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Abstract: A meticulously adjusted pharmacokinetic profile and especially fine-tuned blood clearance
kinetics are key characteristics of therapeutic radiopharmaceuticals. We, therefore, aimed to develop
a method that allowed the estimation of blood clearance kinetics in vitro. For this purpose, 177Lu-
labeled PSMA radioligands were subjected to a SEC column with human serum albumin (HSA)
dissolved in a mobile phase. The HSA-mediated retention time of each PSMA ligand generated
by this novel ‘albumin-mediated size exclusion chromatography’ (AMSEC) was converted to a
ligand-specific apparent molecular weight (MWapp), and a normalization accounting for unspecific
interactions between individual radioligands and the SEC column matrix was applied. The resulting
normalized MWapp,norm. could serve to estimate the blood clearance of renally excreted radioligands
by means of their influence on the highly size-selective process of glomerular filtration (GF). Based
on the correlation between MW and the glomerular sieving coefficients (GSCs) of a set of plasma
proteins, GSCcalc values were calculated to assess the relative differences in the expected GF/blood
clearance kinetics in vivo and to select lead candidates among the evaluated radioligands. Significant
differences in the MWapp,norm. and GSCcalc values, even for stereoisomers, were found, indicating
that AMSEC might be a valuable and high-resolution tool for the preclinical selection of therapeutic
lead compounds for clinical translation.

Keywords: albumin; plasma protein binding; blood clearance; pharmacokinetics; size exclusion
chromatography; radioligand therapy; prostate cancer; PSMA; rhPSMA

1. Introduction

The contribution of nuclear medicine to the clinical management of cancer patients
has been on a constant rise throughout the last years [1]. In addition to established diagnos-
tic applications guiding clinical decision making, such as positron emission tomography
(PET) [2,3] or single-photon emission computed tomography (SPECT) [4,5], targeted radi-
oligand therapy (RLT) has evolved into an important tool in the treatment of oncological
diseases and is still growing in its everyday clinical relevance [6–8]. Pioneered by [177Lu]Lu-
DOTA-TATE [9] (Lutathera®) and fueled by its regulatory approval for the treatment of
neuroendocrine tumors by the FDA in early 2018 [10], intensive preclinical and clinical
research toward novel targeted radiotherapeutics for oncologic targets, such as prostate-
specific membrane antigen (PSMA) [11,12], human epidermal growth factor receptor 2
(HER2) [13,14], gastrin-releasing peptide receptor (GRPR) [15,16] and cholecystokinin-2-
receptor (CCK2R) [17,18], among others, has been undertaken. The growing patient popula-
tion suffering from prostate cancer and the resulting clinical demand have especially driven
the development of PSMA-targeted radioligands [19–21]. As a result, [177Lu]Lu-PSMA-617
(PluvictoTM) was recently approved as a first-in-class PSMA-targeted radiopharmaceuti-
cal for the RLT of metastatic castration-resistant prostate cancer (mCRPC) [22]. Further
developments in radiotracer design and the clinical application of PSMA-targeted RLT in
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earlier stages of prostate cancer are eagerly awaited to increase the therapeutic options for
oncologists and the possible benefit for patients in the near future.

In the development of new PSMA radiotherapeutics, various preclinical in vitro pa-
rameters are conventionally assessed to identify lead candidates for clinical translation [23].
Among these parameters, PSMA affinity, as well as uptake and internalization in PSMA-
positive cells, are determined to analyze the target binding properties of a radioligand,
while lipophilicity is usually assessed to avoid hepatobiliary and to foster renal excretion.
In this context, extensive work on the modulation of albumin binding has been carried out
with the aim to exploit a depot effect for leveraging increased tumor uptake [24–27].

However, the optimization of the therapeutic efficacy of a radioligand more than
anything requires a meticulously adjusted pharmacokinetic profile [28]. Compared to
diagnostic tracers, a slightly slower excretion of therapeutic radioligands is needed to
support high tumor uptake, yet excretion must occur fast enough to avoid excessive off-
target radiation toxicity [29–31]. Despite their undeniable value in preclinical development,
the aforementioned in vitro parameters are not suitable to assess, predict, or fine-tune such
delicate pharmacokinetic requirements. In contrast, a parameter that governs the complex
synergy of tumor delivery and excretion from healthy tissue is the blood clearance kinetics
of a radioligand. All relevant pharmacokinetic effects between the site of injection and
the tumor cell membrane are influenced by and integrally summarized within the blood
clearance kinetics of a ligand. The preclinical assessment of this parameter is, therefore, of
utmost importance to select suitable lead compounds for clinical translation and to develop
next-generation radiopharmaceuticals with improved therapeutic efficacy.

Therapeutic radioligands are generally designed to be excreted via the renal path-
way [29,32]. Consequently, clearance from the blood pool predominantly occurs via
glomerular filtration (GF) [33]. According to the kidney’s physiological function, GF
is highly size-selective and high-molecular-weight proteins (such as human serum albumin,
HSA) are almost quantitatively retained in the blood plasma, while low-molecular-weight
compounds (e.g., drugs) are readily filtered [34–36]. Therefore, the rate of a compound’s GF
and, thus, its clearance from the blood pool can be assumed to be highly dependent on its
molecular weight (MW). The availability of a compound for GF, however, is influenced by
its binding to plasma proteins, as a small molecule complexed to a high-molecular-weight
plasma protein (e.g., HSA) evades GF, resulting in a prolonged circulatory half-life. Assum-
ing metabolic stability, the interplay between plasma protein binding and MW-dependent
GF can, thus, be considered the key element shaping the blood clearance kinetics of a
renally excreted radioligand.

Several methods to determine the plasma protein binding of drugs have been de-
scribed in the literature, among them ultrafiltration (UF) [37], different chromatographic
procedures [38–40], spectroscopic methods [41,42] and even in silico studies on molecular
docking and molecular dynamics [43,44]. In the context of radiopharmaceuticals, UF upon
incubation in fresh human plasma [45–47] or in solutions of HSA [48,49], as well as high-
performance affinity chromatography (HPAC) with HSA-modified HPLC columns [26,50,51],
represent the most-established approaches that have been applied in the development of
diverse PSMA-targeted radioligands. Both methods offer attractive features, such as short
analysis times and the possibility of screening-like procedures in HPAC or incubation condi-
tions closely mimicking the in vivo situation before analysis via UF. However, the informative
value of these methods remains limited to the mere quantification of a drug’s protein-bound
fraction [27,45–47,50] or its affinity toward a plasma protein, such as HSA [26,48,51]. The
actual need in developing optimized therapeutic radioligands, however, lies in the assessment
and interpretation of different renal clearance kinetics of albumin-complexed drugs, especially
for those drugs that have very similar plasma protein affinities, plasma protein bindings, and
molecular weights, such as PSMA ligands. As the mere ratio of protein binding or the plasma
protein affinity of a drug determined by UF or HPAC are insufficient to draw conclusions on
their respective quantitative effect on the drug’s renal clearance kinetics, these established
methods are not suitable to meet the aforementioned need.
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With respect to these considerations, we aim to develop a method based on size
exclusion chromatography (SEC) that not only allows to merely determine the binding
of radioligands to HSA but also to possibly deduce conclusions on radioligand blood
clearance kinetics. The general feasibility of assessing protein–drug interactions using SEC
has been exemplified in the literature by the Hummel–Dreyer method [52]. In this method,
a protein is injected onto a size exclusion column equilibrated with a buffered solution of a
drug. The depletion of drug concentration caused by protein–drug complexation generates
a trough in the UV elution profile observed at the cut-off volume of the chromatogram.
Based on the size of the trough, the extent of drug binding to the protein can be determined
(Figure 1A). Inspired by the Hummel–Dreyer method and with the aim to account for
specific requirements when evaluating radioligands, we developed a novel methodology
named albumin-mediated size exclusion chromatography (AMSEC). When compared to
the Hummel–Dreyer method, AMSEC works in a reversed fashion: a radioligand is injected
onto a size exclusion column equilibrated with a buffered solution of HSA to assess the
binding interaction between HSA and the radioligand (Figure 1B).
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Figure 1. (A) Experimental setup of the Hummel–Dreyer method. This method was introduced 1962
to investigate the binding of a drug to proteins. For this purpose, a protein is injected onto a size ex-
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clusion column equilibrated with a buffered solution of a drug. After injection, drug molecules
from the mobile phase are complexed to the injected protein until equilibrium is reached. The
troughs (a, b, c) observed at the cut-off volume in the UV elution profile correspond to the different
amounts of drug complexed by the different injected protein samples, thus representing a depleted
concentration of the drug at the low-molecular-weight fraction, while the protein fraction shows
a stronger signal (protein and complexed drug). (B) Experimental setup of the newly developed
albumin-mediated size exclusion chromatography (AMSEC). Radiolabeled PSMA ligands are injected
onto a size exclusion column equilibrated with a buffered solution of human serum albumin (HSA,
physiological concentration of ~700 µM in PBS; pH 7.4). Throughout the chromatographic run, the
radioligand binds to and dissociates from HSA in a transient manner. The observed retention time of
a radioligand is the result of the mean time the ligand is complexed by HSA, which in turn depends
on the strength of the drug–albumin interaction. Thus, an apparent molecular weight (MWapp) higher
than its actual molecular weight (MW) but below the MW of HSA can be assigned to each radioligand.

The aim of this study is to present the development of AMSEC as a novel approach
to estimate blood clearance kinetics, to show the method’s basic feasibility as exemplified
by the evaluation of 177Lu-labeled PSMA radioligands, and to discuss the potential contri-
bution of AMSEC in the future preclinical development of therapeutic radioligands with
optimized pharmacokinetics for RLT.

2. Results and Discussion

Several considerations of physiological, methodological, and practical nature guided
the conceptualization of the AMSEC method. Because of the aforementioned impact of
MW on glomerular sieving [34–36], we wanted to create an experimental setting capable
of producing MW-related data. Therefore, size exclusion chromatography was chosen as
the basic technique to assess the interaction between 177Lu-labeled PSMA radioligands
and HSA. The latter protein represents one of several human plasma proteins that play
an important role in the binding of endo- and exogenous ligands [53–55]. As HSA is
by far the most abundant human plasma protein [56] and its role and function have
been intensively studied [54,56,57], we identified this particular protein as the best-suited
candidate to evaluate this new method. In contrast to the Hummel–Dreyer method, we
decided to apply HSA in the mobile phase rather than to inject a probe of the protein [52].
This holds the distinct advantage that a variety of different PSMA radioligands can be
analyzed in a screening-like fashion using the same protein-containing mobile phase and
sensitive radioactivity detection for data acquisition (Figure 1B). Furthermore, the mobile
phase was composed of HSA at a physiological concentration (700 µM [53]) in phosphate-
buffered saline (PBS; pH 7.4), mimicking physiological pH and HSA concentration in blood.
Thus, upon the injection of a PSMA radioligand into the HPLC system, HSA and the
radioligand interact in solution state and in a flowing, blood-like environment complying
with fundamental aspects of the actual in vivo situation.

Despite these thoughtful considerations in the conceptual design of AMSEC, it was
initially unclear how the resulting elution profiles would look like and whether valid and
quantitative interpretation in terms of the albumin binding and blood clearance of PSMA
radioligands would be feasible. The SEC approach provides the necessary conditions
for HSA-complexed radioligands and uncomplexed radioligands to behave differently
according to the species’ MWs. However, whether single or multiple radiopeaks (e.g., HSA-
complexed or uncomplexed radioligands) and, potentially, tailing or fronting of peaks
would be observed could not be judged with certainty in advance, as these features of
an elution profile are inherently influenced by the binding kinetics and, especially, the
lifespan of an HSA–radioligand complex. Dissociation constants (Kd) in the micromolar
range were reported for lipophilic, halogen-, and alkyl-substituted aromatic HSA-binding
motifs [58,59]. Theoretically, lifespans of a few milliseconds up to several minutes could
arise from these affinities, depending on the rate of dissociation (koff) [60]. The radiohybrid
(rh) PSMA ligands and further PSMA-binding model compounds (MCs) evaluated in
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this study contain a lipophilic silicon-fluoride acceptor (SiFA) or a positively charged
SiFA (SiFAlin) moiety as an albumin-binding motif [61–63]. As neither the Kd nor the
lifespan of HSA complexes with SiFA- or SiFAlin-bearing rhPSMA ligands have been
investigated so far, our expectations toward the outcome of the first AMSEC experiments
were unprejudiced.

To our delightful surprise, the injection of 177Lu-labeled rhPSMA-7.3 onto the SEC
column equilibrated with 700 µM HSA in PBS resulted in a sharp and single radiopeak
(Figure 2A). This observation indicated fast binding kinetics (kon/koff) between HSA and
the radioligand. Therefore, within the AMSEC experiment, the transient HSA–radioligand
complex might be regarded as a single species. Interestingly, the observed retention time
of rhPSMA-7.3 (tR,AMSEC, 14.722 min) was closer to the retention time of HSA (tR,HSA,
11.791 min) than to the retention time of acetone (tR,acetone, 24.809 min, corresponding
to the cut-off elution volume), both determined in conventional SEC runs without HSA
(Figure 2A). Due to its actual MW (~1.6 kDa) beneath the column fractionation range
(70–3 kDa), rhPSMA-7.3 should be eluted in the cut-off volume (like acetone) in the absence
of HSA.

We, therefore, concluded that the reduced retention time of rhPSMA-7.3 observed
in the AMSEC experiment (tR,AMSEC) arises from the transient binding of rhPSMA-7.3 to
HSA during the passage through the column bed. Whenever rhPSMA-7.3 is complexed
to HSA, passage through the column bed occurs rapidly according to the high MW of the
HSA–radioligand complex (MWHSA = 66.5 kDa [56]), whereas slow elution according to
the ligands’ low actual MW occurs whenever uncomplexed. Consequently, the albumin-
mediated retention time tR,AMSEC observed in the AMSEC run is governed by a ligand’s
binding interaction with HSA.

In analogy to the results obtained for rhPSMA-7.3, evaluation of the remaining three
isomers of rhPSMA-7, as well as rhPSMA-10.1, rhPSMA-10.2, PSMA-617, and PSMA-I&T,
also revealed sharp, single radiopeaks and an individual tR,AMSEC for each radioligand
(Figure 2B). These findings are of particular interest as, by means of column calibration, an
apparent molecular weight (MWapp) can be calculated from the ligand-specific tR,AMSEC.
Such a MWapp is higher than the radioligand’s actual, physical MW and arises from tran-
sient binding to HSA. With respect to GF, the MWapp might be understood as a “biologically
effective” MW of the radioligand that describes the relation between albumin binding and
the reduced rate of GF, which is commonly observed for albumin-bound drugs. We, thus,
hypothesized that, in terms of GF in vivo, the radioligands might pharmacokinetically
behave according to their MWapp rather than their actual MW. Because of the quantitative
correlation between MW and glomerular sieving coefficients (GSCs) [64], the MWapp de-
termined by AMSEC could be used to estimate the GF and, thus, the blood clearance of
PSMA radioligands.

Within this study, MWapp determined directly from experimentally acquired retention
times tR,AMSEC (corrected according to Section 3.3) are referred to as raw apparent MW
(MWapp,raw, Figure 2C,D and Table 1).

As shown in Figure 2C and Table 1, MWapp,raw ranging from 5.4 kDa for PSMA-I&T
to 36.0 kDa for rhPSMA-7.4 were determined. These values corresponded to a wide range,
between 18% and nearly 120% of the value determined for rhPSMA-7.3 (Figure 2D). The
latter radioligand served as an internal standard and was assessed whenever AMSEC
studies were carried out (n = 14). The resulting mean value for MWapp,raw of 30.6 kDa
and the low standard deviation of 0.5 kDa showed the high reproducibility of the method.
Bearing in mind that the analyzed rhPSMA isomers are structurally highly similar, it
constituted a stunning finding that the MWapp,raw of, e.g., rhPSMA-7.1 and rhPSMA-7.2,
diverged by 20%, even though both isomers structurally differ in only a single stereocenter
(chemical structures of 177Lu-labeled rhPSMA compounds, PSMA-617, and PSMA-I&T are
provided in the Supplementary Materials, Figures S1–S8). This impressive resolution of
AMSEC allowing differentiation even between stereoisomers provides an important basis
for a possible contribution to the preclinical selection of promising PSMA radioligands.
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Figure 2. (A) Elution profile of rhPSMA-7.3 (blue) in AMSEC experiments (mobile phase of 700 µM
HSA in PBS). Elution in the cut-off volume of the column similar to acetone would be expected due to
the actual MW of rhPSMA-7.3. Transient binding of rhPSMA-7.3 to HSA during the chromatographic
procedure leads to an albumin-mediated reduction in the retention time (tR,AMSEC) according to the
ligand’s HSA-binding strength. The UV peak of HSA indicates the shortest theoretical retention time
obtainable for tR,AMSEC (in the case of continuous HSA-binding, the dominant peak corresponds
to the monomeric mass of HSA, and the respective retention time of 11.791 min was used for all
calculations). (B) Elution profiles of rhPSMA-7.3 (blue line) and rhPSMA-7.1, -7.2, -7.4, rhPSMA-10.1,
rhPSMA-10.2, PSMA-617, and PSMA-I&T (black lines) in AMSEC experiments. Retention times of
HSA and acetone as references are indicated as green lines. (C) tR,AMSEC of radioligands plotted
against the corresponding raw apparent molecular weight (MWapp,raw). tR,AMSEC of 14.1–21.0 min
led to MWapp,raw between 36.0–5.4 kDa. (D) MWapp,raw of all ligands in percentage of the MWapp,raw

of rhPSMA-7.3 (100%). Observed MWapp,raw ranged from approximately 18% for PSMA-I&T to
almost 120% for rhPSMA-7.4.

However, if we critically assess the validity of the determined MWapp,raw, it becomes
apparent that the interpretation of the results presented so far is based on the following
hypothesis: the comparability of MWapp,raw between different radioligands is only given
if the retention times on the SEC column in the absence of HSA are identical for all the
radioligands. In this case, any differences observed in tR,AMSEC among the radioligands
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would exclusively arise from the ligand-specific interaction with HSA. This uniform re-
tention time in the absence of HSA is furthermore expected to correspond to the cut-off
volume, as indicated by the retention time of acetone (tR,acetone), as the actual MWs of all the
radioligands (~1.6 kDa) lies below the column fractionation range (70–3 kDa). In this case,
any excess of determined MWapp,raw over the actual MW of a radioligand would solely
arise from its interaction with HSA in the AMSEC experiment, and the absolute values of
MWapp,raw would, thus, be precise and meaningful in relation to GF.

Table 1. Retention times of rhPSMA radioligands, PSMA-617, and PSMA-I&T in AMSEC runs
(tR,AMSEC) and corresponding raw apparent molecular weights (MWapp,raw).

Radioligand tR,AMSEC
1 (min) MWapp,raw (kDa) 2

rhPSMA-7.1 15.240 26.5
rhPSMA-7.2 14.564 32.0
rhPSMA-7.3 14.722 3 30.6 3

rhPSMA-7.4 14.143 36.0
rhPSMA10.1 15.410 25.3
rhPSMA-10.2 15.908 22.0

PSMA-617 17.586 13.8
PSMA-I&T 20.983 5.4

1 Retention times are corrected for the offset between UV-vis and radio-detector and are normalized to the
elution behavior of the respective compound on gel filtration column 1 (for detailed information, see Equa-
tions (S1) and (S2) and Table S1 in the Supplementary Materials). 2 MWapp,raw corresponds to apparent molecular
weights previously reported by Wurzer et al. [62]. Minor discrepancy in reported values (<1%) results from refined
calibration calculations and correction for the offset between UV-vis and radio-detector in the present study (see
Section 3.3). 3 Data presented for rhPSMA-7.3 are taken from an exemplary experiment. The mean MWapp,raw for
rhPSMA-7.3 was 30.6 ± 0.5 kDa (n = 14).

To validate this hypothesis, blank runs (PBS pH 7.4 as mobile phase) of the radioli-
gands on the SEC column were performed. The resulting retention times were termed
tR,blank and represent the ligand-specific retention time that would correspond to 0% HSA
binding in the AMSEC experiment. Interestingly, a first finding was that rhPSMA-7.3
showed a tR,blank significantly shorter than tR,acetone, mathematically corresponding to a
MW of 6.0 kDa (Figure 3A). We concluded that unspecific electrostatic interactions be-
tween the highly negatively charged radioligand and the agarose/dextran-based matrix of
the superdex column are present and lead to an elution prior to the expected cut-off vol-
ume [65,66]. Consequently, apart from the radioligand’s binding to HSA in the AMSEC run,
the unspecific interactions with the column matrix contribute to the determined MWapp,raw,
thus hampering its informative value. In a similar fashion, all other evaluated radioligands
also showed shorter tR,blank than tR,acetone values (see Table S1). Furthermore, slightly differ-
ent tR,blank between 20.4 min and 22.3 min were observed for the evaluated radioligands
(see Table S1). Hence, slightly different windows of retention times represented the whole
spectrum, between 100% (tR,HSA) and 0% HSA binding (individual tR,blank), for each radioli-
gand, thus compromising the quantitative comparability of the obtained MWapp,raw. To
address these limitations, a normalization of the experimentally obtained tR,AMSEC was
required that would account for ligand-specific interactions with the column matrix and,
furthermore, provide a common window of retention times representing 100% to 0% HSA
binding that is valid for the determination of the MWapp values of all the radioligands.

Such normalization was found to be feasible by means of mathematical transfor-
mations that require a radioligand’s retention time in the AMSEC run (tR,AMSEC) and its
retention time in the blank run (tR,blank), as well as the retention times of HSA (tR,HSA) and
acetone (tR,acetone) in conventional SEC runs in PBS (pH 7.4). The approach and mathemati-
cal implementation are described as follows.
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Figure 3. (A) The elution profile of the blank run (red) of rhPSMA-7.3 (in PBS without HSA) showed
a significantly shorter retention time (tR) than for acetone, probably due to unspecific electrostatic
interactions of the radioligand with the column matrix. The actual albumin-mediated reduction in tR

(∆) was, therefore, smaller than initially expected (∆*). (B) Graphical depiction of normalization of
tR,AMSEC that was carried out to correct for unspecific interaction with the column matrix. Within
the tR window between HSA (tR,HSA, 100% HSA binding) and acetone (tR,acetone, 0% HSA binding),
normalized tR (tR,norm.) were obtained by the proportional dilatation of tR,AMSEC (ligand-specific HSA
binding) and tR,blank(0% HSA binding) to the extent that all tR,blank values became equal to tR,acetone.
For the purpose of better readability, the blue, red, and green arrows indicate the tR,AMSEC, tR,blank,
and tR,norm. of PSMA-I&T, respectively.

During the AMSEC run, the radioligand is present on the column either in an HSA-
complexed or a free, uncomplexed state. Accordingly, at every timepoint, the radioligand
moves across the column bed either with the elution velocity of HSA or with the elution
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velocity of the unbound, free radioligand. As these elution velocities refer to the same col-
umn dimensions and are reciprocally proportional to the retention times, the experimental
unit of retention time can be used to describe the following correlations.

The retention time of a radioligand in the AMSEC run (tR,AMSEC) can be expressed as
the following linear combination:

tR,AMSEC = k · tR,HSA + (1− k) · tR,blank, (1)

where the retention factor k ∈ [0;1] is the fraction of time the radioligand is complexed
to HSA during the AMSEC run. Solving Equation (1) for the retention factor k gives the
following correlation:

k =

∣∣tR,AMSEC − tR,blank
∣∣∣∣tR,HSA − tR,blank
∣∣ . (2)

The term
∣∣tR,AMSEC − tR,blank

∣∣ in the numerator of Equation (2) represents the shift of
the drug´s radiopeak that is observed in the AMSEC run by HSA complexation compared
to the blank run. The bigger the shift, the stronger the interaction (and the extent of binding)
between a radioligand and HSA. The term

∣∣tR,HSA − tR,blank
∣∣ in the denominator describes

the window of retention times between 100% (tR,HSA) and 0% HSA binding (tR,blank) for
such shifts. Theoretically, the radiopeak of a particular radioligand in the AMSEC run
is observed within this window. Thus, the denominator in Equation (2) describes the
base reference to comparably quantify the extent of binding expressed by the numerator.
According to these correlations, a radioligand with a retention factor of, e.g., k = 0.5, would
exhibit a tR,AMSEC exactly in the middle between tR,HSA and tR,blank. The retention factor k is
dimensionless and independent of ligand-specific interactions with the column matrix. It
is, thus, a quantitative and ligand-specific parameter for HSA binding that allows for the
comparison of the HSA binding between different compounds.

In Equation (2) the ligand-specific retention time tR,blank represents 0% HSA binding.
As stated earlier, a common point of reference equaling 0% HSA binding for all radioligands
is required to determine MWs that are quantitatively comparable. Acetone was chosen as
this reference, as this small molecule does not exhibit any unspecific interactions with the
agarose/dextran-matrix of superdex columns and is eluted within the cut-off volume of the
column. The latter was theoretically also expected for the radioligands evaluated herein, as
their actual MW lies beneath the fractionation range of the column. The implementation of
tR,acetone into Equation (2) gives the following equation:

k =
|tR,norm. − tR,acetone|
|tR,HSA − tR,acetone|

, (3)

with the normalized retention time tR,norm. replacing tR,AMSEC. The normalized retention
time tR,norm. is the virtual retention time of a radioligand that, within the newly defined
window of 100% (tR,HSA) to 0% HSA binding (tR,acetone), results in the same retention factor
k determined in Equation (2). According to Equation (3), tR,norm. is defined as follows:

tR,norm. = k·tR,HSA + (1− k)·tR,acetone. (4)

Combining Equations (2) and (4), tR,norm. can finally be determined from solely experi-
mental input factors as follows:

tR,norm. =

∣∣tR,AMSEC − tR,blank
∣∣∣∣tR,HSA − tR,blank
∣∣ ·tR,HSA +

(
1−

∣∣tR,AMSEC − tR,blank
∣∣∣∣tR,HSA − tR,blank
∣∣
)
·tR,acetone. (5)

Consistent with the comparability of k, tR,norm. is also comparable among different
radioligands and can be used to calculate a normalized apparent MW (MWapp,norm.) by
means of column calibration. The corresponding data of the aforementioned rhPSMA
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compounds, PSMA-617, PSMA-I&T, and ten further model compounds (MC-1 to MC-10) are
presented in Table 2 (tR,AMSEC and MWapp,raw of MC-1 to MC-10 are provided in Table S2).

Table 2. Retention factors k, normalized retention times (tR,norm.), normalized apparent molecular
weights (MWapp,norm.), and calculated glomerular sieving coefficients (GSCcalc) of rhPSMA radioli-
gands, PSMA-617, PSMA-I&T, and model compounds (MCs) 1 to 10.

Radioligand Retention
Factor k tR,norm. (min) MWapp,norm. (kDa) GSCcalc

rhPSMA-7.1 0.613 16.824 17.1 0.655
rhPSMA-7.2 0.680 15.962 21.7 0.344
rhPSMA-7.3 0.667 1 16.125 1 20.7 1 0.408
rhPSMA-7.4 0.729 15.316 26.0 0.138
rhPSMA10.1 0.616 16.789 17.2 0.644
rhPSMA-10.2 0.543 17.736 13.2 0.846

PSMA-617 0.447 18.988 9.4 0.942
PSMA-I&T 0.001 24.792 1.9 0.992

MC-1 0.848 13.773 39.9 0.003
MC-2 0.798 14.414 33.3 0.020
MC-3 0.764 14.862 29.4 0.057
MC-4 0.747 15.081 27.7 0.089
MC-5 0.747 15.083 27.7 0.090
MC-6 0.658 16.248 20.0 0.454
MC-7 0.593 17.086 15.9 0.726
MC-8 0.540 17.781 13.1 0.852
MC-9 0.424 19.293 8.6 0.953

MC-10 0.194 22.287 3.7 0.987
1 Presented data for rhPSMA-7.3 were taken from an exemplary experiment. Mean retention factor k was
0.667 ± 0.06 (n = 14), and mean MWapp,norm. was 20.7 ± 0.5 kDa (n = 14).

In addition to the mathematical derivation, the presented normalization can also
be understood in a geometrical way when the peaks of HSA (tR,HSA, 100% binding), the
radiopeak in the AMSEC run (tR,AMSEC, ligand-specific binding to HSA), and the radiopeak
in the blank run (tR,blank, no HSA in mobile phase, thus 0% HSA-specific binding) are
thought of as one peak profile. The described mathematical transformations correspond
to a proportional dilatation of that peak profile to the extent that the shifted tR,blank values
become equal to tR,acetone, the new uniform point of reference for 0% HSA binding, while
tR,HSA is kept unaltered (see Figure 3B).

As the normalization provides both a correction of the ligand-specific interactions
with the column matrix and a common window of retention times between 100% and 0%
HSA binding, the obtained MWapp,norm. are comparable among the different radioligands
and the increase in MWapp,norm. compared to the actual MW of a radioligand is solely
HSA-mediated. We, therefore, consider MWapp,norm. to be the valid and informative
parameter that can be obtained by applying AMSEC in the preclinical development of
PSMA radioligands.

Only the above-described normalization of the AMSEC data on the binding of radi-
oligands to HSA provides MW-related data with the unique advantage that conclusions
related to the MW-dependent physiological process of GF might be drawn, allowing for
the estimation of the relative blood clearance kinetics of different radioligands.

Apart from rhPSMA compounds, PSMA-617, and PSMA-I&T, ten further model
compounds (MC-1 to MC-10, including SiFA- and SiFAlin-bearing PSMA ligands) were
evaluated using AMSEC to show the broad range of MWapp,norm. values that could be
obtained for structurally different compounds. MWapp,norm. values from 1.9 kDa to 39.9 kDa
were observed, which corresponds to a range of 9% to 192% of the MWapp,norm. determined
for rhPSMA-7.3 (Figure 4A,B). As already stated in the context of MWapp,raw, distinct
differences even between stereoisomers were also found for MWapp,norm.. For example,
a 27% higher value was found for rhPSMA-7.2 than for rhPSMA-7.1 (21.7 vs. 17.1 kDa,



Pharmaceuticals 2022, 15, 1161 11 of 22

respectively), and even a 30% higher value was found for rhPSMA-10.1 than for rhPSMA-
10.2 (17.2 vs. 13.2 kDa, respectively). These findings suggest an impressive resolution
of AMSEC, which might be of considerable value, especially for the diligent structure
optimization of a therapeutic lead compound.
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Figure 4. (A) Correlation between tR,norm. of radioligands and the corresponding normalized appar-
ent molecular weight (MWapp,norm.). tR,norm. of 13.8–24.8 min corresponded to MWapp,norm. between
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39.9–1.9 kDa. (B) MWapp,norm. of all ligands in percentage of the MWapp,norm. of rhPSMA-7.3 (100%).
Observed MWapp,norm. ranged from approximately 10% to almost 190% of the MWapp,norm. of
rhPSMA-7.3. (C) Relative reduction in MWapp,norm. compared to their corresponding MWapp,raw. The
extent of the effect of the normalization was dependent on the molecular structure of the radioligand
and ranged between −10% and −65% for the compounds presented in this work.

Within the set of acquired data, however, the single lowest MWapp,norm. of 1.9 kDa
determined for PSMA-I&T needs to be treated with caution. In contrast to all the other
radioligands, the evaluation of PSMA-I&T yielded nearly identical tR,AMSEC and tR,blank
(20.983 min and 20.995 min, respectively) leading to a disproportionately low retention
factor k of only 0.0013. Consequently, a high tR,norm. of 24.792 min comparable to tR,acetone
was determined, resulting in a suspiciously low MWapp,norm. for PSMA-I&T. This apparent
lack of interaction between HSA and PSMA-I&T seems unreliable, as an albumin-binding
capacity was reported for PSMA-I&T [67]. Apart from electrostatic interactions, the delayed
elution of analytes bearing (multiple) aromatic residues caused by attractive hydrophobic
interactions with crosslinked polysaccharide-based SEC gels (e.g., superdex and sephadex)
has been reported by several groups [68–70]. PSMA-I&T bears a patch of two hydropho-
bic aromatic amino acids, namely phenylalanine and halogenated 3-iodo-tyrosine. We
hypothesized that this unique structural feature might lead to a complex interplay of elec-
trostatic and hydrophobic interactions for this particular derivative, possibly leading to
an underestimation of its MWapp,raw and MWapp,norm.. Thus, AMSEC data for PSMA-I&T
might presumably be compromised by these hydrophobic interactions and, therefore, valid
comparability with the data obtained for the remaining radioligands might not be given
for PSMA-I&T.

Since the normalization eliminated contributions to MWapp,raw caused by ligand-
specific interactions, presumably electrostatic interactions with the column matrix, it was
not surprising that values for MWapp,norm. were smaller than the respective MWapp,raw
values. It is noteworthy, however, that the relative effect of the normalization on MWapp,raw
was very different for the radioligands. As shown in Figure 4C, normalization resulted in
MWapp,norm. values reduced by only about 10% (MC-1 and MC-2) to around 60% (PSMA-
I&T and MC-10) of the original MWapp,raw. Among the rhPSMA compounds and PSMA-
617, the influence of the normalization was comparable (approximately 30% to 40% re-
duction). There seems to be a trend of diminished influence of the normalization for
radioligands with high MWapp,raw values. This phenomenon can be explained by the fact
that the aforementioned electrostatic interactions between radioligands and the column
matrix only occur when a radioligand is not complexed to HSA. As radioligands with high
HSA binding are mainly complexed to the protein (reflected in high retention factors k),
the influence of the electrostatic interactions on MWapp,raw is accordingly smaller and the
MWapp,norm., hence, deviates to a lesser extent from MWapp,raw than for radioligands with
weaker HSA binding (e.g., significantly lower MWapp,raw).

Regarding the pharmacokinetically relevant conclusions that might be drawn from
the determined MWapp,norm., it is important to bear in mind that the correlation between
MW and GSC and, thus, GF is not linear but shows a sigmoidal curve. Therefore, when
comparing the MWapp,norm. of different radioligands, not only their relative difference
but also the absolute values of MWapp,norm. are of importance. To gain a more intuitive
understanding of how a certain MWapp,norm. might influence blood clearance by means
of GF, we used a sigmoidal fit of the MWs and glomerular sieving coefficients (GSCs) of
12 human plasma proteins (Figure 5, data reported by Norden et al. [64]) to determine
calculated GSCs (GSCcalc) from MWapp,norm.. These GSCcalc determined for all the PSMA
radioligands (Table 2, Figure 5) inherently account for the exponential nature of the rela-
tionship between their albumin-mediated MWapp,norm. and MW-dependent GF and could,
therefore, be a useful parameter to estimate differences in blood clearance by means of GF.
The GSC is defined as the ratio of a compound’s concentration in the glomerular filtrate
to that in the blood [64]; thus, a GSC of 1 represents unhindered filtration through the
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capillary membrane in the glomerulus, while a lower GSC corresponds to a restricted
filtration and, thus, a prolonged circulatory half-life. Interestingly, the determined GSCcalc
values for the evaluated PSMA radioligands covered a wide range, from values above 0.95
(PSMA-I&T, MC-9, and MC-10), which correlates to mostly unhindered GF, to values below
0.05 (MC-1 and MC-2), which should be associated with high blood retention. The GSCcalc
of rhPSMA-compounds were more moderate, yet they varied significantly among each
other (0.138 to 0.846), even in the subgroup of the isomers of rhPSMA-7. As an example,
a GSCcalc of 0.408 was determined for rhPSMA-7.3, while an almost three-fold smaller
GSCcalc of 0.138 was determined for rhPSMA-7.4. Accordingly, if we assume GF to be
the only contribution of renally induced blood clearance, a three-fold decelerated blood
clearance should be expected for rhPSMA-7.4 compared to rhPSMA-7.3. This would consti-
tute a dramatic physiological effect that, in its extent, could not be predicted only based
on subtle differences in molecular structure and other conventionally determined in vitro
parameters. We, therefore, believe that the MWapp,norm. and GSCcalc obtained by AMSEC
could be important parameters that, already at the preclinical stage of development, could
help in the selection of promising therapeutic radioligands with pharmacokinetic profiles
suitable for patient application.

Regarding the current state of the art in the RLT of mCRPC, recently approved 177Lu-
labeled PSMA-617 is considered the gold standard, and rapid, bi-phasic blood clearance was
reported for this radioligand [71]. In the past years, considerable efforts have been made by
various groups to develop derivatives of PSMA-617 with improved therapeutic efficacy via
the incorporation of a dedicated albumin-binding entity [24–26]. Preclinical therapy studies
in mice of, e.g., 177Lu-labeled EB-PSMA-617 and PSMA-ALB-56, have shown superior
therapeutic efficacy compared to PSMA-617 [24,25] and have raised hopes for a similar
performance in patients. Lamentably, increased blood retention in patients resulted not
only in increased tumor dose but also in disproportionately higher doses to most healthy
tissues, among them bone marrow and kidneys, two potentially dose-limiting organs
in PSMA-targeted RLT [72,73]. Consequently, the resulting inferior therapeutic efficacy
indicates that the blood clearance of these novel radiotherapeutics might already be too
slow. An intrapatient dosimetry comparison between 177Lu-labeled radioligands rhPSMA-
7.3 and PSMA-I&T (an established PSMA ligand for RLT with similar pharmacokinetics
as PSMA-617 [74]) showed a 2.4-fold higher tumor dose for rhPSMA-7.3 [75]. However,
nearly identically increased doses to kidneys and bone marrow resulted in an overall
similar therapeutic efficacy of both radioligands. Once more, these findings could not
keep promises made by preclinical therapy studies that had indicated a higher therapeutic
efficacy for rhPSMA-7.3 than for PSMA-I&T [76], which once again underlines the so far
unmet need of valid preclinical indicators for a pharmacokinetic profile yielding improved
therapeutic efficacy in patients.

Considering the aforementioned clinical data, it might be suggested that the sweet
spot of albumin binding and, thus, the narrow window of optimal blood clearance for
improved therapeutic efficacy may actually lie between rhPSMA-7.3 and PSMA-617. In
that light, rhPSMA-10.1 might be an attractive candidate for RLT of mCRPC. In a recent
preclinical study in mice, rhPSMA-10.1 revealed fast blood clearance and improved tumor-
to-background ratios in a head-to-head comparison with four isomers of rhPSMA-7 and
rhPSMA-10.2 [62]. Furthermore, our study determined a MWapp,norm. of 17.2 kDa and a
GSCcalc of 0.644 for rhPSMA-10.1. Thus, rhPSMA-10.1 could possibly exploit this interesting
window of blood clearance kinetics between rhPSMA-7.3 (MWapp,norm.: 20.7 kDa; GSCcalc:
0.408) and PSMA-617 (MWapp,norm.: 9.4 kDa; GSCcalc: 0.942). However, clinical data are
needed to verify this assumption, and a currently initiated, integrated phase 1 and 2 study
with 177Lu-labeled rhPSMA-10.1 (clinicalTrial.gov identifier: NCT05413850) will hopefully
shed light on that question.

clinicalTrial.gov


Pharmaceuticals 2022, 15, 1161 14 of 22

Pharmaceuticals 2022, 15, 1161 15 of 24 
 

 

membrane in the glomerulus, while a lower GSC corresponds to a restricted filtration and, 
thus, a prolonged circulatory half-life. Interestingly, the determined GSCcalc values for the 
evaluated PSMA radioligands covered a wide range, from values above 0.95 (PSMA-I&T, 
MC-9, and MC-10), which correlates to mostly unhindered GF, to values below 0.05 (MC-
1 and MC-2), which should be associated with high blood retention. The GSCcalc of 
rhPSMA-compounds were more moderate, yet they varied significantly among each other 
(0.138 to 0.846), even in the subgroup of the isomers of rhPSMA-7. As an example, a GSCcalc 
of 0.408 was determined for rhPSMA-7.3, while an almost three-fold smaller GSCcalc of 
0.138 was determined for rhPSMA-7.4. Accordingly, if we assume GF to be the only con-
tribution of renally induced blood clearance, a three-fold decelerated blood clearance 
should be expected for rhPSMA-7.4 compared to rhPSMA-7.3. This would constitute a 
dramatic physiological effect that, in its extent, could not be predicted only based on sub-
tle differences in molecular structure and other conventionally determined in vitro pa-
rameters. We, therefore, believe that the MWapp,norm. and GSCcalc obtained by AMSEC could 
be important parameters that, already at the preclinical stage of development, could help 
in the selection of promising therapeutic radioligands with pharmacokinetic profiles suit-
able for patient application. 

 

Figure 5. (A) Correlation between molecular weights (MWs) of plasma proteins and their glomeru-
lar sieving coefficients (GSCs, data from Norden et al. [64]). α1AG: α1-acid glycoprotein; α1m: α1-

0 20 40 60 80 100 120 140 160
1E-5

1E-4

0,001

0,01

0,1

1 β2m

RBP

TSH
α1m

α1AG

ZAG

β2G1

DBP

TTR

HSA

TRF

IgG

G
SC

 o
r G

SC
ca

lc

MW or MWapp,norm. (kDa)

A 
B 

C 

D 

Plasma proteins 
rhPSMAs, PSMA-617/-I&T 
MC-x 

16 18 20 22
0,3

0,4

0,5

0,6

0,7

0,8

RBP

rhPSMA-7.1

rhPSMA-7.2

rhPSMA-7.3

rhPSMA-10.1

MC-6

G
SC

 o
r G

SC
ca

lc

MW or MWapp,norm. (kDa)

C 

25 30 35 40

0,01

0,1

TSH

α1m

rhPSMA-7.4

MC-1

MC-2
MC-3

MC-4
MC-5

G
SC

 o
r G

SC
ca

lc

MW or MWapp,norm. (kDa)

D 

0 4 8 12 16
0,7

0,8

0,9

1

β2m

rhPSMA-10.2

PSMA-617

PSMA-I&T

MC-7

MC-8

MC-9
MC-10

G
SC

 o
r G

SC
ca

lc

MW or MWapp,norm. (kDa)

B 

0.01 

0.1 

0.3 

0.4 

0.5 

0.6 

0.7 
0.8 

0.9 

0.7 

0.8 

0.01 

0.1 

0.001 

10−4 

10−5 

Figure 5. (A) Correlation between molecular weights (MWs) of plasma proteins and their glomerular
sieving coefficients (GSCs, data from Norden et al. [64]). α1AG: α1-acid glycoprotein; α1m: α1-
microglobulin; HSA: human serum albumin; β2G1: β2-glycoprotein I; β2m: β2-microglobulin; DBP:
vitamin-D-binding protein; IgG: immunoglobulin G; RBP: retinol-binding protein; TRF: transferrin;
TSH: thyroid-stimulating hormone; TTR: transthyretin; ZAG: zinc-α2-globulin. MWapp,norm. of
PSMA radioligands were plotted against their respective calculated GSCs (GSCcalc). Panels (B–D)
show different zoom-ins on PSMA radioligands, as depicted with red squares in panel (A). The
extrapolation (dotted line) of the sigmoidal fit of GSC against MW in panel (B) was eye-fitted.

Regarding the limitations of the newly developed AMSEC method, it needs to be
stated that the mobile phase composition did not account for the influence of plasma
proteins other than HSA (e.g., alpha-1-acid glycoprotein [55,56]) on the pharmacokinetics
of the evaluated radioligands. As discussed earlier, HSA is the most abundant human
plasma protein and, next to its dominant role in the binding of exogenous compounds, HSA
also meets the practical requirement of commercial availability in decent quantities. While
a further refinement of the mobile phase in AMSEC, e.g., by supplementation with other
relevant human plasma proteins, exceeds the scope of this study, it might be a worthwhile
approach for future research.

The feasibility of a normalization accounting for the unspecific, presumably electro-
static interactions of PSMA ligands with the agarose/dextran-based column matrix was an
important finding of the present study. However, the aformentioned inconclusive results
obtained for PSMA-I&T presumably caused by hydrophobic interactions that were (among
the evaluated radioligands) seemingly unique to this particular compound emphasize the
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complexibility of possible interactions between peptidic ligands and gel filtration matrices.
Therefore, more detailed studies evaluating the interactions between a superdex matrix and
peptidic radioligands are necessary to elucidate this explicit case. A broader understanding
of the unspecific interactions between radioligands and column resin would, furthermore,
help to ascertain whether further series of peptidic radioligands other than PSMA show
largely deviating, group- (or better structure-) specific interactions with a superdex ma-
trix. Thus, it remains to be investigated with a variety of other peptidic radioligands to
various targets whether comparable HSA binding also results in comparable MWapp,norm.
values and, thus, comparable GSCcalc or whether MWapp,norm. primarily allows only for
the differentiation of relative GF rates within a group of structurally highly similar ligands.

Another limitation constitutes the fact that HSA is a biologic product and batches
might vary according to the origin of the plasma samples that were used in production.
For example, results obtained in this study could not be adequately reproduced with HSA
of another supplier. To examine the influences of different batches of HSA on the obtained
data, however, exceeds the scope of this study and remains to be investigated.

Finally, in order to generally assess the validity of data generated by AMSEC for the
estimation of blood clearance kinetics, clinical data of the evaluated PSMA radioligands in
patients are necessary. To date, most of the available data describe the dosimetry and biodis-
tribution of PSMA-617, and data on blood clearance (e.g., time–activity curves) are reported
for the latter [71,77,78] and some other PSMA radioligands [72,73,79]. However, applied
protocols to determine blood clearance kinetics vary among different studies (e.g., serial
blood sampling [71,73,79] vs. image-based approaches [72] and varying or unmentioned
parameters for the fitting of time–activity curves [73,77,79]), thus hampering comparability
of the reported results. Furthermore, direct inter- or intrapatient comparisons of the blood
clearance of PSMA radioligands evaluated herein (e.g., rhPSMA-7.3 vs. PSMA-617 or
rhPSMA-7.3 vs. rhPSMA-10.1) are currently lacking. Consequently, even though relative
trends, e.g., slower blood clearance of rhPSMA-7.3 compared to PSMA-617, can be deduced
from data reported in different comparative studies, the current state of our knowledge
does not yet allow for a valid correlation of MWapp,norm. and GSCcalc obtained in our study.
However, ongoing research and clinical studies, e.g., on rhPSMA-10.1 (NCT05413850), will
provide more data in the future and, thus, will help to validate and interpret parameters
such as MWapp,norm. and GSCcalc with more accuracy. Furthermore, AMSEC studies of
other PSMA radioligands with reported clinical data could help sharpen our understanding
of the actual correlation between MWapp,norm. and blood clearance kinetics in vivo.

In summary, the newly developed AMSEC method allows for the determination of
HSA-mediated MWapp,norm. values of PSMA radioligands. High reproducibility was ob-
served, and the resolution of differences in MWapp,norm. values, even among stereoisomeric
radioligands, was feasible. The novel parameter of MWapp,norm. could serve as a valuable
tool in the preclinical development of predominantly renally excreted therapeutic PSMA
radioligands, as blood clearance by means of GF is a highly MW-dependent physiological
process. According to the correlation between MW and glomerular sieving, we thus suggest
the determination of GSCcalc from MWapp,norm. as a means to assess different blood clear-
ance kinetics of PSMA radioligands in vitro. However, a broader availability of comparable
clinical data on the pharmacokinetics of the radioligands evaluated herein is needed to
validate and specify the predictive values of MWapp,norm. and GSCcalc.

3. Materials and Methods
3.1. Instrumentation and Software

A high-performance liquid chromatography (HPLC) gradient system from Shimadzu
(Neufahrn, Germany) equipped with LC20-AD gradient pumps and a SIL-20A HT autosam-
pler was used for all chromatographic experiments. Detection of UV signals was carried
out using an SPD-20A UV-vis detector, and radioactivity was detected with a HERM LB
500 NaI detector (Berthold Technologies, Bad Wildbad, Germany). Chromatograms were
analyzed using LabSolutions software from Shimadzu. The readout of radio thin-layer
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chromatography (radio-TLC) for quality control of radiolabelings was carried out using a
Scan-RAM detector and Laura software (LabLogic Systems, Sheffield, UK). Microsoft excel
(Redmond, WA, USA) was used for all calculative evaluations. OriginPro software (v9.7)
from OriginLab (Northampton, MA, USA) was used for sigmoidal curve fitting.

3.2. Preparation of 177Lu-Labeled PSMA Radioligands

The four isomers of uncomplexed rhPSMA-7 (7.1 to 7.4) and the two isomers of uncom-
plexed rhPSMA-10 (10.1 and 10.2) were synthesized as described earlier [62]. Compounds
MC-1 to MC-9 represent PSMA-SiFA compounds, and compound MC-10 represents a
PSMA-SiFAlin compound. PSMA-617 was supplied by MedChemExpress LLC (Mon-
mouth Junction, NJ, USA), and PSMA-I&T was prepared according to the published
procedure [80].

Radiolabeling with no-carrier-added [177Lu]LuCl3 (specific activity > 3000 GBq/mg
at the time of radiolabeling, 740 MBq/mL, 0.04 M HCl, ITM, Garching, Germany) was
carried out according to a previously established procedure [62] with molar activities of
10–20 GBq/µmol. Quality control of radiolabelings was performed using either analytical
reversed-phase (RP) HPLC or radio-TLC. For analytical RP-HPLC, the HPLC-system
described above was equipped with an RP column (MultoKrom 100C18, 150 × 4.6 mm,
5 µm; Multospher 100RP18, 125× 4.6 mm, 5 µm; CS Chromatographie Service, Langerwehe,
Germany), and linear gradients of water (solvent A, + 0.1% TFA, v/v) and acetonitrile
(solvent B, +2% water, +0.1% TFA, v/v) were applied. Quality control via radio-TLC was
performed using 1.0 M NH4OAc/DMF (1/1, v/v) on TLC silica gel 60 F254 plates (Merck
Millipore, Burlington, VT, USA) or 0.1 M sodium citrate buffer on iTLC-SG chromatography
paper (Agilent, Santa Clara, CA, USA). Radioligands were used for experiments if the radio
chemical purity (RCP) was > 95%.

All data presented in this work were obtained with the 177Lu-labeled species of PSMA
ligands. For ease of readability, the lutetium complex is omitted in the designation of all
radioligands in running text, figures, and tables (e.g., “rhPSMA-7.3” instead of “[177Lu]Lu-
rhPSMA-7.3” or “MC-1” instead of “[177Lu]Lu-MC-1”).

3.3. AMSEC Experiments

All size exclusion chromatographic (SEC) experiments were carried out using the
above-mentioned HPLC system equipped with a Superdex 75 Increase 10/300 GL gel
filtration size exclusion column (fractionation range 70–3 kDa, GE Healthcare, Uppsala,
Sweden). Eluents at room temperature, a constant flow rate of 0.8 mL/min, and an acquisi-
tion time of 35 min were generally applied. The column was calibrated as recommended
by the manufacturer using a commercially available set of proteins (Gel Filtration LMW
Calibration Kit, GE Healthcare, Buckinghamshire, UK). Retention times of calibration
proteins and calculated calibration parameters are given in the Supplementary Materials
(Table S3). UV signal detection occurred at 280 nm.

All retention times of radio signals were corrected for the offset between the UV-vis
detector and radio-detector (∆t = 0.084 min). Throughout the development of the AMSEC
method, three gel filtration columns of the same type were used for experiments (most
data were acquired using column 1). As calculations were based on absolute empirical
retention times that inherently differed slightly from column to column, all retention times
determined on column 2 and column 3 were mathematically converted to an equivalent
retention time on column 1 using the columns’ calibration parameters. A detailed descrip-
tion of these calculations is provided in the Supplementary Materials. A tabular summary
of corrected retention times for all compounds is given in Table S1.

All numerical retention times explicitly given in running text or tables and plotted in
diagrams are already corrected for the offset between UV-vis and radio-detector and, if initially
determined on columns 2 or 3, converted to the equivalent retention time on column 1 (for
detailed information, see Equations (S1) and (S2) and Table S1 in the Supplementary Materials).
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3.3.1. Determination of Raw Apparent Molecular Weight (MWapp,raw)

AMSEC runs were executed with a solution of HSA (Biowest, Nuaillé, France) in
PBS (pH 7.4) at physiological concentration (700 µM) as a mobile phase. Upon injection
of approximately 1.0 MBq (5–10 µL) of a radioligand, the elution profile was monitored
via radioactivity detection, and the retention times of observed radiopeaks (tR,AMSEC)
were determined via semi-automated peak integration. By means of calibration, retention
times were translated into a ligand-specific raw apparent molecular weight (MWapp,raw)
as a parameter to assess the extent of HSA binding (for calculation, see Equation (S6)
in the Supplementary Materials). rhPSMA-7.3 served as an internal standard during
AMSEC studies and was co-evaluated whenever new data were collected to assess the
reproducibility of the method (n = 14).

For reference purposes, conventional SEC runs of HSA (100 µL, 3 mg/mL) and acetone
(100 µL, 2% in PBS pH 7.4) with PBS (pH 7.4) as a mobile phase were executed. The retention
time of HSA (tR,HSA) corresponded to the maximal MWapp,raw, theoretically observable
in AMSEC runs in the case of continuous binding of a radioligand to HSA (equivalent to
100% HSA binding). The retention time of acetone (tR,acetone) served as a reference for a
ligand with no interaction with HSA in AMSEC runs (equivalent to 0% HSA binding) and
an actual physical molecular weight below the column fractionation range (this was the
case for all investigated radioligands).

3.3.2. Determination of Normalized Apparent Molecular Weight (MWapp,norm.)

MWapp,raw values determined as described in Section 3.3.1. were normalized in order
to account for ligand-specific influences on experimentally determined retention times and
to establish quantitative comparability of the obtained MWapp,norm. values. The normal-
ization was based on a SEC run (referred to as blank run) of a radioligand executed in
analogy to the AMSEC run but using PBS (pH 7.4) without HSA as a mobile phase. The de-
termined retention time tR,blank, together with the retention time tR,AMSEC from the AMSEC
run, tR,HSA, and tR,acetone determined in Section 3.3.1, were used to calculate a normalized
retention time tR,norm. for every radioligand (for formulae and details on the calculation, see
Section 2. Results and Discussion). The MWapp,norm. values were subsequently calculated
from tR,norm. by means of column calibration (an exemplary calculation is provided within
Equation (S3) in the Supplementary Materials).

3.4. Determination of Calculated Glomerular Sieving Coefficients (GSCcalc)

A sigmoidal fit of molecular weights (MWs, in kDa) and corresponding glomerular
sieving coefficients (GSCs) of 12 human plasma proteins (data taken from Norden et al. [64])
was executed using OriginPro software. A dose-response model based on Equation (6)
was applied:

GSC = A1 +
A2− A1

1 + 10(LOGx0−MW)·p . (6)

The values of bottom asymptote A1 and top asymptote A2 were set to 4.2·10−5 (GSC
of IgG, data taken from Norden et al. [64]) and 1 (equaling complete sieving), respectively.
Curve fitting gave the center parameter LOGx0 = 19.36833 and the Hill slope p = −0.12108.
GSCcalc values were calculated via implementation of fitting parameters and the experi-
mentally determined MWapp,norm. in Equation (6).

4. Conclusions

In conclusion, AMSEC might offer the unique possibility to gain insight into human
blood clearance kinetics, a fundamental aspect in the pharmacokinetics of radioligands
already in vitro at the preclinical stage. If clinical data confirm this novel preclinical ap-
proach, AMSEC could furthermore contribute to continually ameliorated animal protection,
as preclinical in vivo experiments (e.g., in rodents, with anyway limited transferability to
humans) could be reduced to pre-selected compounds that exhibit favorable MWapp,norm.
and GSCcalc values. Thus, the implementation of AMSEC into the preclinical develop-
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ment process could help to further refine the identification of therapeutic lead compounds
for clinical translation with suitable blood clearance kinetics in patients, hopefully fos-
tering the development of next-generation (PSMA) radioligands for RLT with improved
therapeutic efficacy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ph15091161/s1, Table S1: Experimental retention times of AMSEC runs
(tR,AMSEC raw) and blank runs (tR,blank raw), as well as corrected retention times converted to column
1 (tR,AMSEC C1 and tR,blank C1) of HSA, acetone, and all radioligands. Retention times of radiosignals
are additionally corrected for the offset between UV-vis detector and radio-detector (tR,AMSEC C1
+ OC and tR,blank C1 + OC). C1: column 1; OC: offset-corrected; n.a.: not applicable; Table S2:
Retention times of model compounds (MCs) 1 to 10 in AMSEC runs (tR,AMSEC) and corresponding
raw apparent molecular weights (MWapp,raw); Table S3: Retention times of Blue Dextran 2000 (BD)
and the calibration proteins conalbumin (CO, 75 kDa), ovalbumin (OV, 44 kDa), carbonic anhydrase
(CA, 29 kDa), ribonuclease (RN, 13.7 kDa), and aprotinin (AP, 6.5 kDa) on superdex 75 increase
columns 1, 2, and 3 (PBS pH 7.4 as mobile phase). a and b: calibration parameters; Cn: column n;
Ve: elution volume; V0: column void volume; R2: coefficient of determination of column calibration;
Figure S1: Chemical structure of 177Lu-labeled rhPSMA-7.1 ((R)-configurated diaminopropionic acid
branching unit and (R)-configurated DOTAGA chelator; Figure S2: Chemical structure of 177Lu-
labeled rhPSMA-7.2 ((S)-configurated diaminopropionic acid branching unit and (R)-configurated
DOTAGA chelator); Figure S3: Chemical structure of 177Lu-labeled rhPSMA-7.3 ((R)-configurated
diaminopropionic acid branching unit and (S)-configurated DOTAGA chelator); Figure S4: Chemical
structure of 177Lu-labeled rhPSMA-7.4 ((S)-configurated diaminopropionic acid branching unit and
(S)-configurated DOTAGA chelator); Figure S5: Chemical structure of 177Lu-labeled rhPSMA-10.1
((R)-configurated diaminopropionic acid branching unit and DOTA chelator); Figure S6: Chemical
structure of 177Lu-labeled rhPSMA-10.2 ((S)-configurated diaminopropionic acid branching unit and
DOTA chelator); Figure S7: Chemical structure of 177Lu-labeled PSMA-617; Figure S8: Chemical
structure of 177Lu-labeled PSMA-I&T.

Author Contributions: Conceptualization, J.-P.K. and H.-J.W.; methodology, J.-P.K. and H.-J.W.;
validation, J.-P.K. and S.F.; formal analysis, J.-P.K.; investigation, J.-P.K., S.F. and A.W.; resources,
J.-P.K., S.F. and A.W.; data curation, J.-P.K. and S.F.; writing—original draft preparation, J.-P.K.;
writing—review and editing, S.F., A.W. and H.-J.W.; visualization, J.-P.K.; supervision, H.-J.W.; project
administration, J.-P.K.; funding acquisition, H.-J.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG, German Re-
search Foundation, Project Number SFB 824, Project B11 and Z01). The APC was funded by the TUM
Publishing Fund.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Material.

Acknowledgments: The authors thank Harald Bothe (Cytiva Europe GmbH) for his kind and helpful
scientific support.

Conflicts of Interest: A.W., H.J.W., J.P.K., and S.F. are listed as inventors in patent applications
for some therapeutic rhPSMA. HJW is a founder and shareholder of Scintomics GmbH, Munich,
Germany. No other potential conflict of interest relevant to this article exist. The funders had no role
in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References
1. Weber, W.A.; Czernin, J.; Anderson, C.J.; Badawi, R.D.; Barthel, H.; Bengel, F.; Bodei, L.; Buvat, I.; DiCarli, M.; Graham, M.M.; et al.

The Future of Nuclear Medicine, Molecular Imaging, and Theranostics. J. Nucl. Med. 2020, 61, 263S–272S. [CrossRef] [PubMed]
2. Kantorova, I.; Lipska, L.; Belohlavek, O.; Visokai, V.; Trubac, M.; Schneiderova, M. Routine 18F-FDG PET preoperative staging of

colorectal cancer: Comparison with conventional staging and its impact on treatment decision making. J. Nucl. Med. 2003, 44,
1784–1788. [PubMed]

https://www.mdpi.com/article/10.3390/ph15091161/s1
https://www.mdpi.com/article/10.3390/ph15091161/s1
http://doi.org/10.2967/jnumed.120.254532
http://www.ncbi.nlm.nih.gov/pubmed/33293447
http://www.ncbi.nlm.nih.gov/pubmed/14602860


Pharmaceuticals 2022, 15, 1161 19 of 22

3. Grubmuller, B.; Baltzer, P.; D’Andrea, D.; Korn, S.; Haug, A.R.; Hacker, M.; Grubmuller, K.H.; Goldner, G.M.; Wadsak, W.;
Pfaff, S.; et al. 68Ga-PSMA 11 ligand PET imaging in patients with biochemical recurrence after radical prostatectomy—Diagnostic
performance and impact on therapeutic decision-making. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 235–242. [CrossRef] [PubMed]

4. Castaldi, P.; Rufini, V.; Treglia, G.; Bruno, I.; Perotti, G.; Stifano, G.; Barbaro, B.; Giordano, A. Impact of 111In-DTPA-octreotide
SPECT/CT fusion images in the management of neuroendocrine tumours. Radiol. Med. 2008, 113, 1056–1067. [CrossRef]

5. Dittmann, H.; Kaltenbach, S.; Weissinger, M.; Fiz, F.; Martus, P.; Pritzkow, M.; Kupferschlaeger, J.; la Fougere, C. The Prognostic
Value of Quantitative Bone SPECT/CT Before 223Ra Treatment in Metastatic Castration-Resistant Prostate Cancer. J. Nucl. Med.
2021, 62, 48–54. [CrossRef]

6. Kratochwil, C.; Fendler, W.P.; Eiber, M.; Baum, R.; Bozkurt, M.F.; Czernin, J.; Delgado Bolton, R.C.; Ezziddin, S.; Forrer, F.;
Hicks, R.J.; et al. EANM procedure guidelines for radionuclide therapy with 177Lu-labelled PSMA-ligands (177Lu-PSMA-RLT).
Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 2536–2544. [CrossRef]

7. Herrmann, K.; Giovanella, L.; Santos, A.; Gear, J.; Kiratli, P.O.; Kurth, J.; Denis-Bacelar, A.M.; Hustinx, R.; Patt, M.; Wahl, R.L.; et al.
Joint EANM, SNMMI and IAEA enabling guide: How to set up a theranostics centre. Eur. J. Nucl. Med. Mol. Imaging 2022, 49,
2300–2309. [CrossRef]

8. Nicolas, G.P.; Morgenstern, A.; Schottelius, M.; Fani, M. New Developments in Peptide Receptor Radionuclide Therapy. J. Nucl.
Med. 2018, 60, 167–171. [CrossRef]

9. Kwekkeboom, D.J.; Bakker, W.H.; Kooij, P.P.; Konijnenberg, M.W.; Srinivasan, A.; Erion, J.L.; Schmidt, M.A.; Bugaj, J.L.;
de Jong, M.; Krenning, E.P. [177Lu-DOTA◦,Tyr3]octreotate: Comparison with [111In-DTPAo]octreotide in patients. Eur. J. Nucl.
Med. 2001, 28, 1319–1325. [CrossRef]

10. Hennrich, U.; Kopka, K. Lutathera®: The First FDA- and EMA-Approved Radiopharmaceutical for Peptide Receptor Radionuclide
Therapy. Pharmaceuticals 2019, 12, 114. [CrossRef]

11. Benesova, M.; Schafer, M.; Bauder-Wust, U.; Afshar-Oromieh, A.; Kratochwil, C.; Mier, W.; Haberkorn, U.; Kopka, K.; Eder, M.
Preclinical Evaluation of a Tailor-Made DOTA-Conjugated PSMA Inhibitor with Optimized Linker Moiety for Imaging and
Endoradiotherapy of Prostate Cancer. J. Nucl. Med. 2015, 56, 914–920. [CrossRef] [PubMed]

12. Zacherl, M.J.; Gildehaus, F.J.; Mittlmeier, L.; Boning, G.; Gosewisch, A.; Wenter, V.; Unterrainer, M.; Schmidt-Hegemann, N.;
Belka, C.; Kretschmer, A.; et al. First Clinical Results for PSMA-Targeted alpha-Therapy Using 225Ac-PSMA-I&T in Advanced-
mCRPC Patients. J. Nucl. Med. 2021, 62, 669–674. [CrossRef] [PubMed]

13. Wickstroem, K.; Karlsson, J.; Ellingsen, C.; Cruciani, V.; Kristian, A.; Hagemann, U.B.; Bjerke, R.M.; Ryan, O.B.; Linden, L.;
Mumberg, D.; et al. Synergistic Effect of a HER2 Targeted Thorium-227 Conjugate in Combination with Olaparib in a BRCA2
Deficient Xenograft Model. Pharmaceuticals 2019, 12, 155. [CrossRef] [PubMed]

14. Sorensen, J.; Sandberg, D.; Sandstrom, M.; Wennborg, A.; Feldwisch, J.; Tolmachev, V.; Astrom, G.; Lubberink, M.;
Garske-Roman, U.; Carlsson, J.; et al. First-in-human molecular imaging of HER2 expression in breast cancer metastases using
the 111In-ABY-025 affibody molecule. J. Nucl. Med. 2014, 55, 730–735. [CrossRef] [PubMed]

15. Kurth, J.; Krause, B.J.; Schwarzenbock, S.M.; Bergner, C.; Hakenberg, O.W.; Heuschkel, M. First-in-human dosimetry of gastrin-
releasing peptide receptor antagonist [177Lu]Lu-RM2: A radiopharmaceutical for the treatment of metastatic castration-resistant
prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 123–135. [CrossRef]

16. Guenther, T.; Deiser, S.; Felber, V.; Beck, R.; Wester, H.J. Substitution of L-Trp by alpha-methyl-L-Trp in 177Lu-RM2 results in
177Lu-AMTG, a high affinity GRPR ligand with improved in vivo stability. J. Nucl. Med. 2022. [CrossRef]

17. Rottenburger, C.; Nicolas, G.P.; McDougall, L.; Kaul, F.; Cachovan, M.; Vija, A.H.; Schibli, R.; Geistlich, S.; Schumann, A.;
Rau, T.; et al. Cholecystokinin 2 Receptor Agonist 177Lu-PP-F11N for Radionuclide Therapy of Medullary Thyroid Carcinoma:
Results of the Lumed Phase 0a Study. J. Nucl. Med. 2020, 61, 520–526. [CrossRef]

18. Klingler, M.; Summer, D.; Rangger, C.; Haubner, R.; Foster, J.; Sosabowski, J.; Decristoforo, C.; Virgolini, I.; von Guggenberg, E.
DOTA-MGS5, a New Cholecystokinin-2 Receptor-Targeting Peptide Analog with an Optimized Targeting Profile for Theranostic
Use. J. Nucl. Med. 2019, 60, 1010–1016. [CrossRef]

19. Banerjee, S.R.; Kumar, V.; Lisok, A.; Chen, J.; Minn, I.; Brummet, M.; Boinapally, S.; Cole, M.; Ngen, E.; Wharram, B.; et al.
177Lu-labeled low-molecular-weight agents for PSMA-targeted radiopharmaceutical therapy. Eur. J. Nucl. Med. Mol. Imaging
2019, 46, 2545–2557. [CrossRef]

20. Dos Santos, J.C.; Schafer, M.; Bauder-Wust, U.; Lehnert, W.; Leotta, K.; Morgenstern, A.; Kopka, K.; Haberkorn, U.; Mier, W.;
Kratochwil, C. Development and dosimetry of 203Pb/212Pb-labelled PSMA ligands: Bringing “the lead” into PSMA-targeted
alpha therapy? Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 1081–1091. [CrossRef]

21. Sartor, O.; de Bono, J.; Chi, K.N.; Fizazi, K.; Herrmann, K.; Rahbar, K.; Tagawa, S.T.; Nordquist, L.T.; Vaishampayan, N.;
El-Haddad, G.; et al. Lutetium-177-PSMA-617 for Metastatic Castration-Resistant Prostate Cancer. N. Engl. J. Med. 2021, 385,
1091–1103. [CrossRef] [PubMed]

22. FDA Approves Pluvicto for Metastatic Castration-Resistant Prostate Cancer. Available online: https://www.fda.gov/drugs/
resources-information-approved-drugs/fda-approves-pluvicto-metastatic-castration-resistant-prostate-cancer (accessed on 8
July 2022).

23. Kopka, K.; Benesova, M.; Barinka, C.; Haberkorn, U.; Babich, J. Glu-Ureido-Based Inhibitors of Prostate-Specific Membrane
Antigen: Lessons Learned During the Development of a Novel Class of Low-Molecular-Weight Theranostic Radiotracers. J. Nucl.
Med. 2017, 58, 17S–26S. [CrossRef] [PubMed]

http://doi.org/10.1007/s00259-017-3858-2
http://www.ncbi.nlm.nih.gov/pubmed/29075832
http://doi.org/10.1007/s11547-008-0319-9
http://doi.org/10.2967/jnumed.119.240408
http://doi.org/10.1007/s00259-019-04485-3
http://doi.org/10.1007/s00259-022-05785-x
http://doi.org/10.2967/jnumed.118.213496
http://doi.org/10.1007/s002590100574
http://doi.org/10.3390/ph12030114
http://doi.org/10.2967/jnumed.114.147413
http://www.ncbi.nlm.nih.gov/pubmed/25883127
http://doi.org/10.2967/jnumed.120.251017
http://www.ncbi.nlm.nih.gov/pubmed/33008928
http://doi.org/10.3390/ph12040155
http://www.ncbi.nlm.nih.gov/pubmed/31618864
http://doi.org/10.2967/jnumed.113.131243
http://www.ncbi.nlm.nih.gov/pubmed/24665085
http://doi.org/10.1007/s00259-019-04504-3
http://doi.org/10.2967/jnumed.121.263323
http://doi.org/10.2967/jnumed.119.233031
http://doi.org/10.2967/jnumed.118.221283
http://doi.org/10.1007/s00259-019-04434-0
http://doi.org/10.1007/s00259-018-4220-z
http://doi.org/10.1056/NEJMoa2107322
http://www.ncbi.nlm.nih.gov/pubmed/34161051
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-pluvicto-metastatic-castration-resistant-prostate-cancer
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-pluvicto-metastatic-castration-resistant-prostate-cancer
http://doi.org/10.2967/jnumed.116.186775
http://www.ncbi.nlm.nih.gov/pubmed/28864607


Pharmaceuticals 2022, 15, 1161 20 of 22

24. Wang, Z.; Tian, R.; Niu, G.; Ma, Y.; Lang, L.; Szajek, L.P.; Kiesewetter, D.O.; Jacobson, O.; Chen, X. Single Low-Dose Injection of
Evans Blue Modified PSMA-617 Radioligand Therapy Eliminates Prostate-Specific Membrane Antigen Positive Tumors. Bioconjug.
Chem. 2018, 29, 3213–3221. [CrossRef]

25. Umbricht, C.A.; Benesova, M.; Schibli, R.; Muller, C. Preclinical Development of Novel PSMA-Targeting Radioligands: Modulation
of Albumin-Binding Properties to Improve Prostate Cancer Therapy. Mol. Pharm. 2018, 15, 2297–2306. [CrossRef] [PubMed]

26. Kelly, J.M.; Amor-Coarasa, A.; Ponnala, S.; Nikolopoulou, A.; Williams, C., Jr.; DiMagno, S.G.; Babich, J.W. Albumin-Binding
PSMA Ligands: Implications for Expanding the Therapeutic Window. J. Nucl. Med. 2019, 60, 656–663. [CrossRef] [PubMed]

27. Deberle, L.M.; Benesova, M.; Umbricht, C.A.; Borgna, F.; Buchler, M.; Zhernosekov, K.; Schibli, R.; Muller, C. Development of a
new class of PSMA radioligands comprising ibuprofen as an albumin-binding entity. Theranostics 2020, 10, 1678–1693. [CrossRef]
[PubMed]

28. Lau, J.; Jacobson, O.; Niu, G.; Lin, K.S.; Benard, F.; Chen, X. Bench to Bedside: Albumin Binders for Improved Cancer Radioligand
Therapies. Bioconjug. Chem. 2019, 30, 487–502. [CrossRef]

29. Yordanova, A.; Becker, A.; Eppard, E.; Kurpig, S.; Fisang, C.; Feldmann, G.; Essler, M.; Ahmadzadehfar, H. The impact of repeated
cycles of radioligand therapy using [177Lu]Lu-PSMA-617 on renal function in patients with hormone refractory metastatic
prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2017, 44, 1473–1479. [CrossRef]

30. Kashyap, R.; Jackson, P.; Hofman, M.S.; Eu, P.; Beauregard, J.M.; Zannino, D.; Hicks, R.J. Rapid blood clearance and lack of
long-term renal toxicity of 177Lu-DOTATATE enables shortening of renoprotective amino acid infusion. Eur. J. Nucl. Med. Mol.
Imaging 2013, 40, 1853–1860. [CrossRef]

31. Langbein, T.; Chausse, G.; Baum, R.P. Salivary Gland Toxicity of PSMA Radioligand Therapy: Relevance and Preventive Strategies.
J. Nucl. Med. 2018, 59, 1172–1173. [CrossRef]

32. Van Binnebeek, S.; Baete, K.; Terwinghe, C.; Vanbilloen, B.; Haustermans, K.; Mortelmans, L.; Borbath, I.; Van Cutsem, E.;
Verslype, C.; Mottaghy, F.M.; et al. Significant impact of transient deterioration of renal function on dosimetry in PRRT. Ann.
Nucl. Med. 2013, 27, 74–77. [CrossRef]

33. Tucker, G.T. Measurement of the renal clearance of drugs. Br. J. Clin. Pharmacol. 1981, 12, 761–770. [CrossRef]
34. Jarad, G.; Miner, J.H. Update on the glomerular filtration barrier. Curr. Opin. Nephrol. Hypertens. 2009, 18, 226–232. [CrossRef]
35. Chang, R.L.; Deen, W.M.; Robertson, C.R.; Bennett, C.M.; Glassock, R.J.; Brenner, B.M.; Troy, J.L.; Ueki, I.F.; Rasmussen, B.

Permselectivity of of the glomerular capillary wall. Studies of experimental glomerulonephritis in the rat using neutral dextran. J.
Clin. Investig. 1976, 57, 1272–1286. [CrossRef]

36. Tencer, J.; Frick, I.M.; Oquist, B.W.; Alm, P.; Rippe, B. Size-selectivity of the glomerular barrier to high molecular weight proteins:
Upper size limitations of shunt pathways. Kidney Int. 1998, 53, 709–715. [CrossRef]

37. Toma, C.-M.; Imre, S.; Vari, C.-E.; Muntean, D.-L.; Tero-Vescan, A. Ultrafiltration Method for Plasma Protein Binding Studies and
Its Limitations. Processes 2021, 9, 382. [CrossRef]

38. Hage, D.S. High-performance affinity chromatography: A powerful tool for studying serum protein binding. J. Chromatogr. B
2002, 768, 3–30. [CrossRef]

39. Shibukawa, A.; Kuroda, Y.; Nakagawa, T. High-performance frontal analysis for drug-protein binding study. J. Pharm. Biomed.
Anal. 1999, 18, 1047–1055. [CrossRef]

40. Clarke, W.; Chowdhuri, A.R.; Hage, D.S. Analysis of free drug fractions by ultrafast immunoaffinity chromatography. Anal. Chem.
2001, 73, 2157–2164. [CrossRef]

41. Varlan, A.; Hillebrand, M. Bovine and human serum albumin interactions with 3-carboxyphenoxathiin studied by fluorescence
and circular dichroism spectroscopy. Molecules 2010, 15, 3905–3919. [CrossRef]

42. Ascoli, G.; Bertucci, C.; Salvadori, P. Stereospecific and competitive binding of drugs to human serum albumin: A difference
circular dichroism approach. J. Pharm. Sci. 1995, 84, 737–741. [CrossRef]

43. Rehman, M.T.; Shamsi, H.; Khan, A.U. Insight into the binding mechanism of imipenem to human serum albumin by spectroscopic
and computational approaches. Mol. Pharm. 2014, 11, 1785–1797. [CrossRef]

44. Jana, S.; Dalapati, S.; Ghosh, S.; Guchhait, N. Binding interaction between plasma protein bovine serum albumin and flexible
charge transfer fluorophore: A spectroscopic study in combination with molecular docking and molecular dynamics simulation.
J. Photochem. Photobiol. 2012, 231, 19–27. [CrossRef]

45. Benesova, M.; Umbricht, C.A.; Schibli, R.; Muller, C. Albumin-Binding PSMA Ligands: Optimization of the Tissue Distribution
Profile. Mol. Pharm. 2018, 15, 934–946. [CrossRef]

46. Wester, H.J.; Willoch, F.; Tolle, T.R.; Munz, F.; Herz, M.; Oye, I.; Schadrack, J.; Schwaiger, M.; Bartenstein, P. 6-O-(2-[18F]fluoroethyl)-
6-O-desmethyldiprenorphine ([18F]DPN): Synthesis, biologic evaluation, and comparison with [11C]DPN in humans. J. Nucl.
Med. 2000, 41, 1279–1286.

47. Muller, C.; Struthers, H.; Winiger, C.; Zhernosekov, K.; Schibli, R. DOTA conjugate with an albumin-binding entity enables the
first folic acid-targeted 177Lu-radionuclide tumor therapy in mice. J. Nucl. Med. 2013, 54, 124–131. [CrossRef]

48. Muller, C.; Farkas, R.; Borgna, F.; Schmid, R.M.; Benesova, M.; Schibli, R. Synthesis, Radiolabeling, and Characterization of Plasma
Protein-Binding Ligands: Potential Tools for Modulation of the Pharmacokinetic Properties of (Radio)Pharmaceuticals. Bioconjug.
Chem. 2017, 28, 2372–2383. [CrossRef]

http://doi.org/10.1021/acs.bioconjchem.8b00556
http://doi.org/10.1021/acs.molpharmaceut.8b00152
http://www.ncbi.nlm.nih.gov/pubmed/29684274
http://doi.org/10.2967/jnumed.118.221150
http://www.ncbi.nlm.nih.gov/pubmed/30552199
http://doi.org/10.7150/thno.40482
http://www.ncbi.nlm.nih.gov/pubmed/32042329
http://doi.org/10.1021/acs.bioconjchem.8b00919
http://doi.org/10.1007/s00259-017-3681-9
http://doi.org/10.1007/s00259-013-2504-x
http://doi.org/10.2967/jnumed.118.214379
http://doi.org/10.1007/s12149-012-0651-y
http://doi.org/10.1111/j.1365-2125.1981.tb01304.x
http://doi.org/10.1097/MNH.0b013e3283296044
http://doi.org/10.1172/JCI108395
http://doi.org/10.1046/j.1523-1755.1998.00797.x
http://doi.org/10.3390/pr9020382
http://doi.org/10.1016/S0378-4347(01)00482-0
http://doi.org/10.1016/S0731-7085(98)00201-5
http://doi.org/10.1021/ac0009752
http://doi.org/10.3390/molecules15063905
http://doi.org/10.1002/jps.2600840615
http://doi.org/10.1021/mp500116c
http://doi.org/10.1016/j.jphotochem.2011.12.002
http://doi.org/10.1021/acs.molpharmaceut.7b00877
http://doi.org/10.2967/jnumed.112.107235
http://doi.org/10.1021/acs.bioconjchem.7b00378


Pharmaceuticals 2022, 15, 1161 21 of 22

49. Borgna, F.; Deberle, L.M.; Busslinger, S.D.; Tschan, V.J.; Walde, L.M.; Becker, A.E.; Schibli, R.; Muller, C. Preclinical Investigations
to Explore the Difference between the Diastereomers [177Lu]Lu-SibuDAB and [177Lu]Lu-RibuDAB toward Prostate Cancer
Therapy. Mol. Pharm. 2022, 19, 2105–2114. [CrossRef]

50. Schottelius, M.; Wurzer, A.; Wissmiller, K.; Beck, R.; Koch, M.; Gorpas, D.; Notni, J.; Buckle, T.; van Oosterom, M.N.;
Steiger, K.; et al. Synthesis and Preclinical Characterization of the PSMA-Targeted Hybrid Tracer PSMA-I&F for Nuclear and
Fluorescence Imaging of Prostate Cancer. J. Nucl. Med. 2019, 60, 71–78. [CrossRef]

51. Kelly, J.M.; Jeitner, T.M.; Ponnala, S.; Williams, C., Jr.; Nikolopoulou, A.; DiMagno, S.G.; Babich, J.W. A Trifunctional Theranostic
Ligand Targeting Fibroblast Activation Protein-alpha (FAPalpha). Mol. Imaging Biol. 2021, 23, 686–696. [CrossRef]

52. Hummel, J.P.; Dreyer, W.J. Measurement of protein-binding phenomena by gel filtration. Biochim. Biophys. Acta 1962, 63, 530–532.
[CrossRef]

53. Tozer, T.N.; Rowland, M. Introduction to Pharmacokinetics and Pharmacodynamics—The Quantitative Basis of Drug Therapy, 1st ed.;
Lippincott Williams & Wilkins: Baltimore, MD, USA, 2006; p. 84.

54. Fasano, M.; Curry, S.; Terreno, E.; Galliano, M.; Fanali, G.; Narciso, P.; Notari, S.; Ascenzi, P. The extraordinary ligand binding
properties of human serum albumin. IUBMB Life 2005, 57, 787–796. [CrossRef]

55. Smith, S.A.; Waters, N.J. Pharmacokinetic and Pharmacodynamic Considerations for Drugs Binding to Alpha-1-Acid Glycoprotein.
Pharm. Res. 2018, 36, 30. [CrossRef]

56. Bteich, M. An overview of albumin and alpha-1-acid glycoprotein main characteristics: Highlighting the roles of amino acids in
binding kinetics and molecular interactions. Heliyon 2019, 5, e02879. [CrossRef]

57. Ghuman, J.; Zunszain, P.A.; Petitpas, I.; Bhattacharya, A.A.; Otagiri, M.; Curry, S. Structural basis of the drug-binding specificity
of human serum albumin. J. Mol. Biol. 2005, 353, 38–52. [CrossRef]

58. Dumelin, C.E.; Trussel, S.; Buller, F.; Trachsel, E.; Bootz, F.; Zhang, Y.; Mannocci, L.; Beck, S.C.; Drumea-Mirancea, M.;
Seeliger, M.W.; et al. A portable albumin binder from a DNA-encoded chemical library. Angew. Chem. Int. Ed. Engl. 2008, 47,
3196–3201. [CrossRef]

59. Kelly, J.M.; Amor-Coarasa, A.; Nikolopoulou, A.; Wustemann, T.; Barelli, P.; Kim, D.; Williams, C., Jr.; Zheng, X.; Bi, C.; Hu, B.; et al.
Dual-Target Binding Ligands with Modulated Pharmacokinetics for Endoradiotherapy of Prostate Cancer. J. Nucl. Med. 2017, 58,
1442–1449. [CrossRef]

60. Corzo, J. Time, the forgotten dimension of ligand binding teaching. Biochem. Mol. Biol. Educ. 2006, 34, 413–416. [CrossRef]
61. Iovkova, L.; Wangler, B.; Schirrmacher, E.; Schirrmacher, R.; Quandt, G.; Boening, G.; Schurmann, M.; Jurkschat, K. para-

Functionalized aryl-di-tert-butylfluorosilanes as potential labeling synthons for 18F radiopharmaceuticals. Chemistry 2009, 15,
2140–2147. [CrossRef]

62. Wurzer, A.; Kunert, J.P.; Fischer, S.; Felber, V.; Beck, R.; De Rose, F.; D’Alessandria, C.; Weber, W.A.; Wester, H.J. Synthesis and
Preclinical Evaluation of 177Lu-labeled Radiohybrid PSMA Ligands (rhPSMAs) for Endoradiotherapy of Prostate Cancer. J. Nucl.
Med. 2022, 63. [CrossRef]

63. Gower-Fry, L.; Kronemann, T.; Dorian, A.; Pu, Y.; Jaworski, C.; Wangler, C.; Bartenstein, P.; Beyer, L.; Lindner, S.; Jurkschat, K.; et al.
Recent Advances in the Clinical Translation of Silicon Fluoride Acceptor (SiFA) (18)F-Radiopharmaceuticals. Pharmaceuticals 2021,
14, 701. [CrossRef]

64. Norden, A.G.; Lapsley, M.; Lee, P.J.; Pusey, C.D.; Scheinman, S.J.; Tam, F.W.; Thakker, R.V.; Unwin, R.J.; Wrong, O. Glomerular
protein sieving and implications for renal failure in Fanconi syndrome. Kidney Int. 2001, 60, 1885–1892. [CrossRef]

65. Fatin-Rouge, N.; Milon, A.; Buffle, J. Diffusion and Partitioning of Solutes in Agarose Hydrogels: The Relative Influence of
Electrostatic and Specific Interactions. J. Phys. Chem. B 2003, 107, 12126–12137. [CrossRef]

66. Wang, Y.; Ding, S.; Gong, M.; Xu, S.; Xu, W.; Zhang, C. Diffusion characteristics of agarose hydrogel used in diffusive gradients in
thin films for measurements of cations and anions. Anal. Chim. Acta 2016, 945, 47–56. [CrossRef]

67. Schmidt, A.; Wirtz, M.; Farber, S.F.; Osl, T.; Beck, R.; Schottelius, M.; Schwaiger, M.; Wester, H.J. Effect of Carbohydration on the
Theranostic Tracer PSMA I&T. ACS Omega 2018, 3, 8278–8287. [CrossRef]

68. Joyce, J.G.; Cook, J.C.; Przysiecki, C.T.; Lehman, E.D. Chromatographic separation of low-molecular-mass recombinant proteins
and peptides on Superdex 30 prep grade. J. Chromatogr. B Biomed. Appl. 1994, 662, 325–334. [CrossRef]

69. Bretthauer, R.K.; Golichowski, A.M. Adsorption chromatography of phenylalanine peptides on Sephadex. Biochim. Biophys. Acta
BBA Nucleic Acids Protein Synth. 1967, 155, 549–557. [CrossRef]

70. Aird, S.D. Chromatographic behavior of Bothrops erythromelas phospholipase and other venom constituents on Superdex 75.
Prep. Biochem. Biotechnol. 2004, 34, 345–364. [CrossRef]

71. Kratochwil, C.; Giesel, F.L.; Stefanova, M.; Benesova, M.; Bronzel, M.; Afshar-Oromieh, A.; Mier, W.; Eder, M.; Kopka, K.;
Haberkorn, U. PSMA-Targeted Radionuclide Therapy of Metastatic Castration-Resistant Prostate Cancer with 177Lu-Labeled
PSMA-617. J. Nucl. Med. 2016, 57, 1170–1176. [CrossRef]

72. Zang, J.; Fan, X.; Wang, H.; Liu, Q.; Wang, J.; Li, H.; Li, F.; Jacobson, O.; Niu, G.; Zhu, Z.; et al. First-in-human study of
177Lu-EB-PSMA-617 in patients with metastatic castration-resistant prostate cancer. Eur. J. Nucl. Med. Mol. Imaging 2019, 46,
148–158. [CrossRef]

73. Kramer, V.; Fernandez, R.; Lehnert, W.; Jimenez-Franco, L.D.; Soza-Ried, C.; Eppard, E.; Ceballos, M.; Meckel, M.; Benesova, M.;
Umbricht, C.A.; et al. Biodistribution and dosimetry of a single dose of albumin-binding ligand [177Lu]Lu-PSMA-ALB-56 in
patients with mCRPC. Eur. J. Nucl. Med. Mol. Imaging 2020, 48, 893–903. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.molpharmaceut.1c00994
http://doi.org/10.2967/jnumed.118.212720
http://doi.org/10.1007/s11307-021-01593-1
http://doi.org/10.1016/0006-3002(62)90124-5
http://doi.org/10.1080/15216540500404093
http://doi.org/10.1007/s11095-018-2551-x
http://doi.org/10.1016/j.heliyon.2019.e02879
http://doi.org/10.1016/j.jmb.2005.07.075
http://doi.org/10.1002/anie.200704936
http://doi.org/10.2967/jnumed.116.188722
http://doi.org/10.1002/bmb.2006.494034062678
http://doi.org/10.1002/chem.200802266
http://doi.org/10.2967/jnumed.121.263371
http://doi.org/10.3390/ph14070701
http://doi.org/10.1046/j.1523-1755.2001.00016.x
http://doi.org/10.1021/jp0303164
http://doi.org/10.1016/j.aca.2016.10.003
http://doi.org/10.1021/acsomega.8b00790
http://doi.org/10.1016/0378-4347(94)00206-1
http://doi.org/10.1016/0005-2787(68)90198-6
http://doi.org/10.1081/PB-200030993
http://doi.org/10.2967/jnumed.115.171397
http://doi.org/10.1007/s00259-018-4096-y
http://doi.org/10.1007/s00259-020-05022-3
http://www.ncbi.nlm.nih.gov/pubmed/32949253


Pharmaceuticals 2022, 15, 1161 22 of 22

74. Kulkarni, H.R.; Singh, A.; Schuchardt, C.; Niepsch, K.; Sayeg, M.; Leshch, Y.; Wester, H.J.; Baum, R.P. PSMA-Based Radioligand
Therapy for Metastatic Castration-Resistant Prostate Cancer: The Bad Berka Experience Since 2013. J. Nucl. Med. 2016, 57,
97S–104S. [CrossRef] [PubMed]

75. Feuerecker, B.; Chantadisai, M.; Allmann, A.; Tauber, R.; Allmann, J.; Steinhelfer, L.; Rauscher, I.; Wurzer, A.; Wester, H.J.;
Weber, W.A.; et al. Pretherapeutic Comparative Dosimetry of 177Lu-rhPSMA-7.3 and 177Lu-PSMA I&T in Patients with Metastatic
Castration-Resistant Prostate Cancer. J. Nucl. Med. 2022, 63, 833–839. [CrossRef] [PubMed]

76. Yusufi, N.; Wurzer, A.; Herz, M.; D’Alessandria, C.; Feuerecker, B.; Weber, W.; Wester, H.J.; Nekolla, S.; Eiber, M. Comparative
Preclinical Biodistribution, Dosimetry, and Endoradiotherapy in Metastatic Castration-Resistant Prostate Cancer Using 19F/177Lu-
rhPSMA-7.3 and 177Lu-PSMA I&T. J. Nucl. Med. 2021, 62, 1106–1111. [CrossRef]

77. Delker, A.; Fendler, W.P.; Kratochwil, C.; Brunegraf, A.; Gosewisch, A.; Gildehaus, F.J.; Tritschler, S.; Stief, C.G.; Kopka, K.;
Haberkorn, U.; et al. Dosimetry for 177Lu-DKFZ-PSMA-617: A new radiopharmaceutical for the treatment of metastatic prostate
cancer. Eur. J. Nucl. Med. Mol. Imaging 2016, 43, 42–51. [CrossRef]

78. Kabasakal, L.; Toklu, T.; Yeyin, N.; Demirci, E.; Abuqbeitah, M.; Ocak, M.; Aygun, A.; Karayel, E.; Pehlivanoglu, H.; Alan Selcuk, N.
Lu-177-PSMA-617 Prostate-Specific Membrane Antigen Inhibitor Therapy in Patients with Castration-Resistant Prostate Cancer:
Stability, Bio-distribution and Dosimetry. Mol. Imaging Radionucl. Ther. 2017, 26, 62–68. [CrossRef]

79. Baum, R.P.; Kulkarni, H.R.; Schuchardt, C.; Singh, A.; Wirtz, M.; Wiessalla, S.; Schottelius, M.; Mueller, D.; Klette, I.; Wester, H.J.
177Lu-Labeled Prostate-Specific Membrane Antigen Radioligand Therapy of Metastatic Castration-Resistant Prostate Cancer:
Safety and Efficacy. J. Nucl. Med. 2016, 57, 1006–1013. [CrossRef]

80. Weineisen, M.; Schottelius, M.; Simecek, J.; Baum, R.P.; Yildiz, A.; Beykan, S.; Kulkarni, H.R.; Lassmann, M.; Klette, I.;
Eiber, M.; et al. 68Ga- and 177Lu-Labeled PSMA I&T: Optimization of a PSMA-Targeted Theranostic Concept and First Proof-of-
Concept Human Studies. J. Nucl. Med. 2015, 56, 1169–1176. [CrossRef]

http://doi.org/10.2967/jnumed.115.170167
http://www.ncbi.nlm.nih.gov/pubmed/27694180
http://doi.org/10.2967/jnumed.121.262671
http://www.ncbi.nlm.nih.gov/pubmed/34531260
http://doi.org/10.2967/jnumed.120.254516
http://doi.org/10.1007/s00259-015-3174-7
http://doi.org/10.4274/mirt.08760
http://doi.org/10.2967/jnumed.115.168443
http://doi.org/10.2967/jnumed.115.158550

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Instrumentation and Software 
	Preparation of 177Lu-Labeled PSMA Radioligands 
	AMSEC Experiments 
	Determination of Raw Apparent Molecular Weight (MWapp,raw) 
	Determination of Normalized Apparent Molecular Weight (MWapp,norm.) 

	Determination of Calculated Glomerular Sieving Coefficients (GSCcalc) 

	Conclusions 
	References

