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ABSTRACT: Gadolinium (Gd) based contrast agents (GBCAs)
are widely used in magnetic resonance imaging (MRI) and are
paramount to cancer diagnostics and tumor pharmacokinetic
analysis. Accurate quantification of gadolinium concentration is
essential to monitoring the biodistribution, clearance, and
pharmacodynamics of GBCAs. However, current methods of
quantifying gadolinium in blood or plasma (biological media) are
both low throughput and clinically unavailable. Here, we have
demonstrated the use of a sensitized gadolinium chelate,
Gd[DTPA-cs124], as an MRI contrast agent that can be used to
measure the concentration of gadolinium via luminescence
quantification in biological media following transmetalation with
a terbium salt. Gd[DTPA-cs124] was synthesized by conjugating
carbostyril-124 (cs124) to diethylenetriaminepentaacetic acid (DTPA) and chelating to gadolinium. We report increases in both
stability and relaxivity compared to the clinically approved analog Gd[DTPA] (gadopentetic acid or Magnevist). In vivo MRI
experiments were conducted using C57BL6 mice in order to further illustrate the performance of Gd[DTPA-cs124] as an MRI
contrast agent in comparison to Magnevist. Our results indicate that similar chemical modification to existing clinically approved
GBCA may likewise provide favorable property changes, with the ability to be used in a gadolinium quantification assay.
Furthermore, our assay provides a straightforward and high-throughput method of measuring gadolinium in biological media using a
standard laboratory plate reader.

■ INTRODUCTION
Gadolinium (Gd) based contrast agents (GBCAs) are widely
used in magnetic resonance imaging (MRI) and are especially
important for early diagnoses of diseases such as cancer.1 By
measuring contrast delivery and clearance to and from tumors,
the use of GBCAs extends to grading tumors and assessing
treatment response.2,3 In this context, pharmacokinetic
modeling of MRI signal changes can be used to estimate
GBCA concentration in tissue, providing quantitative measure-
ments of the tumor microcirculation environment.4,5 However,
accurate measurement of GBCA concentration using dynamic
contrast-enhanced MRI remains challenging due to uncertain-
ties in multiple factors such as: the arterial input function,
GBCA relaxivity in tissue, the longitudinal relaxation rate of
tissue, and radiofrequency coil in homogeneities.3 For this
reason, secondary methods of measuring GBCA concen-
trations can be especially useful.
A potential solution to this issue is to use a bimodal MRI

contrast agent such that incorporation of an internal
fluorophore can be used to estimate of the amount of GBCA
in a tissue sample. A sensitized ligand, namely, diethylene-
triaminepentaacetic acid conjugated to carbostyril-124

(DTPA-cs124), has been studied as an optical probe where
DTPA-cs124 has been used to significantly increase the long-
lived fluorescence properties of lanthanide metals with low-
lying resonant energy levels.6 For some lanthanides, such as
terbium (Tb) or europium (Eu), the energy absorbed by the
sensitized ligand is sufficient to be transferred to the central
lanthanide ion, which will then emit photons at the
characteristic emission wavelength(s) for that lanthanide. We
refer to this process as photoinduced triplet harvesting. In the
case of gadolinium, however, the energy of the ligand triplet is
typically insufficient to excite electrons of this metal, and the
triplet will eventually return to the ground state via
nonradiative decay.7

Such a photoinduced triplet harvesting (PTH) technique
was used by Russell et al.8 to detect nonluminescent metals, for
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instance, gadolinium, using a sensitized chelate, namely,
Gd[DTPA-cs124], as an energy donor and Tb-DTPA as an
energy acceptor. When the two compounds (Gd[DTPA-
cs124] and Tb-DTPA) are sufficiently close, energy transfer by
exchange interaction occurs, a process also known as Förster
resonance energy transfer (FRET).9,10 In this system, emission
from the acceptor (Tb-DTPA), particularly at 545 nm, is
quantitatively related to the concentration of gadolinium.
However, amino polycarboxylate ligands, such as DTPA-cs124,
favor binding to lanthanides with increasing atomic number11

such that Tb could displace Gd from the Gd[DTPA-cs124]
complex and compromise the accuracy of the measured
concentration of gadolinium when using the FRET method.
Alternatively, an intentional metal displacement assay between
gadolinium and terbium can be utilized to transform an
otherwise nonluminescent complex into a long-lived, highly
luminescent species, thereby offering fluorescence quantifica-
tion as a secondary method to infer the concentration of
gadolinium (Figure 1).
Hence, the purpose of this study is to explore Gd[DTPA-

cs124] as an MRI contrast agent, as well as its effectiveness for
quantifying gadolinium in various biological media.

■ MATERIALS AND METHODS
A detailed synthetic scheme for the syntheses of Gd[DTPA-
cs124] and Tb[DTPA-cs124] is supplied in the Supporting
Information.
Standard Curves for the Quantification of Gd[DTPA-

cs124]. All fluorescence measurements were performed on a
Biotek H1MF plate reader. Absorbance measurements were
acquired at 330 nm, and fluorescence measurements were
acquired at 545 nm following excitation at 330 nm. All
measurements were performed in triplicate. Fluorescence
measurements were performed using a 100 μs read delay and
an integration time of 1900 μs. Standard curves were obtained
for human blood (5%), human plasma (5%), mouse blood
(5%), and 100 mM N-methylglucosammonium acetate
(MGAA) buffer. Human plasma and blood were obtained
from the NYU Blood Center. Mouse blood was obtained from
four- to six-week-old C57/BL6 mice at the time of perfusion.
Standard curves were obtained by serially diluting a 1 mM
Gd[DTPA-cs124] solution in 5% medium (buffer, human
blood, human plasma, or mouse blood) containing a 1 mM
Tb(NO3)3 ICP-MS standard solution. Assay solutions were
covered and shaken at room temperature for 1 h to enable
transmetalation prior to measurement.
Chelate Stability Measurements. All measurements

were taken on a Bruker Minispec instrument at 60 MHz

following a modified protocol described by Laurent et al.12,13

The following commercial GBCAs were individually prepared:
gadobutrol (Gadovist, Germany, Bayer), gadoteric acid
(Dotarem, France, Guerbet), gadoteridol (Prohance, Italy,
Bracco), gadoxetic acid (Eovist, Germany, Bayer), gadopen-
tetic acid (Magnevist, Germany, Bayer), gadodiamide
(Omniscan, United States, GE Healthcare), gadofosveset
(Ablavar, United States, Lantheus), and gadobenic acid
(Multihance, Italy, Bracco). All solutions and vessels were
warmed to 37.5 °C prior to reaction and measurement. The
experiment was initiated by adding 125 μL of aqueous ZnCl2
to an NMR tube containing 250 μL of phosphate buffer
solution (pH 7.4, divalent metal-free) and 125 μL of the
GBCA being analyzed. The final concentrations of GBCA and
ZnCl2 were 2.5 mM, and the final concentration of phosphate
buffer was 10 mM. Initial measurements were acquired within
1 min of adding ZnCl2, shaking, and sealing the tube. The
same conditions were replicated for Gd[DTPA-cs124]. Using
an inversion recovery sequence, repetitive T1 measurements
were performed every 6 h at 37.5 °C for each sample for a total
of 96 h, and all GBCAs were measured in triplicate. From the
T1 values acquired in the stability assay, R1 values at each time
point were calculated, normalized against the R1 value of each
GBCA at 2.5 mM, and plotted as a function of time. The
stability ratio was calculated for each GBCA by taking the ratio
of the average measurement at 96 h over the initial
measurement at 0 h.
Relaxivity Analysis. Solutions of Gd[DTPA-cs124],

gadolinium nitrate standard solution, and commercially
available GBCAs (gadobutrol, gadoteric acid, gadoteridol,
gadoxetic acid, gadopentetic acid, gadodiamide, gadofosveset,
and gadobenic acid) were diluted in triplicate to concen-
trations of 2.5, 2.0, 1.5, 1.0, and 0.5 mM, in NMR tubes. T1
values for each sample were measured on a 60 MHz Bruker
mini-spectrometer at 37.5 °C using a T1 inversion recovery
sequence. For each gadolinium-based analyte, the T1 value at
each concentration was used to solve for the corresponding R1
value, which was plotted against concentration and fitted using
a linear regression in GraphPad Prism 9.0. The slope of this
linear fit was reported in Table 1, as the relaxivity (r1) for each
GBCA. Additionally, the relaxivity for each GBCA, normalized
by its corresponding hydration factor (q), was plotted against
its calculated molecular weight and fit using a linear regression
in GraphPad Prism 9.0.
In Vivo Experiments. All procedures and experiments

were performed in accordance with NIH guidelines under
approval by the Institutional Animal Care and Use Committee

Figure 1. Mechanism of the transmetalation assay response to free aqueous Tb3+. Following excitation at 330 nm, the gadolinium complex is shown
emitting blue light (365 nm) from the carbostyril-124 moiety, and the terbium complex is shown emitting green light (545 nm) from the terbium
ion due to intramolecular energy transfer between carbostyril-124 and Tb3+ following the transmetalation reaction.
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(IACUC) of the NYU Grossman School of Medicine and the
Weill Cornell Medical Center.
Magnetic Resonance Imaging. Four- to six-week-old

C57/BL6 mice were used for the MRI experiments. A 3D T1-
weighted FLASH sequence with a flip angle (FA) of 15°, an
echo time (TE) of 3 ms, a repetition time (TR) of 16 ms, and
a matrix size of 128 × 128 × 64 was used to image the whole
mouse body in less than 2.2 min per data set, and was repeated
40 times over approximately 90 min using respiratory gating.
To illustrate the in vivo contrast enhancement and qualitative
biodistribution of Gd[DTPA-cs124], a bolus of Gd[DTPA-
cs124] was injected at a dose of 0.1 mmol kg−1 via a tail vein
catheter after the acquisition of the first 3D image (n = 3). The
same imaging protocol was acquired in another animal serving
as a reference with an injection of a clinical GBCA, Gd-DTPA
(gadopentetic acid, or Magnevist) at the same dose (n = 1).
Transmetalation Assay to Measure Plasma Clearance.

Four- to six-week-old C57/BL6 mice (n = 5) were used for the
quantitative analysis of the plasma clearance. Mice were
administered a bolus injection of 0.1 mmol kg−1 Gd[DTPA-
cs124] via tail vein cannulation. Injection volumes ranged
between 90 and 100 μL depending on body weight. Eight 10
μL retro orbital (RO) blood samples were obtained from each
mouse at various time points up to 2 h post injection via a
graduated heparinized blood capillary. Blood samples were
diluted into 90 μL of 30 U mL−1 meparin in 100 mM MGAA
buffer (pH 6.5), affording a total volume of 100 μL of a 10×
diluted blood sample. To these dilute blood samples was added
an additional 100 μL of a 2 mM Tb(NO3)3 ICP-MS solution
diluted in 100 mM MGAA buffer (pH = 6.5), affording a final
volume of 200 μL containing 1 mM Tb solution and a 20×
diluted blood sample containing an unknown amount of
Gd[DTPA-cs124]. This assay solution was allowed to undergo
transmetalation at room temperature, covered, for 1 h with

shaking. After 1 h, an aliquot of 100 μL was used for PTH
measurements.

■ RESULTS AND DISCUSSION
Various approaches have been explored in an attempt to
reliably quantify the concentration of chelated gadolinium,
with NMR relaxometry being a predominant method of choice
in the literature.14,15 This can likely be attributed to the basic
principle shared by MRI and NMR instruments, where
preliminary testing can be performed using benchtop NMR
mini-spectrometers or high-field NMR spectrometers com-
monly available in chemistry departments. This is particularly
practical for translation to clinical MRI scanners. Electron spin
resonance (ESR) spectroscopy, a closely related method, has
also been explored as a nondestructive method to measure
clinically approved GBCAs within concentrations of 50 mM.16

However, all of these methods remain inadequate for the
sensitivity range and relevant concentrations typically encoun-
tered in clinical settings.
On the other hand, ICP-MS has remained the gold-standard

for quantifying the concentration of gadolinium due to its high
sensitivity for detecting metals at exceptionally low concen-
trations.17,18 Remarkably, this analytical method is highly
robust and can be performed on any type of sample
irrespective of its composition due to the destructive sample
preparation required for this modality.19 Despite its high
sensitivity, this specialized method has not gained widespread
use in clinical studies.20 This may be attributed to its
prohibitive cost and its availability being limited to specialized
laboratories.21 Alternatively, total reflection X-ray Fluorescence
(TRXF) has also been explored, holding great promise for its
high reproducibility in quantifying gadolinium in blood
samples following an MRI scan.22 However, this analytical
modality currently suffers from the same lack of accessibility as
ICP-MS in clinical settings. To this effect, our motivation to
develop a fluorescence-based approach was driven by the
widespread use of optical plate readers in standard biological
laboratories. Hence, using a bimodal contrast agent with
fluorescent properties becomes an appealing method to
quantify the concentration of gadolinium in blood.
Fluorescence. Fluorescence lifetime plots were acquired at

an excitation wavelength of 330 nm for DTPA-cs124
(Supporting Figure 5), Gd[DTPA-cs124] (Figure 2A), and
Tb[DTPA-cs124] (Figure 2B). The fluorescence lifetimes (τ ±
standard deviation, defined as the time for the fluorescence
signal to decay to e−1 of the maximum fluorescence intensity)
were 0.50 ± 0.07, 0.44 ± 0.02, and 1481 ± 1.0 μs, respectively.

Table 1. Stability and Relaxivity Properties of Investigated
Contrast Mediaa

analyte stability index
r1 (L mmol−1 s−1

q−1)
molecular weight

(Da)b

Gd3+·9 H2O -c 0.90 ± 0.03d 319.38
gadopentetic
acid

0.585 ± 0.019 3.83 ± 0.04 563.57

gadoteric acid 0.971 ± 0.019 3.00 ± 0.04 575.65
gadoteridol 0.991 ± 0.009 3.09 ± 0.06 576.7
gadodiamide 0.474 ± 0.029 3.75 ± 0.08 591.68
gadobutrol 0.998 ± 0.002 3.63 ± 0.31 622.73
gadobenic acid 0.576 ± 0.004 4.08 ± 0.01 683.72
gadoxctic acid 0.909 ± 0.018 5.08 ± 0.15 697.75
Gd[DTPA-
csl24]

0.676 ± 0.015 5.09 ± 0.02 720.77

gadofosvesete - 5.46 ± 0.16 906.91
aMagnetic resonance imaging properties of various GBCA. Stability
indices were calculated from the competitive cation assay summarized
in Figure 4. Relaxivity measurements, normalized to the hydration
factor (q), were performed at 60 MHz and 37.5 °C at concentrations
between 0.5 and 2.5 mM. Molecular weights are included to show the
positive linear correlation to r1.

bThe reported molecular weights
account for the mass of the monohydrated species for all gadolinium
chelates and that of the nonahydrated species for Gd3+. cStability data
cannot be acquired for free Gd3+, as GdPO4 precipitation is nearly
instantaneous. dThe relaxivity of Gd3+ is normalized to a hydration
factor of 9. eMeasurements for gadofosveset were performed in its free
aqueous state unbound to albumin.

Figure 2. Fluorescence lifetime plots of (A) Gd[DTPA-cs124] and
(B) Tb[DTPA-cs124], including the fluorescence lifetime (τ). Note
that the Tb chelate exhibits a 106× increase in emission lifetime
properties.
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A variety of approaches to quantify the gadolinium
concentration with fluorescence as a second modality have
been synthesized and reported in the literature. This includes
liposomal gadolinium-based agents tagged with rhodamine or
Prussian Blue, Cy5.5,23−25 as well as quantum dot-function-
alized probes.26 However, in the above-mentioned references,
the investigators did not utilize the multimodal contrast agents
to actually quantify their concentrations. Additionally, another
transmetalation assay using a luminescent europium chelate for
the quantification of various GBCAs in urine samples has been
designed.11 Though the micromolar limit of detection for this
probe is remarkable, the use of this europium-based assay is
limited in its sensitivity from 1 to 150 μM depending on the
GBCA. This would be inadequate for the assessment of blood
samples containing GBCAs within the submicromolar range.
Unlike our method, this europium-based probe relies on
luminescence quenching to quantify gadolinium, a process that
can be difficult to control given the complex endogenous
metallic profile of blood. In the context of DTPA-cs124, the
use of its europium chelate would not be ideal given its lower
quantum yield compared to Tb[DTPA-cs124] (Supplemental
Figure 9). In our assay, since gadolinium is of a higher atomic
number than europium and therefore less likely to trans-
metalate gadolinium, we could not substitute terbium with
europium.11

In Vitro Analysis. Standard curves of quantification were
acquired for serial dilutions of Gd[DTPA-cs124] in aqueous
buffer, 5% human plasma, 5% human blood, and 5% mouse
blood (Supporting Figure 6) in the presence of 1 mM Tb3+
(Figure 3). The limit of detection of Gd[DTPA-cs124] was

calculated in various media as the lowest concentration that
could be detected based on a signal that was three standard
deviations above the noise floor.27 The resulting limits of
detection for Gd[DTPA-cs124] in each media were as follows:
0.46 nM for aqueous buffer, 0.43 nM for 5% human plasma,
3.02 nM for 5% human blood, and 148.67 nM for 5% mouse
blood. Using a Wilcoxon signed rank test, the limits of
detection between aqueous buffer and human plasma were not
significant (W = 252, p = 0.20). However, the limits of
detection between aqueous buffer and human blood (W = 0, p
< 0.001) as well as those between human plasma and human
blood (W = 0, p < 0.001) were significantly different.

We designed an analytical assay that relied on the metal
displacement of gadolinium in Gd[DTPA-cs124] by Tb in
order to take advantage of the latter’s favorable luminescent
qualities (Figure 1). Since the binding affinity of DTPA-cs124
is higher for terbium than for gadolinium,11 a response curve
can be generated for the two compounds when they are mixed
that is dependent on the amount of sensitized ligand in the
solution (Supporting Figure 4B). This assay can be performed
using a common plate reader with a time-resolved fluorescence
mode.
Relaxivity and Stability Analysis. Transmetalation of the

gadolinium ion is the primary concern in its clinical use, as free
gadolinium has many notable effects in patients, including
nephrogenic systemic fibrosis.28 Therefore, modern-day
contrast agent research focuses on the development of
exceptionally stable gadolinium chelates that exhibit a high
relaxivity to minimize the dose of gadolinium administered to
the patient.29 With these concerns in mind, we sought to
investigate a bimodal contrast agent with increased rigidity and
steric bulk to increase its overall kinetic inertness.30 Though
DTPA-cs124 was first studied and thoroughly characterized as
an optical probe, it had not been explored as a potential
bimodal GBCA. As such, we have investigated this complex
more thoroughly within this context.6

r1 of Gd[DTPA-cs124] at 60 MHz was found to be 5.09 ±
0.02 s−1 mM−1 in aqueous buffer at 37.5 °C (Table 1,
Supplemental Figure 7). Gd[DTPA-cs124] was also analyzed
in a competitive cation stability assay in order to compare its
relative stability to those of other commercially available
GBCAs. The stability index (SI) obtained from the
competitive cation assay exhibited a value (SI = 0.676 ±
0.015) for Gd[DTPA-cs124] that was greater than its base
structure analog gadopentetic acid (0.585 ± 0.019), as well as
two other linear contrast agents, namely, gadobenic acid (0.576
± 0.004) and gadodiamide (0.474 ± 0.029) (Figure 4, Table

1). All of the macrocyclic chelators (gadobutrol, gadoteridol,
and gadoteric acid), as well as gadoxetic acid, demonstrated
higher stability when compared to the linear chelators, a
finding that is consistent with the literature.31,32 Similar to
previous reports, a strong linear correlation between relaxivity
and molecular weight was established for all of the contrast
agents studied (R2 = 0.927, p = 0.987; Table 1, Supporting

Figure 3. Standard curves for quantifying Gd[DTPA-cs124] via a
transmetalation assay. Measurements were performed in an aqueous
medium, 5% human plasma, and 5% human blood.

Figure 4. Competitive cation stability assay between various GBCA
chelates and equimolar Zn2+. Measurements acquired for gadoteric
acid and gadoteridol are not featured in the plot, and exhibit highly
similar trends to gadobutrol.
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Figure 8).33,34 Notably, conjugation of the fluorophore (cs124)
to gadopentetic acid in order to create Gd[DTPA-cs124]
increased both the stability and the relaxivity of the contrast
agent compared to gadopentetic acid (Figure 5, Table 1).
In the context of linear chelators, the effect of ligand rigidity

on chelate stability is best explained when comparing the
relative stabilities of gadoxetic acid and gadobenic acid
observed in the competitive cation assay. Both ligands of
nearly identical molecular weight exhibit the same iconicity in
solution and incorporate a similar moiety bound to the amine
backbone of the ligand. However, their rigidity differs due to
the degree of bond rotations within these moieties, where
gadoxetic acid exhibits only one degree of rotation at its para-
ethoxybenzyl moiety while gadobenic acid exhibits two. These
observations and the measured relative stabilities in the
competitive cation assay show that gadobenic acid has a
stability mirroring that of gadopentetic acid, a chelate that can
be viewed as the base structure for many clinically approved
GBCAs, while gadoxetic acid exhibits the highest stability
among the linear chelates. These findings suggest that the
concerns regarding the stability of linear chelates may be
overcome by modifying the backbone rigidity of existing
clinical agents, an assertion also supported by existing
literature.30 We demonstrate the effect of increased ligand

rigidity on chelate stability, given the SI of our contrast agent
(0.676) when compared to that of the clinically approved
analog gadopentetic acid (0.585) (Figure 4, Table 1). With our
contrast agent Gd[DTPA-cs124], rigidity along the amide
bond between cs124 and one of the pendant carboxylate arms
not only alters the rigidity of this ligand but also decreases the
overall iconicity of the complex, potentially making it less
sensitive to decomplexation at lower pH compared to
dianionic species such as gadopentetic acid.30

Given these findings, it would seem that incorporation of
additional moieties would improve the stability of our chelate
and, in our case, also improve the sensitivity of our assay. In
this regard, the thought of utilizing Gd[DTPA(cs124)2] was
brought up; however, this compound had already been
optically characterized and was described to have a 2.7×
lower quantum yield when compared to the monoconjugate.35

This effect was thought to be attributed to the proximity of the
cs124 moieties inducing a fluorescence quenching effect, which
is also observed in our assays at concentrations of DTPA-cs124
greater than 1 mM. Additionally, while the monoconjugate did
show exceptional stability when compared to gadopentetic
acid, we would anticipate the diconjugate to exhibit stability
similar to that of gadodiamide, the GBCA observed to have the
lowest stability among the featured analytes (Figure 4, Table

Figure 5. In vivo serial images illustrating the time course of GBCA clearance from full-body MRI scans of C57BL/6J mice (n = 3 for Gd[DTPA-
cs124] and n = 1 for gadopentetic acid). (A) Horizontal 2D section covering the whole mouse from head to hindlimbs prior to and following
administration of a bolus injection with Gd[DTPA-cs124] (0.1 mmol/kg) via the tail vein. (B) The corresponding time plot illustrating the
contrast clearance of Gd[DTPA-cs124] monitored serially. (B, D) The absolute concentration of GBCA was obtained via a region of interest drawn
within the descending aortic artery using MRI, as shown in the zoomed-in region in red. In comparison, the same time-imaging protocol and
analysis was performed on a C57BL/6J mouse given an IV bolus injection of gadopentetic acid (dose = 0.1 mmol/kg). The clinically approved
GBCA shows both similar (C) contrast enhancement patterns and (D) GBCA clearance, as measured using MRI via the descending aortic artery.
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1). The addition of the cs124 moiety also increases the
molecular weight of the chelate, thereby boosting its relaxivity
to 5.09 mM−1 s−1 compared it to its analog gadopentetic acid,
which exhibits a relaxivity of 3.83 mM−1 s−1 (Figure 4 and
Table 1). This finding is consistent with the trend observed in
Supplemental Figure 8 between the molecular weight and
relaxivity of the contrast agent (R2 = 0.927, p = 0.987).
In Vivo Time Course Contrast Enhancement in the

Mouse Body. A set of serial 3D images of the whole mouse
body were acquired using a 7T MRI in 90 min scanning
sessions in order to qualitatively monitor the pharmacokinetics
of Gd[DTPA-cs124] and gadopentetic acid. A 72 mm ID
volume RF coil was used to uniformly cover the whole mouse
body over a field-of-view (FOV) of 100 × 50 × 40 mm,
enabling serial 3D T1-weighted MR imaging with a 781 μm ×
391 μm × 625 μm voxel size in less than ∼2.2 min per data set.
The example of 2D serial images shown (Figure 5) depict the
overall abdomen of four- to six-week-old C57/BL6 mice (n = 3
for Gd[DTPA-cs124] and n = 1 for gadopentetic acid).
The selected slice level from the 3D data set was chosen to

cover the different organs and anatomical regions of the mouse
body. Time points from the time course depicted in Figure 5
were selected to illustrate the contrast enhancement effect of
the GBCA prior to and following a single bolus injection
administered with either 0.1 mmol/kg of Gd[DTPA-c124]
(Figure 5A and B) or a 0.1 mmol/kg dose of gadopentetic acid
(Figure 5C and D). The example of the mouse administered
with Gd[DTPA-c124] exhibited successful signal enhancement
and clearance in vivo, and was similar to the mouse that was
administered the clinical agent, gadopentetic acid, under the
same imaging conditions and an equivalent molar dose of Gd
(0.1 mmol/kg).
Plasma Clearance Analysis in the Mouse. The amount

of gadolinium recirculating systemically in blood following
administration was sampled from a C57BL6 mouse cohort (n
= 5) in rotation to minimize bias and enable quantification
through the proposed PTH method. Figure 6 shows the scatter
plot of gadolinium concentrations from small blood volumes
sampled at different time points via 10 μL capillaries quantified
using the PTH method. A two-phase decay analysis was
performed to infer and compare the characteristic elimination

half-lives for our proposed PTH-based method. The fast half-
life of this method is 4.5 min, and the slow half-life is 105.0
min. These values agree with previously reported GBCA
clearance in mice measured using Gd-153 radiolabeled
gadopentetic acid, where the fast clearance half-life was
measured to be between 5 and 6 min.36 Data points that
were quantified to be over 1 mM for the PTH method were
excluded from the analysis in order to keep the measured
values within the dynamic range of the standard curves of
fluorescence.
Although the use of Gd[DTPA-cs124] as a bimodal GBCA

is novel in this study, modern clinical MRI is predominantly
performed using macrocyclic GBCAs due to their increased
stability and better safety profiles.37 While the incorporation of
the fluorescent cs124 moiety has made this GBCA favorable
when compared to its clinically approved analogs, its stability is
still outperformed when compared to other clinically approved
macrocyclic GBCAs (Figure 4, Table 1). In order to extend the
application of this assay to macrocyclic chelates, our protocol
will need to be adapted to include both a macrocyclic probe as
well as conditions that overcome the increased kinetic stability
observed in macrocyclic chelates,30 for example, through the
use of a prolonged incubation period, heat or microwave
irradiation, or pH-induced transmetalation.

■ CONCLUSION
In conclusion, we have demonstrated that with a simple
transmetalation assay utilizing a Tb salt, the concentration of a
sensitized gadolinium chelate sampled from blood can be
quantified through PTH using a plate reader capable of
performing time-resolved fluorescence measurements. Fur-
thermore, our proposed assay can quantify gadolinium
concentrations from the subnanomolar range up to 1 mM
depending on the media. Further investigation into the
accuracy of this fluorescent quantification method is warranted
in applications of tumor pharmacokinetic modeling in
preclinical and clinical studies.3

■ FUTURE DIRECTIONS
Thanks to the small 10 μL volumes needed for our proposed
assay, our approach enabled more than 35 time points to be
acquired for the plasma clearance analysis from only 5 animals.
This proof-of-concept study focused on a single mouse strain,
the C57BL/6J strain, and would greatly benefit from additional
mice in order to improve the power of analysis as well as
provide further validation. Further experimentation can be
done by incorporating different fluorescent moieties in place of
cs124, with near-infrared (NIR) dyes being one example. Such
changes may provide the added advantage of increasing the
depth of signal penetration, decreasing signal attenuation, and
even the possibility of in vivo imaging. In future studies, we
would aim to investigate this contrast agent across a variety of
rodents and mouse strains typically used in cancer models and
compare the measurements against ICP-MS.
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