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Zinc(II) plays a vital role in normal cellular function as an essential
component of numerous enzymes, transcription factors, and syn-
aptic vesicles. While zinc can be linked to a variety of physiological
processes, the mechanisms of its cellular actions are less discern-
ible. Here, we have synthesized and tested a Zn(II)-activated
magnetic resonance imaging (MRI) contrast agent in which the
coordination geometry of the complex rearranges upon binding of
Zn(II). In the absence of Zn(II) water is restricted from binding to a
chelated Gd(III) ion by coordinating acetate arms resulting in a low
relaxivity of 2.33 mM�1�s�1 at 60 MHz. Upon addition of Zn(II) the
relaxivity of the Gd(III)–Zn(II) complex increases to 5.07 mM�1�s�1

and is consistent with one water molecule bound to Gd(III). These
results were confirmed by nuclear magnetic relaxation dispersion
analysis. There was no observed change in relaxivity of the Gd(III)
complex when physiologically competing cations Ca(II) and Mg(II)
were added. A competitive binding assay gave a dissociation
constant of 2.38 � 10�4 M for the Gd(III)–Zn(II) complex. In vitro
magnetic resonance images confirm that Zn(II) concentrations as
low as 100 �M can be detected by using this contrast agent.
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Z inc(II) plays a critical role in cellular physiology and is
involved in structural stability, catalytic activity, and signal

transduction processes (1–3). While a great deal is known about
the biochemistry of Zn(II) in relation to metalloproteins, far less
is understood about the specific mechanisms of its cellular
physiology and distribution because it is tightly bound to zinc-
binding ligands (4). To understand the specific functions of
Zn(II), research has focused on the development of Zn(II)
f luorescent probes (5, 6). These Zn(II) probes are changing our
understanding of the biological function of this important ion in
cell and tissue culture experiments.

Our goal has been to noninvasively image Zn(II) activity in
whole organisms, and we have focused on developing Zn(II)
magnetic resonance (MR) contrast agents. Unlike light-based
microscopy, MRI can provide three-dimensional images without
the limitations of light scattering and photobleaching (7, 8). MRI
takes advantage of the most abundant molecule in biological
tissues, water. In the presence of a magnetic field the magnetic
moments of the protons in water molecules orient themselves
along the magnetic field. An applied radiofrequency pulse
inverts the magnetization vector, and reorientation to the orig-
inal magnetic field direction occurs with a characteristic time
constant. This process of realignment characterized by T1 is
called longitudinal or spin-lattice relaxation, and it is the dom-
inant factor in producing contrast in a T1-weighted MR image.
While intrinsic contrast between organs can be observed by using
MRI, resolution and sensitivity improve greatly with the use of
contrast agents such as Gd(III) chelates. The efficacy of these
complexes to decrease the T1 of the local water protons, and
therefore brighten the image, is measured by their relaxivity
values (mM�1�s�1) (7, 8).

Recently, a new class of biologically activated MR contrast
agents has been developed in which a change in the relaxivity of

the agent is observed during binding of cations, changes in pH,
and enzyme activity (9–12). Three variables dominate an ob-
served change in T1 of a contrast agent: the rotational correla-
tion time (�R), the exchange correlation time (�m), and the
number of water molecules bound to the lanthanide ion (q)
[(1/T1)IS � Pm/(T1m � �m)], in which Pm is the mole fraction of
the bound water nuclei. For example, we have reported a
reversible calcium-activated MR agent with four N-acetic acid
moieties in which the presence of micromolar Ca(II) exhibits an
increase in relaxivity due to modulation of q (11, 12). Based on
this molecular framework, we have prepared a Zn(II)-activated
MR contrast agent with only two N-acetic acid binding groups,
which selectively bind Zn(II) over Ca(II) and Mg(II). Similar to
what happens with fluorescent Zn(II) sensors, the loss of acetic
acid groups improves the selectivity for Zn(II) by greatly reduc-
ing the ability of Ca(II) to bind (13).

The binding of Zn(II) to Gd-daa3 (daa3, diaminoacetate with
three methylenes) is accompanied by a 114% increase in relax-
ivity at 60 MHz and 37°C due to a change in coordination
geometry around the Gd(III) center (Fig. 1). Relaxivity and q
measurements along with our nuclear magnetic relaxation dis-
persion (NMRD) data show that the increase in relaxivity is due
to the coordination of one water molecule to Gd-daa3 in the
presence of Zn(II). A second agent, Gd-daa2, with only two
methylenes linking the gadolinium chelate with the zinc-binding
aminoacetates, was synthesized and tested but showed little
activation toward Zn(II).
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Fig. 1. Proposed mechanism of a Zn(II)-activated MR contrast agent whose
observed signal proceeds from dark to bright in an acquired MR image. This
increase in image intensity is a result of a selective change in the coordination
environment of the complex upon binding of Zn(II).
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MR contrast agents sensitive to Zn(II) concentration have
been reported that are based on the binding of Zn(II) to
N,N,N�,N�-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)
(14, 15). However, these agents show a decrease in relaxivity
upon binding of Zn(II) [and therefore, a bright-to-dark signal
upon Zn(II) binding], whereas the complex reported here pro-
vides an increase in relaxivity upon Zn(II) binding (dark-to-
bright image), which definitively reports the presence of zinc. A
negative feedback probe can mean that there is zinc present, but
the signal could be decreasing in brightness because of diffusion
of the agent, thereby giving inconclusive results. An MRI agent
similar to Gd-daa3 found to be activated by Cu(II) has been
reported as well (16). While the authors of ref. 16 report a small
response due to Zn(II) binding, their measurements were done
in PBS, which would show little effect of zinc binding due to the
immediate precipitation of Zn3(PO4)2 (17). Our measurements
done in a noncoordinating Hepes buffer give a more accurate
account of the binding properties of this agent.

With a �100% increase in relaxivity, and a binding constant of
240 �M, our agent may have the ability to allow visualization of
changes in Zn(II) concentrations in extracellular fluids of the brain.
The release of high concentrations of Zn(II) (200–300 �M) from
neuronal synaptic vessels into the extracellular fluids of the brain
(�10 nM) (18, 19) when under stress has been implicated in a
variety of pathological functions, including the precipitation of
�-amyloid plaques seen in Alzheimer’s disease (18).

Results and Discussion
Gd-daa3 and Gd-daa2 were synthesized as shown in Fig. 2. The
synthesis begins with alkylation of the commercially available
3-methyl-2-nitrophenol to yield the protected alcohol product 1.
The nitro group was reduced to the amine under standard
palladium-catalyzed hydrogenation conditions and reacted im-
mediately with t-butylbromoacetate under basic conditions.
Product 2 was reacted with tetrabutylammonium fluoride to
remove the TBDMS protecting group and then brominated to

give compound 4. DO3A tris-t-butyl ester was synthesized by
following a literature procedure (20) and combined with 4 to
prepare the fully t-butyl-protected ligand 5. After removal of the
t-butyl groups with trif luoroacetic acid, the ligand was dissolved
in water and the pH was adjusted to 6.5 with 1 M NaOH. GdCl3
was added to the ligand while maintaining a constant pH for a
period of 5 days. Unreacted gadolinium was precipitated as
Gd(OH)3 with 1 M NaOH and separated by centrifugation. The
final compounds were then purified by semipreparatory HPLC
and characterized by LC-MS and elemental analysis [see sup-
porting information (SI) Materials and Methods].

The relaxivities of Gd-daa3 and Gd-daa2 were measured at 60
MHz and 37°C in the absence and presence of ZnCl2. In the
absence of Zn(II) the relaxivity of Gd-daa3 in Hepes buffer is 2.3
mM�1�s�1, consistent with a q � 0 complex (8). Addition of
ZnCl2 increases the relaxivity to 5.1 mM�1�s�1. The overall
difference in relaxivity [before and after addition of Zn(II)] is
73% and is sufficient for in vivo detection.** Similar studies were
conducted with MgCl2 and CaCl2 to test the selectivity of
Gd-daa3 for Zn(II) over other biologically abundant divalent
cations known to have higher cellular concentrations and that
have similar binding affinities toward carboxylic acid ligands.
There is no significant change in relaxivity for either Mg(II) or
Ca(II) even when an excess of these divalent cations was added
(Fig. 3). Relaxivity measurements with CuCl2 in Hepes buffer
show an increase from 3.1 mM�1�s�1 to 5.1 mM�1�s�1 upon the
addition of 1 eq of copper. Although Cu(II) binding is possible,
its concentration is 1/10 that of Zn(II) during neurotransmission,
where we would be most interested in imaging zinc (21). Esti-
mates of Cu(II) concentration are only �30 �M, whereas Zn(II)
is expected to be at least 300 �M (21).

**Gd diethylenetriaminepentaacetate (DTPA) has a relaxivity of 3.8 mM�1�s�1 at 60 MHz
and 310 K. In the absence of Zn(II), Gd-daa3 has a 40% lower relaxivity (2.3 mM�1�s�1)
than Gd-DTPA, and in the presence of Zn(II), it has 33% higher relaxivity (5.1 mM�1�s�1)
than Gd-DTPA.

Fig. 2. Synthesis of Gd-daa3 and Gd-daa2. DO3A, 1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid; R.T., room temperature; TBAF, tetrabutylammonium
fluoride; TBDMS, t-butyldimethylsilyl; TFA, trifluoroacetic acid.
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To determine the efficiency of Gd-daa3 under physiological
conditions, relaxivity measurements were done in male human
blood serum. An overall increase in relaxivity was again ob-
served as Zn(II) was added (see SI Fig. 7). The relaxivity
increases from 5.8 mM�1�s�1 to 7.7 mM�1�s�1 in the presence of
Zn(II) at 37°C and 60 MHz, providing a 33% increase in
relaxivity, sufficient for visualization in MRI.

More interestingly, Gd-daa2 showed no change in relaxivity
upon addition of ZnCl2, suggesting that Gd-daa3 may have the
optimal binding properties to both Gd(III) and Zn(II) for a
Zn(II)-sensitive agent. The low relaxivity of Gd-daa2 in the
absence of Zn(II), 1.44 mM�1�s�1, suggests a complex that more
efficiently blocks the access of water in its closed state, possibly
due to tighter binding of the aminoacetate arms to Gd(III).

Values of q were determined by preparing the terbium analog
(Tb-daa3) and acquiring time-based fluorescence microscopy
measurements. The fluorescence decay rates of Tb-daa3 in water
and D2O can be related to q (22). The decay times in water were
1.46 ms and 1.96 ms with and without zinc, respectively, and 2.65
ms and 2.71 ms for D2O. By using the equation for Tb (q � 4.2
ms [(1/tH2O) � (1/tD2O) � 0.06]) (22), q was calculated to be 0.3 �
0.1 with no zinc present and 1.0 � 0.1 in the presence of zinc.
These numbers are consistent with our proposed mechanism
depicted in Fig. 1 and introduced previously with our calcium-
activated MR agent.

The NMRD profiles of Gd-daa3, measured in the presence
and absence of Zn(II) at 292, 298, and 310 K, are reported in Fig.
4. The observed bulk water proton relaxivity is provided by the
sum of (i) the outer-sphere contribution, due to the dipolar
interaction between unpaired electrons and protons of freely
diffusing water molecules, and (ii) the inner-sphere contribution.
The latter is due to the dipolar interaction between unpaired
electrons and protons of water molecules coordinated to the
paramagnetic ion (first sphere) or anchored at a fixed distance
r from the metal ion (second sphere) in exchange with bulk water
protons. When such exchange is fast (i.e., the exchange rate is
faster than the relaxation rate of the protons of bound water
molecules), the observed bulk water proton relaxivity is a good
reporter of the presence of water molecules coordinated to the
metal ion. A slow exchange regime, on the other hand, is
characterized by an increase in relaxivity with increasing tem-
perature (12) as the exchange rate increases with temperature.

An overall increase in relaxivity is observed at all fields in the
Zn(II)-containing sample. Such increase is in agreement with a
larger hydration of the gadolinium site. The decrease in relax-
ivity with increasing temperature actually indicates the occur-
rence of a fast exchange regime for the inner-sphere relaxation.
Outer-sphere relaxation is always expected to decrease with
increasing temperature. One dispersion is present in all profiles,

at �2–10 MHz, as expected for both the outer-sphere relaxation
and the inner-sphere relaxation for complexes with reorientation
times of the order of 100 ps, in agreement with the molecular
weight of the present system, and electron relaxation times
typical of gadolinium complexes (23, 24). The increase in
relaxivity at high frequencies, observed for the profiles of the
Zn(II)-containing sample acquired at the lower temperatures,
indicates the field dependence of the electron relaxation time.

The analysis performed according to current theories (23)
confirms that in the absence of Zn(II) the outer-sphere contri-
bution is dominant, setting an upper limit for the possible
fraction of coordinated water q � 0.3 � 0.2, calculated for water
protons at a typical distance for the first coordination sphere of
Gd(III) (�3.1 Å). The relaxation rates can be very well repro-
duced by using the Freed model (25) and the Solomon–
Bloembergen–Morgan (SBM) theory (26, 27) by the simulta-
neous contributions of outer-sphere relaxation and second-
sphere relaxation (solid lines in Fig. 4). The second-sphere
relaxation is due to the presence of two water protons at 3.7 Å
from the metal ion with a field dependence for the electron
relaxation rates similar to what is obtained for Gd-DTPA
(23, 24).

The overall increase in the relaxation rate values obtained for
the Zn(II)-coordinated complex (open symbols in Fig. 4) can be
reproduced with SBM theory considering the presence of an
additional regularly coordinated water molecule: q � 1.2 � 0.3
is in fact obtained (see SI Table 1). The best-fit profiles (solid
lines in Fig. 4) are satisfactory although not always in perfect
agreement with the experimental data, probably because of the
presence of both static and transient ZFS, as expected for
Gd(III) complexes. Presently, available fitting programs cannot
properly account for their simultaneous presence in fast-rotating
systems. The SBM theory in fact neglects the presence of static
ZFS. Data were also analyzed by using a slow-rotation program
including ZFS (28, 29). Even in such a model, the data are
consistent with the presence of a regularly coordinated water
molecule (dashed lines in Fig. 4) These results indicate that a
water molecule in fast exchange is regularly coordinated to the
Gd(III) ion in the presence of Zn(II), whereas it is not detected
in the absence of Zn(II), in agreement with the scheme depicted
in Fig. 1.

Proton relaxivity measurements on Gd-daa3 were also per-
formed while titrating with increasing amounts of Zn(II) up to
1:1.4 (Gd:Zn) eq. The titration showed a linear increase in the

Fig. 3. Relaxivity of Gd-daa3 at 60 MHz and 310 K in the presence of XCl2,
where X � Zn(II), Ca(II), or Mg(II). All solutions were prepared in 100 mM
KCl/100 mM Hepes at pH 7.4.

Fig. 4. Water proton relaxivity data for Gd-daa3 in the absence (filled
symbols) and in the presence (open symbols) of Zn(II) at various temperatures
(squares � 292 K, circles � 298 K, and triangles � 310 K). The solid and dashed
lines are best-fit curves to approximate theories for (i) fast-rotating complexes
in the absence of static zero field splitting (ZFS) or (ii) slow-rotating complexes
in the presence of static ZFS, respectively.
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observed relaxation rate enhancement until 1:0.8 (Gd:Zn) eq,
and then the rate leveled to a plateau at 1.2–1.4 eq. This
observation confirms that a 1:1 (Gd:Zn) complex is formed,
because relaxivity did not increase when Zn(II) was added in
excess. The observed linear dependence also rules out the
possibility of a 2:1 (Gd:Zn) complex formation.

To evaluate the effectiveness of Gd-daa3 as a potential in vivo
probe the stability of Zn–Gd-daa3 was investigated. Using the
commercially available f luorophore FluoZin-1 (Invitrogen,
Carlsbad, CA), one can determine the binding constant of zinc
by a competitive assay. Because the Zn(II)-binding regions of the
dye and Gd-daa3 are identical, similar binding constants are to
be expected. When the published dissociation constant for the
dye (8.6 � 10�6 M) (13) was used, the Kd of Zn–Gd-daa3 was
calculated to be 2.4 � 10�4 M. A primary goal of this research
is to prepare a series of MR agents with a range of binding
constants for Zn(II) for in vitro and in vivo studies, and Gd-daa3
is the first example. Gd-daa3 is sensitive enough to bind Zn(II)
in the concentration range of �100 �M, allowing us to investi-
gate MR imaging of Zn(II) release in the brain.

In vitro MR images on a 4.7-T magnet show an increase in
intensity for Gd-daa3 in the presence of Zn(II), whereas there is
no discernible difference of Gd-daa3 with Ca(II) or Mg(II) (Fig.
5A). More importantly, phantom images of various Zn(II)
concentrations show that we can easily visualize the difference
between 100 �M and 500 �M zinc (Fig. 5B). To confirm there
was a measurable difference between zinc concentrations, T1 was
measured on these same samples on a 14.1-T magnet and on a
1.4-T magnet (data in SI Tables 2 and 3).

Gd-daa3 was monitored for 24 h in a 0.1 M phosphate buffer
to determine its stability in solution. Because of the low solubility
of GdPO4 (Ksp � 10�22.26 mol2�liter�2) (30) any dissociation of
gadolinium from Gd-daa3 will precipitate, causing a subsequent
decrease in relaxivity, which was not seen (17). A more accurate
measurement of the amount of gadolinium dissociation can be

made from centrifuging the samples and collecting aliquots of
the supernatant for evaluation of gadolinium concentration by
inductively coupled plasma mass spectrometry. This was done at
various time points up to 24 h, and it was found that there was
no significant change in [Gd], indicating no loss of gadolinium
from the Gd-daa3 complex. This suggests a dissociation constant
for Gd-daa3 on the order of that seen for Gd-DO3A (log Kd �
21) and its derivatives.

Treatment of NIH/3T3 cells with 0.5 mM Gd-daa3 for up to
24 h shows no observable cell death as visualized by trypan blue
staining. Cells proliferated exponentially at the expected rate,
indicating low toxicity from the agent (Fig. 6A). Gd-daa3 was
effectively taken up by NIH/3T3 cells at a constant rate for the
first 8 h of treatment. The maximal intracellular concentration
of Gd-daa3 of �10�14 mol Gd/cell is achieved at 8 h and
maintained up to 24 h (Fig. 6B). These results provide support
for potential in vivo studies in the future.

In summary, we have presented the design and synthesis of a
Zn(II)-activated MR contrast agent for which an increase in image
intensity is observed upon exposure to physiologically relevant
concentrations of Zn(II). Gd-daa3 shows high selectivity of Zn(II)
over Ca(II) and Mg(II). Upon binding of Zn(II) the relaxivity is
more than doubled. Relaxivity studies conducted in human blood
serum prove the capability of translation into in vivo experiments.
This is the first generation of Zn(II)-activated MR contrast agents
with an increase in relaxivity, and we hope that investigating future
generations will provide a range of zinc binding affinities. NMR
investigation of solution structures should allow us to test the
suggested mechanism of the change in coordination geometry
about the Gd(III) ion in the presence of Zn(II).

Materials and Methods
General Methods. GdCl3�6H2O, TbCl3�6H2O, and 1,4,7,10-
tetraazacyclododecane (cyclen) were purchased from Strem
Chemicals (Newburyport, MA). FluoZin-1 was purchased from

Fig. 5. T1-weighted phantom MR images. (A) Gd-daa3 selectivity. Images of a 1 mM solution of Gd-daa3 in Hepes buffer. Spot A, Hepes buffer only; B, Gd-daa3;
C, Gd-daa3 with 1 mM ZnCl2; D, Gd-daa3 with 1 mM MgCl2; and E, Gd-daa3 with 1 mM CaCl2. (B) Gd-daa3 sensitivity. Images of a 1 mM solution of Gd-daa3 in
Hepes buffer with various concentrations of ZnCl2. Spot A, 0 �M Zn; B, 50 �M Zn; C, 100 �M Zn; D, 500 �M Zn; and E, 1 mM Zn. Repetition time (TR) � 100.0 ms;
echo time (TE) � 14.3 ms; field of view (FOV) � 2.5/2.0 cm; data matrix � 256 � 256.
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Invitrogen. Male human blood serum was obtained from Sigma
(St. Louis, MO) (catalog no. H 1388). All other chemicals were
purchased and used as is from Sigma–Aldrich. NMR spectra
were recorded on either Varian (Palo Alto, CA) Mercury
400-MHz or Varian Inova 500-MHz instruments with deuterated
chloroform as the solvent. All spectra were referenced to an
internal tetramethylsilane standard. Electrospray mass spectra
were obtained on a Varian 1200L single-quadrupole mass spec-
trometer. All samples were prepared in a 100 mM KCl/100 mM
Hepes buffer at a pH of 7.4 unless otherwise noted.

Relaxivity Measurements. The efficacy of these agents for use as
MRI contrast agents is measured by their relaxivity value, the slope
of the line of the reciprocal of T1 versus the concentration of
gadolinium. A 1 mM solution of the gadolinium complex was made
up in buffer containing 100 mM KCl and 100 mM Hepes at pH 7.4
or in human blood serum. These were serially diluted four times to
give 500 �l of five different sample concentrations at a [Gd]:[Zn]
ratio of 1:0. ZnCl2 was added to each of the samples to give a
[Gd]:[Zn] ratio of 1:0.5. After 30 min of incubation at 37°C, T1
measurements were made. This titration was repeated until a 1:3
([Gd]:[Zn]) ratio was reached. Similar titration experiments were
done with CaCl2 and MgCl2 to test the effects of competing cations.
Results for Gd-daa3 are summarized in Fig. 3. The titrations were
done in the same manner for Gd-daa2 up to a ratio of 1:2 ([Gd]:[X],
where X � Zn, Mg, or Ca) (see SI Fig. 8). No significant changes
in relaxivity were seen.

Luminescence Lifetime Measurements. The fluorescence decay
rates of Tb-daa3 in H2O and D2O were measured on a Hitachi
(San Francisco, CA) F4500 fluorimeter monitoring the emission
at 544 nm with an excitation at 254 nm. A 200 �M solution of
Tb-daa3 in Hepes buffer was measured in the presence of 300
�M ZnCl2 and without ZnCl2. Twenty-five scans were averaged
and fit to a monoexponential decay with an r2 value of 0.99.

NMRD. Longitudinal water proton relaxation rates were mea-
sured with a Stelar (Mede, Italy) Spinmaster FFC-2000-1T
fast-field cycling relaxometer in the 0.01- to 40-MHz proton
Larmor frequency range, using the standard field cycling pro-
tocol (31). R1 values were obtained with an error smaller than
1%. Proton NMRD profiles were thus obtained by plotting
proton relaxation rates as a function of applied magnetic field.
The NMRD data, subtracted from the diamagnetic contribution
of buffer alone and normalized to 1 mM Gd(III) concentration,
were then analyzed in terms of inner-sphere and outer-sphere
effects (23). Gd(III) complexes are expected to have both static
and transient ZFS. Presently available fitting programs cannot
properly account for their simultaneous presence in fast-rotating

systems. Therefore, we analyzed the data by using either SBM
theory (no static ZFS) or slow-rotation programs including ZFS
(28, 29).

Calculation of Zn Binding Constant. A 10 �M sample of ZnCl2 in
Hepes buffer was titrated with 100-�l aliquots of 0.1 mM
FluoZin-1 (Invitrogen) until saturation of fluorescence was
reached. Between aliquots, 30 min was allowed for the reaction
to reach equilibrium. Gd-daa3 at various concentrations in 10
�M ZnCl2 was then titrated with FluoZin-1 in the same manner
(see SI Fig. 9). Assuming a 1:1 (Gd:Zn) complex is formed, the
following equilibrium is established in solution. After each aliquot
of fluorophore was added, the percent saturation of fluorescence
[f � (F � F0)/(F � Fmax), where F0 is the minimum fluorescence
without zinc and Fmax is the fluorescence when saturated with zinc],
was calculated to determine the amount of Zn(II) bound to the dye.
With known amounts of Zn(II), FluoZin-1, and Gd-daa3, the
equilibrium constant was determined.

Zn–Gd-daa3 � FluoZin � 1ºZn-FluoZin � 1 � Gd � daa3

Keq �
	Zn-FluoZin-1
	Gd-daa3


	Zn-Gd-daa3
	FluoZin-1


f � �F � F0�/�Fmax � F0�

	Zn � FluoZin � 1
 � f	FluoZin � 1
T

	FluoZin-1
 � 	FluoZin-1
T � 	Zn-FluoZin-1


	Zn–Gd-daa3
 � 	Zn
T � 	Zn-FluoZin-1


	Gd-daa3
 � 	Gd-daa3
T � 	Zn-Gd-daa3
 .

MRI. In vitro phantom MR images were obtained of Gd-daa3 in
Hepes buffer with 1 mM Zn(II), Mg(II), or Ca(II) ions loaded
in 3-mm NMR tubes (Fig. 5A). Images were obtained on a 4.7-T
horizontal-bore Bruker (Billerica, MA) Biospec using a multi-
spin multiecho sequence. The phantom samples were prepared
1 h in advance of image acquisition. A second set of phantom
images of 1 mM Gd-daa3 in Hepes buffer with Zn(II) concen-
trations of 0 �M, 50 �M, 100 �M, 500 �M, and 1 mM were
imaged (Fig. 5B). The following parameters were used for both
phantom sets: repetition time TR � 100.0 ms, echo time TE � 14.3
ms, field of view FOV � 2.5/2.0 cm, and data matrix � 256 � 256.

Cytotoxicity. NIH/3T3 cells were seeded at 105 cells per well in
24-well tissue culture plates with Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% bovine calf serum and

Fig. 6. Cell cytotoxicity and uptake of 0.5 M Gd-daa3 with NIH/3T3 cells. (A) Normal proliferation of NIH/3T3 cells is seen when they are incubated with 0.5 M
Gd-daa3. The cell doubling time for NIH/3T3 cells is �16 h, and we can see over twice as many cells at 24 h than at 8 h as we would expect, implying �99% cell
viability. (B) Gd-daa3 is taken up at a constant rate for up to 8 h.
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incubated overnight in a 5% CO2 incubator at 37°C. The
medium was then changed and Gd-daa3 was added at 500 �M.
After 2, 4, 8, and 24 h, cells were washed three times with 1�
PBS, exposed to 250 �l of 0.25% trypsin, and harvested. Cells
were diluted with an equal volume of 0.4% trypan blue and
counted on a hemocytometer. For measurement of cellular
uptake of Gd-daa3, the treated cells were incubated with
concentrated nitric acid at 70°C for 3 h. The dissolved cells
were diluted into a 5-ml solution with 3% nitric acid and 5 parts
per billion of an indium internal standard. The concentration

of Gd(III) was then determined by using inductively coupled
plasma mass spectrometry (ICP-MS).
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