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Abstract

A generalization of the modified SBM theory is developed in closed analytical form. The theory is applied to describe the

paramagnetically enhanced water proton spin–lattice relaxation rates of the aqueous-systems containing a gadolinium(S¼ 7/2)

complex(MS-325) in the presence or absence of human serum albumin (HSA). MS-325 binds to HSA: in the absence of the protein

the reorientational time, sR, is short, but when HSA is added sR becomes much longer. In this way, the effect of reorientational

motion, static (Ds), and transient (Dt) zero-field splitting (ZFS) interactions on both the water proton relaxivity and the Gd ESR

lineshapes are investigated.

Two dynamic models of electron spin relaxation are presented, characterized by transient and static ZFS-interactions. X-, Q-,

and W-bands ESR spectra of MS-325+HSA are analyzed in order to describe the effect on the electron spin system upon binding to

a macromolecule. A computer program based on this theory is developed which calculates solvent water proton T1 NMRD profiles

and the corresponding X-, Q-, U-, and W-bands ESR lineshapes.

� 2003 Elsevier Inc. All rights reserved.
1. Introduction

NMR-paramagnetic relaxation enhancement (PRE)

refers to the enhancement of NMR relaxation rates of
solvent water protons in the vicinity of the paramagnetic

species. The effects of paramagnetic ions on NMR re-

laxation rates have found important application in

studies of metal ions in biochemical systems [1] and as

contrast agents in MRI studies [2]. The PRE-theory of

paramagnetic hexa-aquo metal ion complexes is well

described for most cases by the traditional PRE theory

which is due to Solomon, Bloembergen, and Morgan
(SBM) [3,4]. An important exception, when the SBM

theory fails, is for paramagnetic complexes with very

fast electron spin relaxation such as Ni2þaquo com-

plexes [5,6]. However, for other paramagnetic aquo

complexes complications such as a change in the water
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coordination symmetry may make the application of the

SBM theory doubtful. Paramagnetic hexa-aquo metal

ions complexes, Mnþ(H2O)6, are expected to become

perturbed by the anisotropic interaction at a macro-
molecule interface. This perturbation may slow down

the dynamics of the water shell, and consequently the

modulation of the zero-field splitting (ZFS) interaction,

and it may reduce the water coordination number q < 6.

The anisotropy of the fluctuating ZFS-interaction may

thus introduce a reorientational modulated �static� ZFS-
iteraction. These are complications that were not fully

taken into account by the traditional SBM theory.
The micro-heterogeneous character of macromolec-

ular systems is thus expected to introduce at least two

different timescales, a slow and a fast modulation of the

electron spin–lattice coupling. It is therefore reasonable

that ZFS-interaction is described in terms of a transient

and a static part.

The reduction of the water coordination number of

the paramagnetic metal ion reduces the PRE effect most
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drastically but may also introduce changes of the elec-
tron spin levels through the static ZFS-interaction.

These are problems which were recognized 30 years ago

by Dwek in his discussion of paramagnetic ions used in

studies of biochemical systems [7]. The critical discus-

sion by Burton et al. [8] focused on the parameters ob-

tained using the SBM theory in biochemical/

macromolecular systems. However, no theoretical al-

ternative to the SBM-equations was available at that
time.

In the 1980s a generalized PRE theory was developed

by a Stockholm group in order to explain PRE data of

low-symmetric Ni(II) complexes [9]. In the high field

regime, the Ni2þ aquo-complex was particularly inter-

esting because it was not possible to observe this com-

plex by conventional ESR spectroscopy. The theoretical

approach is very general and applicable to all types of
systems and magnetic field strengths. It accounts for low

as well as for high field PRE-data and multi-exponential

electron spin relaxation within as well as outside the

second order perturbation regime. The SBM theory is

readily extracted from this general formulation using

second order perturbation theory. The theoretical

framework is however rather complex. It is based on the

stochastic Liouville equation in the Fokker–Planck
form, in which the electron spin system is described

implicitly. It is therefore not possible to interpret the

NMRD-results in terms of electron spin relaxation rates

but only in terms of more fundamental parameters.

Comparison between SBM and this slow-motion theory

has been performed by comparing NMRD profiles,

displaying large discrepancies mainly at low fields. The

slow-motion approach has also been generalized to low-
symmetry complexes of higher electron spin quantum

number S > 1 [10–13] and it has been reviewed twice

[5,6].

During the same time period a new approximate PRE

theory was developed by a Florence group [14–20]. This

approach was motivated by a number of new experi-

mental water proton T1-NMRD profiles [21] obtained

from studies of paramagnetic metal ions in aqueous
solution or/and bound to macromolecule. This low-field

theory describes electron spin relaxation on a phenom-

enological level using two relaxation times T1e and T2e.
However, improved phenomenological models were also

developed which accounted for low-symmetry coordi-

nation of high spin metal ions. In other words a static

low-symmetry coordination was assumed to generate a

static ZFS-interaction which thus was allowed to modify
the electron spin levels. The main flaw of this approach

was the absence of a detailed microscopic description of

the electron spin relaxation times T1e and T2e.
In the 1990s the research group of R. Sharp also

presented an approximate PRE approach based on a

phenomenological description of the electron spin sys-

tem. This approach resembled, at the beginning, very
much the low-field approach developed by the Florence
group. However, new systems and new PRE data were

produced and analyzed using a developed theory and an

approximate computational approach [22–38].

Recently, a Swiss and French group [39–41] has

contributed to this field by combining ESR studies of

paramagnetic contrast agents (mainly Gd-chelates) with

water T1-NMRD profile measurements. Rast et al.

[39,40] developed a general method based on Redfield�s
approximation by introducing the combined effects of

the modulation of the static crystal field and the tran-

sient ZFS, which interpreted the full electron paramag-

netic resonance lineshapes of Gd3þ complexes in

solution at multiple temperatures and frequencies.

More recent developments by Kowalewski and co-

workers [42–46] have been focused on detail in the

electron Hamiltonians such as rombicity, special effects
in the low-field region. Dynamic models covering slow

and fast motion effects have been analyzed within the

Stochastic Liouville approach. They have also tried to

bring the Florence and the Stockholm approaches to-

gether. A very informative review on this recent theo-

retical development has been published by Kowalewski

et al. [47].

A main restriction of the SBM theory is that it ig-
nores multiexponential electron spin relaxation effects.

For high electron spin quantum numbers S > 1, in the

second order perturbation regime and non-extreme

narrowing conditions, multiexponential electron spin

relaxation is expected. It is thus important at high fields

and for slow modulation of ZFS-interaction. That is, for

superconducting NMR spectrometers and for MRI

studies with slow tumbling low-symmetry contrast
agents. This problem was solved numerically more than

30 years ago [48] for S¼ 3/2 and S¼ 5/2 and deprived

the SBM equations of their very simple closed form.

Perhaps because of this, these results had very little in-

fluence on the popularity of the traditional SBM equa-

tions as the main tool in the analyses of experimental

PRE-data. Quite recently multiexponential electron spin

relaxation has been accounted for in new expressions in
closed form [49,53,54] and in alternative numerical ap-

proaches [41] however still not changing the popularity

of the simple SBM theory.

The low-field regime of the water T1-NMRD profiles

introduced an extra complication which also calls SBM

in question. This problem has also been solved in a new

low-field approach using Redfield theory [55–58].

1.1. The aim and scope of this work

A common philosophy of how to improve and opti-

mize paramagnetic contrast agents is to introduce

chemical modification in order to increase the reorien-

tational correlation time, without decreasing the hy-

dration number q. However, upon such a modification
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one may also introduce a perturbation which introduces
a static ZFS-interaction Ds. The latter influences both

the electron spin levels and the electron spin relaxation

rates of the system. The static ZFS-interaction is mod-

ulated by the reorientation and thus a slow tumbling

complex may increase its electron spin relaxation rates.

The electron spin–spin relaxation rate is most sensitive

to this reorientational modulated static ZFS-interaction.

An increase in Ds may thus counterbalance the im-
provement in relaxivity due to an increase in sR. But it is
expected that this enhanced electron spin relaxation is

most important at an intermediate field region where

both electron T1 and T2 processes are important for the

NMRD profile. At high fields where the electron spin–

lattice relaxation rates are dominant this effect becomes

less important. This is the problem investigated in this

work. We develop the generalized SBM theory (GSBM)
for low-symmetry complexes of spin quantum number

S¼ 7/2 and which accounts for multiexponential elec-

tron spin relaxation, and describes water T1-NMRD

profiles and corresponding ESR lineshapes. We derive

the ESR lineshape function of an S¼ 7/2 ion within the

same Hamiltonian defining the NMRD experiment. The

approach is based on previous publications [53,54] but

which were limited to symmetric Gd-complexes.
Within this theoretical framework we focus on the

enhanced proton T1 spin–lattice relaxation rate of

modified Gd-DTPA complexes namely MS-325 and

MS-325 +HSA. We relate, in detail, the water relaxivity

to the reorientational correlation time sR (for instance

modified by attaching the chelate to a macromolecule),

to the change in the flexibility of the Gd-ion environ-

ment, measured by the transient ZFS-interaction, Dt and
to the averaged symmetry of the Gd-complex measured

by the size of the static ZFS-interaction Ds. Assuming no

changes in the water coordination number q, we inves-

tigate both ESR-line width and NMRD-profiles. The

theoretical model is used to analyze both the NMRD

profiles and the corresponding ESR lineshapes of a

contrast agent, MS-325 and MS-325 +HSA within the

same dynamic model. Two different dynamic models are
introduced in order to describe the flexibility of the

Gd(III) environment in the two complexes.

Model I considers rotational diffusion of the para-

magnetic complex in the static limit averaging over an-

gle-dependent electron spin relaxation. This dynamic

model is thus appropriate for the slow-tumbling

MS-325 +HSA complex. The electron spin relaxation is

described at fixed orientations of the paramagnetic
complex. The transient ZFS-interaction on the other

hand is modeled using an anisotropic pseudo-rotation

model. Electron spin relaxation thus becomes angle

dependent and the ESR spectra is obtained after aver-

aging over all orientations. The model parameters which

determine the electron spin relaxation are the following:

the transient ZFS-interaction DZFS
t , the pseudo-rotation
correlation times s? and sk and the static ZFS DZFS
s ,

which only influences the electron spin levels.

In model II the reorientational diffusion motion is

allowed to modulate the static ZFS-interaction which

thus becomes an important electron spin relaxation

mechanism. This model is designed to describe tumbling

low-symmetry complexes such as Gd-DTPA and MS-

325. The model has the following model parameters: the

transient ZFS-interaction DZFS
t , the static ZFS-interac-

tion DZFS
s , one pseudo-rotation correlation time sf and

the reorientation correlation time sR.
Other model parameters are the same for both models

and influence the NMRD profile in the same way. These

parameters are: the water coordination number q, the
concentration of paramagnetic ions m, the rotational

diffusion correlation time sR, the inner-sphere water

residency time sM and the average distance between the
water proton and the electron spin of the Gd-ion(rIS).
2. Theoretical approach

The inner sphere water proton relaxivity 1=T1pM , is

expressed as the relaxation enhancement divided by the

concentration of paramagnetic ions, measured in units
of (mMs)�1. The inner-sphere relaxivity is given by

1

T1pM
¼ q � 10�3

55:56

� �
1

T1M þ sM
; ð1Þ

where q denotes the number of fast exchanging water

molecules in the first hydration shell of a paramagnetic

metal ion with electron spin quantum number S. M and

55.6 are molar concentrations of paramagnetic ions and

water, respectively. sM is the mean residence lifetime of

the inner sphere water and T1M is the spin–lattice re-

laxation time of the above inner sphere water molecules.
Considering only the relaxation contribution due to

nuclear spin–electron spin dipole–dipole interaction, the

paramagnetically enhanced proton spin–lattice relaxa-

tion time T1M is expressed as

1

T1M
¼ 4

3

l0

4p

� �2
�h2c2Ic

2
S

SðS þ 1Þ
r6IS

sDD
c ; ð2Þ

where dipole–dipole correlation time sDD
c is defined as a

weighted sum of spectral density functions sDD
r , r rep-

resents )1, 0, +1.

sDD
c ¼ Re 0:1

�
� sDD

1 þ 0:3� sDD
0 þ 0:6� sDD

�1

�
; ð3Þ

where sDD
r is the Fourier–Laplace transform of the re-

orientation correlation function and the electron spin

correlation function trSfS1y
r eiL̂SsS1

rq
T
Sg at the nuclear

Larmor frequency xI.

sDD
r ¼ 3

SðS þ 1Þ

Z 1

0

trS S1y
r eiL̂SsS1

rq
T
S

n o
e�ðixIþ1=sRÞs ds

� M�1
rr ð4Þ
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Here M�1
rr is an inverted matrix element (see Appendix

A) and the superoperator is indicated by a �hat� L̂
whereas a spin operator is written without.

2.1. The relation to the Solomon–Bloembergen–Morgan

theory

Eq. (4) describes the effective dipole–dipole correla-

tion time and it simplifies to a sum of relaxation rates in
the traditional SBM theory because the electron spin–

spin and spin–lattice relaxation are single exponential.

sDD
1 ! 1

ðixI � ixS þ 1=T2S þ 1=sRÞ
¼ sc2

ðiðxI �xSÞsc2 þ 1Þ ;

sDD
0 ! 1

ðixI þ 1=T1S þ 1=sRÞ
¼ sc1

ðixIsc1 þ 1Þ ; ð5Þ

sDD
�1 ! 1

ðixI þ ixS þ 1=T2S þ 1=sRÞ
¼ sc2

ðiðxI þxSÞsc2 þ 1Þ ;

where we have introduced two effective correlation times

1

sc2
¼ 1=T2S þ 1=sR;

1

sc1
¼ 1=T1S þ 1=sR:

ð6Þ

The electron spin relaxation rates 1=T1S and 1=T2S are

expressed in terms of spectral densities using Redfield
theory:

1

T1S
¼ ½4SðS þ 1Þ � 3�

25
D2

t sf 1=ð1
��

þ x2
ss

2
f Þ

þ 4= 1
�

þ 4x2
Ss

2
f

��
þ D2

SsR 1= 1
��

þ x2
Ss

2
R

�
þ 4=ð1þ 4x2

Ss
2
RÞ
��

; ð7Þ

1

T2S
¼ 1

2

1

T1S
þ ½4SðS þ 1Þ � 3�

50
D2

t sf 3
��

þ 4= 1
�

þ x2
Ss

2
f

��
þ D2

SsR 3
�

þ 4= 1
�

þ x2
Ss

2
R

���
; ð8Þ

The dynamic model II used in Eqs. (7) and (8) assumes a

fast distortion motion of the Gd(III) ion environment
causing a transient ZFS-interaction(Dt) and a reorien-

tational modulated static ZFS-interaction(Ds). The SBM

theory is thus given by Eqs. (5)–(8) together with Eqs.

(2) and (3).

2.2. The generalized SBM theory

In Eq. (4) L̂S is the Liouville super-operator govern-
ing the electron spin correlation function, which reads

L̂SðbLMÞ ¼ L̂Zeeman
0 þ L̂ZFS

0 ðbLMÞ þ iR̂ZFSðbLMÞ; ð9Þ
where the angular-dependent Liouville super operator

L̂SðbLMÞ is composed of a Zeeman term, a static ZFS

term, and a Redfield super operator. The Zeeman

Hamiltonian is

HZeeman ¼ ��hc B S1; ð10Þ
0 S 0 0
where cS is �1:76084� 10�11 rad s�1. The static ZFS-
interaction can be expressed in Hamiltonian form as

HZFS
0 ðbMLÞ ¼

ffiffiffi
2

3

r
DsSPMd2

00ðbLMÞS2
0 ; ð11Þ

where we denote the principal component of the ZFS

tensor Ds times the order parameter hd2
00ðbPMÞi � SPM,

DsSPM, a ZFS parameter DZFS
s , and S2

0 is a standard

second rank electron spin operator. d2
00ðbIJÞ is a reduced

Wigner rotation matrix element [61]. We may formulate

the spin matrix Mrr in Eq. (4) and invert it in order to

obtain the relevant matrix elements in closed form. The

details are presented in the Appendix A.

2.2.1. Dynamic models of the transient ZFS-interaction

Model I�s electron spin spectral densities are angle-

dependent because the reorientational motion is as-
sumed very slow, which means the complex motion is in

rigid limit and do not contribute to the electron spin

relaxation times. The transient ZFS-interaction is de-

scribed by an anisotropic pseudo-rotation diffusion

model [6,62], which results in the following spectral

densities:

JnðnxSðmIÞÞ �
D2

t

5

X
k

d2
knðbLMÞ



 

2 sk
1þ ðnxSðmIÞskÞ2

ð12Þ

with the dynamic frequency shift Qn defined by

QnðnxSðmIÞÞ � �D2
t

5

X
k

d2
knðbLMÞ



 

2 s2knxSðmIÞ
1þ ðnxSðmIÞskÞ2

:

ð13Þ
The correlation times are then given as

1

s0
¼ 1

s?
; ð14Þ

1

s�1

¼ 5

6s?
þ 1

6sk
; ð15Þ

1

s�2

¼ 1

3s?
þ 2

3sk
; ð16Þ

where the dynamics reflect the symmetry breaking mo-

tions in the first coordination sphere of the paramag-

netic ion. If only one water molecule is coordinated to

Gd-ion and other coordinating atoms are from a ligand

or from the macromolecule then the ‘‘fast’’ or ‘‘spin-
ning’’ motion (sk) is expected to reflect the flickering/

wagging motion of the water molecule because it is most

flexible and is expected to be in the range of 1–5 ps. The

flexibility of the complex due to the other coordinating

atoms and ligands is expected to be slower and is

thought influence the �perpendicular� motion describe by

s?. This motion is expected to be approximately in the

range: sk < s? < 100 ps. A detail relation between cor-
relation times and the transient ZFS-interaction is not

possible to give unless a quantum chemical calculation is



Fig. 1. The relative difference of GSBM and SBM theories are dis-

played as [GSBM-SBM]/SBM using the spectral density of Eq. (19).

The parameters are the same as those used in model II NMRD fitting

for Gd-DTPA (solid line) and MS-325+HSA (dash line) except that

the static ZFS-interaction is 0.

Fig. 2. The relative difference [GSBM-SBM]/SBM of GSBM and SBM

theories is displayed for model I. The parameters are the same as those

used in model I for the best T1-NMRD profile of MS-325+HSA, but

the static ZFS-interactions are varied; 0.05 cm�1 (solid line), 0.01 cm�1

(dash line), and 0 cm�1 (dot line).

X. Zhou et al. / Journal of Magnetic Resonance 167 (2004) 147–160 151
preformed with real water. A simplified attempt to do
such an analysis has been suggested, however the ligands

in this case were not water molecules but spheres [59,60].

Model II simplifies the dynamic description of the

transient ZFS assuming an isotropic pseudo rotational

diffusion model, described by one correlation time sf .
However, in addition we assume that the coordination

sphere is permanently disturbed resulting in a static ZFS-

interaction which is modulated by the rotational diffu-
sion motion of the paramagnetic complex. This simple

model was first suggested by Dwek [7] for biochemical

systems. The electron spin spectral densities are given in

this case by:

JnðnxsÞ ¼
D2

5

sf
1þ ðnxssfÞ2

þ D2
s

5

sR
1þ ðnxssRÞ2

ð17Þ

with the dynamic frequency shift Qn defined by

QnðnxsÞ ¼ � D2
t

5

s2f nxs

1þ ðnxssfÞ2

 
þ D2

s

5

s2Rnxs

1þ ðnxssRÞ2

!
;

ð18Þ
where sf is the short correlation time of transient ZFS.

Eqs. 17 and 18 give the spectral densities of Model II,

describing electron spin relaxation and the dynamic shift

due to both local distortion within the first hydration

shell and a reorientational modulation of a static ZFS. It

is assumed that xs � ðxs � DsÞ which is valid in the high
field limit. Thus, Eqs. 17 and 18 describe flexible (sf )
low-symmetric Gd-complex attaches to slow (sR) tum-

bling macromolecules. However, the sR-modulated re-

laxation contribution vanishes for sufficient slow

tumbling (sRxs > 1). If sR falls in the range Ds � sR > 1,

the perturbation condition which Eqs. 17 and 18 are

based on is not fulfilled. The electron spin relaxation

description then becomes a slow-motion problem which
must be treated within the stochastic Liouville formal-

ism. If Ds � sR < 1 model II is valid also for ‘‘slow’’

tumbling macromolecules.

2.3. General trends of GSBM and SBM theories

Fig. 1 displays the relative difference between GSBM

and SBM theory using the simplest spectral density

model reading

JnðnxsÞ ¼
D2

5

sf
1þ ðnxssfÞ2

ð19Þ

and without static ZFS term. There is a marked dis-

crepancy between SBM and GSBM at intermediate field

strength. The multiexponential electron spin relaxation

introduces differences which are at most 2%.

In the case of model I the relative difference between

GSBM and SBM theory is also checked and displayed in
Fig. 2. Increasing the static ZFS-interaction enlarges the

difference between GSBM and SBM theory in the low-
field region. Ignoring the static ZFS-interaction would

lead to overestimated relaxation rates at low fields.

Figs. 3A–C display three sets of water proton T1
NMRD-profiles corresponding to Gd-DTPA modified
complexes. These calculated NMRD profiles applying

GSBM theory on model I display the effects of reori-

entational correlation time sR and the size of the static

ZFS-interaction Ds on the water proton relaxivity. In

each panel 4 reorientational correlation time simulations

are shown ranging from sR ¼ 120 ps to sR ¼ 120 ns. The

effect of increasing static ZFS is shown from (A)

through (C), where Ds increases from Ds ¼ 0:1 Dt to
Ds ¼ 1Dt to Ds ¼ 10 Dt, where the transient ZFS-inter-

action is fixed at Dt ¼ 0:04 cm�1.



Fig. 3. T1 NMRD profiles of Gd-DTPA from model I in the GSBM theory, which generally demonstrate the trend of proton relaxivity due to the

change of static ZFS Ds and the rotational correlation time sR. Ds ¼ 0:1Dt in (A), Ds ¼ Dt in (B), and Ds ¼ 10Dt in (C), where Dt ¼0.04 cm�1.
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MRI scanners have magnetic fields usually ranging

from 0.1 T (4MHz) to 3T (125MHz). The relevant part

of the NMRD profiles in Fig. 3 is thus the proton fre-

quencies above 4MHz. One should remember that nei-

ther the GSBM theory nor the traditional SBM theory

are valid in the low-field regime. Both GSBM and SBM

are high field theories, valid only when the Zeeman in-
teraction, is larger than the ZFS-interactions.

The trend of the GSBM (and SBM) theory is that

there is an increase in the PRE effect, at high fields,

because of a decrease in the electron spin–lattice relax-

ation rates. At high fields the reorientational time is the

dominant correlation time. As sR becomes large, there is

a second dispersion at higher fields as xIsR > 1, and the

PRE effect begins to decrease. In the intermediate field
region, 4–20MHz the PRE behavior is much more

complex because both electron spin–spin and spin–lat-

tice relaxation rates are important for the water

T1-NMRD profiles.

Fig. 3B displays the NMRD profile of a modified Gd-

DTPA complex with a much larger static ZFS-interac-

tion parameter (Ds ¼ Dt) than that of Fig. 3A

(Ds ¼ 0:1Dt). A small increase in relaxivity is noticed
with increasing reorientational correlation times over

the whole range of magnetic field strengths, but the

largest PRE-effect is at high fields where the absolute

value of the relaxivity reaches a maximum for largest sR.
In absolute value the maximum relaxivity is the same in
all Figs. 3A–C. Fig. 3C simulates a Gd-DTPA complex

which is heavily distorted, thus characterized by a large

static ZFS-interaction parameter (Ds ¼ 10Dt). The re-

laxivity very clearly increases with the increase of the

reorientational correlation time sR. Interestingly, the

maximal relaxivity values at intermediate fields

(4–10MHz), are almost the same for all three static
ZFS-interactions, thus independent of the distortion.

The philosophy of obtaining effective Gd-contrast

agents thus becomes clear from these results. First, an

increase of the reorientational correlation time of the

contrast agent clearly increases the contrast effect at fields

above 0.1 T. At intermediate fields, depending on the size

of the static ZFS-interaction, the reorientational corre-

lation time must take larger values in order to keep the
relaxation enhancement effect on the same level. How-

ever, at higher fields where most clinical scanners operate

(1.5 T), electron spin–lattice relaxation rates have become

too long to influence relaxivity, and the most important

parameter is the reorientational correlation time.

There is also another effect which may improve the

relaxivity of a Gd-chelate bound at a macromolecule.

One may expect a slightly more rigid Gd-chelate when it
is attached to a macromolecular interface. This effect

may decrease the transient ZFS-interaction which thus

decreases the electron spin relaxation rates.

The general conclusion from these simulations is

the same for both the SBM and GSBM approaches.
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The differences appear in the magnitude of the micro-
scopic parameters.
3. T1 NMRD and ESR lineshape calculations

The gadolinium chelate MS-325 is displayed in Fig. 4.

It is currently undergoing human clinical trials for im-

aging blood vessels. It has been reported to have good

affinity for serum albumin; there is also a dramatic in-

crease in proton relaxation enhancement in the presence

of serum [63].

In this section we analyze the experimental water T1-
NMRD profile of a gadolinium chelate MS-325 together

with the multifrequencies (X-, Q-, U-, and W-bands)

ESR spectra. Relaxation rates and ESR spectra were

measured either in the absence of human serum albumin

(HSA), where the Gd(III) complex is expected to have a

relatively short reorientational correlation time, or in

the presence of HSA where the reorientational correla-

tion time is expected to be much longer.
According to Eq. (12) the ESR lineshape function

IðxÞ of model I is a function of DZFS
t , DZFS

s , s?, and
sk, while IðxÞ of model II (cf. Eq. (17)) is a function

of DZFS
t , DZFS

s , sf , and sR. The amplitude of the proton

T1-NMRD profile is determined by the electron-nuclear

dipole–dipole strength (cf Eq. (2)). Because of the de-

composition approximation [6] there is a rotational

diffusion modulation of the electron-nuclear dipole–di-
pole interaction which is independent of the rotational

modulation of the electron spin relaxation. This is ex-

pected to be an accurate approximation because the

electron spin relaxation time is not in the same timescale

as the rotational diffusion of the complex.

3.1. Experimental description

The 1H NMRD experiments were carried out using a

field cycling relaxometer at New York Medical College

[65]. T1 relaxation rates for 1mM MS-325 [63] in
Fig. 4. The structure of MS-325, the q ¼ 0 a
phosphate buffered saline, PBS, (10mM NaPi, 150mM
NaCl, pH 7.4) or 0.1mM MS-325 in 22.5% (w/v) human

serum albumin, HSA, (Sigma, Fraction V Powder

96–99% albumin, containing fatty acids) were determined

at 0.01, 0.03, 0.1, 0.3, 1, 2, 4, 6, 10, 15, 20, 30, 40, and

50MHz at 35 �C. Relaxivities were determined using:

r1 ¼ 1=T obs
1

�
� 1=T dia

1

�
=½Gd�; ð20Þ

where 1=T obs
1 is the observed relaxation rate and

1=T dia
1 is the relaxation rate of the diamagnetic me-

dium with or without HSA. In the presence of HSA,

most of the MS-325 is bound to the protein (95%)

[63]. In order to estimate the relaxivity contribution

from the inner-sphere water molecule of MS-325, the
relaxivity of compound 1 (Fig. 4) was determined in

the presence or absence of 22.5% HSA. Compound 1

is based on the acyclic amino acid ligand TTHA

which is known to coordinate Gd without any inner-

sphere water molecules [66]. Under these conditions

compound 1 is about 99% bound to the protein [63].

Compound 1 is used as a surrogate for the relaxation

enhancement arising from water molecules not in the
inner-sphere of the Gd ion. The relaxation enhance-

ment due to the inner-sphere water molecule of MS-

325 was estimated by subtracting the relaxivity of 1

from the relaxivity of MS-325 (either in the presence

of absence of HSA).

The ESR studies were performed with either 1mM

MS-325 in PBS or 0.1mM MS-325 in 4.5% (w/v) HSA

in PBS. The lower concentration of MS-325 was used in
the protein study to ensure that most of the complex was

protein bound under these conditions. All studies were

performed at ambient temperature (20 �C). X-band

studies were performed with a Varian E-112 spectrom-

eter with a Varian TE102. Solutions were drawn into a

quartz flat cell. The Q-band measurements were ob-

tained on a Varian E-115 spectrometer with a Varian

TE011 cavity. Samples were placed in fused quartz cap-
illaries. At U-band the sensitivity was insufficient to

measure the 0.1mM sample with HSA. U- and W-band
nalogue compound 1 and Gd-DTPA.
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studies were conducted on instruments built at the
University of Illinois ESR Research Center [67,68].

The experimental NMRD data are the observed re-

laxivity, which is a sum effect of the inner-sphere water

directly coordinating to the complex and all other outer-

sphere water hydrating the complex in the 2nd and 3rd

coordination spheres [63]. The NMRD data are dis-

played as relaxivity (mM�1s�1) vs Larmor frequency

(MHz). Fig. 5 shows the observed relaxivity Robs
1 and

outer-sphere relaxivity Rout
1 as well as the inner-sphere

relaxivity Rin
1 ¼ Robs

1 � Rout
1 .

The ESR data are X-, Q-, and W-bands spectra of

MS-325 with the presence of HSA, and Q-, U-, and W-

bands spectra without HSA. The experimental ESR

spectra are displayed in Fig. 6 with magnetic field in

Gauss vs amplitude (a.u.). The X-band MS-325+HSA

differs from a smooth Lorenzian like signal whereas the
corresponding W-band spectrum has impurities but

displays a nice Lorenzian like signal. The theoretical

ESR lineshapes reproduce line widths at all frequencies

but a good fit to the lineshape is only accomplished at
Fig. 5. Experimental water T1-NMRD profiles of MS-325 with and

without HSA.
one frequency. This is a partly effect of the too simple
dynamic models and different dynamic regimes influence

the ESR spectra at different frequencies.

3.2. Results and discussion

MS-325 is a derivative of Gd-DTPA complex, which

is expected to have a longer reorientational correlation

time. There have been two reports illustrating the effects
of different microscopic parameters on the relaxivity of

MS-325 [63,64], there have been no reports on the ESR

lineshape of MS-325 to date.

This section presents a microscopic characterization

of MS-325 and MS-325+HSA based on NMRD pro-

files and ESR lineshape analyses. The ESR spectra are

recorded at different magnetic fields ranging from X-,

Q-, U-, and W-bands (include frequencies). The exper-
imental ESR linewidths together with calculated ones

are summarized in Table 1.

All model parameters resulting from NMRD fitting

are summarized in Table 2 and from ESR lineshape

fittings in Table 3. The Gd-aquo complex and Gd-

DTPA fitting parameters are also included where the

experimental NMRD curves and ESR linewidths used in

the fitting are from [50–52]. We believe that the relative
trends of model parameters are quite reliable whereas

the absolute values are less accurate because they de-

pend more on the dynamic model used. Parameters

describing Gd-DTPA are modified slightly for MS-325

without HSA. It means that the chemical modification is

changing the electron spin relaxation and the flexibility

of the Gd(III) cavity and its symmetry.

The molecular weight of the paramagnetic complexes
increase, ranging from the aquo-complex [Gd(H2O)8]

3þ,
Gd-DTPA, MS-325 to the heaviest complex MS-325

binding to HSA. Consequently, the rotational correla-

tion time increases with the molecular weight and a

marked increase in sR is expected for MS-325 binding to

HSA.

3.2.1. MS-325

The NMRD profile of MS-325 is rather featureless. It

could be reproduced using the parameters listed for

models I and II in Table 2. Since MS-325 is slightly

modified compared to Gd-DTPA, but with the same

coordination environment and number of waters coor-

dinated (q), we also re-analyzed the NMRD profile of

Gd-DTPA with our models. Perhaps not surprisingly,

the transient ZFS-interaction is the same as for MS-325
as for Gd-DTPA (Dt ¼ 0:04 cm�1). The reorientational

correlation time of MS-325 increases to 100 ps compared

with 70 ps of Gd-DTPA. According to analysis based on

the SBM theory the reorientational correlation time is

115 ps [63]. The theoretical NMRD profiles are shown in

Fig. 7 and conform well to the experimental profile.

Other parameters are the same as in other work.



Table 1

Experimental and calculated linewidths of ESR lineshapes expressed as exp./model I/model II in Gauss (G)

Gd Complex X-band (G) Q-band (G) U-band (G) W-band (G)

MS-325 580/536/500 62/64/72 41/32/36 19/12/12

MS-325+HSA 550/524/500 97/56/44 —/32/24 28/12/6

Fig. 6. The ESR spectra in the experiments (solid line), Model I (dash line) and Model II (dot line). In the experiments, Q- and W-bands have spectra

both with and without albumin. It is observed that: (1) there is a frequency offset between the bound (with albumin) and unbound spectra that

decreases as the field increases; (2) the spectra in the presence of albumin is broader than in the absence of albumin. The small peaks in the W-band

spectra arise from a Mn(II) impurity in the cavity.
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The experimental ESR linewidths of W-, U-, and Q-

bands at 293K are 19, 41, 62, and 580G, respectively.

They are listed in Table 1 and should be compared with

the linewidth of our simulations at 310K. For model I

we obtained 12, 32, 64, and 536G, and in model II 12,

36, 72, and 500G at W-, U-, Q-, amd X-bands.
3.2.2. MS-325 +HSA

The NMRD profile for MS-325 +HSA is shown in

Fig. 8 along with the best fits for models I and II. In this

case the NMRD profile indicates a drastic change in the

flexibility of the Gd environment. The transient ZFS-

interaction drops from 0.04 cm�1 for MS-325 to



Fig. 7. The best fit of the inner-sphere contribution to the water T1-
NMRD profile of MS-325 complex at T ¼ 310K. Parameters of

models I and II are listed in Table 2.

Fig. 8. The best fit of the inner-sphere contribution to the water T1-
NMRD profile of the Gd(III) MS-325+HSA complex at T ¼ 310K.

Model parameters are listed in Table 2.

Table 2

Parameters for Gd complexes in NMRD fitting

Gd Complex Fig./model Dt (cm
�1) Ds (cm

�1) s?,sk/sf (ps) sR (ps) rIS (�A) q sM (ns)

[Gd(H2O)8]
3þ (I) 0.04 0.01 10, 25 40 3.13 8 2

(II) 0.04 0.01 10 40 3.13 8 2
a 0.05 — 6 32 3.00 8 —

Gd-DTPA (I) 0.04 0.01 12, 25 70 3.13 1 126

(II) 0.04 0.01 12 70 3.13 1 126
a 0.0585 — 6 45 3.10 3 —

MS-325 (I) 0.04 0.15 18, 25 100 2.95 1 72

(II) 0.04 0.011 18 100 2.95 1 72
b NA — NA 115 3.10 1 69

MS-325+HSA (I) 0.017 0.05 26, 20 10,000 3.13 1 198

(II) 0.018 0 30 10,000 3.13 1 198
b 0.015 — 21 13,300 3.10 1 170

NA, not available.
aRef. [53].
bRef. [63] (310K).

Table 3

Parameters for Gd complexes in ESR fitting

Gd Complex Fig./model Dt (cm
�1) Ds (cm

�1) s?; sk/sf (ps) sR (ps)

[Gd(H2O)8]
3þ (I) 0.04 0.01 10, 25 —

(II) 0.04 0.01 10 40
a 0.05 — 6 32

Gd-DTPA (I) 0.04 0.01 12, 25 —

(II) 0.04 0.01 12 70
a 0.0585 — 6 45

MS-325 (I) 0.04 0.15 18, 25 —

(II) 0.04 0.011 18 100

No Ref.

MS-325+HSA (I) 0.04 0.05 26 ,20 —

(II) 0.04 0.001 30 10,000

No Ref.

aRef. [53].
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0.017 cm�1 for MS-325+HSA. In this analysis the same
parameters of sR; rIS; q; sM are used as have been ex-

tracted using the SBM theory [63].

However, the ESR parameters of the NMRD fitting

differ from those obtained from the ESR fitting. If the

transient ZFS-interaction obtained from the MS-

325+HSA NMRD fitting is used, the ESR linewidths

are underestimated. In addition, the experimental ESR

lineshape at X-band is not symmetric and seems to in-
dicate other effects perhaps of slow-motion origin upon

binding. If we recalculated the ESR X-band spectra

by focusing only on the left-hand rather narrow part

of the spectra it may be well reproduced using

Dt ¼ 0:025 cm�1, which is similar to the best fit value

obtained from the NMRD profile.

The peaks of the NMRD profiles in Fig. 8 are around

30MHz. If we use the larger Dt ¼ 0:04 cm�1 value which
better reproduces the experimental ESR-linewidth, there

is a marked shift of the NMRD peak to higher field,

which is shown in Fig. 9.

The rotational correlation time sR of MS-325 is

dramatically changed upon binding to HSA. This results

in a marked increase in relaxivity compared to MS-325

without HSA. In addition it appears that the transient

ZFS-interaction is decreased when MS-325 associates
with HSA. This result thus indicates a more rigid

character of the MS-325+HSA complex which is not

observed for MS-325 without HSA or Gd-DTPA.

The experimental ESR linewidth of MS-325 with

HSA at W-, Q-, and X-bands are 28, 97, and 550G at

293K (see Table 1). There is no U-band experimental

data for MS-325+HSA. The linewidth from our cal-

culation at 310K are 12, 32, 56, and 524G in model I
and for model II are 6, 24, 44, and 500G, at W-, U-, Q-,

and X-bands, respectively.
Fig. 9. The best fit of the inner-sphere contribution to the water T1-
NMRD profile of MS-325+HSA complex at T ¼ 310K using the

ESR parameters in Table 3 together with other parameters in Table 2.

As we can see here the maximum relaxivity occurs at around 50MHz

which is not consistent with experiment.
3.3. Conclusions

Although parameters of NMRD and ESR fitting are

consistent for Gd-aquo complex, Gd-DTPA, and MS-

325, a problem in the analysis arises when the MS-325

associates with HSA. There is a drastic increase in the

rotational correlation time and a marked decrease in Dt

upon binding. The latter effect is derived from analysing

the experimental NMRD profile which shows a maxi-
mum relaxivity at a proton Larmor frequency of about

30MHz. This marked increase of relaxivity is due to a

decrease in the electron spin–lattice relaxation rates,

coupled with the long reorientational correlation time. In

Fig. 9 the inconsistence between the NMRD Dt ¼
0:017 cm�1 and ESR parameter value Dt ¼ 0:04 cm�1 is

shown. The simulated NMRD profile with Dt ¼
0:04 cm�1 shows a maximum at 50MHz. A reasonable
explanation for the discrepancy between the NMRD and

ESR fittings of MS-325+HSA complex is because the

electron spin–spin relaxation time is sensitive for slow

motions whereas the T1-NMRD profile is dominated by

the electron spin–lattice relaxations rates where slow

motions are less important. The dynamic model I does

not include such slow modulation of the ZFS-interaction

and thus the ESR linewidth has to be reproduced using
fast dynamics and a larger transient ZFS-interaction. The

latter is thus overestimated in order to reproduce the ESR

linewidth. This discrepancy may call for a more detail

analysis of the X-band ESR spectra of MS-325+HSA.

Our NMRD analysis suggests that MS-325 becomes

more rigid when bound to HSA. This effect is manifested

in a marked decrease in the transient ZFS-interaction

parameter. Combining this effect with the long reorien-
tational time explains the increase of relaxivity relative to

MS-325 without HSA. It was also observed that multi-

exponentiallity of electron spin relaxation and dynamic

shifts introduced a discrepancy between GSBMand SBM

which is less than2.0% in the intermediate field strength(1–

10MHZ) and for the best fitting parameters describing

MS-325+HSA it is about 10% (Fig. 2). The SBM picture

and theGSBMpicture predict the same trends but differ in
the microscopic parameters describing the electron spin

relaxation rates. The local fluctuation sf of the Gd-ion is

very much the same for all complexes analyzed.

The magnetic fields relevant for MRI are usually

between 0.1 and 3T. In this field interval the magnitude

of the Zeeman energy of the Gd(III) ion ranging be-

tween 0.1–3 cm�1 which is large compared with the ZFS-

interaction in our calculations. The conditions of the
high field GSBM theory are thus fulfilled.
4. Summary

This work developed a generalized SBM theory for

low-symmetry Gd(S¼ 7/2) complexes which describing
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water T1-NMRD profiles and ESR lineshapes. The
differences between SBM and GSBM because of

multi-exponential electron spin relaxation and static

ZFS-interaction are clearly shown.

The Gd(III) complex MS-325 is electronically quite

similar to Gd-DTPA. Differences in relaxivity arise from

the increased reorientational time of the larger MS-325

complex. In the presence of HSA, the whole com-

plex(MS-325+HSA) has a considerably increased re-
orientational correlation time sR and an increased

rigidity of the Gd-ion environment(a decreased Dt).

Consequently, the electron spin–lattice relaxation rates

decrease and the NMR relaxation rate of water in-

creases relative to MS-325 without HSA.

The ESR X-band lineshape of MS-325+HSA is

complex and only partly supports this conclusion be-

cause its shape is not yet completely understood.
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Appendix A. The electron spin–spin spectral density
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where the matrix elements are given in the following
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where SPM is an order parameter given by

SPM ¼ hd2
00ðbPMÞi. The resulting matrix is then trans-

formed to an irreducible spherical electron spin tensor
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is a 3j-symbol (ref. Brink-Satchler).

The resulting matrix is written with first even rank

tensors and then odd rank tensors, in the order

2,4,6,1,3,5,7. The Zeeman matrix 1iðxI � xSÞ is then

added. We get a matrix of the form
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with the elements defined in the following Table.
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a ¼ 12ðJ1 þ 4J2Þ � ixI þ 1
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The element we are interested in is the [4,4] element of
the inverted matrix of M�1.
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Appendix B. The electron spin–lattice spectral density

Again we start with the Redfield matrix describing

electron spin–lattice relaxation. The Zeeman basis is

given in symbolic form

R ¼

A B C 0 0 0 0 0

B D E F 0 0 0 0

C E G H I 0 0 0

0 F H J 0 I 0 0
0 0 I 0 J H F 0

0 0 0 I H G E C
0 0 0 0 F E D B
0 0 0 0 0 C B A

266666666664

377777777775
; ðB:1Þ

where the matrix elements are given in the following
Table.
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Then we transform the basis using the similar method

as previous part. In this case the static ZFS-interaction

term is zero. The transformed matrix has the following

form
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The above matrix can be reduced to a 4�4 matrix

since only odd-rank tensor operators enter the theoret-

ical description. The final M0 matrix is formed as

M0 ¼

a e 0 0

e b f 0

0 f c g
0 0 g d

2664
3775; ðB:3Þ

where the matrix elements are given in the following

Table.
M

The inverted matrix element is given by

trS Ô1y
0 M̂

b�1Ô1
0

� �
¼ bcd�df 2�bg2

abcd�cde2�adf 2�abg2þe2g2
: ðB:4Þ

Appendix C. The ESR lineshape function

The derivation of ESR lineshape function has the
same procedure as that in the part of electron spin–spin

spectral density. The differences are the definition of the

M matrix and r ¼ 1. The matrix elements are given in

the following Table.
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