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Abstract
Magnetic resonance imaging (MRI) is a technique used in both clinical and experimental settings to
produce high resolution images of opaque organisms without ionizing radiation. Currently, MR
imaging is augmented by contrast agents and the vast majority these small molecule Gd(III) chelates
are confined to the extracellular regions. As a result, contrast agents are confined to vascular regions
reducing their ability to provide information about cell physiology or molecular pathology. We have
shown that polypeptides of arginine have the capacity to transport Gd(III) contrast agents across cell
membranes. However, this transport is not unidirectional and once inside the cell the arginine-
modified contrast agents efflux rapidly, decreasing the intracellular Gd(III) concentration and
corresponding MR image intensity. By exploiting the inherent disulfide reducing environment of
cells, thiol compounds, Gd(III)-DOTA-SS-Arg8 and Gd(III)-DTPA-SS-Arg8, are cleaved from their
cell penetrating peptide transduction domains upon cell internalization. This reaction prolongs the
cell-associated lifetime of the chelated Gd(III) by cleaving it from the cell transduction domain.

INTRODUCTION
The advent of wide-bore, high field instruments with improved coil designs and pulse
sequences has made magnetic resonance imaging (MRI) a powerful tool for observing
developmental and physiological events (1–4). This versatile modality is non-invasive and
allows 3D-imaging of whole animals (5). This imaging technique is supplemented with an
array of exogenous Gd(III) contrast agents conjugated to scaffolds (nanoparticles, antibodies,
and proteins), that can detect physiological events (metal ion concentration, enzyme activation,
and pH), and can be cell membrane permeable (via cell penetrating peptides or receptor uptake)
(6–17). The focus of this work is to develop cell-permeable contrast agents that can be trapped
inside cells via a cleavable disulfide linkage between the agent and the transduction moiety.

The biological role of thiol-containing molecules has been actively explored and a great deal
is known about the active species and relative concentrations (18). The pseudo-tripeptide of
glutathione (GSH) is recognized as the most abundant and subsequently most active thiol
species in biological environments (19,20). Previous work has shown that the intracellular
GSH concentration of living cells (~ 1–10 mM) is significantly higher than that of the
surrounding extracellular plasma (~ 2 µM). Therefore, thiols can be exploited as a selective
chemical release switch for intracellular delivery of cargo (21–23). We have applied this
strategy to our reported intracellular MR contrast agents in order to reduce cellular leaching
(24). As a result, we have prepared a class of MR probes that are cell permeable while
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displaying increased intracellular lifetimes. These probes provide a method to passively label
and non-invasively track the fate of transplanted tissues and cells.

It has been shown that an octamer of arginine residues allows cell membrane transduction of
various cargo molecules, including fluorophores and contrast agents (25–27). However, the
ability of these probes to cross cell membranes is not unidirectional. Not surprisingly, arginine-
modified agents are able to leach out of the cells displaying a concentration decay curve of
intracellular contrast agent and consequently decreasing the observed MR signal over time
(28,29).

Therefore, contrast agents containing a disulfide bond between the Gd(III) chelate and the
transduction moiety (e.g., an octamer of arginine residues) were synthesized to enhance cell-
associated retention (Figure 1). Exploiting the inherent disulfide reducing environment of cells,
these new agents are cleaved from the cellular transduction domains upon entrance into the
cytoplasm. This cleavage of the arginine transport domain shows prolonged cellular lifetime
of the MR probe by dissociation of the transport peptide.

EXPERIMENTAL PROCEDURES
All reagents and solvents were of the highest purity available from Sigma-Aldrich (Milwaukee,
WI) and Fluka (Sigma-Aldrich Chemie; GmbH, Switzerland) unless otherwise noted. Modified
Wang resin and amino acids were purchased from Novabiochem (San Diego, CA). DMEM
(with 4 mM L-glutamine modified to contain 4.5 g/L glucose and 1.5 g/L sodium carbonate),
EMEM (with Earle’s BSS and 2 mM L-glutamine modified to contain 1.0 mM sodium
pyruvate, 0.1 mM nonessential amino acids, and 1.5 g/L sodium bicarbonate), NIH/3T3 cells,
FBS, CBS, and 0.25% trypsin/EDTA solutions were purchased from the American Type
Culture Collection (ATCC; Manassas, VA). Vent-cap flasks, multiwell plates, cell scrapers,
and DPBS w/o calcium and magnesium were purchased from Fisher Scientific (Pittsburgh,
PA).

1H and 13C NMR spectra were obtained on a Varian (Walnut Creek, CA) Inova spectrometer
at 500 and 125 MHz, respectively. Compounds were dissolved in D2O (4.80 ppm used as
internal references for NMR spectra). Due to the minimal solubility associated with the peptide-
chelate conjugates, 13C NMR spectra were collected in D2O, and the first carbon resonance
was assigned a value of 24.42 ppm. Mass spectrometry samples were analyzed using ESI,
single quadrupole mass spectrometry on a Varian 1200L spectrometer or MALDI-TOF mass
spectrometry on an Applied Biosystems (Foster City, CA) Voyager-DE Pro. Results reported
for m/z are for [M+H+]+ or [M-H+]− unless stated otherwise. Elemental Analyses were
performed at Desert Analytics Laboratory (Tuscon, AZ).

ICP-MS was performed on a computer-controlled Thermo Elemental (Waltham, MA) PQ
ExCell Inductively Coupled Plasma Mass Spectrometer. All standards and samples contain 5
ng/mL of a multi-element internal standard (Spex CertiPrep; Metuchen, NJ) consisting of Bi,
Ho, In, Li, Sc, Tb, Y and 3% nitric acid (v/v). Gadolinium standards were prepared in
concentrations of 0.05, 0.10, 0.25, 0.50, 1.0, 5.0, 10, 25, and 50 ng/mL. Analysis was
accomplished with 1 survey and 3 main scans (peak jumping, 100 sweeps per run)
using 156Gd and 157Gd isotopes and interpolating through 209Bi and 115In internal standards.

HPLC-MS
Analytical reverse phase HPLC-MS was performed on a computer controlled Varian Prostar
system consisting of a 410 autosampler equipped with a 100 µL sample loop, two 210 pumps
with 5 mL/min heads, a 363 fluorescence detector, a 330 photodiode array (PDA) detector,
and a 1200L single quadrupole ESI-MS. All separations were executed with a 1.0 mL/min flow
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rate using a Waters 4.6 × 250 mm 5 µm Atlantis C18 column, with a 3.1:1 split directing one
part to the MS and 3.1 parts to the series-connected light and fluorescence detectors. Mobile
phases consisted of Millipore Synthesis grade water (solvent A) and HPLC-grade MeCN
(solvent B). Preparative HPLC was accomplished using a Varian Prostar system. Two Prostar
210 pumps with 25 mL/min heads supplied a 5 mL manual inject sample loop. Detection was
performed after a 20:1 split by a two-channel Prostar 325 UV-visible detector and, on the low-
flow side, a HP 1046A fluorescence detector. The mobile phases were Millipore Synthesis
grade water and HPLC-grade MeCN. Preparative runs were on a Waters 19 × 250 mm 10 µm
Atlantis C18 column.

Relaxivity (r1)
A 2 mM stock solution of 1–4, Gd(III)-DTPA, or Gd(III)-DOTA in 100 mM PBS buffer at pH
7.41 were serially diluted to give 500 µL of each of the five approximate concentrations for
each compound: 0.15, 0.3, 0.5, 1.0, and 2.0 mM. The T1 of each sample was determined at 60
MHz (1.5 T) and 37 °C using an inversion recovery pulse sequence on a Bruker mq60 Minispec
(Bruker Canada; Milton, Ontario, Canada) and at 600 MHz (14.1 T) and ambient temperature
using a saturation recovery pulse sequence on a Bruker Omega 600WB spectrometer (Bruker
BioSpin; Billerica, MA). Reproducibility of the T1 data was ± 0.3%. Ten microliters of each
sample was analyzed for exact gadolinium concentration using ICP-MS. The inverse of the
longitudinal relaxation time (T1) was plotted against the concentration obtained from ICP-MS
and fit to a straight line. Lines were fit with R2 > 0.998 and each relaxivity was assessed in
duplicate.

Determination of q by Luminescence Lifetime Measurements
Complexes (10–13) were dissolved in H2O and D2O. Emission was monitored at 544 nm with
excitation at 229 nm on a Hitachi F4500 Fluorescence Spectrophotometer operating in
phosphorescence lifetime mode. Twenty-five scans were averaged and fit to a
monoexponential decay (R2 > 0.98) to give the phosphorescent lifetimes which were entered
into this equation (corrected for one amide oscillator, where k is given in ms−1): q = 5.0
(kH2O -kD2O - 0.06) (30,31).

Determination of τm by 17O Transverse Relaxation Rate Measurements
Samples of 1–4 were prepared at 15–20 mM concentrations in 1% 17O enriched water (Medical
Isotopes, Inc.; Pelham, NH) adjusted to pH 7.40. Lock was achieved by means of an external
D2O standard. 17O spectra were obtained at 54 MHz (number of averaged transients was 160
– 320 and relaxation delay was 400 ms) at temperatures ranging from 1 °C to 86 °C in 5 °C
increments. The 17O transverse relaxation rate was determined by obtaining the line width (in
Hz) at half of the peak height, Δν1/2, of the 17O water signal and later fitting the data (32–34).
Using known sample concentrations and q values, the relaxation data were fit to these four
parameters at 25 °C: τm (water exchange rate), ΔH‡ (activation enthalpy), T1e (electronic
relaxation rate), and ΔET1e (activation energy of T1e) (35).

Cell Culture Conditions
All cell lines, media, sera, buffers, and dissociation reagents were purchased from ATCC. NIH/
3T3 cells (CRL-1658) were grown in DMEM (with 4 mM L-glutamine, 4,5 g/L glucose, 1.0
mM sodium pyruvate, 1.5 g/L sodium carbonate, and phenol red supplemented with 10% CBS).
Cells were grown in a humidified incubator at 37 °C and 5% CO2. Cells were washed with
DPBS (without calcium and magnesium) and dissociated with a 0.25% trypsin-EDTA solution.
All flasks and multi-well plates were Corning brand, tissue culture treated, and sterile. The
studies for each contrast agent and time point were performed in triplicate
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Cells were counted and viability assessed using a Guava EasyCite Mini Personal Cell Analyzer
(Guava Technologies; Hayward, CA). Cell samples were diluted 10 fold with Guava ViaCount
reagent (total volume of 200 µ L), allowed to stain at room temperature for at least 5 minutes
(but no longer than 20 minutes), vortexed, and measured. Each sample was measured using
the Guava ViaCount software module using 1000 trials per run doing 2 separate runs per
sample. Instrument reproducibility was assessed daily following the manufacturer’s suggested
protocol using GuavaCheck reagent and the corresponding software module.

ICP-MS assessment of the cell associated gadolinium was determined by collecting and
processing all cell and media samples via this procedure: addition of 70% (v/v) nitric acid in
water, vortexing (~ 5 min), and digestion at 65 °C for at least four hours. Samples were added
to a 15 mL conical tube along with internal standard (5 ng/mL of indium and holmium) and
water to give a final nitric acid concentration of 3% (v/v).

Synchrotron Radiation X-Ray Fluorescence (SR-XRF) Analysis
NIH/3T3 cells were grown to 65% confluency on silicon nitride windows (membrane thickness
of 500 nm and frame size of 5.0 mm × 5.0 mm, Silson Ltd.; Northampton, England) in Corning
brand 24-well cell culture treated plates. Each well had 2 silicon nitride windows (one
incubation sample and one leach sample). Cells were incubated with 3.0 mM of compounds
1–4 for 4 hours. Samples were rinsed three times with DPBS and one window was removed
for processing (time=0, named No leach sample) while one window was allowed to incubate
with fresh media for 4 more hours followed by processing (named Leached sample). Windows
were processed by cell fixation in 3.7% formalin for 5 minutes at room temperature, rinsing
with DPBS (1×), rinsing with Millipore water (1×), rinsing with 100% ethanol (1×), and drying
overnight (18 h, room temp.). The silicon nitride windows were mounted onto a kinematic
specimen holder for both visible light and X-ray fluorescence microscopy. The samples were
examined on a light microscope (Leica DMXRE), and the cells to be scanned with SR-XRF
were located on the window relative to a reference point (one of the four window corners)
using a high spatial resolution motorized x/y stage (Ludl Bioprecision).

Scanning SR-XRF microscopy was carried out at the 2-ID-E beamline of the Advanced Photon
Source at Argonne National Laboratory (IL, USA). Hard X-rays from an undulator source were
monochromatized using a single bounce Si <111> monochromator. The energy was selected
to allow for efficient excitation of the Gd L-lines, and also to enable the detection of the P, S,
Fe, and Zn K-lines. A Fresnel zone plate (320 µm diameter, focal length f = 250 mm, X-radia;
Concord, CA) was used to focus the monochromatic X-ray beam to a spot size of ~ 0.4 × 0.3
µm2 on the specimen. The sample was raster scanned through the beam at room temperature
under a helium atmosphere. At each scan position, a full fluorescence spectrum was acquired
using an energy dispersive germanium detector (Ultra-LEGe detector, Canberra; Meriden, CT).
Elemental content was determined by comparison of fitted sample spectra with NBS thin film
standards 1832 and 1833 (NIST; Gaithersburg, MD) using MAPS software supplemented with
fitting of fluorescence spectra at every pixel (36).

MR Imaging and T1 Analysis
MR measurements were performed on a General Electric/Bruker Omega 600WB 14.1 T
imaging spectrometer fitted with Accustar shielded gradient coils at ambient temperature (~
25 °C). Spin lattice relaxation times (T1) were measured using a saturation recovery pulse
sequence with static TE (10.18 ms) and variable TR (127.5, 165, 200, 300, 500, 1000, 2000,
5000, 7500, 10000 ms) values. Two independent trials were run per sample and at least 5 slices
were quantified per trial. Student’s t-tests were calculated in Origin 7 SR2 (Origin Lab;
Northampton, MA) at a 95% confidence level with 8 degrees of freedom and a null hypothesis
value (minimum acceptable time difference) of 100 ms. Images were acquired using a T1-
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weighted, spin-echo pulse sequence (TE = 10.18, TR = 750 ms) on freshly harvested cells that
were spun down (at 250g) within glass capillary tubes for 5 min prior to image acquisition.
Total time from harvest to image acquisition was 1–2 h.

Synthesis
Complex Gd(III)-DOTA-Arg8 (1), Gd(III)-DTPA-Arg8 (2), and (S-(2-Aminoethylthio)-2-
thiopyridine hydrochloride) (AETP) were synthesized following previously published
procedures (14,24,37) and (1,4,7-tris(acetic acid-tert-butyl ester)-10-acetic acid-1,4,7,10-
tetraazacyclododecane) (DOTA-tris-TB) was purchased from Macrocyclics (Dallas, TX).

Synthesis of end-capped RRRRRRRRC (5)
Polystyrene-based Wang resin containing an Fmoc protected arginine residue (2.00 g, 0.580
mmol/g) was swelled in CH2Cl2 for 10 min (× 3) and washed with peptide synthesis grade
DMF (4 × 10 min). The resin was treated three times with a solution of 20% piperdine in DMF
(10 min) and the deprotected resin was washed with DMF (4 × 10 min). In a separate vial,
Fmoc protected Pbf-arginine (1.51 g 2.32 mmol), HATU (0.881 g, 2.32 mmol), and DIPEA
(0.748 g, 5.80 mmol) were dissolved in approximately 3 mL of DMF. The resulting solution
was added to the deprotected resin and nitrogen was bubbled through the mixture for 6–8 h.
The peptide solution was removed from the resin which was subsequently rinsed with DMF
(4 × 10 min). This procedure was repeated a total of seven times in order to achieve the synthesis
of an 8 amino acid, polyarginine oligomer bound to the Wang resin (3.96 g).

The Arg8 functionalized resin (2.00 g, 0.290 mmol/g, 0.580 mmol) was deprotected with the
piperdine solution and washed with DMF as described above. In a separate vial, Fmoc protected
Trt-cysteine (0.725 g, 1.16 mmol) and 2, 4, 6-trimethylpyridine (0.154 g, 1.27 mmol) were
dissolved in a minimal amount of DMF. The resulting solution was added to the deprotected
resin and nitrogen was bubbled through the mixture for 6–8 h. The peptide solution was
removed and the resin was washed with DMF (4 × 10 min each). The resin bound Arg8-Cys
oligomer was deprotected with the piperdine solution, and washed with DMF. The resin was
resuspended in a solution of acetic anhydride (0.118 g, 1.16 mmol), DIPEA (0.374 g, 2.90
mmol) and DMF (3 mL). Bubbling nitrogen through this mixture for 4 h effectively capped
the peptide’s N-terminus. Upon removal of the capping solution, the resin was washed with
DMF, CH2Cl2, and MeOH (4 × 10 min each). Following the methanol washes, the resin was
dried under vacuum. A solution of 95% TFA, 2.5% EDT, 1.5% H2O, and 1.0% TIS (50 mL)
was added to the resin and nitrogen was bubbled through the mixture for 1 h. The resin was
filtered and to the filtrate was added MTBE (40 mL) to precipitate a white solid that was
subsequently washed with MTBE (3 ×). The solid was dissolved in 30 mL of water and freeze-
dried to yield white flaky crystals of the peptide, Arg8-Cys (0.692 g, 84%). 1H NMR-spectrum
(D2O @ pH 1.0): δ = 1.22–1.40 (m, 16H), 1.50 (dd, J = 8.5, 5.5 Hz, 16H), 1.59–1.69 (m, 2H),
1.74 (d, J = 6.0 Hz, 3H), 2.89 (m, 16H), 3.95–4.10 (m, 8H); 13C NMR (D2O @ pH 1.0): δ =
24.42, 27.50, 28.03, 39.36, 40.52, 52.26, 53.25, 156.57, 172.61, 173.44, 174.84; with ESI-MS
(m/z): 1413.58; calc. for C53H105N33O11S+H+: 1413.68.

Synthesis of 1,4,7-Tris(carboxymethyl)-10-(N-[2-(pyridin-2-yldithio)ethyl]
acetamide)-1,4,7,10-tetraazacyclododecane (6)

DOTA-tris-TB (0.600 g, 1.05 mmol), HATU (1.20 g, 3.15 mmol), and anhydrous DIPEA
(0.683 g, 5.25 mmol) were dissolved in 4.0 mL of anhydrous DMF and allowed to stir for 10
min under a nitrogen atmosphere while AETP (0.466 g, 2.10 mmol) was dissolved in 2.0 mL
of anhydrous DMF. After a 10 min activation time, the AETP solution was added via syringe
and the mixture was allowed to stir for 5 h while being monitored by TLC [KNO3–H2O–MeCN
(1:9:90)]. Upon reaction completion the solution was evaporated in vacuo. The resulting yellow
residue was stirred overnight in 95% TFA, 2.5% TIS, and 2.5% H2O (30 mL). The reaction
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mixture was concentrated to 10 mL by application of a steady stream of dry nitrogen across
the top of the vessel. The crude product was precipitated by addition of MTBE (40 mL) and
was subsequently washed with MTBE (3 ×). The yellow solid was dried in vacuo to yield 1.12
g of crude product.

The crude mixture was submitted to preparatory HPLC using a Waters Atlantis column. The
solid was brought up in H2O and purified using the following method: begin at 0% B, ramp to
3% B over 1 min, hold at 3% B for 15 min, ramp to 20% B over 7 min, and hold for 8 min,
followed by a wash to 100% B before returning to 0% B. The desired fractions (retention time:
32.20 min by UV spectroscopy at 235, 280 nm) were collected and freeze-dried to yield the
product as a white solid (0.410 g, 68%). 1H NMR spectrum (D2O ): δ = 2.96–3.10 (m, 11H),
3.41–3.51 (m, 13H), 3.79 (q, J = 16.5 Hz, 4H), 7.33 (t, J = 4.5 Hz, 1H), 7.88 (d, J = 3.5 Hz,
2H), 8.40 (d, J = 4.5 Hz, 1H); 13C NMR spectrum (D2O): δ = 37.05, 38.13, 48.22, 48.46, 50.94,
51.64, 53.73, 55.51, 56.59, 121.92, 122.26, 139.56, 148.50, 158.48, 170.02, 171.96, 175.07;
ESI-MS (m/z): 573.26; calc. for C23H36N6O7S2 +H+: 573.70; with Anal. Calcd. for
C23H36N6O7S2 • Na • 1.5 H2O: C, 44.36; H, 6.31; N, 13.50; S, 10.30. Found: C, 44.20; H,
6.17; N, 13.38; S, 10.98.

Synthesis of [(2-{carboxymethyl-[2-(carboxymethyl-{[2-(pyridin-2-yldisulfanyl)-
ethylcarbamoyl]-methyl}-amino)-ethyl]-amino}-ethyl)-amino]-acetic acid (7)

DTPA dianhydride (2.00 g, 5.60 mmol) was dissolved in 100 mL of anhydrous DMSO and
allowed to stir under a nitrogen atmosphere while AETP (0.672 g, 3.04 mmol) was dissolved
in a stirring solution of anhydrous DMSO (25 mL) and anhydrous DIPEA (1.07 g, 8.21 mmol).
The AETP solution was slowly added to the DTPA dianhydride solution via syringe pump
over 5 h. Upon complete addition, the resulting solution was stirred for an additional hour
before being quenched with H2O (100 mL) and concentrated in vacuo. The resulting residue
was brought up in H2O and submitted to preparatory HPLC with the Waters Atlantis column
using the following method: begin at 0% B, ramp to 100% B over 35 min followed by a wash
at 100% B for 5 min before returning to 0% B. The desired fractions (retention time: 10.28
min by UV at 235, 280 nm) were collected and freeze-dried to yield the product as a white
solid (1.07 g, 63%). 1H NMR (D2O ): δ = 3.04 (t, J = 5.5 Hz, 2H), 3.24–3.35 (m, 6H), 3.54 (t,
J = 6.0 Hz, 2H), 3.59 (t, J = 6.0 Hz, 2H), 3.69 (s, 2H), 3.75–3.90 (m, 8H), 7.57 (t, J = 6.5 Hz,
1H), 8.05 (d, J = 8.5 Hz, 1H), 8.15 (t, J = 8.5 Hz, 1H), 8.53 (d, J = 5.5 Hz, 1H); 13C NMR
(D2O): δ = 37.45, 37.94, 50.30, 51.24, 52.52, 52.09, 54.48, 56.52, 57.04, 57.21, 123.29, 123.95,
142.71, 145.62, 157.07, 168.74, 170.56, 172.17, 172.78; ESI-MS (m/z): 560.19; calc. for
C21H31N5O9S2-H+: 560.63; with Anal. Calcd. for C21H31N5O9S2 • Na: C, 43.14; H, 5.34; N,
11.98; S, 10.97. Found: C, 42.70; H, 5.21; N, 12.02; S, 11.29.

Synthesis of DO3A-SS-Arg8 (8)
Compound 6 (0.160 g, 0.306 mmol) was added to end-modified Arg8-Cys (5) (0.432 g, 0.306
mmol) dissolved in 30 mL of degassed phosphate buffer (10 mM, pH 8.0). The solution was
stirred under nitrogen atmosphere at room temperature. The reaction was monitored by
analytical HPLC and found to be complete after 72 h. An aliquot (2.5 mL) of the solution was
removed for characterization while the remaining material (27.5 mL) was carried onto the
synthesis of Gd(III)-DOTA-SS-Arg8 (3). Dialysis (Mwt cut-off 1,000) against Millipore H2O
(4 L × 4 days), yielded 3 mL of a translucent liquid that was 0.2 μm syringe filtered and freeze-
dried to yield a white solid (0.389 g, 74%). 1H NMR spectrum (D2O) shows the disappearance
of all aromatic protons. 13C NMR spectrum (D2O): δ = 24.42, 28.16, 28.88, 37.11, 38.17, 40.65,
40.79, 48.44, 50.71, 51.90, 53.59, 54.91, 55.52, 56.66, 156.86, 170.04, 172.19, 172.80, 173.75,
175.41; ESI-MS (m/z): 1875.31; calc. for C70H136N38O18S2+H+: 1875.21.
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Synthesis of DTPA-SS-Arg8 (9)
Compound 7 (0.175 g, 0.312 mmol) was added to end-modified Arg8-Cys (3) (0.440 g, 0.312
mmol) dissolved in 30 mL of degassed phosphate buffer (10 mM, pH 8.0). The solution was
stirred under a nitrogen atmosphere at room temperature. The reaction was monitored by
analytical HPLC and found to be complete after 72 h. An aliquot (2.5 mL) of the solution was
removed for characterization while the remaining material (27.5 mL) was carried onto the
synthesis of Gd(III)-DTPA-SS-Arg8 (4). Dialysis (Mwt cut-off 1,000) against Millipore H2O
(4 L × 4 days), yielded 4 mL of a translucent liquid that was 0.2 µm syringe filtered and freeze-
dried to yield a white solid (0.351 g, 66%). 1H NMR (D2O) shows the disappearance of all
aromatic protons. 13C NMR (D2O): δ = 24.42, 28.20, 38.79, 40.66, 50.53, 52.19, 53.44, 53.53,
54.94, 55.19, 57.88, 58.91, 156.84, 172.70, 172.97, 173.60, 174.32, 178.33; ESI-MS (m/z):
1864.21; calc. for C69H131N37O20S2+H+: 1864.14.

Synthesis of Gd(III)-DOTA-SS-Arg8 (3)
To an aliquot of DO3A-SS-Arg8 (8) (27.5 mL, 0.285 mmol), was added Gd(OH)3 (0.064 g,
0.314 mmol). All metalations were performed with a 1.1:1.0 molar excess of metal salt to
unmetalated complex to minimize unmetalated final product. The reaction mixture was brought
to pH 6.0 with 1.0 M NaOH and allowed to stir for 7 d at room temperature under a nitrogen
atmosphere. Dialysis (Mwt cut-off 1,000) against Millipore H2O (4 L × 4 days), yielded 30 mL
of a translucent liquid that was brought to pH 11.0 with concentrated NH4OH to precipitate
excess free gadolinium. This suspension was 0.2 µm syringe filtered and freeze-dried to yield
a white powder which was found to be (3) (0.453 g, 78%) by ESI-MS (m/z): 2029.44 (m/1),
1014.70 (m/2), 677.43 (m/3) 508.26 (m/4) with Gd isotope pattern; calc. for
C71H133GdN38O18S2+H+: 2029.44.

Synthesis of Gd(III)-DTPA-SS-Arg8 (4)
To an aliquot of DTPA-SS-Arg8 (9) (27.5 mL, 0.286 mmol), was added Gd(OH)3 (0.064 g,
0.315 mmol). The reaction mixture was brought to pH 6.0 with 1.0 M NaOH and allowed to
stir for 7 d at room temperature under a nitrogen atmosphere. Dialysis (Mwt cut-off 1,000)
against Millipore H2O (4 L × 4 days), yielded 30 mL of a translucent liquid that was brought
to pH 11.0 with concentrated NH4OH to precipitate excess free gadolinium. This suspension
was 0.2 µm syringe filtered and freeze-dried to yield a white powder which was found to be
(4) (0.484 g, 84%) by ESI-MS (m/z): 2017.30 (m/1), 1008.55 (m/2), 672.99 (m/3), 505.12 (m/
4), 404.38 (m/5) with a Gd isotope pattern; calc. for C69H127GdN37O20S2+H+: 2017.36.

Synthesis of Tb(III)-DOTA-Arg8 (10)
The Tb(III) analogue of 1 was synthesized using a previously outlined metalation procedure
and substituting Tb(OH)3 for Gd(OH)3 (14). The resulting white solid was found to be 10 (45.7
mg, 42%) by ESI-MS (m/z): 1810.85 (m/1), 906.07 (m/2), 604.24 (m/3), 453.47 (m/4); calc.
for C64H121N36O16Tb+H+: 1810.80.

Synthesis of Tb(III)-DTPA-Arg8 (11)
The Tb(III) analogue of 2 was synthesized using a previously outlined metalation procedure
and substituting Tb(OH)3 for Gd(OH)3 (24). The resulting white solid was found to be 11 (42.0
mg, 52%) by ESI-MS (m/z): 1798.63 (m/1), 899.91 (m/2), 600.26 (m/3), 450.47 (m/4); calc.
for C62H115N35O18Tb+H+: 1798.73.

Synthesis of Tb(III)-DOTA-SS-Arg8 (12)
The Tb(III) analogue of 3 was synthesized using compound 8 (10.0 mg, 0.005 mmol), Tb
(OH)3 (1.23 mg, 0.006 mmol), and the same metalation procedure previously described for 3
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(6.0 mg, 60%). ESI-MS (m/z): 2031.01 (m/1), 1016.00 (m/2), 677.73 (m/3) 508.54 (m/4),
407.12 (m/5); calc. for C71H133N38O18S2Tb+H+: 2031.12.

Synthesis of Tb(III)-DTPA-SS-Arg8 (13)
The Tb(III) analogue of 4 was synthesized using compound 9 (10.0 mg, 0.005 mmol), Tb
(OH)3 (1.23 mg, 0.006 mmol), and the same metalation procedure described for 4 (5.9 mg,
55%). ESI-MS (m/z): 2019.02 (m/1), 1010.01 (m/2), 673.64 (m/3) 505.43 (m/4), 404.65 (m/
5); calc. for C69H127N37O20S2Tb+H+: 2019.04.

RESULTS
Synthesis

The synthesis of the pyridyl-activated Gd(III) chelators was accomplished by coupling an
amine-terminated AETP to an activated form of either the DTPA or DOTA chelate (Scheme
1). Commercially available DTPA-dianhydride is amidated forming amines, while the DOTA-
tris-TB was activated in situ by the commonly used uranium salt, HATU. Both reactions
required an excess of DIPEA in order to deprotonate the hydrochloride salt starting material
(AETP) and to aid in amide bond formation (24). Upon purification via preparative RP-HPLC,
compounds 4 and 5 were afforded with yields of 68 and 63%, respectively. The peptide
RRRRRRRRC was synthesized without automation using standard Fmoc solid-phase synthesis
methodology on pre-loaded Wang resin (24,25). After the addition of the cysteine residue, the
resin was treated with acetic anhydride to end-cap the peptide’s terminal amine. To prepare
peptide sequences with minimal structural differences as compared to the previously published
Arg8-MR contrast agents, (e.g. charge and no free terminal amine) this end-capping step was
performed prior to cleavage and deprotection from the resin (24,25).

In order to optimize the thiol exchange reaction required to produce 8 and 9, the pyridyl-
activated chelates (6 or 7) were quickly added to stirring solutions of the end-capped Arg8-Cys
(5) oligomer under a nitrogen atmosphere in degassed phosphate buffer at pH 8.0 (Scheme 2).
It was found that when 6 and 7 were added in equimolar quantities to 5, synthetic yields were
maximized. We speculate that adding higher amounts of the free thiol (5) lowered the overall
yield by increasing oxidation and disulfide exchange of the desired product. This effect has
been observed in previous disulfide exchange reactions (38). Metalation of the cell-permeable
contrast agents was achieved by adding Gd(OH)3 to the phosphate buffered solutions of 8 and
9. To ensure the complete insertion of Gd(III) the buffered solutions were lowered to pH 6.0
and allowed to stir for 7 days under a nitrogen atmosphere. The proposed structures of the
peptide conjugates 5, 8, and 9 were confirmed by NMR spectroscopy, ESI-MS, and HPLC,
while the unconjugated, small molecule chelates were characterized by NMR spectroscopy,
ESI-MS, HPLC and EA.

Relaxivity, q, and τM
The relaxivity measurements (r1, mM−1s−1) provided in Table 1 show the relative enhancement
of water proton relaxation rates per Gd(III) ion for complexes 1–4. These rates were measured
at 1.5 and 14.1 T in order to provide data at both clinical and research field strengths. As
expected, the r1 rates are strongly field dependant; however, 1–4 maintain higher relaxation
rates than currently available contrast agents, Gd(III)-DOTA and Gd(III)-DTPA, at both 1.5
and 14.1 T. The relaxation rates of 1–4 were tested over a wide pH range (1.0–12.5) in order
to determine the efficacy of these agents to relax water molecules at biologically relevant pH
levels (Figure 3). At low pH (~ 1–4), the relaxivity for 1–4 is consistent with Gd(III)
diassociation from the chelating cage. Conversely, at high pH (~ 9–13), the relaxivity shows
a decrease that is most likely attributable to a structure that allows carbonate ion binding or
association of the metal center to the slowly exchanging hydroxyl ions (23,39,40). However,
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in the physiologically relevant range of pH 4–8, all four of the cell-permeable agents display
constant relaxivity values.

The Tb(III) analogs of complexes 1–4 (complexes 10–13) were subjected to fluorescence
measurements so that the number of complex-associated water molecules could be determined.
These measurements provided the following data (ms−1): 10: kH2O = 0.566, kD2O = 0.315;
11: kH2O = 0.635, kD2O = 0.331; 12: kH2O = 0.644, kD2O = 0.397; 13: kH2O = 0.671, kD2O =
0.390. These values were inserted into the equation listed in the Experimental Procedures
section, resulting in the q values shown in Table 1. Typical of most small molecule DOTA and
DTPA-based contrast agents where one carboxylic acid arm has been replaced with an amide,
these values reflect one bound water molecule within acceptable experimental error of ±0.5
(41, 42).

To evaluate the mean residence lifetime (τm) of the water molecule coordinated to the metal
center of complexes 1–4, temperature dependent 17O-NMR measurements were performed
(32,34). Plotting the paramagnetic contribution of the observed 17O-NMR transverse relaxation
rate of water gave the expected bell-shaped curves for each complex that were subjected to the
fitting parameters outlined in the Experimental Procedures section (Supporting Figure S1)
(32–34). The fitted 17O vs. temperature (T) profiles revealed the τm values displayed in Table
1.

The τm values for 1–4 are similar, and decidedly higher than the previously reported optimal
value of 10 ns for Gd(III) MR contrast agents (41). These bound-water lifetimes are
substantially slower than those reported for DOTA and DTPA; however, this observation can
be explained. Substitution of an acetate arm to an amide linkage (as in the case of 1–4) decreases
the steric crowding of the lanthanide and lowers the overall molecular charge of the metalated
complexes (1,43). Both factors affect τm, and such values are similar to those obtained for other
amidated DOTA and DTPA structures (44–46). Typically, a structural modification that
lengthens τm should be avoided, however, the relaxivity of these small molecule chelates at
high fields (> 20 MHz) is dominated by another parameter, the rotational correlation motion
(τR) (47). Although the contrast agent is attached to the transport peptide via a flexible linker,
τR for 1–4 must be substantially higher than Gd(III)-DOTA and Gd(III)-DTPA. 1–4 have the
same q, T1e, and less than optimal τm values compared to Gd(III)-DOTA and Gd(III)-DTPA
yet exhibit a 2.0 – 2.5 fold increase in overall relaxivity. Therefore, the increase in is likely
due to an increase in τR (through an increase in molecular weight). In summary, this system is
highly dependent on τR, allowing relaxivity values to remain acceptable in spite of varying,
less-than-optimal τm values (1).

In Vitro Cleavage
To assess thiol-mediated release of the chelated Gd(III) from the disulfide-linked arginine
oligomer in solution, varying equivalents of GSH were added to a solution of 4 and the cleavage
product was quantified via HPLC-MS. The samples were prepared by adding increasing
amounts of GSH, from 0.25:1 to 4:1 (GSH:4), to a stock solution of 4 (1.0 mM in DPBS).
These samples were combined with incrementally delayed starting times so that each could be
incubated in a 37 °C waterbath for 4 h prior to LC-MS analysis (this is consistent with the cell
culture conditions). Separation was accomplished by a gradient ramp starting with 0% MeCN
which reached 60% MeCN at 40 min before returning to 0% MeCN. The proposed cleavage
reaction was followed by plotting the total ion count (TIC) of the desired product (Gd(III)-
DTPA-GSH, m/z = 912+ amu) and the starting material (4, m/z = 3, 673+ amu) as their
concentrations changed in response to GSH addition (Supplemetnal Figure S2). The molecular
ions chromatograms (912+ and 673+) were integrated so that the total area under the curve
could be calculated (Figure 2).
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Cellular Retention
To elucidate cellular uptake and retention of complexes 1–4, 80% confluent cultures of NIH/
3T3 cells were incubated with 0.10 mM of 1–4 for 4 h. After a 4 h incubation, the cells were
washed three times with DPBS (time = 0, Initial Amt.), placed in fresh media, and allowed to
equilibrate for 1 h. Three cell samples and aliquots of the corresponding cell media were
removed for analysis. This procedure was repeated 4 times for a total of 5 washes where the
last wash was allowed to leach for 24 h.

Each cell culture well consists of two Gd(III)-containing phases: (i.) the cells and (ii.) the
external media. ICP-MS provided absolute quantities of accumulated, retained, and leached
Gd(III) for the cells at five time points. This data shows that prior to leaching of the agent, non-
disulfide complexes 1 and 2 show increased uptake efficacy over 3 and 4 (Supporting Table
S1). However, Figure 4 shows that after washes, cells treated with 1 and 2 lose a more
significant amount of the agent than those treated with 3 and 4. The absolute quantities
(Supporting Table S1) were divided by their respective initial concentrations (those collected
at time = 0) in order to elucidate the relative amount of each agent retained within the cells.
Incorporation of a disulfide linkage between the transduction moiety and Gd(III) chelate of
these cell-permeable contrast agents drastically improves cellular retention (Figure 4; e.g. from
15 → 40% in the case of 1 vs. 3 in the NIH/3T3 cell line).

SR-XRF Analysis
Synchrotron based XRF analysis was performed to determine the cellular association of
complexes 1–4. For each sample, three to five randomly chosen areas were raster-scanned to
acquire a multi-cell containing image with high resolution (60 × 60 µm with 0.25 µm2 pixel
size). These high-resolution elemental maps provide pixel by pixel data sets that globally
confirm, map, and quantify the Gd distribution within each sampled area (24). An example of
this data is displayed in Figure 5 where the leaching and non-leaching data of 2 and 4 in the
NIH/3T3 cell line is compared. Fluorescence maps of inherent biological elements (e.g., P and
S) accompany each gadolinium image to prove cellular existence and provide boundaries. The
overlay column combines the data from the three elemental maps (P, S, and Gd columns) to
provide information on the areas of multi-element overlap. Owing to the proximity of the Gd
and Fe fluorescence energy levels, it is important to deconvolute potential peak overlap
between Fe and Gd fluorescence. This was accomplished using modified gaussian curves that
were fitted at each scan position to the acquired X-ray fluorescence spectra (36). Supporting
Figure S3 contains images of complexes 1 and 3. The top two rows of images displayed in
Figure 5 show the extent to which leaching has depleted the NIH/3T3 cells of associated
gadolinium when treated with the non-disulfide contrast agent (2). Conversely, when the cells
are treated with a disulfide linked contrast agent (4), they retain a large amount of gadolinium
post-leach (bottom 2 rows, Figure 5).

MR Imaging and T1 Analysis
In order to assess the feasibility of the disulfide linkage to increase cell retention and maintain
MR image contrast over an extended time period, NIH/3T3 cells were incubated with 1.0 mM
of 1–4. After the cells were harvested and placed in glass capillary tubes, MR images were
acquired (Figure 6A). Cells incubated with complexes 1 and 2 exhibit a significantly brighter
signal than control cells. However, after the washing procedure outlined for the SR-XRF and
ICP-MS experiments (4 h, with washes at 1 hour intervals) the cells incubated with 1 and 2
have a significantly lower intensity in the MR image. This loss of image contrast (due to
leaching of the contrast agent) is much less in the case of the cells incubated with complexes
3 and 4 (Figure 6B). The signal intensities of the leached cells are similar to their respective
non-leached samples, and show little loss of signal intensity (MR image intensity differences

Endres et al. Page 10

Bioconjug Chem. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were mathematically confirmed via student t-tests of the corresponding T1 values, Supporting
Table S2).

DISCUSSION
Arginine-bound cell-permeable contrast agents 3 and 4 were prepared via thiol-activated
pyridyl intermediates to create cell-permeable MR conjugates linked to cell transduction
moieties via a disulfide bond. These agents (3 and 4), although structurally similar to 1 and
2, must be coupled to their respective Gd(III) chelating moieties off-resin and under strict pH
and equivalence control. Once conjugated to the end-capped Arg8-Cys, compounds 8 and 9
are exposed to Gd(OH)3 to provide cell-permeable MR contrast agents with anti-leaching
properties (Scheme 2).

The structural changes made to 1 and 2 in order to incorporate the disulfide bond were tested
to determine their affect on proton relaxation. As seen in Table 1, the coordination environment
of the Gd(III) ion (expressed by the q, τm) and relaxivity measurements, has not been
significantly changed in spite of the structural differences between non-disulfide (1 and 2) and
disulfide (3 and 4) agents. Even with varying pH, the observed relaxivities remain relatively
constant (Figure 3). This structural stability and documented characterization make contrast
agents 1–4 excellent choices for labeling cells cultured in a non-leaching environment
(Supporting Table S1).

In order to quantify the efficiency of in vivo disulfide cleavage we used a model disulfide
exchange reaction in vitro. Disulfide bridged complexes undergo exchange or reduction with
endogenous thiols, especially GSH (18). As a result, the Gd(III) chelate will be cleaved from
its cell-penetrating polyarginine oligomer and consequently prolonging the intracellular
lifetime of the chelated Gd(III). The lifetime of the disulfide linkage was assessed by incubating
agent 4 at 37 °C in the presence of increasing quantities of GSH (Figure 2). A qualitative
depiction of these results is displayed in Supporting Figure S2. As the concentration of GSH
is increased, the amount of desired product (Gd(III)DTPA-GSH) detected via quantitative
HPLC-MS is increased. Conversely, as the concentration of GSH is increased, the amount of
starting material (Gd(III)DTPA-SS-Arg8, 4) decreases. This trend continues through ratios of
[GSH]:[4] that reach 4:1 and implies that while disulfide cleavage begins at very low GSH
concentrations (0.25 equivalents); complete cleavage is not obtainable even at GSH
concentrations that are 4 times that of the contrast agent.

When cells are incubated with the same initial concentration of agent, cell uptake of 1 and 2
is higher in NIH/3T3 cells than 3 and 4 (Initial Amount, Supporting Table S1). The initial
uptake values of 1 and 2 show that NIH/3T3 cells prefer the negatively charged DTPA over
the neutral DOTA chelate with the same transduction moiety. Conversely, with agents 3 and
4, the neutral DOTA chelate is preferred over the charged DTPA. We have previously shown
that small changes in structure or charge have significant effects on the uptake efficiency
multiple contrast agents (24). In contrast to initial uptake, the percentage of Gd(III) retained
in cells post-leaching implies that incorporation of the disulfide bond into 3 and 4 has a positive
effect on long term contrast agent retention. Addition of the reactive disulfide linkage (3 and
4) increases cell retention of the Gd(III) chelate 3.5 and 2.5 more than their non-disulfide
counterparts (1 and 2), respectively (Figure 4).

To co-validate ICP-MS measurements at the single cell level, cells incubated with 1–4 were
evaluated by SR-XRF. SR-XRF microprobes alleviate the difficulties associated with
visualizing intracellular lanthanides and allow direct gadolinium imaging without covalent
attachment of organic fluorophores that alter cell transport properties. Additionally, SR-XRF
offers sub-micron resolution and quantifiable elemental data of sub-cellular regions of interest
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that are displayed in two-dimensional, intensity weighted images (48). As shown, cells labeled
with 2 and 4 (fixed at time = 0) show a significant amount of associated gadolinium (No leach,
rows 1 and 3, Figure 5). In contrast, rows 2 and 4 have significant differences in the amount
of gadolinium (4 h Leach for 2 and 4, respectively). The 4 h leach images for complex 2 show
only trace amounts of gadolinium while the corresponding images of cells treated with 4 display
a relatively large amount of gadolinium comparable to non-leached cells. These results are in
agreement with the ICP-MS measurements and can be attributed to the incorporation of the
disulfide linkage between the Gd(III) chelate and the arginine transduction moiety.

The data from ICP-MS and SR-XRF images reveals that incorporation of the disulfide linkage
increases the cell retention of contrast agents 3 and 4. However, since ICP-MS and SR-XRF
are highly sensitive towards gadolinium concentration, the utility of 1–4 to increase MR image
intensity was examined (before and after the leaching). This assessment was accomplished by
incubating 1–4 (1.0 mM) on 2 populations of NIH/3T3 cells, one subjected to the leaching
protocol outlined in the Experimental Procedures section and one that was not. Visual
comparison of the images in Figure 6A to 6B clearly show that cells incubated with 3 and 4
retain their image contrast enhancement to a greater extent than those incubated with 1 and 2
(e.g. 88% signal retention for complex 3 over the leaching period). These images show that
the SR-XRF and ICP-MS data have translated to MRI whereby increased cell retention of the
Gd(III)-based contrast agents prolongs image contrast. We performed T1 analysis to validate
that the image intensity changes are due to changes in T1. As shown in Supporting Table S2,
the shortest T1s correspond to the highest image intensities.

Complexes 1–4 undergo similar cell uptake, the disulfide exchange reactions possible for 3
and 4 must significantly alter their intracellular fate from 1 and 2. If 1 and 2 are non-specifically
bound to the internal membrane or sequestered in lysosomes, the image intensity and resultant
T1 values will decrease due to reduced Gd(III) access to the bulk water. This explains the high
T1 values and reduced MR image intensity in Figure 6A (Leach) despite the Gd(III)
measurements displayed in Supporting Table S1. Such encapsulation allows the contrast agent
access to only a small number of rapidly exchanging inner sphere water molecules. This
phenomenon has been observed within artificial systems such as those involving LIPOCEST
contrast agents, and more importantly, within certain sub-cellular compartments (49, 50).

The SR-XRF images display a similar loss of gadolinium signal after the leaching process. We
propose that 1 and 2 have been processed differently than 3 and 4 leaving the Gd(III) chelate
non-specifically bound to the recycling membrane (either endosomal or lysosomal). Thus, non-
specific contrast agent binding was only removed when the cells were subjected to harsh
conditions (i.e. the formaldehyde fixation and dehydration necessary for SR-XRF sample
preparation). Therefore, the SR-XRF images supplement the MR images while supporting our
current hypothesis of membrane internalization and non-specific binding of complexes 1 and
2.

In conclusion, we have synthesized Gd(III)-DOTA-SS-Arg8 (3) and Gd(III)-DTPA-SS-Arg8
(4), cell-permeable contrast agents that show increased cell retention via disulfide bond
incorporation which may be a result of intracellular thiol concentrations. The agents’
relaxometric properties, pH stability, in vitro cleavage kinetics, and cell retention have been
investigated. As expected, 3 and 4 show increased cell retention (ICP-MS), single cell
association (SR-XRF), and viability as long term MRI contrast agents (MR images). These
agents could be used to ectopically label cell populations and provide longterm contrast
enhancement for cell tracking and lineage analysis using MR imaging.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations
MRI, magnetic resonance imaging
GSH, glutathione
DOTA, 1,4,7,10-tetraacetic acid-1,4,7,10-tetraazacyclododecane
DTPA, Diethylenetriaminepentaacetic acid
DMEM, Dulbecco’s modified Eagle’s medium
EMEM, Eagle’s minimum essential medium
DPBS, Dulbecco’s phosphate buffered saline
FBS, fetal bovine serum
CBS, calf bovine serum
EDTA, ethylenediaminetetraacetic acid
DOTA-tris-TB, 1,4,7-tris(acetic acid-tert-butyl ester)-10-acetic acid-1,4,7,10-
tetraazacyclododecane
MALDI-TOF, matrix assisted laser desorption ionization time of flight
ESI, electrospray ionization
RP, reverse-phase
MeCN, acetonitrile
ICP-MS, Inductively Coupled Plasma Mass Spectrometry
Fmoc, fluorenyl-methoxy-carbonyl
DMF, N,N- dimethylformamide
Pbf, pentamethyldihydrobenzofuran-5-sulfonyl
HATU, N,N,N',N'-tetramethyl-O-(7-azabenzotriazol-1-yl)uraniumhexafluorophosphate
DIPEA, N,N-diisopropylethylamine
Trt, trityl
TFA, trifluoroacetic acid
EDT, 1,2-ethanedithiol
TIS, triisopropylsilane
MTBE, methyl tert-butyl ether
AETP, S-(2-Aminoethylthio)-2-thiopyridine hydrochloride
DMSO, dimethylsulfoxide
SR-XRF, synchrotron radiation X-ray fluorescence
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Figure 1.
Structures of the arginine-modified (cell-permeable contrast agents) and disulfide bridged
(cell-permeable contrast agents) respectively. (1) Gd(III)-DOTA-Arg8, (2) Gd(III)-DTPA-
Arg8, (3) Gd(III)-DOTA-SS-Arg8, and (4) Gd(III)-DTPA-SS-Arg8.
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Figure 2.
Quantification of in vitro cleavage of Gd(III)-DTPA-SS-Arg8 (4) via disulfide exchange with
GSH. 4 was incubated with increasing amounts of GSH for 4 hours in 1.0 mM DPBS. The
exchange was monitored by plotting the total ion count (TIC) of the desired product (Gd(III)-
DTPA-GSH, m/z = 912+ amu, black bars) and the starting material (4, m/z = 3, 673+ amu,
white bars). The data represents the calculated total area under the curve of the integrated
molecular ion chromatograms (912+ and 673+). 4 decreases with increasing amounts of GSH
which corresponds to an increase in Gd(III)-DTPA-GSH representing in vitro disulfide
exchange. GSH had no discernable peak to integrate.
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Figure 3.
The millimolar relaxivities (r1, mM−1s−1) of complexes 1–4 plotted against pH. Values were
measured at 60 MHz and 37 °C. The contrast agents are represented as: 1 (closed triangles),
2 (open triangles), 3 (closed circles), and 4 (open circles). Comparison of the closed data points
allows correlation of the two DOTA-based ligands. Comparison of the open data points allows
correlation of the two DTPA-based ligands.
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Figure 4.
The percentage of Gd(III) associated with the NIH/3T3 cells as a function of the initial uptake
concentration (data taken directly from Supporting Table S1). Cells were washed with DPBS
at each time point displayed. The contrast agents are represented as: 1 (closed triangles), 2
(open triangles), 3 (closed circles), and 4 (open circles). Comparison of the closed data points
allows correlation of the two DOTA-based ligands. Comparison of the open data points allows
correlation of the two DTPA-based ligands.
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Figure 5.
XRF images of NIH/3T3 cells treated with contrast agents 2 (top 8 images) and 4 (bottom 8
images) at time = 0 (No leach) and after 4 h (Leach). Phosphorus fluorescence is red, sulfur is
blue, and gadolinium is green. Note that each column of images is scaled to its respective
maximum value (displayed at the upper right corner and given in µg/cm2).
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Figure 6.
T1-weighted MR images of NIH/3T3 cells incubated with complexes 1–4. The ‘No Leach’
rows are the cell populations that were not allowed to leach. The ‘Leach’ rows are the cell
populations that were allowed to leach for 4 h with washes of DPBS at the hours. The control
cells were not incubated with contrast agent but were harvested and packed following the same
procedure. (a) Cells incubated with Gd(III)-DOTA-Arg8 or Gd(III)-DTPA-Arg8 (1 and 2). (b)
Cells incubated with Gd(III)-DOTA-SS-Arg8 or Gd(III)-DTPA-SS-Arg8 (3 and 4). Images
were acquired at 14.1 T with a FOV of 10 × 10 mm (matrix size 256 × 256) and a slice thickness
of 1.0 mm. The scale bar represents 1.0 mm. T1 values and student t-tests confirming
statistically significant differences can be found in Supporting Table S2.
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Scheme 1.
Synthesis of the pyridyl-activated Gd(III) Chelators a
aConditions: (a) AETP, HATU, DIPEA, DMF ; (b) TFA/H2O/TIS, followed by MTBE
precipitation. (c) AETP, DMSO, and H2O.
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Scheme 2.
Synthesis of disulfide bridged, intracellular contrast agents (3) Gd(III)-DOTA-SS-Arg8 and
(4) Gd(III)-DTPA-SS-Arg8. a
aConditions: (a) stirring for 3 days under N2 atmosphere in 10 mM phosphate buffer at pH 8.0;
(b) Gd(OH)3 , 5 days, pH 6.0.
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Table 1
Relaxometric Properties of Complexes 1–4 at pH 7.4 and 37 °C

Relaxivity (mM−1s−1)a q τm (ns)c

60 MHz (1.5 T) 600 MHz (14.1 T)b

(Gd(III)-DOTA-Arg8) 1 6.8 3.50 1.0 916

(Gd(III)-DTPA-Arg8) 2 7.8 3.45 1.2 1105

(Gd(III)-DOTA-SS-Arg8) 3 6.9 3.52 0.9 840

(Gd(III)-DTPA-SS-Arg8) 4 7.4 3.46 1.1 1327

Gd(III)-DOTA 3.2 2.12 1.2d 243e

Gd(III)-DTPA 3.8 2.09 1.2d 303e

a
Measured in 100 mM phosphate buffer

b
measured at ambient temperature (~ 25 °C)

c
calculated at 25 °C

d
data from ref (51)

e
data from ref (52).
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