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ABSTRACT: In recent years, the coordination chemistry of high-spin Fe(III) complexes @ @ Q
has increasingly attracted interest due to their potential as effective alternatives to Gd(III)- o 0 o | o0 .
based MRI contrast agents. This paper discusses the results from our study on Fe(III) ﬁ”;"i\( c?/}“;\”i\(
complexes with two EDTA derivatives, each modified with either one (EDTA-BOM) or two oo’ [ oo’ W e
(EDTA-BOM,) benzyloxymethylene (BOM) groups on the acetic arm(s). These pendant [Fe(EDTA-BOM)I | _[Fe(EDTA-BOM,)
hydrophobic groups enable the complexes to form noncovalent adducts with human serum 18 < 3.0T/208K

albumin (HSA), leading to an observed increase in relaxivity due to the reduction in 15 Sound
molecular tumbling. Our research involved detailed relaxometric measurements and analyses <, 12

of both 'H and 7O NMR data at varying temperatures and magnetic field strengths, which & g Bound to HSA

is conducted with and without the presence of a protein. A significant finding of this study is ‘:E, 6 -~ Free

the effect of electronic relaxation time on the effectiveness of [Fe(EDTA-BOM)(H,0)]~ s B rree L '

and [Fe(EDTA-BOM,)(H,0)]” as diagnostic MRI probes. By integrating these 0 /—.

relaxometric results with comprehensive thermodynamic, kinetic, and electrochemical
data, we have thoroughly characterized how structural modifications to the EDTA base ligand influence the properties of the
complexes.

B INTRODUCTION

The rapid development and widespread adoption of MRI as a
clinical diagnostic modality have been facilitated by the parallel
advancement of gadolinium-based contrast agents (GBCAs).
These agents consist of small complexes with polyaminocar-
boxylic ligands, both acyclic and macrocyclic, wherein the
Gd(III) ion exhibits high thermodynamic stability, good

find the optimal compromise among various requirements:
high thermodynamic and redox stability, pronounced kinetic
inertness, good ability to enhance the nuclear magnetic
relaxation of water protons, and high solubility."”

Unlike Mn(II), monohydrated complexes of Fe(III) such as
[Fe(EDTA)]™ and [Fe(CDTA)]™ exhibit high log K values
and good stability over a wide range of pH values."* Their
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kinetic inertness, and the presence of a water molecule within
its first coordination sphere that undergoes rapid exchange
with the bulk."” Currently, nearly 50% of MRI examinations
involve the administration of a GBCA. Despite the evident
diagnostic benefits and their excellent safety profile, recent
issues have spurred research into potential effective alter-
natives.”" These issues include the incidence of nephrogenic
systemic fibrosis linked to the administration of GBCAs in
patients with severely impaired kidney function,” the
deposition of trace amounts of Gd(III) in the tissues of
patients who have received multiple doses of GBCAs,”” and
the increasing levels of anthropogenic gadolinium in surface
water around densely populated areas.”
Low-molecular-weight iron(III) complexes are currently
being investigated as a potential alternative to Gd(III)
complexes used in MRI diagnostics.””"” They could address
both concerns mentioned above, if their effectiveness as
contrast agents proves to be comparable to that of GBCAs.
From a coordination chemistry perspective, it is essential to
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relaxometric properties have been recently investigated
through a detailed analysis of 'H NMRD and '"O NMR
data. A particularly notable result was the determination that
the relaxivity (efficiency) at typical magnetic field strengths for
imaging is controlled not only by rapid molecular tumbling
(described by the rotational correlation time, 7y) but also by
the electronic relaxation time of the metal ion.'®

This observation is crucial for developing complexes
characterized by a high relaxivity (r;). In the case of Gd(III)
and Mn(II) complexes studied over the last two to three
decades, r, is limited by 73, and larger values can be achieved
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by slowing down the rotational dynamics.'” This can be
accomplished by either increasing the molecular size of the
complexes through appropriate chelate modifications™ or
promoting metal—complex interactions with macromolecular
substrates.”””* A particularly effective strategy to achieve high
relaxivity has proven to be the formation of host—guest
noncovalent interactions between suitably functionalized
complexes and slowly tumbling substrates. A major advantage
is preservation of the structural integrity of the complex,
allowing for easy excretion. Furthermore, the nature of the
targeting group of the ligand dictates the strength of the
interaction.

Making reasonable predictions about the behavior of Fe(III)
complexes based on the reported data for analogous Gd(III)
and Mn(II) complexes is currently impossible due to the
influence of electronic relaxation on the | values. In this study,
we investigated Fe(III) complexes with derivatives of EDTA
functionalized on the acetic arms with one (EDTA-BOM) or
two (EDTA-BOM,) benzyloxymethylene (BOM) groups
(Scheme 1). The objective is to explore the effects of ligand

Scheme 1. Chemical Structure of the Ligands Discussed in
the Text
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modification on thermodynamic, kinetic, and redox stability as
well as relaxometric properties. Regarding the latter, the focus
is particularly on verifying the possibility of modifying
electronic relaxation through appropriate ligand modifications
and assessing whether, in the case of Fe(III) complexes as well,
the slowing down of molecular tumbling results in a significant
relaxivity enhancement. Finally, in this case, there is a clear
interest in understanding the characteristics of the relaxivity
peak, in terms of amplitude and observation frequency, which
is observed whenever the values of 7; lengthen by
approximately one or more orders of magnitude. We expect
a shift of the maximum 7, to higher frequency values due to the
shorter electronic relaxation of Fe(III).

The choice of the BOM substituent is due to its well-known
ability to promote noncovalent interactions with substrates,
such as poly-f-cyclodextrins (poly-f-CD) and human serum
albumin (HSA).”>~*” Therefore, we measured, for the two new
complexes, the 'H NMRD profiles at four different temper-
ature values, transverse relaxation rates, and O NMR shift
data for thermodynamic stability constants, kinetic inertial
characteristics, and redox properties. Furthermore, the non-
covalent interaction of [Fe(EDTA-BOM)(H,0)]™ and [Fe-
(EDTA-BOM,)(H,0)]” with HSA was studied through

relaxometric titrations at a fixed frequency (120 MHz) and
by measuring NMRD profiles. The obtained results were
compared with data related to the parent complex [Fe-
(EDTA)(H,0)]” and those reported in the literature for
corresponding Mn(II) complexes.”’

B EXPERIMENTAL SECTION

Materials. The chemicals used for the experiments were of
the highest analytical grade. Fe(NO;); was prepared by
dissolving Fe,O; (99.9%, Fluka) in 6 M HNO,; and
evaporating the excess acid. The solid Fe(NO,); was dissolved
in a 0.1 M HNO,; solution. The concentration of the Fe(NO;),
solution was determined by using standardized Na,H,EDTA in
excess.”® The excess of Na,H,EDTA was measured with
standardized ZnCl, solution and xylenol orange as an
indicator.”” The H* concentration of the Fe(NO,); solution
was determined by pH potentiometric titration in the presence
of excess Na,H,EDTA. The concentrations of the H,EDTA-
BOM, H,EDTA-BOM,, and H,HBED solution were deter-
mined by pH-potentiometric titrations in the presence and
absence of a 40-fold excess of Ca*"."* The pH-potentiometric
titrations were performed with standardized 0.2 M NaOH.

Synthesis of the Ligands and Iron(lll) Chelates. The
ligands EDTA-BOM and EDTA-BOM, were synthesized
according to literature procedures.”” Briefly, the potassium
salt of 3-benzyloxy-2-chloropropanoic acid was reacted with
ethylenediamine (13 and 0.33 equiv with respect to the
alkylating reagent, respectively) in H,O, followed by exhaustive
alkylation with 2-bromoacetic acid in a pH 10 water solution.
[Fe(EDTA-BOM)]~ and [Fe(EDTA-BOM,)]”™ were synthe-
sized by adding 1 equiv of the Fe(NOj;); stock solution to the
solution of the ligands (1.05 equiv) at pH = 2. After the
addition, the pH was set to 2.5 with NaOH 0.1 M, and the
samples were left under stirring for 2 h at room temperature.
Then, the samples are brought to pH 7 with NaOH and left
under stirring for 1 h. The samples were then filtered with a
syringe. The complexes were checked through ESI-MS.
[Fe(EDTA-BOM)]™: MS (ESI*): m/z calcd. for
C,3H,oFeN,Oy: 464.21; found: 466.45 (M+2H'); [Fe-
(EDTA-BOM,)]~. MS (ESI"): m/z calcd. for
CyH,FeN,O,p: 584.36; found: $86.66 (M+2H'), 608.62
(M+H*+Na®), 630.64 (M+2Na").

B METHODS

Equilibrium Measurements. The stability and protona-
tion constants of Fe(III) complexes formed with EDTA-BOM
and EDTA-BOM, ligands were determined by pH-potentio-
metric and spectrophotometric studies. The protonation and
dimerization constants of the [Fe(EDTA-BOM)]~ and
[Fe(EDTA-BOM,)]~ complexes were determined using pH-
potentiometry by titrating the preprepared complexes from pH
= 1.7 to pH = 12 with 0.2 M NaOH ([FeL] = 0.01 M). For the
pH measurements and titrations, a Metrohm 888 Titrando
titration workstation and a Metrohm-6.0234.110 combined
electrode were used. Equilibrium measurements were carried
out at a constant ionic strength (0.15 M NaNOQ;) and at 298 K
in 6 mL solutions of the samples. The solutions were stirred,
and N, was bubbled through them. The titrations were made
in the pH range of 1.7—12.0. KH-phthalate (pH = 4.005), and
borax (pH = 9.177) buffers were used to calibrate the pH
meter. For the calculation of [H*] from the measured pH
values, the method proposed by Irving was used.”’ Specifically,
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a 0.01 M HNO; solution was titrated with a standardized
NaOH solution at 0.15 M NaNO; ionic strength. The
differences (A) between the measured (pH,..q) and calculated
(—log[H*]) pH values were used to obtain the equilibrium H*
concentration from the pH values measured in the titration
experiments (A = 0.01). For equilibrium calculations, the
stoichiometric ionic product of water (pK,) must also be
evaluated to calculate the [OH™] values under basic
conditions. The Vy,oy — pH,q data pairs of the HNO;—
NaOH titration obtained in the pH range of 10.5—12.0 were
used to calculate the pK,, value (pK,, = 13.81).

The protonation and dimerization processes of [Fe(EDTA-
BOM)]™ and [Fe(EDTA-BOM,)]™ were also investigated by
spectrophotometric measurement in the wavelength range of
370—700 nm. Absorption spectra of the preprepared [Fe-
(EDTA-BOM)]™ and [Fe(EDTA-BOM,)]” complexes were
recorded in the pH range 2.0—11.5 ([FeL] = 2.00 mM). The
pH was adjusted by the stepwise addition of concentrated
NaOH or HNO; solutions. All spectrophotometric measure-
ments were performed at 298 K in a 0.15 M NaNO; solution.
The spectrophotometric measurements were carried out using
1.0 cm cells on a PerkinElmer Lambda 365 UV—vis
spectrophotometer.

Capillary Electrophoresis. The stability constants of
[Fe(EDTA-BOM)]™ and [Fe(EDTA-BOM,)]” were deter-
mined with capillary zone electrophoresis (CZE) by following
the competition reaction in the Fe**-EDTA-BOM—EDTA and
Fe*’-EDTA-BOM,—EDTA systems at pH = 4.0. Two series of
eight samples were prepared with [Fe’*] = [EDTA-BOM] =
1.00 mM, [Fe**] = [EDTA-BOM,] = 1.00 mM, and [EDTA]
= 0.00, 0.26, 0.53, 0.99, 1.52, 1.98, 2.97, and 4.03 mM in 0.15
M NaNO;j solution. The pH was adjusted to 4.0 by stepwise
addition of concentrated NaOH and HNOj; solutions. The
samples were kept at 298 K for 2 weeks to ensure equilibrium
is achieved (the time needed to reach the equilibria was
determined by CZE). For the calculations of the stability
constants of [Fe(EDTA-BOM)]~ and [Fe(EDTA-BOM,)] ,
the molar integral values of [Fe(EDTA-BOM)]~, [Fe(EDTA-
BOM,)]™, and [Fe(EDTA)]~ were determined by recording
the CZE electropherograms of 0.25, 0.50, 1.00, and 1.50 mM
solutions of the Fe(III)-complexes. A Hewlett-Packard HPP
capillary electrophoresis system was used for the CZE analyses.
Separations were performed using bare fused-silica capillaries
of 64 cm x SO um id. (Agilent). Before the first use, the
capillary was washed with 1.0 M NaOH (15 min), 0.1 M
NaOH (30 min), and the buffer electrolyte (30 min). Prior to
CZE analysis, all buffers were filtered through a 0.45 yum
syringe filter and stored in a refrigerator at 277 K. In CZE, the
sample solutions were introduced at the anodic end of the
capillary in normal mode (50 mbar, 2 s). The effective length
of the capillary was 56 cm. The capillary was preconditioned
with the buffer electrolyte (S0 mM disodium hydrogen
phosphate, pH = 6.0) for 3 min. The separation was performed
at 298 K with the application of 25 kV voltage. After analysis,
postconditioning (0.1 M NaOH) (3 min) and buffer washing
(3 min) were run to remove all possible adsorbed materials
from the capillary. In all measurements, 1 mM methyl orange
as the internal standard was applied to correct the migration
time of the components on the electropherogram. The
detection was carried out by on-column DAD measurement
at 190 nm. The electropherograms were recorded and
processed by ChemStation B.04.02 version (Agilent). The
individual linear regression equations (response—concentra-

tion) for all the Fe(IIl)-complexes were determined according
to four concentrations. The peak areas were found to be linear
(R* > 0.998) in a 0.25—1.50 mM concentration range of the
complexes (precision better than 4%). The protonation and
stability constants were calculated using the PSEQUAD
program.”!

Cyclic Voltammetry. Cyclic voltammetry measurements
were carried out by using an Autolab PGSTATI2 electro-
chemical analyzer (Eco Chemie, Utrecht, The Netherlands)
connected to a personal computer running GPES 4.9
electrochemical software. A standard three-electrode cell was
constructed so that the tip of the reference electrode (Ag/
AgCl, 3 M KCl) was close to the working electrode (a disk of
glassy carbon (GC), diameter 0.1 cm, sealed in epoxy resin).
The GC working electrode was polished with alumina, rinsed
with distilled water, and dried. This procedure resulted in an
almost completely reproducible surface for all of the experi-
ments. Measurements were performed under nitrogen in Milli-
Q water containing 0.15 M KNOj as a supporting electrolyte;
the pH was set with nitric acid. The complex concentration
was 1 mM. The temperature of the solution was kept constant
(298 + 1 K) by the circulation of a water/ethanol mixture
through a jacketed cell. Positive feedback iR compensation was
applied routinely. All peak potentials were measured at a scan
rate of 0.2 V s™! and reported vs the reference electrode.

Relaxometric Analysis. The 'H 1/T, NMRD profiles
were obtained with a fast-field cycling Stelar SmartTracer
relaxometer (Mede, Pavia, Italy) varying the magnetic-field
strength from 0.00024 to 0.25 T (0.01—10 MHz range). The
1/T, values were measured with an absolute uncertainty of +
1%. Temperature was controlled with a Stelar VI C-91 airflow
heater equipped with a calibrated copper—constantan
thermocouple (uncertainty of + 0.1 K). Data at high fields
(0.5—-3 T, corresponding to 20—128 MHz proton Larmor
frequency) were collected with a high field relaxometer
(Stelar) equipped with the HTS-110 3T metrology cryogen-
free superconducting magnet. The measurements were
performed with a standard inversion recovery sequence (20
experiments, 2 scans) with a typical 90° pulse width of 3.5 s,
and the reproducibility of the data was within + 0.5%. The
concentrations of the Fe(III) chelates were determined using
ICP-MS. To validate these results, the chelates were
mineralized in concentrated nitric acid at 80 °C overnight to
produce the hexaaqua-ions. The longitudinal relaxation rate
(R,) of the acid solutions was measured at 60 MHz and 298 K,
and the concentration was calculated based on the known
relaxivity of the aqua-ion at the same field and temperature (r,
= 129 mM! s71)."* The agreement between the results
obtained with the two methods is excellent.

70 NMR Measurements. The spectra were acquired on a
Bruker Avance III spectrometer (11.7 T) using a S mm probe
under temperature control. An aqueous solution of the
complexes was enriched to reach 2.0% of the 7O isotope
(Cambridge Isotope). The transverse relaxation rates were
measured from the signal width at half-height as a function of
temperature in the 278—350 K range. The simultaneous fit of
"H NMRD profiles and 'O NMR data was performed with the
Micromath Scientist computer program (version 2.0, Salt Lake
City, UT, USA).

Magnetic Moment Calculation. The effective magnetic
moments of the Fe(III) chelates were determined using Evans’
method.”” This involved measuring the 'H chemical shift of t-
BuOH in a solution of the complex, which had a known
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concentration ascertained through ICP-MS analysis. The
values of the measured magnetic moments are reported in
Table S1.

B RESULTS AND DISCUSSION

Synthesis. The ligands EDTA-BOM and EDTA-BOM,
bearing one and two benzyloxymethylene groups, respectively,
were synthesized accordingly to literature procedures.”” The
Fe(IlI) complexes were obtained by reacting an aqueous
solution of the ligand and iron(III) nitrate at pH 2.5 and then
precipitating and filtering unreacted Fe(III) at basic pH.

Thermodynamic Properties of [Fe(EDTA-BOM)]~ and
[Fe(EDTA-BOM,)]~ Complexes. The stability and proto-
nation constants of the Fe(III)-complexes formed with EDTA-
BOM and EDTA-BOM, were calculated using pH-potentio-
metric, spectrophotometric, and capillary electrophoretic data
(Tables 1 and 2). The experimental details, definitions, and
equations used for the evaluation of the equilibrium and
kinetic data are summarized in the Supporting Information.

Table 1. Protonation Constants of EDTA-BOM, EDTA-
BOM,, and EDTA

EDTA-
EDTA-BOM BOM, EDTA”
01M

I 0.15 M NaNO, 0.15 MNaNO;*  KNO,”
log K" 9.18 (1) 891 (1) 940 10.22
log K" 5.84 (2) 6.04 (1) 6.10 6.18
log K" 2.81 (2) 285(2) 272 2.70
log KM 2.16 (2) 236 (2)  2.08 2.00
log K™ 1.15 (5) 1.23

20.16 21.10

> log K 19.99 (—log 20.29 (—log
K K

“Reference 14. YReference 33.

Upon comparing the literature data for EDTA-BOM and
EDTA-BOM,,”” we observe that the first protonation constant
is nearly an order of magnitude lower. This discrepancy can be
attributed to the use of different salts to maintain constant
ionic strength (KCI 0.1 M, 20 °C). Compared to EDTA, the
log K" value of EDTA-BOM and EDTA-BOM, decreases by
about 0.22 and 0.49 log K unit, whereas the log K,_s" values
are very similar. It is well-known that the first protonation of
EDTA and its derivatives takes place on the N donor atom of
the ligand backbone. The incorporation of the benzyloxy-
methylene unit(s) on the acetate pendant(s) can reduce the
log K" value of EDTA-BOM and EDTA-BOM, due to the

electron withdrawal properties of the ether oxygen atom. A
similar behavior is observed by comparing the log K" values of
the related ligands BOPTA and DTPA (BOPTA = 4-carboxy-
5,8,11-tris(carboxymethyl)-1-phenyl-2-oxa-5,8,11-triazatride-
can-13-oic acid, Scheme 1).*°

On the other hand, the Y log K" values presented in Table
1 (25 °C; 0.15S M NaNO;) show that the total basicity of
EDTA-BOM, EDTA-BOM,, and EDTA is very similar,
suggesting that the stability constants of Fe(III) complexes
with EDTA-BOM and EDTA-BOM, are fully comparable to
that with EDTA. In fact, the stability constants of [Fe-
(EDTA)]™ and [Fe(EDTA-BOM)]™ (Table 2) are very similar
and only slightly higher than that of [Fe(EDTA-BOM,)]",
which indicates a somehow weaker interaction of Fe(III) with
EDTA-BOM,. Conversely, the equilibrium constants charac-
terizing deprotonation of the coordinated water molecule
(logKge 1) are very similar for the three complexes. Another
similarity between [Fe(EDTA-BOM)]~ and [Fe(EDTA)]~
can be found in the equilibrium constants characterizing the
formation of oxo-bridged dimers (Kp, and Kg; ESI), confirming
that the introduction of one benzyloxymethylene group on an
acetate pendant arm does not influence the equilibrium
properties of the Fe(Ill) complexes. However, the solution
properties of [Fe(EDTA-BOM,)]” at pH > 6.0 differ
considerably from those of [Fe(EDTA-BOM)]™. In fact, the
pH-potentiometric titration curve of [Fe(EDTA-BOM,)]”
shows two base consuming processes with well separated
plateaus in the pH ranges 6.5—8.4 and 8.4—10.0. The best
fitting was obtained by using the model, which includes the
formation of the [FelL], [Fe(L)H_;], [(FeL),H_,], and
[Fe(L)H_,] species in equilibrium. These processes can be
explained by the hydrolysis of the Fe(III) ion, accompanied by
the coordination of one and two OH™ ions (eqs (S5) and
(S8)), and by the dimerization of [FeL] via the formation of a
u—OH-bridged dimer (eq (S9)).

Using the equilibrium constants of Table 2, the species
distributions of the Fe**-EDTA-BOM and Fe**-EDTA-BOM,
systems were calculated as a function of pH (Figures 1,2). The
species distribution of Fe**-EDTA-BOM is quite similar to that
of Fe**-EDTA,"* whereas the speciation of Fe>-EDTA-BOM,
is considerably different at pH > 6.0.

Surprisingly, in this case, the oxo-bridged [(FeL),(u—OH)]
dimer has a very low abundance, possibly due to the favored
formation of Fe(L)H_, species, which could occur through the
substitution of the carboxylate O~ with an OH™ ion in
[Fe(EDTA-BOM,)H_,]*". It is reasonable to assume that the
weakly coordinated O~ of an acetate group functionalized with

Table 2. Stability Constants of Fe(III) and Mn(II)-Complexes with EDTA-BOM, EDTA-BOM,, and EDTA Ligands (25°C)

EDTA-BOM EDTA-BOM, EDTA

Fe(III) Mn(II) Fe(III) Mn(II) Fe(III) Mn(II)
I 0.15 M NaNO, 0.1 M KCI° 0.15 M NaNO, 0.1 M KCI° 0.15 M NaNO,“ 0.1 M KNO,” 0.1 M KCI*
log Ky 2225 (5) 13.5 21.81 (7) 13.8 22.14 24.95 13.58
log Ky 1.12
log Ky, 7.56 (1) 7.59 (1) 7.51 7.52
—log Ky, 12.92 (4) 13.00 12.40
log K4 221 (3) 2.02 2.64
log Bauwyan-1 -5.67 (5)
log Kyiiz 9.70 (1)

“Reference 14. “Reference 34. “Reference 27 (0.1 M KCI, 20 °C). 9Reference 35 (0.1 M KCl, 20 °C).
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1.0 mM, A = 395 (OJ), 410 (¢) and 470 nm (O), 25 °C, 0.15 M NaNOs).

a BOM unit is replaced by an OH™ in the formation of the
[Fe(EDTA-BOM,)H_,]*".

Kinetic Inertness of [Fe(EDTA-BOM)]~ and [Fe(EDTA-
BOM,)]~ Complexes. The kinetic inertness of [Fe(EDTA-
BOM)]™ and [Fe(EDTA-BOM,)]~ complexes was determined
by following their transchelation reactions with the ligand
N,N’-bis(2-hydroxybenzyl) ethylenediamine-N,N’-diacetic
acid (HBED) with spectrophotometry in the pH range 9.0—
11.0 (Figure S3). [Fe(HBED)]™ is characterized by a very high
stability constant (log Kg(upepy = 39.68; 0.1 M KNO,, 25
°C),”” which allows to study the transchelation reactions even
at very basic conditions (pH > 12)."* The ligand exchange
reactions were investigated in the presence of 10- and 20-fold
excess of HBED to establish pseudo-first-order kinetic
conditions ([FeL] = 0.2 mM, 0.15 M NaNO,, 25 °C). The
proposed mechanism for the transchelation of [Fe(EDTA-
BOM)]~ and [Fe(EDTA-BOM,)]™ is shown in Scheme 2,
whereas the definitions and equations used for the evaluation
of the kinetic data are reported in the ESL

Scheme 2. Proposed Reaction Mechanism for the
Transchelation Reactions of [Fe(EDTA-BOM)]™ and
[Fe(EDTA-BOM,)]~ with HBED

Fe3* + L + 20H"

Kon fast \+HBED

+ OH"
K
H' + Fe(L)OH —= Fe3* + L + OH—» Fe(HBED) + L

+ 20H"
> fast
Kon Fe3+ +L +30H +HBED

The reaction occurs via both spontaneous dissociation (k)
and hydroxide-assisted dissociation of first and second order
(k;°" and k,°", respectively, Table 3) of the Fe(L)H_, species
formed at pH > 6.0 (the formation of the dimeric [(FeL),(u-
0)] or [(FeL),(u—OH)] species can be neglected in our
experimental condition). The comparison of the rate constants

KreLna

FeL=——

12996

Table 3. Rate (k;), Equilibrium Constants (Kgey_;), and
Half-lives (t,/, = In 2/k,;) Characterizing the Dissociation
Reactions of [Fe(EDTA-BOM)]~, [Fe(EDTA-BOM,)] ",
and [Fe(EDTA)]™ in the Absence and Presence of 0.6 mM
HSA (0.15 M NaNO;, 25°C)

[Fe(EDTA- [Fe(EDTA-
BOM)]~ BOM,)]~ [Fe(EDTA)]™
ko/1076 (s71) 6+1 14+5 S
k%% (M~ s7h) 0.20 + 0.03 0.50 + 0.05 1.0
5°1/10% (M2 s71) 1.0 + 0.2 3.6 +£04 1.4
log Krerri-1 7.56 7.59 7.41
kg/10 %t pH = 7.4 6.1 15 2.9
(s
t5at pH = 7.4(h) 316 132 66
ky/1076 (s71)? 2.8 3.4
t1,(h)" 68 56

“Reference 14. "At pH = 7.4, in the presence of 0.6 mM HSA.

reported in Table 3 indicates that the spontaneous dissociation
of Fe(L)H_, species formed by [Fe(EDTA-BOM)]~ and
[Fe(EDTA)]™ occurs at similar rates, approximately 2—3 times
slower than that of [Fe(EDTA-BOM,)]”. The faster
spontaneous dissociation of [Fe(EDTA-BOM,)]™ might be
explained by a weaker interaction between Fe(III) and the O~
donor atom of the pendant arms carrying the BOM moieties,
resulting in a faster intramolecular rearrangement of the
[Fe(EDTA-BOM,)H_,]*" species. Considering that the
dissociation rate constant (k;) of both [Fe(EDTA-BOM)]~
and [Fe(EDTA-BOM,)]", calculated at pH = 7.4 and 25 °C,
are about two and three times, respectively, higher than that of
the parent [Fe(EDTA)], it can be inferred that the latter
Fe(III) complex is more inert.

It is widely recognized that the benzyloxymethylene unit of
[GA(BOPTA)]*™ (Scheme 1; Multihance) is able to promote
the formation of adducts with HSA through noncovalent
hydrophobic interactions.”® It is probable that the BOM units
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of the [Fe(EDTA-BOM)]~ and [Fe(EDTA-BOM,)]” com-
plexes also facilitate interactions with HSA, potentially
impacting their overall kinetic inertness related to the rate of
Fe(III) release by the complexes. In fact, the dissociation rates
of [Fe(EDTA-BOM)]~ and [Fe(EDTA-BOM,)]™ near phys-
iological conditions (0.15 M NaNO;, 25 °C) are about 2 and 4
times slower in the presence of 0.6 mM HSA and very similar
to that of [Fe(EDTA)]™. It might be assumed that the “host—
guest” adducts slow down the spontaneous release of Fe(III)
from the chelates by reducing the flexibility of the complexes,
as observed for [Gd(BOPTA)]*~.**

Ascorbate Mediated Reduction of [Fe(EDTA-BOM)]~
and [Fe(EDTA-BOM,)]". A crucial property for in vivo
applications of Fe(IlI) complexes is their redox stability.
Fe(III)-based compounds can participate in the redox cycle by
accepting electrons from reducing agents, leading to their
reduction and the subsequent transfer of electrons to H,0,,
which results in the formation of radicals (Fenton reaction).”
According to the concentration*” and the redox properties of
the possible reducing agents in human blood plasma,***
ascorbic acid is the most significant candidate likely to facilitate
the involvement of Fe(III) complexes in the ascorbate-driven
Fenton reaction. In our recent study, we underscored that
ascorbic acid has the capability to reduce Fe(III) to Fe(Il) in
complexes involving EDTA and CDTA." To monitor the
reduction of the Fe(Ill) complexes of EDTA-BOM and
EDTA-BOM, to their corresponding Fe(II) complexes,
spectrophotometric measurements were conducted in the
presence of a large excess of ascorbic acid, ensuring the
establishment of pseudo-first-order kinetic conditions (Figure
S4). The rate and equilibrium constants characterizing the
reduction of [Fe'(EDTA-BOM)]~, [Fe'(EDTA-BOM,)],
and [Fe™(EDTA)]™ with ascorbic acid are reported in Table 4.

Table 4. Rate (k;) and Equilibrium Constants (Kg. 144) and
Half-lives (t,,, = In 2/k,) Characterizing the Ascorbic Acid
Mediated Reduction of [Fe(EDTA-BOM)]~, [Fe(EDTA-
BOM,)]" and [Fe(EDTA)]~ (0.15 M NaNO, 25 °C)

[Fe(EDTA- [Fe(EDTA-
BOM)]~ BOM,)]~ [Fe(EDTA)]™
k(M s 20+ 3 32+5S 8
Kgepaa(M ™) 71 + 17 63 + 19 75
log Kpeppio 7.56 7.59 7.51
kops/107* (s71)° 4.3 5.3 24
t15(h)° 0.5 0.4 0.5

“% = kyn Keeyia “Reference 14. “Measured under physiological
conditions.

According to the kinetic data, electron transfer occurs
through the formation of a ternary {Fe(III)L—HA} inter-
mediate between the ascorbate anion (HA™) and the Fe(III)L
complex, likely involving the substitution of the inner-sphere
water molecule. The k rate constants characterizing the
ascorbate anion assisted reduction of [Fe(EDTA-BOM)]~
and [Fe(EDTA-BOM,)]™ are about 2 and 4 times higher
than that of [Fe(EDTA)]™ at pH = 7.4. On the other hand, the
stability constant of the ternary {Fe(II[)L—HA} intermediates
(Kger-nay Table 3) formed by [Fe(EDTA-BOM)]™ and
[Fe(EDTA-BOM,)]~ with ascorbate anion are very similar
to that of [Fe(EDTA)]™. By taking into account the Kg. _ps
values of these ternary intermediates and the in vivo
concentration of the ascorbate anion ([HA™] = 43 uM),*

the ascorbate assisted reduction rate (k) and half-lives (¢, =
In 2/k,,,) of [Fe(EDTA-BOM)]~ and [Fe(EDTA-BOM,)]”
were found to be 4.3 X 107 and 5.3 X 107* 57!, and 0.5 and
0.4 h, respectively. These t,/, values are more than 60 and 30
times greater than the dissociation half-lives of the Fe(III)
complexes measured for the transchelation reactions with
HBED, under identical condition (pH = 7.4, 25 °C, 0.15 M
NaNO;). This result implies that under similar conditions, the
redox stability of [Fe(EDTA-BOM)]~ and [Fe(EDTA-
BOM,)]" is significantly lower than their kinetic inertness.
Cyclic Voltammetry Studies of [Fe(EDTA-BOM)]-,
[Fe(EDTA-BOM,)I", and [Fe(EDTA)I". In general, the rate
constant for the oxidation of ascorbic acid assisted by an
Fe(III) complex tends to decrease as the thermodynamic
stability of the complex increases.”> ™" In this context, cyclic
voltammetry was used to investigate the redox properties of
[Fe(EDTA-BOM)]~, [Fe(EDTA-BOM,)]", and [Fe-
(EDTA)]". For these experiments, ] mM water solutions of
the complexes were prepared in 0.15 M KNO; as the
supporting electrolyte, and the final pH was adjusted to 5.4.
Examples of the cyclic voltammograms obtained by using a
glassy carbon-working electrode are shown in Figure 3.
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Figure 3. Cyclic voltammograms recorded for [Fe(EDTA)]™ (black),
[Fe(EDTA-BOM)]~ (red), and [Fe(EDTA-BOM,)]~ (blue). Ex-
perimental conditions: 1 mM [FeL]™ in an aqueous solution

containing 0.15 M KNO; at pH = 5.4; working electrode = glassy
carbon; scan rate = 0.2 V s7L.

The half-wave potential (E;/,) and peak-to-peak separation
values (AE) obtained for [Fe(EDTA-BOM)]~, [Fe(EDTA-
BOM,)]~, and [Fe(EDTA)]" are listed in Table S.

The cyclic voltammograms reported in Figure 3 show well-
defined cathodic and anodic curves that indicate the presence
of a chemically reversible Fe(IIl)/Fe(Il) redox system. The
E,/, obtained for the [Fe(EDTA)]™ complex is in good
agreement with that of the E;;,, value reported in the

Table 5. Half-Wave Potentials (E,/,, mV vs. Ag/AgCl, 3 M
KCl at 0.2 V s7!) and Peak-to-Peak Separations (AE, in the
Scan Rate Range 0.05-3.0 V s™!) for [Fe(EDTA-BOM)],
[Fe(EDTA-BOM,)]", and [Fe(EDTA)]

[Fe(EDTA-BOM)]~ [Fe(EDTA-BOM,)]~ [Fe(EDTA)]~
-123+ 5 114 + 6 —-115+ 8
100213 103-220 260—750

Eip (mVv)
AE (mV)
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literature.'®** As expected, the E; , values of the three Fe(III)
compounds are similar, being the same the coordination cage
around the iron ion. More importantly, the higher peak-to-
peak separation (AE) at every scan rate obtained for the
[Fe(EDTA)]™ system clearly indicates a slower Fe(Ill) —
Fe(Il) electron transfer process. This confirms the thermody-
namically unfavorable structural rearrangement of the simple
EDTA ligand with respect to the BOM derivatives to
accommodate the Fe' ion after the reduction step.
Relaxometry. In an aqueous solution, a complex
containing a paramagnetic ion interacts with water molecules
both within its inner coordination sphere (IS) and in the
surrounding bulk (OS) through dipolar magnetic dipolar
interactions. This coupling undergoes temporal modulation
due to the exchange process of IS water molecules at a rate
denoted as k, (k.. = 1/7y,), the reorientation of the complex in
solution (7y), and electronic relaxation (T ,,). Consequently,
there is a significant augmentation in the nuclear magnetic
relaxation rates of water protons (R; and R,), which, when
normalized to a 1 mM concentration of the paramagnetic ion,
is termed relaxivity (71‘2).46’47 This parameter serves as a gauge
for the efficacy of a paramagnetic complex as a relaxation agent.
When assessing the potential of an Fe(III) complex as an MRI
contrast agent, its relative effectiveness is assessed by
measuring r, at one or more frequency values and then
comparing these values with those of similar Gd(III) and
Mn(II) complexes. r; represents the combined contributions
from the inner sphere (IS) and outer sphere (OS) interactions
(r; = ™ + ). Optimizing r, primarily focuses on the IS
contribution as it depends on several parameters intricately
linked to the molecular structure. This contribution scales with
the number of coordinated water molecules (g) and is
effectively described by the well-established Solomon-—
Bloembergen—Morgan (SBM) equations (egs 1 and 2).**7%°

IS [Fe(HI)]q 1
= X
55.56 Ty + T (1)

Ty represents the relaxation time of the inner sphere water
protons, influenced by factors such as their distance (rp._y)
from the metal ion, proton Larmor frequency, and correlation
time 7, which characterizes the modulation of the magnetic
dipolar coupling between nuclear and electronic spins (eq 2).

LIS SN T T

OIS VR (2

We anticipate that the two novel complexes, functionalized
with one and two BOM moieties, respectively, maintain the
fundamental structure of [Fe(EDTA)(H,0)]™ and thus the
same hydration state. In such a scenario, the chemical
alteration of the ligand should primarily affect the T’y value,
particularly the 7y and T, parameters. The measured r; values
at 60 MHz and 298 K (pH = 6) are 1.7, 2.2, and 2.9 mM ™' s7*
for [Fe(EDTA)]~, [Fe(EDTA-BOM)]~, and [Fe(EDTA-
BOM,)]", respectively. The notable increase in relaxivity
correlates well with the increase in molecular mass resulting
from the introduction of the substituents, which can be readily
explained by a corresponding lengthening of the 7. These
simple relaxivity values clearly indicate that all the three
complexes are monohydrates (q = 1). The pH dependence of
r, often provides useful information on speciation in solution,
the stability range of the complexes, and the possible presence
of hydrolysis phenomena. The data for the three complexes,

measured at 120 MHz and 298 K, are shown in the figure
(Figure 4).
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Figure 4. pH-dependency of r, at 120 MHz and 298 K, for
[Fe(EDTA-BOM,)]", [Fe(EDTA-BOM)]", and [Fe(EDTA)]".

The characteristic behavior of [Fe(EDTA)]™ is closely
mirrored in the two functionalized complexes. Within a broad
pH range (pH = 2.5—6.5), r, remains relatively constant before
sharply declining under basic conditions due to the
deprotonation of the coordinated water molecule and
subsequent formation of other complex species. The
comprehensive relaxometric characterization was conducted
at pH = 5.5 to ensure the stability of the complexes. Following
a reliable and established protocol, the relaxometric analysis
comprised measuring 'H r, across various magnetic field
strengths and temperatures, along with assessing the temper-
ature dependence of the NMR transverse relaxation rate (R,)
and shift (A®) of the 7O nuclei of the water solvent.”"** The
collection of relaxivity data across a broad spectrum of
magnetic fields (ranging from 0.01 to 500 MHz) forms the 1/
T, NMRD (Nuclear Magnetic Relaxation Dispersion) profile.
This profile undergoes a best-fit analysis using relevant
equations for both IS and OS contributions, thereby deriving
the molecular relaxation parameters. For both complexes the
'"H NMRD profiles were measured at four different temper-
atures, over the range 283—310 K (Figures SS and S7). A
comparison of the NMRD profiles of [Fe(EDTA)]™, [Fe-
(EDTA-BOM)]", and [Fe(EDTA-BOM,)]™ obtained at 298
K is shown in Figure 5 (left). As shown in Figure 5 (left), the
differences in r, values between the three complexes are
smaller at high fields and more pronounced at low fields. This
effect is due to the varying electronic relaxation times of the
three complexes, which have a greater impact on relaxivity at
low frequencies. In fact, the r; values of the three complexes
exhibit a good linear correlation with their molecular masses
only at high frequency (120 MHz; Figure S9). We also note
that at every frequency the relaxivity of both complexes rises as
temperature decreases, indicating they are in a fast exchange
regime (where 7y < Ty),"" akin to the behavior of
[Fe(EDTA)]™. Hence, modification of the basic ligand seems
to have minimal impact on the exchange process of the
coordinated water molecule. This conclusion can be verified
very accurately by the analysis of the 7O NMR data collected
at 11.7 T across various temperatures, as illustrated in Figure S
(right) (see also Figures S6 and S8).>° The reduction in
transverse relaxation rates with decreasing temperature
strongly corroborates the earlier findings. The simultaneous
analysis of both 'H and 7O NMR relaxometric data yields
essential relaxation parameters, with the most significant ones
summarized in Table 6 (for the full list, refer to Table S2).
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Figure 5. Left: 'H NMRD profiles recorded at 298 K for [Fe(EDTA-BOM,)]™ and [Fe(EDTA-BOM)]™. Right: reduced transverse relaxation rates

and chemical shifts obtained for [Fe(EDTA-BOM,)]~

and [Fe(EDTA-BOM)]". In both cases, the solid lines represent the fits of the data, as

described in the text. The dashed lines correspond to the curves of [Fe(EDTA)]™ calculated with the data of ref 14.

Table 6. Parameters Obtained from the Simultaneous Fit of '"H NMRD Profiles and 7O NMR Data for the Fe(III)

Complexes”
parameters EDTA-BOM, (MW = 584 g/mol) EDTA-BOM (MW = 464 g/mol) EDTA (MW = 344 g/mol)
Felll Mn" [p] Felll Mn" (] Felll [e] Mn" [d]
%%, 60 MHz/mM ™ s7* 2.9 4.0 22 34 1.7 2.8
28A2/10% 57 9.0 + 0.5 0.53 19.1 + 0.1 0.73 27.0 0.7
28 2.,ps 39+03 353 28+03 24.7 2.8 27.7
Ao/N/10° rad s7! —54.5 + 0.6 37.9 —56.8 + 0.5 37.9 —64.8° 40.5
287,,%ns 1.0 + 0.1 7.6 1.0 + 0.1 10.7 1 22
AH,y/ kJ mol™ 23.0 + 2.7 384 250 2.5 43.1 30.5 33.5
28 S 78.0 + 5.9 110.8 540 + 6.7 83.7 35.1 56

or comparison, the published parameters of the correspondin: n complexes are also reported. “Data from ref 27. “Data from ref 14. “Data
“F p he published p f th ponding Mn(II pl Iso reported. “Data fi £27. “Data fi f14. 9D

from ref 54. q and r were fixed to 1 and 2.69 A, respectively.
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The data clearly demonstrate a trend: passing from the
parent complex to the mono- and disubstituted derivatives
results in a deceleration of the rotational motion in solution,
indicated by an increase in the correlation time (zg),
consequently leading to higher relaxivity values (Figure S9).
This observation aligns with previous findings in analogous
Mn(II) complexes.”” Notably, the exchange rate of the water
molecule remains consistently high, unaffected by the
introduction of substituents. However, the substituents exhibit
a significant impact on the electronic relaxation time, evident
from the significant decrease in the A parameter by a third
from [Fe(EDTA)]™ to [Fe(EDTA-BOM,)]".

It has been previously observed that, in contrast to Gd(III)
and Mn(II) complexes, Fe(Ill) complexes exhibit shorter
electronic relaxation times, contributing to the overall

correlation time (z¢) as per eq 2.1 Consequently, since T},

12999

tends to increase with increasing magnetic field strength,
relaxivity tends to increase at higher frequencies. This is
evident when comparing the r; values for Fe(III) and Mn(1I)
complexes at 3 and 7 T and 298 K, as depicted in Figure 6.
The difference in relaxivity between corresponding complexes
diminishes at 7 T, which is particularly notable in the case of
[Fe(EDTA-BOM,)]™, attributed to its lower A? value,
indicative of a longer T|..

Interaction with HSA. The reversible formation of
adducts with human serum albumin (HSA) has represented
a prominent strategy for achieving greater relaxation enhance-
ment in Gd(III) complexes, primarily attributed to the
decreased rotational tumbling rate (1/7z) within the macro-
molecular adduct.”>*° Indeed, HSA has been extensively
utilized for the noncovalent binding of Gd(III) /Mn(II)
chelates featuring hydrophobic functionalities.”” This approach
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capitalizes not only on the relaxivity enhancement induced by
noncovalent interactions, but also on the prolonged circulation
time of CA in the bloodstream.”” The EDTA-BOM and
EDTA-BOM, ligands feature hydrophobic pendant arms,
endowing the respective Fe(III) complexes with the capacity
to interact with HSA. This capability has been previously
showcased in a study involving analogous Mn(II) complexes.
Similarly, hydrophobic derivatives of [Gd(DOTA)]~, employ-
ing similar pendant arms, have been developed to facilitate
interaction with serum proteins.25

The properties of adducts formed by [Fe(EDTA-BOM)]~
and [Fe(EDTA-BOM,)]” with HSA were systematically
investigated using the well-established "H proton relaxation
enhancement (PRE) technique at pH 5.4, to ensure the
stability of the complexes (Figures 1 and 2). This method
involves measuring the variation in R; for increasing
concentrations of the host protein.”® According to the
literature, HSA remains stable within the pH range of 5—7
without undergoing protein degradation or conformational
changes.”” The stability of HSA was also monitored by
analyzing the '"H NMRD profile of the protein (1.78 mM)
across various pH values (from S to 8) at 298 K. The identical
shape and amplitudes of the profiles confirm the high stability
of albumin within the explored pH range (Figure S10). By
titrating dilute solutions of [Fe(EDTA-BOM)]™ and [Fe-
(EDTA-BOM, )]~ with HSA at 120 MHz and 298 K, a least-
squares fit of the R, data versus HSA concentration binding
isotherm (Figure 7) enabled the calculation of the affinity

3.0 T T

® [Fe(EDTA-BOM,)
@ [Fe(EDTA-BOM)|
® [Fe(EDTA)

2.5

5.0x10* 1.0x10° 1.5x10° 2.0x10°
[HSA]/M

Figure 7. 'H longitudinal relaxation rate of aqueous solutions of
[Fe(EDTA-BOM,)]", [Fe*] = 0.094 mM), [Fe(EDTA-BOM)]",
[Ee**] = 0.18 mM), and [Fe(EDTA)]™ ([Fe**] = 0.079 mM) as a
function of increasing amounts of HSA (120 MHz, 298 K, 50 mM
MES buffer, pH = 5.4). The solid lines represent the fits of the data, as
described in the text. The slight increase in R, with HSA
concentration for [Fe(EDTA)]" is solely attributed to the protein’s
effect on the diamagnetic relaxation of water and does not suggest a
binding interaction.

constant K, and relaxivity of the resulting supramolecular
adduct, r,® (Table 7). The fitting of experimental data was
conducted assuming the presence of one equivalent and
independent binding site (n = 1), although the existence of
multiple, low-affinity sites on HSA cannot be discounted. The
interaction between [Fe(EDTA)]™ and HSA was also
examined using the same procedure used for the other
complexes. As expected, the results indicate that the complex
does not exhibit any affinity for the protein (Figure 7).

The strength of the binding interaction is influenced by both
the charge of the complex and nature and number of
hydrophobic substituents in the periphery of the chelator.
The impact of charge is underscored by comparing the Fe(III)
complexes investigated in this study with the corresponding
Mn(II) complexes analyzed previously.”” Notably, the
association constant (K,) for the Mn(Il) complexes is
approximately twice as large despite the molecular structures
being identical. Given that the complexes [Fe(EDTA-BOM)]~
and [Fe(EDTA-BOM,)]™ share the same coordination cage
and binding moiety as the related Mn(II) complexes previously
studied, we can reasonably assume that their interaction with
HSA primarily involves the IIA subdomain of the protein.”’
Conversely, the Fe(IlI) complexes exhibit much stronger
interactions with the protein compared to the corresponding
derivatives [Gd(DOTA-BOM)]~ and cis-[Gd(DOTA-
BOM),]~.>° While this result lacks a straightforward
explanation, it is likely attributable to differences in molecular
structures and, consequently, varying degrees of steric
interaction within the binding site.

Finally, the titration of [Fe(EDTA-BOM,)]~ with HSA was
carried out also at pH 6 in MES buffer (2-morpholinoetha-
nesulfonic acid) at 120 MHz and 298 K. The relaxometric
titration and the related calculated binding data fully
correspond to those obtained at pH = 5.4 (Figure S11). The
combination of these results strongly suggests that a
comparison between the complexes of Fe(III), Mn(II), and
Gd(I1I) is both possible and reasonable, despite the differing
pH values required to maintain the integrity of the Fe complex
in solution.

At an identical chelate-to-protein molar ratio of 1:10,
approximately 60% of [Fe(EDTA-BOM)]~ and 89% of
[Fe(EDTA-BOM,)] " are bound to the protein. We conducted
measurements of the NMRD profiles at 298 K, as depicted in
the figure presented in terms of bound relaxivity, r,° (Figure
8). The r,° values were calculated using known values of r; for
the free complexes and their association constants, K,. For
[Fe(EDTA-BOM)]~, the NMRD profile of the HSA adduct
displays a relatively broad and less intense peak, centered on
approximately 100—120 MHz (Figure 8, left). At 120 MHz,
the value of r, is 120% greater than that of the free complex.
The modest increase in r; could potentially be attributed to a
high degree of rotational flexibility of the complex at the

Table 7. Binding Parameters and Relaxivity of the Adducts with HSA of the Fe(III) Complexes and Related Mn(II) and

Gd(III) Chelates

Parameters EDTA-BOM EDTA-BOM, DOTA-BOM DOTA-BOM,
Fe(1II) Mn(11)[! Fe(1I1) Mn(11)! Gd(1m)t?!
Ky M 870+20 1500 9300+110 19000 <100 320
n 1° 1° 1° 1° 2°
" mM! st 7.6+0.2 55.3 18.0+0.4 48.0 35.7
“Data from ref 27. *Data from ref 25. “Fixed during the analysis.
13000 https://doi.org/10.1021/acs.inorgchem.4c01715
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Figure 8. 'H NMRD profiles (298 K) for: left, [Fe(EDTA-BOM)]™ free and bound to HSA; right: [Fe(EDTA-BOM,)]™ free and bound to HSA.

The solid lines represent fits of the data.

binding site, particularly around the BOM moiety, resulting in
a shorter local rotational correlation time.

Conversely, [Fe(EDTA-BOM,)]” features two targeting
moieties, suggesting that if both engage in the binding
interaction, the resulting bound complex should exhibit
increased coupling between global and local motion. Indeed,
the NMRD profile of the protein adduct in this scenario
demonstrates a significantly higher amplitude and a more
pronounced and well-defined peak with the maximum still
centered at around 120 MHz. Due to the notable disparity in
the relaxivity between the free and protein-bound complexes,
our analysis focused solely on the disubstituted complex.
Following a standard approach, we concentrated on data from
the high-field region due to the recognized limitations of the
SBM theory in accurately describing the behavior of slowly
rotating systems at lower magnetic field strengths.60 According
to a well-established procedure, the rotational dynamics was
described by the Lipari—Szabo model that takes into account
the anisotropy of the motion of the bound complex,
describable in terms of global tumbling and localized
motions.”” The global rotational correlation time was fixed
to SO ns in agreement to fluorescence data reported in the
literature.”" Nonetheless, it is worth noting that this value is
somewhat arbitrary, as the fit outcomes remain unaffected by
variations of this parameter within the range of about 20—1000
ns. During the data analysis, we initially set the water exchange
rate to the value found for the free complex. However, this
resulted in an unsatisfactory fit. When we allowed this
parameter to vary, the quality of the fit improved significantly,
despite the large associated uncertainty in 7y. This might
suggest that the bound water’s lifetime is likely too short,
impacting the overall correlation time. The best-fit parameters
(Table 8) reveal that the adduct displays a modest correlation

Table 8. Selected Best Fit Parameters of the '"H NMRD
Profile of [Fe(EDTA-BOM,)]™ Bound to HSA at 298 K“

Parameters [Fe(EDTA-BOM,) ]~

free HSA-bound
28727107 572 9.0 + 0.5 4.1+ 02
25z, (ps) 39+03 0.8 = 0.1
282 (ns) 1.0 + 0.1 3.0+ 1.0
280 (ps) 779 + 40
B (ns) 0.078 + 0.0059 50°
s? 0.74 + 0.05

“Fixed parameters.
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between global and local rotational motions, as evidenced by
the considerable discrepancy between the local (zg;) and
global (7gg) rotational correlation times. However, a more
constrained molecular motion at the protein binding site may
not guarantee a substantial further enhancement in relaxivity
due to the limits imposed by the short electronic relaxation
time. These shorter T, values diminish the value of 7 (as per
eq 2), somewhat offsetting the advantages gained from reduced
molecular tumbling (resulting in longer 73).

Recently, we emphasized that even in low molecular weight
Fe(III) complexes, T}, contributes significantly to relaxivity."*
As the mobility of the complex is substantially reduced and 7
is consequently prolonged, the contribution of T, to the
relaxivity further intensifies. This results in two effects: a
decrease in the maximum value of r; and its shift toward higher
magnetic fields compared to what is typically observed in
systems based on Gd(III) and Mn(II). This is clearly
demonstrated in the graph below (Figure 9), contrasting the

60 ® [Mn(EDTA-BOM)J>
[Mn(EDTA-BOM,)}
50 ® [Fe(EDTA-BOM)]
5 40 B [Fe(EDTA-BOM,)J
s 30
€
T 20
10
0

20 60 100

Proton Larmor Frequency / MHz

Figure 9. Comparison of r; values at 20, 60, and 100 MHz (298 K)
for the adducts with HSA of [Mn(EDTA-BOM)]>~,*® [Mn(EDTA-
BOM,)]>",*° [Fe(EDTA-BOM)], and [Fe(EDTA-BOM,)]".

r,® values for the protein-bound complexes of Mn(II) and
Fe(III) with those of EDTA-BOM and EDTA-BOM,. At 20
and 60 MHyz, it is evident that the Mn(II) complexes exhibit
significantly greater effectiveness than their corresponding
Fe(III) counterparts. However, at 100 MHz, the r,® values of
the two types of magnetic probes became much more
comparable. Furthermore, at magnetic field strengths of 3T
or higher, the effectiveness of Fe-based systems surpasses that
of Mn-based systems (Figure 9).

However, these observations are primarily qualitative due to
the absence of a robust electronic relaxation model for
macromolecular systems. Indeed, it is worth pointing out that
even for slowly tumbling complexes of both Mn(II) and
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Gd(III), the limitations of SBM theory in handling electronic
relaxation have been frequently underscored.”> Consequently,
when the primary focus is on evaluating the rotational
dynamics, only data at intermediate to high frequencies (>ca.
6 MHz) are often analyzed using SBM equations, treating
electronic relaxation parameters as adjustable fitting parame-
ters without assigning them specific physical interpretations.®®
In the case of Fe(Ill)-based systems, this consideration
becomes even more crucial due to their faster electronic
relaxation. This high relaxation rate significantly influences the
relaxivity at high fields and consequently reduces the accuracy
of the data analysis. The fitting outcomes exhibit minimal
sensitivity to the value of 7y, whereas they demonstrate
considerable dependence on A% 1y, and S* (and 7).
Considering these constraints, it is advisible to regard the
calculated parameters merely as a rough approximation.
Nonetheless, the obtained values of 7, and S* appear quite
reasonable, based on our experience, and despite being subject
to a large error, the value of 7 closely resembles that of the
free complex, as you would expect.

B CONCLUSIONS

The strategy of leveraging noncovalent interactions between
complexes functionalized with hydrophobic residues and

30T

ry/ mM st

Figure 10. 3D plot representing r, of a slowly tumbling Fe(III)-
complex as a function of the rotational correlation time (7z) and of
the longitudinal electronic relaxation time (T).) at 3.0 T and 298 K.
Other parameters are q = 1, rpe_y = 2.69 A, and 7y = 3.0 ns. The
white circle (O) represents the experimental relaxivity value (r, = 18.0
mM™ s7!) calculated for the HSA adduct [Fe(EDTA-BOM,)]™ at
the same magnetic field strength and temperature.

macromolecular systems proves to be effective even for Fe(III)
complexes. The nature of the hydrophobic substituent and the
overall charge of the complex play similar roles in determining
the strength of the interaction. However, certain characteristics
of Fe(III) complexes set them apart from the well-established
systems based on Gd(III) and Mn(II). Unlike Mn(II), the
high thermodynamic stability of Fe(III) complexes renders the
release of Fe®* ions following the binding interaction with HSA
highly improbable. Moreover, the very high coordinated water
exchange rate, at least in [Fe(EDTA)]™ and derivatives, implies
that 7); does not represent a limiting factor in the relaxivity of
the protein-bound complex, unlike what has often been
observed in Gd(III)-based systems. Furthermore, and perhaps
more importantly, the role of T, is notably distinct in Fe(III)-
based systems. With T, being considerably shorter compared
to Mn(II) and Gd(III) complexes, it contributes to 7. not only
at low frequencies (approximately <10 MHz), but also at 100

13002

MHz and beyond. This contribution becomes increasingly
significant as molecular motion slows and 7y lengthens. Figure
10 illustrates a simulation of the relaxivity values at 3 T as a
function of 7z and T, emphasizing the pivotal role of
electronic relaxation. It is important to acknowledge that while
this simulation provides valuable insights, its rigor may be
limited as it relies on the SBM model of paramagnetic
relaxation, which may not be fully appropriate for slowly
tumbling systems. Nonetheless, it clearly demonstrates that
optimizing the efficacy of Fe-based MRI contrast agents hinges
significantly more on lengthening T, than on slowing down
rotation.

Then, an important objective of future studies will be to
establish an empirical correlation between the structure of the
complexes and the electronic relaxation parameters, thereby
providing guidelines for the design of more efficient systems.
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