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Abstract: The cardiac bioavailability of peptide drugs that inhibit harmful intracellular protein–
protein interactions in cardiovascular diseases remains a challenging task in drug development.
This study investigates whether a non-specific cell-targeted peptide drug is available in a timely
manner at its intended biological destination, the heart, using a combined stepwise nuclear molecular
imaging approach. An octapeptide (heart8P) was covalently coupled with the trans-activator of
transcription (TAT) protein transduction domain residues 48–59 of human immunodeficiency virus-1
(TAT-heart8P) for efficient internalization into mammalian cells. The pharmacokinetics of TAT-heart8P
were evaluated in dogs and rats. The cellular internalization of TAT-heart8P-Cy(5.5) was examined
on cardiomyocytes. The real-time cardiac delivery of 68Ga-NODAGA-TAT-heart8P was tested in mice
under physiological and pathological conditions. Pharmacokinetic studies of TAT-heart8P in dogs
and rats revealed a fast blood clearance, high tissue distribution, and high extraction by the liver. TAT-
heart-8P-Cy(5.5) was rapidly internalized in mouse and human cardiomyocytes. Correspondingly,
organ uptake of hydrophilic 68Ga-NODAGA-TAT-heart8P occurred rapidly after injection with an
initial cardiac bioavailability already 10 min post-injection. The saturable cardiac uptake was revailed
by the pre-injection of the unlabeled compound. The cardiac uptake of 68Ga-NODAGA-TAT-heart8P
did not change in a model of cell membrane toxicity. This study provides a sequential stepwise
workflow to evaluate the cardiac delivery of a hydrophilic, non-specific cell-targeting peptide. 68Ga-
NODAGA-TAT-heart8P showed rapid accumulation in the target tissue early after injection. The
implementation of PET/CT radionuclide-based imaging methodology as a means to assess effective
and temporal cardiac uptake represents a useful and critical application in drug development and
pharmacological research and can be extended to the evaluation of comparable drug candidates.

Keywords: nuclear cardiology; peptide drug; PET/CT; preclinical drug development; protein–protein
interactions

1. Introduction

Despite significant advances in pharmacotherapies, cardiovascular disease remains the
leading cause of morbidity and mortality worldwide [1]. Most of the pathological processes
in the cardiovascular system are associated with detrimental intracellular protein–protein
interactions, and covering their large interaction surfaces of 1500–3000 Å2 for inhibition is
challenging [2]. While the use of classical biologics is limited to cell-surface or extracellular
targets [3], therapeutics with intracellular targets must gain access to cells to achieve the desired
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biological effects [4]. Due to their small size, small molecule drugs are able to cross the cell
membrane, but covering the interface area of the interaction is more feasible for peptides because
of their physiochemical properties including their large size and more flexible backbone [5].
Peptide drugs account for 5% of the global pharmaceutical market [6]. They have also received
increased attention as therapeutics for cardiovascular diseases, e.g., Elamipretide targeting
mitochondrial myopathy [7,8]. Most peptide drugs modulate peripheral extracellular targets
due to their membrane impermeability or weak membrane permeability. Evolution in cell-
penetrating [9,10] and stapled [11–13] peptides has greatly aided the development of peptide
drugs against intracellular protein–protein interactions. It has been shown that the human
immunodeficiency virus type I (HIV-1) transactivator of transcription (TAT) and its core peptide
segment play an important role in promoting the cellular internalization of coupled bioactive
macromolecules, such as peptides as drug molecules [14]. For optimal therapeutic use, it is
also important to know the fate of the drug in the body after administration. Evaluation of
the pharmacokinetics, which refers to the movement of a drug into, through, and out of the
body, is a prerequisite for the approval process. Basic pharmacokinetic parameters such as
absorption, distribution, metabolism, and elimination (ADME) are determined in appropriate
biological fluids using plasma and are calculated from the drug plasma concentration–time
curve. However, information on the temporal accumulation of the drug in the target organ
remains unknown. Therefore, real-time in vivo pharmacokinetic studies in preclinical biological
models play a key role in predicting organ uptake and cellular internalization in target cells.
PET/CT imaging is an important and elegant tool for the in vivo visualization of peptide drug
delivery to tissues [14–18]. It also provides information on temporal organ uptake.

In this study, the cationic TAT protein transduction domain amino acid residues 48–59
(PTD, GRKKRRQRRRPQ) of HIV-1, which serves as an intracellular delivery system [18,19],
was covalently coupled to an octapeptide (TAT-heart8P) and evaluated with different
sequential stepwise label-free, fluorescence-labeled, and radiolabeled approaches in various
biological systems.

2. Results
2.1. TAT-heart8P Clears from Systemic Circulation by Liver Elimination

Conventional pharmacokinetic measurements were performed in canine and rat animal
model organisms. Various blood pharmacokinetic parameters of TAT-heart8P obtained from
non-compartmental analysis applied to the plasma concentrations of dogs and rats are given
in Tables 1 and 2. After intravenous (i.v.) bolus administration, TAT-heart8P concentrations
declined in a multi-exponential manner, with elimination half-life values of 0.5 h (male dog),
0.4 h (female dog), 0.5 h (male rats), and 0.6 h (female rats). A total of 6 h after i.v. injection,
TAT-heart8P was undetectable in all animals examined. TAT-heart8P was highly extracted by
the liver in both model organisms. The clearance values for dogs (CLmale = 3110 mL/h/kg;
CLfemale = 2960 mL/h/kg) and rats (CLmale = 3670 mL/h/kg; CLfemale = 3930 mL/h/kg) were
greater than the liver blood flow in a 10 kg dog (1850 mL/h/kg) or 0.25 kg rat (3310 mL/kg).
The apparent volume of distribution at the steady state (VSS) values (male dog: 1450 mL/kg,
female dog: 1350 mL/kg; male rats: 2080 mL/kg, female rats: 2310 mL/kg)) exceeded the
total body water of a 10 kg dog (604 mL/kg), indicating that TAT-heart8P is widely distributed
to the tissues.

Table 1. Non-compartmental pharmacokinetics in dogs. CL: clearance; VSS: distribution at steady
state; AUC: area under the curve.

Sex Number Dose Level
(mg/kg)

Time after Dose (h)
Concentration (ng/mL)

0 0.083 0.5 1 2 6 24

Male 1 6 <10.0 3590 790 455 102 <10.0 <10.0

Female 1 6 <10.0 5020 1000 506 92.1 <10.0 <10.0
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Table 1. Cont.

Sex Number Dose Level
(mg/kg)

Time after Dose (h)
Concentration (ng/mL)

Sex Number Dose level
(mg/kg)

t1/2
(h) CL (mL/h/kg) VSS (mL/kg) AUC0-inf

(h*ng/mL)

Male 1 6 0.501 3110 1450 1930

Female 1 6 0.432 2960 1350 2030

Table 2. Non-compartmental pharmacokinetics in rats. CL: clearance; VSS: distribution at steady
state; AUC: area under the curve.

Sex Number Dose Level
(mg/kg)

Time after Dose (h)
Concentration (ng/mL)

0 0.083 0.5 1 2 6 24

Male 3 12 <10.0 5460 1500 816 237 <10.0 <10.0

Female 3 12 <10.0 5020 1230 883 218 <10.0 <10.0

Sex Number Dose level
(mg/kg)

t1/2
(h) CL (mL/h/kg) VSS (mL/kg) AUC0-inf

(h*ng/mL)

Male 3 12 0.564 3670 2080 3080

Female 3 12 0.584 3930 2310 2870

2.2. TAT-heart8P-Cy(5.5) Internalizes Rapidly into Cardiomyocytes

In vitro studies in mouse and human cardiomyocytes as well as ex vivo analysis of
mouse cardiac tissues demonstrated the rapid intracellular internalization of TAT-heart8P-
Cys(5.5) (Figure 1).Pharmaceuticals 2023, 16, x FOR PEER REVIEW 4 of 18 

 

 

 
Figure 1. Cellular internalization of TAT-heart8P-Cy(5.5). (a) Representative confocal glycerin-im-
mersion micrograph of an in vitro internalization of TAT-heart8P-Cy(5.5) in isolated mouse cardio-
myocytes (blue: nuclei, green: troponin, red: Cy(5.5)) (magnification: 63×; scale bar 50 µm) and (b) 
ex vivo image of the in vivo uptake in left-ventricular tissue of mice showing a high internalization 
rate of TAT-heart8P-Cy(5.5) 10 min after injection (blue: nuclei, red: Cy(5.5)) (magnification: 63×; 
insert: digital 2×; scale bars 20/10 µm). (c) Representative confocal micrograph of an in vitro inter-
nalization of TAT-heart8P-Cy(5.5) in primary human cardiomyocytes (green: autofluorescence, red: 
Cy(5.5)) (magnification: 40×; scale bar 20 µm). 

2.3. Radiolabeling and Radiochemical Purity  
In order to obtain detailed information on in vivo bioavailability in addition to the 

calculated conventional pharmacological data, a traceable 68Ga-1,4,7-triazacyclononane-1-
glutaric acid-4,7-acetic acid(NODAGA)-TAT-heart8P peptide conjugate was designed. 
The chemical structures are shown in Figure 2a. NODAGA-TAT-heart8P was labeled with 

Figure 1. Cellular internalization of TAT-heart8P-Cy(5.5). (a) Representative confocal glycerin-
immersion micrograph of an in vitro internalization of TAT-heart8P-Cy(5.5) in isolated mouse car-
diomyocytes (blue: nuclei, green: troponin, red: Cy(5.5)) (magnification: 63×; scale bar 50 µm) and
(b) ex vivo image of the in vivo uptake in left-ventricular tissue of mice showing a high internaliza-
tion rate of TAT-heart8P-Cy(5.5) 10 min after injection (blue: nuclei, red: Cy(5.5)) (magnification:
63×; insert: digital 2×; scale bars 20/10 µm). (c) Representative confocal micrograph of an in vitro
internalization of TAT-heart8P-Cy(5.5) in primary human cardiomyocytes (green: autofluorescence,
red: Cy(5.5)) (magnification: 40×; scale bar 20 µm).
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2.3. Radiolabeling and Radiochemical Purity

In order to obtain detailed information on in vivo bioavailability in addition to the
calculated conventional pharmacological data, a traceable 68Ga-1,4,7-triazacyclononane-1-
glutaric acid-4,7-acetic acid(NODAGA)-TAT-heart8P peptide conjugate was designed. The
chemical structures are shown in Figure 2a. NODAGA-TAT-heart8P was labeled with 68Ga
with an overall radiochemical yield of 95 ± 1% and radiochemical purity of >95%, before
purification. The molar activity was 12 ± 3 GBq/µmol.
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The in vitro stability of 68Ga-NODAGA-TAT-heart8P was >98% assessed in an aque-

ous solution at 37 °C for 180 min (Figure 3a,b). Stability was also assessed in human blood 
plasma at 37 °C for up to 60 min with the aim of investigating the release of free 68Ga and 
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min of incubation in human plasma at physiological temperature. The retention time was 

Figure 2. (a) Schematic structure of TAT-heart8P, NODAGA-TAT-heart8P, and 68Ga-NODAGA-TAT-
heart8P. Radio-HPLC showing peaks for (b) 68Ga-NODAGA-TAT-heart8P at 5.8 min and (c) 68Ga-
NODAGA at 1.4 min. Heart8P is displayed in orange. (d) Partition coefficient determined by
octanol-water method indicates high hydrophilicity.

Using radio-HPLC, the radiochemical purity of the purified 68Ga-NODAGA-TAT-
heart8P peptide conjugate was over 99%. The retention time of 68Ga-NODAGA-TAT-
heart8P was 5.8 min (Figure 2b). 68Ga-NODAGA served as the control, with a retention
time of 1.4 min (Figure 2c). The partition coefficient of log Do/w = −3.1 ± 0.2 indicated that
68Ga-NODAGA-TAT-heart8P is highly hydrophilic (Figure 2d).
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2.4. Stability Tests: 68Ga-NODAGA-TAT-heart8P Is Stable for the Time Points Studied

The in vitro stability of 68Ga-NODAGA-TAT-heart8P was >98% assessed in an aqueous
solution at 37 ◦C for 180 min (Figure 3a,b). Stability was also assessed in human blood
plasma at 37 ◦C for up to 60 min with the aim of investigating the release of free 68Ga and
the trans-chelation of 68Ga to serum proteins. The 68Ga-NODAGA-TAT-heart8P peptide
conjugate was stable after 15 min (99.3 ± 0.6%) and decreased slightly to 96 ± 4% after
60 min of incubation in human plasma at physiological temperature. The retention time
was 5.4 min after 15 min of incubation of the conjugate in human blood plasma (Figure 3c
and Figure S1). Within the cardiac tissue, the compound is subject to multiple degradation
processes. Therefore, we exposed the 68Ga-NODAGA-TAT-heart8P peptide conjugate to
murine whole heart tissue lysate to simulate in-tissue metabolization. While the initial
stability after 15 min of incubation at 37 ◦C was 96 ± 3%, it decreased to 42 ± 3% after
60 min (Figure S2a), due to peptidase activity rather than de-chelation (Figure S2b). To test
the degradability of the product, we used proteinase K as a positive control. Incubation
with proteinase K decreased the stability of 68Ga-NODAGA-TAT-heart8P to 73 ± 14% and
46 ± 18% of the intact tracer after 15 and 60 min, respectively (Figure S3). In vitro stability
studies showed that 68Ga-NODAGA-TAT-heart8P was stable for the time period studied.
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Figure 3. In vitro and ex vivo stability. 68Ga-NODAGA-TAT-heart8P was >98% stable in aqueous
solution after 180 min. Radio-HPLC showing peaks for 68Ga-NODAGA-TAT-heart8P at (a) 0 min
and after (b) 180 min. (c) Ex vivo stability of 68Ga-NODAGA-TAT-heart8P in human blood plasma of
three individual donors was 96 ± 3% after 60 min of incubation at 37 ◦C.

2.5. Cardiac Bioavailability of 68Ga-NODAGA-TAT-heart8P

Evaluated in C57BL/6J mice, the cardiac uptake of 68Ga-NODAGA-TAT-heart8P
was 4.3 ± 0.7% at 10 min after injection and decreased further to 2.5 ± 0.6% at 60 min
(Figure 4a). Gamma counter-based heart-to-blood ratio data of blood-free heart tissue
evidenced a significant uptake (ratio 4:1) in cardiac tissue as early as 10 min after i.v.
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injection (Figure 4b). The pre-injection of 100 µg of unlabeled NODAGA-TAT-heart8P
diminished the cardiac uptake of 68Ga-NODAGA-TAT-heart8P significantly (2.3 ± 0.4%
10 min post-injection, p = 0.01), indicating saturable uptake (Figure 4c). Gamma counter
measurements confirmed the decreased tissue accumulation determined by PET/CT 60 min
after i.v. administration (Figure S4).
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Figure 4. Cardiac bioavailability of 68Ga-NODAGA-TAT-heart8P. (a) Representative 68Ga-NODAGA-
TAT-heart8P images (CT, PET, fused PET/CT, maximum intensity projection (MIP)) of healthy
C57BL/6J mice 10 and 60 min after injection. Average cardiac distribution (%IA/g) is displayed
on the right. Cardiac accumulation significantly decreased after 60 min (p = 0.0182). White arrows
indicate the anatomical position of the heart. MIN/MAX (10 min) = 0/50 %IA/g; MIN/MAX
(60 min) = 0/30 %IA/g. n = 3–9. Data are presented as the mean ± SEM. (b) Ex vivo heart-to-blood
ratio proofed cardiac tissue accumulation of 68Ga-NODAGA-TAT-heart8P 10 min after i.v. injection
determined by γ-counter measurements. Significantly increased heart-to-blood ratio indicates cardiac
tissue accumulation of blood-free myocardial tissue (p < 0.0001) (n = 3). Data are presented as the
mean ± SEM. (c) Saturability after the injection of unlabelled NODAGA-TAT-heart8P. Accumulation
after 10 min is significantly reduced by previous saturation (p = 0.0091) (compare unsaturated data
in a). Representative (CT, PET, fused PET/CT, MIP) images of saturated experiments. MIN/MAX
(10 min) = 0/50 %IA/g. Data are presented as the mean ± SEM (n = 3 (pre-injected with non-
labeled compound) to 9 (injected only with radiolabeled compound)). Adjustment of MIN/MAX for
comparability because of declined activity.
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2.6. Further Tissue Distribution: 68Ga-NODAGA-TAT-heart8P Rapidly Eliminated from Systemic
Circulation by Liver Uptake

Overall, 68Ga-NODAGA-TAT-heart8P showed a major uptake in the liver within the
first 10 min after i.v. administration, followed by the kidneys. The hepatic and renal uptake
of 68Ga-NODAGA-TAT-heart8P was 22 ± 3% and 19 ± 4%, respectively, 60 min after
injection (Figure 5a,c). In saturation experiments, we observed a slight but not significant
enhancement of liver uptake (Figure 5b). However, the renal uptake was significantly
reduced (p ≤ 0.05) by the pre-injection of unlabeled TAT-NODAGA-heart8P, indicating a
saturable renal uptake mechanism (Figure 5d).
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control group in the pathological mouse model. 

Figure 5. Tissue distribution of 68Ga-NODAGA-TAT-heart8P. (a) Overall nearly constant liver uptake
over time, while (b) only slight facilitation can be observed in saturation experiments. (c) Constant
kidney uptake over time, while (d) renal uptake is significantly reduced in saturation experiments.
Representative MIP image of unsaturated experiment indicates excretion modalities. N = 3 (prein-
jected with non-labeled compound) to 6 (injected only with radiolabeled compound). Data are
presented as the mean ± SEM. Ordinary one-way (a,c)/two-way (b,d) ANOVA with Bonferroni
correction. * p ≤ 0.05.

2.7. Tissue Distribution in the Pathological Mouse Model

To evaluate the uptake of 68Ga-NODAGA-TAT-heart8P in cell membrane toxicity, we
used Doxorubicin (DOX) to induce membrane toxicity damage (Figure 6a) and evaluated
the cardiac bioavailability and tissue distribution of 68Ga-NODAGA-TAT-heart8P. The
cardiac uptake within the first 10 min after i.v. injection was not significantly different
between DOX-treated and non-treated control mice (3.8 ± 0.2% vs. 4.0 ± 0.8%, p = 0.7).
Overall, the tracer uptake in the heart, liver, and kidney was comparable to that of the
control group in the pathological mouse model.
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Figure 6. (a) Injection scheme of Doxorubicin (DOX) treatment. (b) Cardiac, (c) liver, and (d) renal
uptake of 68Ga-NODAGA-TAT-heart8P in the first 10 min after i.v. application in DOX-treated mice
(CTX) displayed in % injected activity/gram. Data are displayed as the mean ± SEM (n = 5–6).
Ordinary two-way ANOVA with Bonferroni correction.
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3. Discussion

A newly developed peptide with an intracellular delivery mechanism was evaluated
using three (i) label-free, (ii) fluorescence-labeled, and (iii) radio-labeled approaches. Each
approach provided valuable information on the temporo-spatial bioavailability of the
peptide drug candidate. Conventional pharmacokinetic studies demonstrated rapid clear-
ance from the systemic circulation with predicted high liver uptake. The Cy(5.5)-coupled
approach proved rapid cell internalization in mouse and human cardiomyocytes. The
68Ga-labeled variant showed early cardiac bioavailability after i.v. injection and high liver
uptake, consistent with calculated data from conventional pharmacokinetics. In particu-
lar, the 68Ga-coupled approach allows for longitudinal real-time data acquisition in the
same organism.

Peptide drugs that inhibit deleterious intracellular protein–protein interactions are
attracting increasing attention in the treatment of cardiovascular diseases, as they have
the potential for greater stability and higher cellular internalization than vector-based
delivery options [20,21]. Despite the extensive preclinical discovery of important molecular
pathways and subsequent pharmacotherapeutic development, a remarkable number of
drug candidates targeting intracellular signaling in cardiovascular diseases failed in clinical
translation [22]. The essential question is whether the drug candidate reaches its target
organ, the heart, in a timely manner. Once a drug enters the systemic circulation, it is
distributed to the body’s tissue to some extent. Conventional pharmacokinetics of a drug
candidate, obtained from the integral of the area under the plasma concentration curve,
provide important basic information about the time course of its absorption, bioavailability,
distribution, metabolism, and excretion. The volume of distribution provides a reference
for the plasma concentration expected at a given dose but does not provide information on
the specific organ pattern of uptake.

The absence of cardiac tissue-specific surface receptor proteins, which limits car-
diotropic drug delivery using traditional systems such as antibodies, further complicates
cardiac-specific drug development. For this reason, non-receptor-based cardiac therapies
using cell-penetrating peptides represent a promising approach, albeit with non-specific
tissue distribution (29). However, side effects due to the lack of targeted tissue delivery, non-
specific tissue distribution, and a low effective target organ concentration at the maximum
tolerated dose should be investigated.

In particular, hydrophobic peptides with cell-penetrating properties inherit the disad-
vantage of transduction to a wide variety of tissues, which limits their in vivo adoption [23].
To overcome this downside, TAT-heart8P was designed to be hydrophilic, and its cellular
uptake was investigated in several species derived from the International Conference on
Harmonization (ICH) guidelines. Ex vivo analyses of fluorescence-labeled peptides (23)
allow for a high spatial resolution down to the cellular level but lack data on the temporal
in vivo behavior of the designed drugs. Therefore, radionuclide-based approaches are valu-
able tools for the real-time in vivo monitoring of the pharmacokinetics and bioavailability
of a potential drug [24,25]. To extend the information derived from basic pharmacokinetic
data, TAT-heart8P was labeled with 68Ga. The bifunctional NODAGA chelator, which
contains a metal-binding motif that allows for radiolabeling with 68Ga [15,16,26,27], was
selected for this purpose.

Rapid clearance from the circulation confirmed no residual binding to serum pro-
teins such as albumin [28]. Liver and tissue distribution data from conventional plasma
pharmacokinetic studies were confirmed by 68Ga-NODAGA-TAT-heart8P uptake data.

The rapid cardiac accumulation of 68Ga-NODAGA-TAT-heart8P was confirmed by
PET/CT scans. Due to spillover artifacts resulting from high liver accumulation, espe-
cially to differentiate cardiac tissue uptake, ex vivo measurements were performed. High
cardiac tissue-to-blood ratios were calculated as early as 10 min post-injection of 68Ga-
NODAGA-TAT-heart8P. Pre-injection with a non-labeled compound revealed saturable
68Ga-NODAGA-TAT-heart8P accumulation in cardiac tissue.
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Depending on their size, many peptides and peptide drugs are mainly renally cleared
from the systemic blood circulation after intravenous injection. Peptides with a molecular
weight below 25 kDa are susceptible to glomerular filtration without tubular reabsorp-
tion [29]. As expected [15], a high renal uptake and urinary activity were observed after
the intravenous administration of a small hydrophilic compound with a molecular weight
of approximately 3 kDa. Interestingly, the uptake was partially saturable, indicating not
only glomerular filtration but also a cellular uptake mechanism. The liver uptake of 68Ga-
NODAGA-TAT-heart8P was the highest of all organs examined and was high shortly after
intravenous injection, indicating a relevant direct uptake mechanism and rapid internal-
ization of 68Ga-NODAGA-TAT-heart8P due to its intracellular delivery system. The liver
has an extensive sinusoidal network with a large endothelial surface. Considering the high
tissue perfusion of the liver, the non-specific uptake and the fast cell-penetrating properties
of TAT-heart8P resulted in a high liver uptake of 68Ga-NODAGA-TAT-heart8P. The gas-
trointestinal tract PET signal indicated hepatic metabolism of the compound, followed by
biliary excretion.

Peptides using TAT-sequences as the cell-penetrating moiety have been reported
to cross the intact blood–brain-barrier [30,31]. However, results vary between different
studies, depending on the application mechanism and the animal model used [32]. In this
study, the brain uptake of 68Ga-NODAGA-TAT-heart8P was minimal, with a negligible
brain-to-blood ratio.

To further investigate the uptake of 68Ga-NODAGA-TAT-heart8P in a pathological
model, we used DOX-induced cell membrane toxicity as a representative experimental ap-
proach. DOX-induced cardiotoxicity is a major cause of heart failure in cancer survivors [33].
Multiple mechanisms are involved in DOX-induced heart failure [34]. In addition to overt
cardiotoxicity, DOX induces metabolic changes and affects cell membrane properties [35,36],
which may interfere with peptide drugs designed for, e.g., cardioprotection [37]. Cardiac
uptake within the first 10 min after the i.v. injection of 68Ga-NODAGA-TAT-heart8P did
not differ significantly between DOX-treated and non-treated mice.

It should be noted that some limitations apply to our study. In a small-animal mouse
model, the PET-based measurement of the blood pool using cardiac chamber VOIs, as in hu-
mans, is limited. Therefore, blood pool activity was integrated into the VOI measurements
because blood activity did not differ between the groups. To overcome this downside, ex
vivo measurements of the tissue-to-blood ratio are desirable. Liver spillover artifacts may
limit information on spatial myocardial distribution in the small animal model, especially
in the inferior wall. Therefore, ex vivo analyses using, e.g., γ-counter based measurements
were mandatory. This study did not examine metabolites, e.g., in urine. Possible toxic side
effects and immunological reactions could not be addressed with the approaches used with
small tracer amounts. Therefore, comprehensive metabolite studies should be performed
prior to the clinical application of the peptide.

The radionuclide labeling approach presented here can be applied to all sequences
and structures that are amenable to ester binding with the NODAGA chelator, taking into
account their inherent polarity. If chromatographic detection of the target substance is
not possible, fluorescence- and radionuclide-coupled studies allow for both ex vivo and
in vivo investigations. In addition to TAT, there are several peptides with a membrane-
penetrating function that can transport macromolecules into cells via energy-independent
pathways [38,39]. Furthermore, radionuclide-based imaging techniques are available for
the evaluation of liposomal drug delivery systems [40].

Due to the lack of cardiac-specific cell surface receptors, cell penetrating and internal-
izing drugs represent an essential component of future cardiovascular pharmaceuticals.
Thus, the approach demonstrated here will enable the evaluation of novel pharmaceuticals
on their way to regulatory approval by drug development agencies.
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4. Materials and Methods
4.1. Material

All commercially obtained chemicals were of analytic grade and used without further
purification. NODAGA-Chelator was purchased from Chematech (Dijon, France). For
further information on materials, refer to the corresponding section.

4.2. Peptide Synthesis

The cell-penetrating peptide (TAT-heart8P) composed of the HIV-1 TAT PTD amino acid
residues 48-59 (GRKKRRQRRRPQ) [18,19,41] covalently coupled to eight amino acid residues
WVELHFFN octapeptide exhibiting a random coil conformation (=TAT-heart8P) was synthe-
sized in a solid phase resin-based methodology (JPT Peptide Technologies, Berlin, Germany).
TAT-heart8P was conjugated with a fluorophore Cys(Cy5.5.) (=TAT-heart8P-Cys(Cy5.5)) or
with an NODAGA-Chelator (=NODAGA-TAT-heart8P) (JPT Peptide Technologies, Berlin,
Germany) (Table 3). The peptides were purified by high-pressure liquid chromatography
(HPLC) in a linear gradient in 6 min with a flow of 1 mL/min on a C18 RP-HPLC column
while recording the purity at 220 nm. The peptide purity and molecular weight were verified
by mass spectrometry (JPT Peptide Technologies, Berlin, Germany).

Table 3. Chemical structure and properties of TAT-heart8P and its conjugated derivates.

Peptide Properties

TAT-heart8P Ac-GRKKRRQRRRPQWVELHFFN-NH2

Chemical Formula C122H195N47O26

Molecular Weight 2736.3 g/mol

Extinction Coefficient 5690 M−1 cm−1

Iso-electric point, theoretical pH 12.81

Net charge at pH7 7.1

Average hydrophilicity 0.77

Specification (HPLC) >90%

Purity (MS) 95.2%

Fluorophore Ac-GRKKRRQRRRPQWVELHFFN-Cy(5.5)-NH2

Molecular Weight 3544.68 g/mol

Specification (HPLC) >80%

Purity (MS) 89.7%

N-Term NODAGA(GRKKRRQRRRPQWVELHFFN-NH2)

Molecular Weight 3050.50 g/mol

Specification (HPLC) >90%

Purity (MS) 95.8%

4.3. Pharmacokinetics of TAT-heart8P in Dogs and Rats

The experiments were performed by Labcorp Drug Development (North Yorkshire,
UK) in accordance with the European Directive 2010/63/EU, the requirements of the
Animals Act 1986, and the local ethical review. TAT-heart8P was formulated as a solution
in water for injection (1 mg/mL). Formulations were stored at room temperature in a
sealed container protected from light. The metabolic stability, elimination half-life, tissue
distribution, and clearance of TAT-heart8P (pre-dose and 5, 30, 60, and 120 min and 6 and
24 h post-dose) were evaluated in a 31-week-old male and a 32-week-old female beagle
(Envigo Global Services, Cumberland, VA, USA) as well as in 12-week-old male and female
WI[Han] rats (n = 6, Charles River Laboratories, Margate, UK). Doses of 6 mg/kg and
12 mg/kg were administrated in dogs and rats, respectively. The animals were injected
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intravenously through a lateral tail vein. Samples were taken from the jugular vein into
K2EDTA. Each blood sample was gently inverted by hand (8–10 times) and then placed on
crushed wet ice until centrifugation within 15 min of collection at 2300× g for 10 min at
4 ◦C. The resultant plasma was separated and immediately stabilized with an equal volume
of water (120 µL each). The concentration of the intact peptide in blood was analyzed using
liquid chromatography, followed by tandem mass spectrometric detection (LC-MS/MS),
and the elimination half-life (terminal phase, t1/2), volume of distribution at the steady
state (Vss) and Clearance (CL) were calculated from the peptide dose, plasma peptide
concentration, and area under the concentration–time curve (AUC).

4.4. Cellular Internalization in Adult Mouse and Human Cardiomyocytes

All animal procedures were performed in accordance with institutional guidelines
and with approval from the local ethics committee in compliance with the European
Convention for the Protection of Vertebrate Animals Used for Experimental and other
Scientific Purposes (Directive 2010/63/EU, 81-02.04.2019A369). Cardiomyocytes were
isolated from 12-week-old male C57BL/6J mice using a Langendorff-free method, as
previously described [42]. Briefly, the mice were sacrificed by cervical dislocation. The
thorax was rapidly opened, and the inferior vena cava was transected, followed by the
perfusion of the EDTA buffer into the apex of the right ventricle using an automated
perfusor with a flow rate of 2.95 mL/min (Ismatech VWR, Darmstadt, Germany). Later,
the aorta was clamped, and the heart was harvested. The heart was then perfused via the
injection of EDTA buffer for 6 min and prewarmed (37 ◦C) perfusion buffer (NaCl 130 mM,
KCl 5 mM, NaH2PO4 0.5 mM, HEPES 10 mM, Glucose 10 mM, Taurine 10 mM, MgCl2
1 mM) for 2 min. Enzymatic digestion was achieved by perfusion with warm collagenase
buffer (4200 U collagenase type + 5200 U collagenase type 4 + 4 mg protease XIV in 80 mL
perfusion buffer solution) for 20 min. Afterwards, the clamp was removed and the heart
was manually dissociated. Stop buffer (perfusion buffer + 5% fetal bovine serum) was
added, and cells were passed through a 100 µm strainer (Corning Inc, Corning, NY, USA)
into a 50 mL tube. The cardiomyocytes were then left to gravity for 10 min. The supernatant
containing non-cardiomyocytes and debris was removed; the cardiomyocyte fraction in
the pellet was then subjected to gravity settling in three steps with the reintroduction
of calcium (0 mM, 1.02 mM, 1.36 mM). The cells were then resuspended in prewarmed
medium (M199 + 5% FBS, 50 µg/mL Gentamicin, 50 ng/mL Amphoterecin B) and plated
in laminin-coated chamber slides with a concentration of 2000 cells (200 µL)/well (Ibidi,
Martinsried, Germany).

For internalization experiments, the cells were fixed with paraformaldehyde (4%,
Morphisto, Offenbach, Germany) and incubated with 7 µg of TAT-heart-8P-Cys(Cy5.5) for
2 h. Troponin counterstaining was performed using Invitrogen 1H11L19 (1:100) antibody
with secondary antibody Abcam ab150077 goat-anti-rabbit Alexa Fluor 488 (1:200) and
DAPI (1:4000). The uptake was evaluated by confocal microscopy (Leica SP8, Wetzlar,
Germany). Primary human cardiomyocytes (HCM) were purchased from Promocell GmbH,
Heidelberg, Germany and cultured according to the manufacturer’s guidelines. HCM were
fixed with 4% paraformaldehyde and incubated with 2.2 µg TAT-heart-8P-Cys(Cy5.5) for
6 h. The uptake was evaluated by confocal microscopy.

For ex vivo cellular uptake analysis, C57BL6/J mice were injected with 16 nmol
(=44 µg) TAT-heart8P-Cys(Cy5.5) in the left ventricular cavity. Mice were killed by cervical
dislocation 10 min after injection. The thorax was rapidly opened, and the inferior vena
cava was transected, followed by perfusion with NaCl. The heart was then extracted and
transferred to the Tissue-Tek Optimum Cutting Temperature (O.C.T). compound (Sakura
Finetek, Alphen, The Netherlands), frozen to –80 ◦C, and cut into 8 µm sections. After
equilibration to room temperature, the sections were fixed with 4% paraformaldehyde,
washed with TBS-T, permeabilized with TBS-T-X (0.5%), blocked with NGS (10%), and
stained with DAPI.
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4.5. Radiolabeling

A 68Ge/68Ga generator was eluted with 0.1 M aqueous HCl, and a 1 mL fraction con-
taining the highest activity (∼300−400 MBq) was transferred into a reactor vial containing
50 µg (50 µL in water) of NODAGA-TAT-heart8P in 150 µL of 2 M sodium acetate solution
to adjust the pH of the reaction mixture to 3.5. The mixture was heated at 95 ◦C for 5 min.
The reaction mixture was then purified by C18 Cartridge. Briefly, the reaction mixture was
diluted with 10 mL water and transferred to a preconditioned (with 1 mL EtOH and 10 mL
Water) C18 Cartridge. The cartridge was rinsed with water and dried with air. The product
was eluted with 200 µL EtOH. The radiochemical purity (RCP) of the tracer was determined
by radio HPLC and radio-instant thin layer chromatography (radio-ITLC) before and after
purification, as described earlier [43].

4.6. Lipophilicity

For the determination of the partition coefficient via the measurement of the distribu-
tion of radioactivity in an organic (n-octanol, Merck, Darmstadt, Germany), an aqueous
phase (PBS) and 68Ga-NODAGA-TAT-heart8P peptide conjugate (100 µL, ~0.5–1 MBq)
were mixed (1:1), vortexed for 3 min, and centrifuged (6000× g, Biofuge 15, Heraeus Sepat-
ech, Osterode, Germany) for 5 min for the clear separation of the organic and inorganic
layer. Afterwards, 100 µL of organic and inorganic layers was measured using a γ-counter
(Perkin-Elmer Gamma Counter 2480 Wizard, Waltham, MA, USA). Then, the octanol-water
partition coefficient log Do/w was calculated. The experiment was repeated three times with
three replicates each.

4.7. Stability (In Vitro and Ex Vivo)

For the investigation of the in vitro plasma stability of the radiolabeled peptide, 15 mL
of human venous blood (n = 3) was heparinized and centrifuged at 1000× g for 10 min
for plasma separation. Informed consent was obtained from all subjects involved. 68Ga-
NODAGA-TAT-heart8P was incubated with human plasma (1:4 ratio) for 15, 30, 45, and
60 min at 37 ◦C on a horizontal shaker at 300 rpm. A 20 µL fraction was applied for radio-
HPLC analysis at each time point. Radio-HPLC was conducted on an Agilent 1220 Infinity II
LC (Santa Clara, CA, USA) with a Chromolith Performance RP-18 100 × 4.6 mm monolithic
HPLC column (Merck, Darmstadt, Germany) equipped with a radio detector (HERM LB
500, Berthold Technologies, Bad Wildbad, Germany), using Acetonitrile/water with 0.1%
trifluoroacetic acid (VWR, Darmstadt, Germany/Sigma-Aldrich, St. Louis, MO, USA)
as the solvent. The enzymatic degradation of 68Ga-NODAGA-TAT-heart8P was further
assessed in C57BL/6J mouse hearts. Briefly, hearts were isolated, perfused with water,
and lysed in phosphate-buffered saline (PBS). Whole tissue lysate was generated using
mechanical tissue destruction in RIPA buffer (Sigma-Aldrich). Whole heart tissue lysates
were then incubated with 68Ga-NODAGA-TAT-heart8P (1:3 ratio) for 15, 30, 45, and 60 min
at 37 ◦C on a horizontal shaker at 300 rpm. A 20 µL fraction of each time-point was used for
radio-HPLC analysis. For positive control samples, 180 µL of 68Ga-NODAGA-TAT-heart8P
was incubated with 20 µL proteinase K (Qiagen, Düsseldorf, Germany).

4.8. Bioavailability Studies in Mice: PET/CT-Imaging and Tissue Distribution

All animal procedures were performed in accordance with institutional guidelines
and with approval from the local ethics committee in compliance with the European
Convention for the Protection of Vertebrate Animals Used for Experimental and other
Scientific Purposes (Directive 2010/63/EU, 81-02.04.2019A369). Male C57BL/6J mice
(12 ± 4 weeks) were purchased from Janvier Labs (Le Genest-Saint-Isle, France). The
mice were kept under a 12 h light and dark cycle with unlimited access to water and
food. For PET/CT imaging, the mice were anesthetized with 2–3% isoflurane and injected
with 10 MBq of 68Ga-NODAGA-TAT-heart8P via the tail vein. A group of animals was
preinjected with 100 µg unlabeled NODAGA-TAT-heart8P 10 min before the administration
of 68Ga-NODAGA-TAT-heart8P for saturation experiments. Dynamic PET images were
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acquired immediately after the injection of 68Ga-NODAGA-TAT-heart8P for 10 min, and
static images were acquired 1 h post-injection for 15 min using a benchtop small animal
PET and a self-shielded computed tomography scanner (β-CUBE and X-CUBE, Molecubes,
Gent, Belgium). The mice were scanned on temperature-controlled beds with continuous
monitoring of the breathing. Images were reconstructed using an iterative reconstruction
algorithm (ISRA, 30 iterations), with attenuation correction of the corresponding CT image,
as described previously [44]. PET data were reconstructed into a 192·192 transverse matrix,
producing a 400 µm isometric voxel size. Volumes of interest (VOIs) were defined as
spheres with a diameter of 2.5 mm (liver, kidney, brain) and a whole organ for the heart.
Tissue uptake was calculated as the mean percentage of injected activity per gram of
tissue (% IA/g) using PMOD software (version 4.1, PMOD Technologies Ltd., Zürich,
Switzerland). Cell membrane damage caused by drug-related cardiotoxicity influences the
biochemistry and biometabolism of the heart [45] and may therefore influence the cardiac
bioavailability of cell-penetrating oligopeptides. For cardiac damage studies, 5 mg/kg
Doxorubicin (DOX) [46,47] (Medac GmbH, Wedel, Germany) was injected intraperitoneally
7 days before PET/CT imaging. Following PET/CT scans, organs were collected, and tissue
radioactivity concentrations were measured on an automated gamma counter (Perkin
Elmer, Waltham, MA, USA).

4.9. Statistical Analyses

Data were analyzed using Prism software (version 9.2.0, GraphPad software, San
Diego, CA, USA). Data are presented as the mean ± standard deviation (SD) or ±standard
error of the mean (SEM), as indicated. The data incorporate the decay-correction for 68Ga
with a half-life of t 1

2
= 68 min. A Mann–WhitneyU test or ordinary one-way or two-way

ANOVA test with the Bonferroni multiple comparisons test were used to calculate the
statistical significance depending on the experimental design, as indicated. p-values ≤ 0.05
were considered statistically significant: * denotes p ≤ 0.05; ** denotes p ≤ 0.01; **** denotes
p ≤ 0.0001.

5. Conclusions

This study demonstrates that a hydrophilic non-specific cell-targeted peptide, consist-
ing of an octapeptide bound to the cell-penetrating TAT-PTD, accumulates in cardiac tissue
early after injection. An integrated approach using sequential mutually complementary
label-free, fluorescence-labeled, and radiolabeled approaches ensures comprehensive data
collection. The implementation of PET/CT allows for the assessment of the real-time
distribution of the radiolabeled peptide drug in vivo, which, together, represent a useful
and critical application in drug development and pharmacological research, encouraging
further clinical translation. As the development of future novel targeted cardiovascular
drugs will require intracellular effectiveness, this approach can be adapted and transferred
to other suitable drug delivery systems to support the research and development process.

6. Patents

T.R. and U.B.H.-C. are co-founders and shareholders of Bimyo GmbH. A patent
application (US63/276,028) and international publication (WO2020/229362A1) have been
filed for the use of TAT-heart8P (T.R. and U.B.-H-C.: inventors and applicants; Bimyo
GmbH: applicant).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph16060824/s1, Figure S1: Radio-HPLC graph of incubation
of compound in human blood plasma. Figure S2: Stability and Radio-HPLC graph of compound
in murine whole herat tissue lysate, Figure S3: Stability and Radio-HPLC graph of incubation of
compound in Proteinase K. Figure S4: Tissue accumulation after 10 and 60 min.
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