactivity (GBq) present at the end of
the synthesis with the amount of NOTA-CTP (umol) present in the final formulation.

Stability analysis: The stability of [*¥Ga]Ga-NOTA-CTP was assessed in the final formulation
(10/30/60 V/V/V Ethanol/1.0 M Sodium Acetate/Saline) incubated at room temperature up to
120 min with 20 min intervals using analytical rad-HPLC. The stability in human and mouse sera
was assessed by rad-TLC using 0.1 M Sodium citrate buffer (pH =5.0) as a mobile phase at 0
min, 30 min, 60 min, and 120 min post-incubation. For the serum stability studies, 100 pL of
[8Ga]Ga-NOTA-CTP (~37.0 MBq) was added to 100 pL of human serum or mouse serum in an
Eppendorf tube. The mixture was then incubated at 37 °C and stirred at 1500 rpm in a
thermomixer for up to 120 min. A small aliquot (~0.5 uL) was taken out at different time points

for rad-TLC.

Animals: Healthy CD1 mice (n=9, body weight 35.45 + 6.54 g) and CD1 mice with myocardial
infarction (n=7, body weight 31.35 + 6.32 g) were obtained from Envigo RMS LLC,
Indianapolis, IN. These animals were received and housed at the Department of Comparative
Medicine facility at the Mayo Clinic, Rochester, MN. Table 1 shows the age and sex of mice used
in the study. The myocardial infarction was induced by the ligation of the left anterior descending
artery following thoracotomy under surgical anesthesia, leading to ischemia of the anterior

myocardium at Envigo RMS LLC, Indianapolis, IN. Postoperative care was provided for 3 days
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at Envigo RMS LLC, Indianapolis, IN, to mitigate the complications associated with infarction

and anesthesia before being shipped to Mayo Clinic Rochester. At Mayo Clinic, the animals

8 were nourished with a regular diet and water ad libitum and were maintained at optimal
g conditions of 40 % relative humidity and 22 °C temperature with 12-hour light-dark cycles.
é Table 1: Age and sex of mice used during the study

3 Age (week) Body Weight (g)

2 Healthy CD1 mice (n=9)

5 Average + SD Average + SD

g Males (n = 5) 10.69 + 2.44 39.80 + 4.27

g Females (n = 4) 10.36 £ 2.69 30.03 +4.36

:

g

O .

% CD! mice with myocardial | Age (Week) Body Weight (g)

o infarction (n=8) Average = SD Average = SD

T

; Males (n =4) 9.79 +1.74 3524+ 5.54

2 Females (n = 4) 8.96 £ 1.75 27.03 +2.24

2

PET/CT imaging: Animals were injected with 2.29 £ 0.83 MBq (62.00 + 22.31 uCi) of
[¥Ga]Ga-NOTA-CTP (n=16) through the tail vein under 1-2.5 % isoflurane anesthesia. Animals

Open Access Article. Published on 29 May 2025. Downloaded on 6/2/2025 4:58:10 PM.

underwent whole-body dynamic PET-CT using a small animal microPET/CT imaging system,

(cc)

Inveon (Siemens Medical Solutions USA, Malvern, PA), immediately after injection for 30 min
with a framing sequence of 4x15 sec, 8%30 sec, 5x60 sec, 4x 300 sec. A CT scan for 7 minutes
followed each PET scan. The PET/CT images were reconstructed using Siemens Inveon Micro
PET-CT proprietary software. For analysis of PET/CT images, the PET and CT images were
overlayed using MIM-7.2.7 software (MIM Software Inc., Cleveland, OH). ROIs were drawn in
the heart in the overlayed CT images to delineate the whole heart, left atrium (LA), right atrium
(RA), left ventricle (LV), and right ventricle (RV), as shown in supplementary information
Figure S6. The mean concentration of the PET signal was quantified in the overlayed PET image
in kBg/cc in the ROI for whole heart, left and right ventricle, which was converted to pCi/cc.

The SUV was calculated using decay-corrected activity values in the following formula:
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Ci Ci
Mean concentration (ll? or uc_c) in ROI

SUVgor = Injected dose (uCi)

x Weight of animal (g or cc)

Ex vivo biodistribution: The animals were transferred to a heating pad under a 1-2.5 %
isoflurane maintenance dose after the final imaging scan. A midline incision was made, and all
the organs were harvested, including the heart. The heart was then placed on a petri dish and
perfused with 10.0 mL of phosphate-buffered saline (PBS) using a 10 mL syringe through the
left ventricular apex, clearing the blood in all the chambers. The dissected organs were
transferred to labeled and preweighed vials and counted in 2480 Wizard 2 automatic gamma
counter (Perkin Elmer, Waltham, MA) for decay-corrected ®*Ga counts. SUV was then
calculated using the following formula:

68 counts

Ga concentration (
gtissue

SUV tissue = x Weight of animal (g)

Injected dose (counts)

Statistical analysis: The uptake data was analyzed using the Excel spreadsheet program
(Microsoft Corporation, Redmond, WA). Uptake was compared multifold between different
heart regions and other major organs using unpaired Student t-test analysis. P-values less than

0.05 were considered statistically significant.

Ethical standards: All animal studies were performed after approval and under the Mayo

Clinic's Institutional Animal Care and Use Committee (IACUC) guidelines and regulations.

RESULTS AND DISCUSSION:

Chemistry: The NOTA-CTP was custom synthesized at the Peptide & Peptoid Synthesis
Facility at the University of Pittsburgh, Pittsburgh, PA, with > 97 % purity (supplementary
information Figures S1-S3).

Radiochemistry: ®Ga-labeling of NOTA-CTP was performed following our previous
standardized protocol’? for radiolabeling peptides (Figure 1). [®Ga]GaCl; obtained from

a %Ge/*®Ga generator was used for the radiolabeling. The labeling was carried out at pH 4.5-5.0

Page 8 of 26
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with 150 pg of precursor (optimized concentration, Table 2) by incubating for up to 10 min at
room temperature (RT). Radiolabeling yield was confirmed by rad-TLC using 0.1 M sodium
citrate solution at pH 5.0 as the mobile phase (supplementary information Figure S7). [®Ga]Ga-
NOTA-CTP was obtained with a decay-corrected radiochemical yield of 68.9 + 12.8 % (n=13)
and molar activity (Am) of 1.3 = 0.5 GBqg/umol (n=13) with > 97.8 % radiochemical purity,
calculated by rad-HPLC, after HPLC semipreparative purification at the end of the synthesis

(supplementary information Figure S4).

Figure 1. Radiosynthesis of [*¥Ga]Ga-NOTA-CTP.

NOTA-CTP

3.0 M NaOAc buffer (pH 8.4-8.8)

pH 4.5:5.0
HN /§©:¢/
NH;

[egGa]GaCISI
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I
o
g‘% .
: . 3
< z
- O . .
VDQ
(o]
jg\\\\ z
=z
I
=z
&

RT, 10 min
o H HN/\C

Open Access Article. Published on 29 May 2025. Downloaded on 6/2/2025 4:58:10 PM.

N
ng \j\N Ho/\/g OH HN
o
o _N\N 0 Oy NH
a\/\ WL
O NSBGa o
N oHN

(cc)

N RCY =68.9 + 12.8 (n=13)
o] Am=1.3£0.5 GBg/umol (n=13).
o RCP = > 96 %(> 97.8 % after HPLC purification)

68 Total synthesis time = 30 min (n=13) 60 min with
[*Ga]Ga-NOTA-CTP HPLC purification (n=4)
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Table 2. Optimization of CTP concentration for synthesis of [®®*Ga]Ga-NOTA-CTP.

Concentration of Reaction conversion
Reaction Time
S. No NOTA-CTP (%) based on rad-
(min)
(ng/mL) TLC
1 69.57 10 76.00*
2 69.57 20 &81.00*
3 69.57 30 87.00*
4 100.84 10 98.00*
5 122.95 10 100.00*

Reaction conditions: pH 4.5-5.0, 70 uL of 3M NaOAc (pH 8.4-8.8), RT.

*Reaction conversion was measured by rad-TLC

Stability assessment in formulation and serum: The radiochemical purity of [*3Ga]Ga-NOTA-
CTP decreased from 98.78 & 1.08 % (n=4) at 0 min post-synthesis to 92.52 + 3.66 % (n=4) at 2 h
post-synthesis in the formulation (Figure 2A and supplementary information Table S1).
Although we saw decreased radiochemical purity by rad-HPLC based on [*Ga]Ga-NOTA-CTP
peak, we did not observe free ®Ga leaching from the molecule up to 120 min in the rad-HPLC
chromatogram at the retention time of ~3.35 min (supplementary information Figures S7 and
S8). Thus, the impurities contributing to decreased radiochemical purity resulted from the
peptide degradation, likely forming labeled fragments with a lower Rf and not related to the
stability of the ®Ga-radiolabeling.

10
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Figure 2: [%8Ga]Ga-NOTA-CTP stability over time. A) Stability of the radiotracer in the
formulation up to 120 min. (n=4), B) Stability of the radiotracer up to 120 min in human (n=4)
and mouse (n=5) sera.
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The stability of [°¥Ga]Ga-NOTA-CTP was assessed in human and mouse sera incubated at 37 °C
in a thermomixer with 1500 rpm for up to 120 min by rad-TLC at 0 min, 30 min, 60 min, and
120 min post-incubation. The results are summarized in Figure 2B, and representative
chromatograms are presented in supplementary information Figures S9 and S10, followed by the
tabulated values in supplementary information Table S2. Interestingly, [®*Ga]Ga-NOTA-CTP

maintained stability above 96.33 £ 1.96 % in mouse serum (n=5) and 97.96 + 0.37 % in human

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

serum (n=4) during the first hour of incubation, with its stability decreasing to 93.55 £ 1.62 % in

mouse serum (n=5) and 93.98 = 0.98 % in human serum (n=4) after 2 hours of incubation at 37

Open Access Article. Published on 29 May 2025. Downloaded on 6/2/2025 4:58:10 PM.

°C. Although it seems [*®Ga]Ga-NOTA-CTP was more stable in human serum than in

(cc)

formulation, but it should be noted that stability in formulation was assessed by rad-HPLC and
stability in serum was assessed by rad-TLC. The rad-TLC does not have sufficient resolution to
identify peptide degradation. It is likely that the labeling is equally stable in formulation and sera
with similar peptide degradation but was not visible on the rad-TLC. Considering the lower
amount of radioactivity (~185MBq) used as %Ga for the synthesis of [**Ga]-NOTA-CTP, this
study does not assess any potential radiolysis during large scale (high radioactivity) clinical

production of [%¥Ga]-NOTA-CTP.

Imaging and Biodistribution: Based on the stability profile, the developed radiotracer showed

sufficient stability and purity (> 98 % by rad-TLC) at the time of animal injection.
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In cardiac studies, the use of larger species, such as canine or porcine ligation models, offers
physiology and behavior like humans. However, the disadvantages of larger species include the
high cost, the need for dedicated facilities for these species, and an increase in the complexity of
handling. According to the International Atomic Energy Agency's recommendations for the
preclinical development of radiopharmaceuticals, the use of small animals such as mice and rats
has several advantages over large animals33. The advantages include the possibility of
performing whole-body dynamic studies in conventional micro imaging equipment, low cost and
easy handling. The infarct model used in this study is well established in mice and commercially
available. Our laboratory has a micro-PET scanner (used for this work) that allows us to obtain
PET images in mice, which was one of the reasons for selecting the murine model.

The biodistribution of [*4Ga]Ga-NOTA-CTP was assessed by PET/CT imaging at several time
points post-injection in healthy and diseased CD1 mice with myocardial infarction. In this
diseased model, infarction was induced in the heart of CD1 mice by ligating the left anterior
descending artery (Figure 3). Following ligation, the mice were allowed to recuperate for up to 6
weeks with intact ligation in the heart, mimicking chronic myocardial infarction. Prior studies
evaluated cardiac changes during the first 8 weeks post ligation of the left anterior descending
artery and observed increase in the end-diastolic volume (EDV) and end-systolic volume (ESV)
and decrease in the ejection fraction compared to a healthy heart.>*6 This is because the ligation
causes rerouting of blood supply with regional decreased to absent perfusion with subsequent
cardiac remodeling.’>*¢ An imaging tracer that could detect these changes at the initial stages
would allow the identification of subjects at risk for adverse remodeling, leading to early
interventions. Therefore, in our study, [*Ga]Ga-NOTA-CTP was administered within 6 weeks of

the surgery, and its distribution was assessed and compared with healthy animals.
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Figure 3. Schematic diagram showing ligation site in the left anterior descending artery of an

infarcted heart.

R LV = Left Ventricle
RV = Right Ventricle

Site of arterial lig Site of arterial ligation

Generally, the administered peptides are primarily cleared from the blood through renal
clearance without reabsorption, leading to high urinary bladder activity.’” Serial PET/CT
imaging of the healthy animals post-administration of [**Ga]Ga-NOTA-CTP showed that the
biodistribution profile of [*8Ga]Ga-NOTA-CTP was typical for peptides. The administered
[8Ga]Ga-NOTA-CTP had high bladder activity as early as 0-5 min post-injection, with
continued urinary clearance until 120 min post-injection (Table 3 and Figures 4-5). The major
organs taking up [*®Ga]Ga-NOTA-CTP were the urinary bladder, kidneys, heart, and liver until
30 min post-injection (Table 3). No or low signal was detected in the heart, kidneys, and liver at
60 min and 120 min post-injection, with the majority of signal present in the urinary bladder

(Table 3).
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imaging
SUV SUV SUV SUV Urina
Timepoint SUV Heart Liver Muscle Kidneys Bladder ?
) (Average +
(min) SD, n=9) (Average = | (Average + | (Average = | (Average +
’ SD, n=9) SD, n=9) SD, n=9) SD, n=9)

0-5 091+0.15 | 1.42+0.49 | 036+0.12 |2.64+0.89 | 7.51 £3.49
6-10 0.59+0.09 | 1.66+0.58 | 0.28£0.15 |2.15+1.21 | 10.73+£5.16
11-20 046+0.08 | 1.79+0.55 | 0.25+0.15 | 1.91+1.29 | 12.46 +5.86
21-30 0.33£0.07 | 1.83+0.54 | 0.21+£0.16 | 1.71+1.37 | 14.31 £6.88

0.04+0.04 | 0.69+0.32 | 0.18+0.13 |0.92+0.68
60 (n=6) (n=3) (n=7) (n=3) 10.64 +6.10
120 0.02+0.01 |0.14 0.19+0.18 | 0.1 9.02 +8.59

(n=6) (n=1) (n=5) (n=1) (n=6)

An ideal cardiac perfusion marker should show high initial uptake in the heart and rapid
clearance from the blood pool.>® Indicative of being a promising perfusion marker, we observed
a high uptake of [®Ga]Ga-NOTA-CTP (SUV > 1) in the healthy heart immediately after the
intravenous administration, followed by a rapid clearance within 30 min of administration (Table
3 and Figure 5, supplementary information Table S3A). Noticing a faster clearance, [**Ga]Ga-
NOTA-CTP uptake was evaluated more closely within 30 min post-injection at several time
points (Figures 5 and 6, supplementary information Tables S3A and S3B). The CT images were
used to draw regions of interest in the whole heart, left, and right ventricles to assess the uptake

of [*Ga]Ga-NOTA-CTP in these regions in the PET scans (Figure 4 and supplementary

information Figure S6).

Figure 4. Representative coronal PET/CT image showing [®¥Ga]Ga-NOTA-CTP uptake in heart,
liver, gut, kidneys, gall bladder, and bladder of healthy and infarcted CD1 mice at different time
points post-injection. The PET/CT images are presented in two different planes, A and B, to
visualize different organs in various planes. In each plane, the top row shows a healthy mouse,

and the bottom row shows an infarcted mouse. H = Heart, Li = Liver, Ki = Kidney and Gu =

QGut.
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Figure 5. Uptake of [®*Ga]Ga-NOTA-CTP in healthy and infarcted hearts, A. uptake in whole
heart and B-E. uptake in ventricles of healthy and infarcted hearts of CD1 mice, assessed by
PET/CT imaging. LV = left ventricle and RV = right ventricle. *P value < 0.05 LV vs RV in
healthy heart.
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Figure 6 Uptake of [°®Ga]Ga-NOTA-CTP in left and right ventricles normalized to whole heart,
A. healthy heart and B. infarcted heart of CD1 mice, assessed by PET/CT imaging. LV/H= left
ventricle/whole heart and RV/H = right ventricle/whole heart. *P value < 0.05 LV/H vs RV/H in
healthy heart; P value < 0.05 LV/H vs RV/H in infarcted heart.
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Regarding the whole heart uptake of [**Ga]Ga-NOTA-CTP , we observed no statistical

difference in the uptake in the infarcted heart as compared to the healthy heart at all time points

within 30 min post-injection (Figure 5 and supplementary information Table S3A). An infarcted

heart is known to undergo remodeling and rerouting of blood supply that could impact uptake of

perfusion markers.>-3¢ Regional differences in [*8Ga]Ga-NOTA-CTP uptake in the left ventricle

(LV) or right ventricle (RV) in the whole heart (WH) in healthy and infarcted animals were
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compared (Figures 5 and 6, and supplementary information Tables S3A and S3B). Within a
healthy heart, the SUV in LV was lower than the RV at the 10-30 min post-injection time point
(Figure 5 and supplementary information Table S3A). This difference between uptake in LV and
RV was absent in the infarcted heart (Figure 5 and supplementary information Table S3A). It is
possible that dilation of LV and increased EDV in the infarcted heart contributed to higher
retention of [®Ga]Ga-NOTA-CTP in LV in the infarcted heart.’*>% 3 Additionally, we also
compared the ratio of uptake in LV and RV normalized to the entire heart (Figure 6 and
supplementary information Table S3B). In both infarcted and healthy hearts, the LV/whole heart
SUYV ratio was lower than the RV/whole heart SUV ratio at 4-30 min post-injection time point
(Figure 6 and supplementary information Table S3B).

In the context of adverse remodeling, after the acute phase of an infarction, the heart undergoes a
process of scarring and remodeling, which leads to changes in its geometry, dimensions, and
function®®. Adverse remodeling of the left ventricle involves molecular, cellular, and interstitial
changes within the tissue®!. This process often occurs following an ST-Segment Elevation
Myocardial Infarction (STEMI), which results from the blockage of one or more coronary
arteries®!. In such cases, a scarred area typically forms, and the patient may develop HF with
either a reduced or mildly reduced ejection fraction (EF). EF is a key measure of the heart’s
ability to pump blood out the left ventricle. In our experiments, we observed a trend of higher
uptake of the radiotracer in the left ventricle of the infarcted model compared to the healthy
group (Figure 5). This observed increase in blood retention of [®Ga]Ga-NOTA-CTP in the
infarcted left ventricle implies a lower ejection fraction and potential adverse remodeling of the
left ventricle in the infarcted model.

The animals with infarcted hearts showed biodistribution profiles in all organs/tissues similar to
healthy animals at 120 min post-injection, as assessed by ex vivo biodistribution except the heart
(Table 4). Overall, the uptake of [48Ga]Ga-NOTA-CTP was low in heart; however, the infarcted
heart showed statistically higher uptake of [®*Ga]Ga-NOTA-CTP (SUV = 0.03 = 0.02, n=7) as
compared to the healthy heart (SUV = 0.02 £+ 0.006, n=9). Most of the radioactivity was found
in organs involved in excretion, like the gallbladder, urinary bladder, small intestine, and cecum
at 120 min post injection (Table 4). High urinary and gallbladder uptake also confirmed renal
and hepatobiliary excretion of [®*Ga]Ga-NOTA-CTP (Table 4).
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Table 4. Ex vivo biodistribution of [®*Ga]Ga-NOTA-CTP in healthy and infarcted CD1 mice at

120 min post-injection. *P value < 0.05 Healthy mice vs Infarcted mice

Healthy mice Infarcted mice
Organ
SUV (Average + SD, n=9) SUV (Average + SD, n=7)
Brain 0.01 £0.004 0.005 +0.003
Heart 0.02 £ 0.006 0.03 £ 0.02*
Lung 0.04 £0.02 0.04 £ 0.04
Liver 0.22+£0.16 0.15+0.04
Kidneys 0.85+0.28 0.63 +£0.21
Spleen 0.04 +0.03 0.05+0.04
Small Intestine 2.74+£1.29 3.38 £2.37
Large Intestine 0.94+1.30 1.21+1.26
Pancreas 0.05+£0.06 0.05+£0.04
Muscle 0.03+£0.03 0.02 +£0.01
Urine 52.68 £27.34 39.68 +37.93
Bone 0.83 £2.35 0.03 £0.02
Bladder 5.11+5.63 6.53+13.43
Skin 0.02 +£0.01 0.03+£0.03
Adipose 0.06 +0.08 0.05+0.05
Stomach 0.06 +£0.07 0.08 £0.10
Cecum 2.36 £2.24 2.28+3.64
Blood 0.05+0.05 0.02 +£0.01
Feces 543 +£8.97 7.00 £7.72
Gall bladder 23.48 + 19.28 (n=5) 12.17 £ 13.13 (n=3)

In an earlier study, [*¥Ga]Ga-DOTA was tested as a cardiac perfusion marker at 24 + 4 h post-

coronary ligation.>® In this myocardial infarction rat model, higher uptake of [$¥Ga]Ga-DOTA

was observed at the infarct site compared to a remote site within the heart at 30 min post-

administration of [®¥Ga]Ga-DOTA.>® This suggests that remodeling and rerouting of the heart's

blood supply could be underway as early as 24 + 4 h, contributing to delayed washout and

19


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00047e

Open Access Article. Published on 29 May 2025. Downloaded on 6/2/2025 4:58:10 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Pharmaceutics

Page 20 of 26

View Article Online
DOI: 10.1039/D5PM00047E

increased retention of [®Ga]Ga-DOTA at the infarct site aligning with our findings.>®

Additionally, in the present study [**Ga]Ga-NOTA-CTP was assessed in the chronically

infarcted heart model but there were previous studies where other radiotracers were assessed in

acutely infarcted heart model. In an acutely infarcted heart model, the ligation of the left anterior

descending coronary artery has occurred within 3-24 h of imaging. Hence, the heart is still in

shock with severe perfusion changes.®?-% Perfusion markers can demonstrate profound changes
in cardiac perfusion in the acute infarction model. There are many preclinical studies done with

acute infarction heart rodent models showing decreased perfusion utilizing [**™T¢]Te-MIBI, 3N-

ammonia, ['8F]F-flurpiridaz, and 32Rb at the infarct site.%>% The chronically infarcted heart

rodent models use ['8F]FDG to assess other parameters such as left ventricular metabolic volume

(LVMV), defect/infarct area, and cardiac function.®® %* The infarction model used in this study

was generated by Envigo RMS LLC, Indianapolis, IN, followed by a 3-day observation period at

their site. Therefore, testing [*Ga]Ga-NOTA-CTP within ~24 hours post-surgery was

impossible. We did not find PET imaging-based perfusion marker studies in a chronically

infarcted heart rodent model. Therefore, this opportunity to assess if [®*Ga]Ga-NOTA-CTP can

detect perfusion differences in a remodeled chronically infarcted heart was reasonable and

informative.

CONCLUSIONS

After administration, the radiolabeled cardiac targeting peptide, [*Ga]Ga-NOTA-CTP, was
rapidly cleared from the body via the renal and hepatobiliary routes. The uptake of [**Ga]Ga-
NOTA-CTP in the whole heart was similar in chronically infarcted and healthy hearts, but
[8Ga]Ga-NOTA-CTP could identify regional differences in the left ventricular vs right
ventricular uptake between the healthy and diseased hearts. This ability to detect regional

differences indicates the potential of [®®Ga]Ga-NOTA-CTP as a perfusion marker.
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Figure legends:

Figure 1. Radiosynthesis of [®*Ga]Ga-NOTA-CTP.

Figure 2. [%8Ga]Ga-NOTA-CTP stability over time. A) Stability of the radiotracer in the
formulation up to 120 min. B) Stability of the radiotracer up to 120 min in human and mouse

scra.
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Figure 3. Schematic diagram showing ligation site in the left anterior descending artery of an
infarcted heart.

Figure 4. Representative coronal PET/CT image showing [4Ga]Ga-NOTA-CTP uptake in heart,
liver, gut, kidneys, gall bladder, and bladder of healthy and infarcted CD1 mice at different time
points post-injection. The PET/CT images are presented in two different planes - A and B to
visualize different organs in various planes. In each plane, the top row shows a healthy mouse,
and the bottom row shows an infarcted mouse. H = Heart, Li = Liver, Ki = Kidney, G = gall
bladder, and Gu = Gut.

Figure 5. Uptake of [3Ga]Ga-NOTA-CTP in healthy and infarcted hearts, A. uptake in whole
heart and B-E. uptake in ventricles of healthy and infarcted hearts of CD1 mice, assessed by
PET/CT imaging. LV = left ventricle and RV = right ventricle. *P value < 0.05 LV vs RV in
healthy heart.

Figure 6 Uptake of [®Ga]Ga-NOTA-CTP in left and right ventricles normalized to whole heart,
A. healthy heart and B. infarcted heart of CD1 mice, assessed by PET/CT imaging. LV/H= left
ventricle/whole heart and RV/H = right ventricle/whole heart. *P value < 0.05 LV/H vs RV/H in
healthy heart; P value < 0.05 LV/H vs RV/H in infarcted heart.

Tables:

Table 1. Age and sex of mice used during the study

Table 2. Optimization of CTP Concentration for synthesis of [¢¥Ga]Ga-NOTA-CTP.

Table 3. Biodistribution of [®Ga]Ga-NOTA-CTP in healthy CD1 mice assessed by PET
imaging.

Table 4. Ex vivo biodistribution of [®*Ga]Ga-NOTA-CTP in healthy and infarcted CD1 mice at

120 min post-injection.*P value < 0.05 Healthy mice vs Infarcted mice
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