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A new method, based on proton high-resolution magic-angle
spinning (1H HR-MAS) NMR spectroscopy, has been employed
to study the cell uptake of magnetic resonance imaging contrast
agents (MRI-CAs). The method was tested on human red blood
cells (HRBC) and white blood cells (HWBC) by using three gadolin-
ium complexes, widely used in diagnostics, Gd-BOPTA, Gd-DTPA,
and Gd-DOTA, and the analogous complexes obtained by replacing
Gd(III) with Dy(III), Nd(III), and Tb(III) (i.e., complexes isostruc-
tural to the ones of gadolinium but acting as shift agents). The
method is based on the evaluation of the magnetic effects, line broad-
ening, or induced lanthanide shift (LIS) caused by these complexes
on NMR signals of intra- and extracellular water. Since magnetic
effects are directly linked to permeability, this method is direct.
In all the tests, these magnetic effects were detected for the ex-
tracellular water signal only, providing a direct proof that these
complexes are not able to cross the cell membrane. Line broadening
effects (i.e., the use of gadolinium complexes) only allow qualita-
tive evaluations. On the contrary, LIS effects can be measured with
high precision and they can be related to the concentration of the
paramagnetic species in the cellular compartments. This is possible
because the HR-MAS technique provides the complete elimination
of bulk magnetic susceptibility (BMS) shift and the differentiation
of extra- and intracellular water signals. Thus with this method,
the rapid quantification of the MRI-CA amount inside and outside
the cells is actually feasible. C© 2002 Elsevier Science (USA)

Key Words: cell membrane permeability; HR-MAS; MRI; con-
trast agents; organ selectivity.
INTRODUCTION

The permeability of human cells by contrast agents, in parti-
cular magnetic resonance imaging contrast agents (MRI-CAs),
is a matter of general interest, because it is closely linked to
pharmacological and toxicological aspects associated with the
administration of these substances to humans.

Up to now, human cell permeability to CAs has been rarely
investigated, mainly due to the insufficient reliability of results.
The few reports given in the literature use chemical methods
which require a rigorous separation of cells from extracellular
fluid, a time-consuming task not free of problems (i.e., breaking
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of cells can invalidate the results). Also spectroscopic methods
have been investigated, owing to their ability to work both on
in vivo and in vitro systems without any manipulation of the
sample. In any case, only those effects that are indirectly linked
to permeability have been measured (1). In our opinion, none of
these methods is able to give a completely unambiguous result,
as would seen necessary.

Several papers and reviews (2) have been published about
the use of NMR spectroscopy together with paramagnetic com-
plexes in order to quantify the concentration of metal ions inside
and outside the cellular compartments by inducing a detectable
difference between their intra- and extracellular NMR signals,
usually isochronous. In principle, these techniques could also be
used for the opposite aim, that is, to detect the presence of the
paramagnetic complex in the different cellular compartments,
by using the metal ion NMR signal as a probe (3). More gener-
ally, the NMR signals of all the substances which stay in both
intra- and extracellular compartments can be used for this aim
if they undergo magnetic effects in the proximity of a paramag-
netic complex. This condition supplies the basis for a method,
based on NMR spectroscopy, to detect the cell uptake of para-
magnetic complexes, such as those commonly employed as a
magnetic resonance imaging contrast agent (MRI-CA).

Three main methods, based on NMR spectroscopy spectra,
have been employed to generate a detectable difference between
the intra- and extracellular metal ion signals: (i) the relaxation
method (4), which uses gadolinium complexes and salts; (ii) the
shift method (5), which uses lanthanide complexes and salts;
and (iii) the shift-relaxation method (6), which is a combination
of the previous methods.

By using the relaxation method, Degani and co-workers af-
firmed that Gd(EDTA)− is not able to diffuse into phosphatidyl-
choline vesicles (4). In this case a pulse sequence of 180◦−τ–90◦

was employed in order to differentiate between the isochronous
intra- and extracellular sodium NMR signals, putting one signal
180◦ out of phase with respect to the other. By this method, the
intra- and extracellular sodium signals appear overlapped and
show opposite phases. Moreover, the intensity of the broader
signal (i.e., the signal of sodium in the near proximity of the
gadolinium complex) is strongly reduced, as a consequence of
the employed pulse sequence which acts upon the differences
2
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in the longitudinal relaxation times of the two signals. Under
these conditions, it is our opinion that the precise measurement
of the areas of the intra- and extracellular sodium signals is not
possible and, consequently, qualitative measurements are also
not possible.

The shift method is more attractive than the relaxation method
because, in general, the lanthanide induced shift (LIS) can be
easily measured and is directly linked to the concentrations of
the paramagnetic species. Unfortunately, in compartmentalized
systems, bulk magnetic susceptibility (BMS) (7–9), which does
not influence the measurement of the metal ion concentration,
makes this method unusable in order to detect and quantify the
paramagnetic species in the different cellular compartments. In
fact, LIS of the intracellular signals due to BMS can also exist
even when the paramagnetic species remain in the extracellular
compartment.

Finally, the shift-relaxation method, in our opinion, is a little
more complicated and does not offer any meaningful improve-
ment on the previous ones. As a consequence of these drawbacks,
none of these methods has yet been applied to define the cell up-
take of MRI-CAs because of their unsuitability for this purpose.

In this paper a method to define the cell uptake of MRI-CA
is presented. It utilizes the shift and relaxation methods with
some adjunctive expedients and hardware devices, which make
the method easy to use and enables it to supply quantitative
results. In particular it is based on: (i) the magic-angle spinning
NMR technique (MAS-NMR) to nullify any shift due to BMS
(10); (ii) the water NMR proton signal as probe; (iii) the high-
resolution MAS technique (HR-MAS-NMR) in order to make
the water signals sharp enough to allow the detection of very
small LIS. For some kinds of cells, intra- and extracellular water
proton resonances show two different and well distinguishable
chemical shifts (11); (iv) the use of paramagnetic complexes, iso-
structural to the gadolinium ones, which produce well detectable
LIS and very weak relaxation effects.

Relaxation enhancement effects only allow qualitative detec-
tion of the presence of the MRI-CA inside the cells, while LIS
effects can be related to the paramagnetic complex concentration
in the intra- and extracellular compartments, allowing quantita-
tive determination of the cell uptake. The precision of the quan-
titative measurements is guaranteed by the absence of BMS and
by the very careful control of the frequency of the observed sig-
nals, made possible by the use of external deuterium lock and
reference signals.

The method was tested on human red blood cells (HRBC)
and white blood cells (HWBC). Three gadolinium complexes,
widely employed as MRI-CA for total body and specific
applications (i.e., liver and CNS), were selected: Gd-BOPTA
(12) (BOPTA = (4RS)-[4-carboxy-5,8,11-tris(carboxymethyl)-
1-phenyl-2-oxa-5,8,11-triazatridecan-13-oic acid]), Gd-DTPA
(DTPA = diethylenetriaminepentaacetic acid), and Gd-DOTA
(DOTA=1,4,7,10-tetraazocyclo-dodecane-N ,N ′,N ′′,N ′′′′-tetra-

acetic acid), each of them as sodium salts. Also Dy(III), Nd(III),
Tb(III) complexes of BOPTA, DTPA, and DOTA—isostructural
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to the ones of gadolinium (13)—were employed in order to
perform experiments based on LIS.

The choice of HRBC and HWBC was promoted by the
importance of these cells in MRI applications, mainly MRI-
angiography (14), and by the simplicity in handling them dur-
ing the tuning of the method. The water signal was preferred, to
other potentially usable resonances, because of its high intensity
and because water is widely present in all tissues. That offers
the possibility of studying the permeability of a large number
of cells and to perform measurements in a few minutes, very
important in order to preserve the integrity of the cells during
the measurements.

RESULTS

Figure 1a shows the region between 5.5 and 4.5 ppm of the
1H HR-MAS NMR spectrum of packed human red blood cells

FIG. 1. (a) The 600-MHz 1H HR-MAS NMR spectra of packed HRBC
suspension in serum (RBC/serum = 80/20): #, intracellular water signal, ∗,
extracellular water signal, �, H2O residue of D2O employed as the external lock

signal. (b)–(d) Same sample of trace (a) but after the addition of Gd-BOPTA
0.1 M stock solution, respectively, 10–20–80 µl.
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FIG. 2. (a) The 600-MHz 1H HR-MAS NMR spectra of packed HRBC
suspension in serum (RBC/serum = 80/20): #, intracellular water signal, ∗,
extracellular water signal. (b)–(c) Same sample of trace (a) but after the ad-
dition of Dy-BOPTA 0.1 M stock solution, respectively, 20 and 80 µl.

(80% hematocrit) without water signal suppression. Two reso-
nances appear, separated by about 19.7 Hz. The downfield shift
is due to intracellular water, while the other is due to extracellular
water (11). The two resonances exhibit a half-height linewidth
of 17.5 and 4.6 Hz, respectively, in accordance with what was
previously observed and discussed (11). This is quite a differ-
ent result with respect to the usual linewidth in conventional 1H
NMR spectra, where only one resonance is detectable, with a
half-height width of more than 20 Hz. Figures 1b–1d show spec-
tra analogous to that of Fig. 1a but obtained after the addition of
10, 20, and 80 µl of Gd-BOPTA stock solution (see under Ex-
perimental). Final MRI-CA concentrations were, respectively,
0.99 · 10−3, 1.96 · 10−3, and 7.46 · 10−3 M. The signal due to the
intracellular water does not show any modification, while the ex-
tracellular water signal undergoes a clearly detectable linewidth
broadening, increasing as the concentration of Gd-BOPTA in-

creases. A small signal also appears in all the spectra, at about
ET AL.

4.74 ppm, due to the residue of H2O in D2O employed for the
external lock signal (see under Experimental).

Experiments analogous to the ones reported in Fig. 1 were re-
peated using Dy-BOPTA instead of Gd-BOPTA. Figures 2b and
2c show, respectively, spectra acquired after additions of 20 and
80 µl of Dy-BOPTA stock solution. The extracellular water sig-
nal shows a high-field LIS which increases as the concentration
of added shift reagent increases, while the intracellular water
signal does not shift. Measurements performed with the addi-
tion of 320 µl of Dy-BOPTA stock solution to 1 ml of HRBC
sample (100 % hematocrit) (final Dy-BOPTA concentration was
24.22 · 10−3 M) confirmed this behavior: the intracellular water
signal did not shift while the extracellular proton water signal
showed a shift of 0.76 ppm (data not shown).

Measures analogous to those shown in Fig. 2 were repeated by
using Nd-BOPTA and Tb-BOPTA stock solutions (Figs. 3b and
3c), in order to prove the correctness of extrapolating the Gd-
BOPTA behavior from that of Dy-BOPTA. LIS was confirmed
for the extracellular water signal only, while the intracellular
water signal remained unaffected. Once this relationship was

FIG. 3. (a) The 600-MHz 1H HR-MAS NMR spectra of packed HRBC
suspension in serum (RBC/serum = 80/20): #, intracellular water signal, ∗,
extracellular water signal. (b)–(c) Same sample of trace (a) but after the addition,

respectively, of 80 µl of Nd-BOPTA and Tb-BOPTA 0.1 M stock solutions.
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FIG. 4. (a) The 600-MHz 1H HR-MAS NMR spectra of packed HWBC
suspension in phosphate buffer solution. (b) Same sample of trace (a) but after
the addition of 80 µl of Dy-BOPTA 0.1 M stock solution.

established, for all the other experiments, dysprosium complexes
were only used, because they produce the easiest detectable ef-
fects compared with other lanthanide complexes.

In Fig. 4a, the 1H HR-MAS NMR spectrum of HWBC is
shown. Contrary to HRBC, the intra- and extracellular reso-
nances do not appear well separated, although the signal shows
an asymmetry revealing the presence of two overlapped signals.
The addition of Dy-BOPTA stock solution produced similar be-
havior to that observed for HRBC; i.e., the extracellular water
signal shows a high-field LIS which increases as the concen-
tration of added shift reagent increases, while the intracellular
water signal does not shift (Fig. 4b).

To get further proof, HRBC and HWBC were fixed and then
suspended in a phosphate buffer solution in order to destroy
the cell membrane functionality. In these cases, the separation
between intra- and extracellular water signals was lower with
respect to that of no fixed cells (Figs. 5a and 5c). The addition of
Dy-BOPTA stock solution produced high-field shifts of both the
intra- and extracellular water signals (Fig. 5b) proving that in this
case, as expected, Dy-BOPTA crosses the cellular membrane.
The same behavior was observed with HWBC (Fig. 5d).

In Fig. 6, proton 1H HR-MAS NMR spectra of HRBC after
the addition of Dy-DOTA (Fig. 6b) and Dy-DTPA (Fig. 6c) stock
solutions are shown. Again, the LIS is clearly detectable and it
concerns the extracellular water signal only. Analogous results
were obtained with HWBC.

In Fig. 7 the plots of the observed proton water LIS vs the
concentrations (ρ) of Dy-BOPTA in physiological solution and
in serum are shown (spectra were acquired with HR-MAS probe
by using the same experimental conditions employed for HRBC
and HWBC). Detectable LIS was found at very low values of

ρ(Table 1). Figure 7 also reports the plots of the observed proton
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TABLE 1
LIS of Proton Water Signal vs Concentration of Added Paramag-

netic Complex, Observed in 1H HR-MAS NMR Spectra Acquired
at 600 MHz

LIS (Hz) LIS (Hz) LIS (Hz) LIS (Hz)
ρ � � � �

0,00 0.00 0.00 0.00 0.00
0,05 −0.49 −0.45 −0.55 −0.30
0,10 −1.00 −1.19 −2.02 −0.37
0,50 −3.25 −2.72 −3.85 −2.20
1,00 −3.46 −4.08 −8.07 −4.77
2,00 −5.39 −10.57 −18.34 −9.54
4,00 −18.47 −21.31 −39.99 −20.18
8,00 −36.45 −45.51 −80.52 −40.17

16,00 −79.38 −92.12 −161.95 −81.43

Note. �, Dy-BOPTA in physiologic solution; �, Dy-BOPTA in serum; �,
Dy-DOTA in serum; �, Dy-DTPA in serum; ρ = mM concentration.

FIG. 5. (a) The 600-MHz 1H HR-MAS NMR spectra of packed HRBC
fixed and then suspended in phosphate buffer solution. (b) Same sample of trace
(a) but after the addition of 80 µl of Dy-BOPTA 0.1 M stock solution.
(c) The 600-MHz 1H HR-MAS NMR spectra of packed HWBC fixed and then

suspended in phosphate buffer solution. (d) Same sample of trace (c) but after
the addition of 80 µl of Dy-BOPTA 0.1 M stock solution.
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tracellular fluids behave in a very similar way, with respect to
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FIG. 6. (a) The 600-MHz 1H HR-MAS NMR spectra of packed human
blood cell suspension in serum (RBC/serum = 80/20): #, intracellular water
signal, ∗, extracellular water signal. (b)–(c) Same sample of trace (a) but after
the addition, respectively, of 80 µl of Dy-DOTA and Dy-DTPA 0.1 M stock
solutions.

FIG. 7. Plots of observed LIS of proton water signal vs concentration
ρ (mM) of added paramagnetic complex. Spectra were acquired at 600 MHz
by HR-MAS technique. �, Dy-BOPTA in physiologic solution; �, Dy-BOPTA

in serum; �, Dy-DOTA in serum; �, Dy-DTPA in serum.
ET AL.

water LIS vs the concentrations of Dy-DTPA and Dy-DOTA in
serum.

For completeness, experiments were also attempted using a
conventional 5-mm HR probe and cylindrical or spherical NMR
tubes. With cylindrical NMR tubes, the addition of Dy-BOPTA
to HRBC induced a strong shift of extracellular water signal but
also the intracellular water signal showed a remarkable shift,
due to BMS (data not shown). At last, with spherical NMR
tubes, which nullify any BMS effects (15), the magnetic field
homogeneity was never good enough to detect small shift effects.

DISCUSSION

Results reported in Figs. 1–4, 6 show that Gd(III), Dy(III),
Nd(III), and Tb(III) complexes with BOPTA and Dy(III)
complexes with DTPA and DOTA, when added to suspensions
of HRBC and HWBC, produce detectable effects (line broad-
ening or LIS) only on the extracellular water signal while the
intracellular water signal does not show modifications. Under
the experimental conditions employed in the tests, i.e., utiliza-
tion of the MAS technique, lock signal, and reference signal,
these results prove that all these paramagnetic complexes stay
in the extracellular compartment only. In fact, relaxation effects
are shortrange (i.e., only the signal of the water in the close
proximity of the gadolinium complex can undergo a line broad-
ening) and only diamagnetic, contact, and pseudocontact shifts
can contribute to LIS (i.e., LIS effects can only exist for the
water molecules which stay in the same cellular compartment
of the paramagnetic species).

This assertion is true within the detection limits of the mea-
sured effects. Spectra reported in Figs. 1–3 show that LIS is
more reliable with respect to the line broadening. In fact, line
broadening is difficult to evaluate in the cases of small changes
of the linewidth and when both intra- and extracellular water
resonances broaden, as it occurs when there is a partial penetra-
tion of the CA in the intracellular compartment. Consequently,
the measure of this effect can only furnish qualitative results. On
the contrary, the LIS is very easy to detect and can allow, in prin-
ciple, quantitative measurements because it can be related to the
concentration ρ of the paramagnetic species. Consequently, the
detection limits of LIS can also be evaluated and the quantitative
determination of the cell uptake of the paramagnetic complexes,
isostructural to the ones of gadolinium, can be achieved.

The detection limits of LIS can be evaluated by data reported
in Table 1 and Fig. 7 which show that Dy-BOPTA concen-
trations greater than 0.5 mM induce LIS greater than 2 Hz in
physiological solution and in serum (i.e., the extra-cellular fluid
in our experiments). As it is shown in Fig. 8, where the 1H HR-
MAS NMR spectrum of packed HRBC is plotted three times
with a shift of 2 Hz between adjacent traces, a shift of 2 Hz is
well detectable for both extra- and intracellular water signals.
Since it is reasonable that water molecules in the extra- and in-
paramagnetic complexes, it is possible to affirm that, within a
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FIG. 8. The 600-MHz 1H HR-MAS NMR spectra of packed human blood
cell suspension in serum (RBC/serum = 80/20) plotted three times with a shift
of 2 Hz between adjacent traces.

detection limit equivalent to a concentration of 0.5 mM (i.e.,
2-Hz shift), Dy-BOPTA does not cross the HRBC membrane
because, in the opposite case, it should have induced a detectable
LIS for the intracellular water signals.

The hypothesis that water in the extra- and intracellular flu-
ids should behave in a very similar way is almost reasonable
because, at low concentrations of Dy-BOPTA, water does not
show relevant differences in LIS between physiological solution
and serum (Fig. 7), in spite of the big difference in the compo-
sition of these two media. Furthermore, it is also important to
observe that it is very difficult to obtain plots, like those shown
in Fig. 7, for water in the intracellular fluid because of the diffi-
culty in getting samples of this fluid alone. In fact, the breaking
of the cellular membrane cannot be achieved by using the tradi-
tional method which requires one to put the cells in a hypotonic
solution. Other methods cannot be used either. For instance, the
ultrasonic wave treatment strongly modifies the cellular fluid by
heating.

In the absence of detectable shift of the intracellular water
signal, it is possible to consider an overestimated Dy-BOPTA

concentration in the intracellular compartment equal to 0.5 mM
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(i.e., the detection limit). In this hypothesis, considering an over-
estimated intracellular fluid volume of 0.8 ml (80% hematocrit),
it results in an underestimated gradient of concentration, be-
tween extra- and intracellular compartments, of about 54.3 : 1,
when 80 µl of Dy-BOPTA 0.1 M stock solution are added.
This gradient of concentration, although underestimated, is high
enough to affirm that Dy-BOPTA does not cross the HRBC
membrane because, in the case of permeability, a much lower
gradient would be expected. These calculations, performed for
the sample obtained by addition of 320 µl of Dy-BOPTA 0.1 M
stock solution to 1 ml of HRBC sample (100% hematocrit), give
an underestimated gradient of concentration, between extra- and
intracellular compartments, of about 197 : 1. This result quanti-
tatively confirms that Dy-BOPTA does not cross the HRBC.

Results for Dy-DTPA and Dy-DOTA are similar to those of
Dy-BOPTA, as shown in Figs. 6 and 7 and in Table 1. A detection
limit equivalent to a concentration of 0.5 mM was found and,
by using calculations similar to those reported for Dy-BOPTA,
it is possible to affirm that these two complexes do not cross
the cellular membrane of HRBC. Since the behavior in HWBC
was proved to be analogous with that in HRBC (Fig. 4), and
since it was also proved that Dy-BOPTA behaves like Gd(III)-
BOPTA, the conclusions found for HRBC and Dy(III) com-
plexes of BOPTA, DTPA, and DOTA can be extended to HWBC
and to Gd(III) complexes of BOPTA, DTPA, and DOTA.

It is noteworthy that in all the shown spectra the extracellular
water signal increases in area with respect to the intracellular
signal, as the amount of paramagnetic complex solution is in-
creased. This effect is due to the increment of the extracellular
water due to the addition of the paramagnetic complex stock
solution but that does not modify in any way the quantitative
measurements because LIS gives directly the concentrations by
the plots reported in Fig. 7. Moreover, in the case of partial
penetration of the CA in the intracellular compartment, calcu-
lations similar to those just reported can furnish a quantitative
estimation of the gradient of concentration between extra- and
intracellular compartments.

Experiments performed by using HRBC and HWBC, whose
membrane functionality was deliberately destroyed (Fig. 5),
have furnished a clear picture of the situation which can occur
when the paramagnetic complex crosses the cellular membrane,
giving further proof that intra- and extracellular proton water
resonances act as sensors of the cellular compartment where the
paramagnetic complex stays.

It is also noteworthy to comment on the differences existing
among spectra obtained using a conventional 5-mm HR probe
(i.e., cylindrical and spherical NMR tubes), a MAS probe, and a
HR-MAS probe. In the first case (conventional 5-mm HR probe)
methods to evaluate the BMS contribution to LIS are reported
in the literature (15–18) but these procedures are complex and,
in our opinion, not completely satisfying, especially for detect-
ing small shifts. MAS probe eliminates BMS but the absence
of the lock channel does not allow one to obtain optimal shim-

ming conditions and a magnetic field stable enough to get very
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sharp signals. In fact, only a water proton signal is detectable in
HRBC and HWBC suspensions. Therefore the sensitivity to de-
tect small LIS is smaller with respect to the HR-MAS probe. Of
course, within higher detection limits, MAS probes could also be
used.

Finally, it is noticeable that the literature includes papers based
on HR-MAS NMR on human prostate tissue (19), dystrophic
cardiac tissue (20), intact kidney samples (21), glioblastoma
multiforme cells (22), and brain tumor tissue (23). All of these
allow one to suppose that this method can be applicable to other
living systems and, in principle, to any type of cells and tissues.
Probably, different types of cells or tissues may show different
behavior, i.e., different chemical shift separation between intra-
and extracellular water and different lineshapes. The spectra
of HRBC and HWBC furnish an example of that: intra- and
extracellular water resonances are well separated in HRBC while
in HWBC they are partially overlapped (Fig. 4). The reasons
for this different behavior is not known but that does not limit,
in general, the applicability of the method. Different types of
cells or tissues could also show different limits of detectable
LIS which could determine different limits of sensitivity of the
determination of the cell uptake. The limit of detectable LIS can
also depend on the nature of the paramagnetic complex.

The method is applicable, in principle, to any molecule and
metal ion which shares itself between intra- and extracellular
compartments.

CONCLUSION

The 1H HR-MAS NMR spectroscopy method proposed here
allows for an easy, fast, direct, and quantitative determination
of the amount of MRI-CA inside and outside the cells, by means
of the differentiation of intra- and extracellular water signals and
the complete elimination of bulk magnetic susceptibility shifts.

Because cells are in no way pretreated, the method is very fast,
free of any sample manipulation and, in principle, applicable to
any type of cells and tissues. That means that the method makes
it easier to carry out a variety of studies on MRI-CA organ
selectivity and toxicity and allows the deepening of this matter,
very relevant for the development and the improvement of MRI-
CA. Moreover, due to the feasibility of the measurements and the
ubiquity of water in living systems, this new HR-MAS approach
offers the possibility of studying the permeability of a large
number of cells by a wide typology of MRI CAs.

Lanthanide complexes would be better than gadolinium com-
plexes because the former give a better picture of the phenom-
ena, since shift effects are easier to detect and to quantify than
relaxation effects (line broadening).

In the present study it is also proved that HRBC and HWBC
have no permeability towards Gd-BOPTA, Gd-DTPA, and
Gd-DOTA, useful information for the development of new appli-
cations of these MRI-CA. Studies on other cells, other MRI-CA,

and other NMR signals which can act as a probe of the cellular
compartments are in progress.
ET AL.

EXPERIMENTAL

Centrifugation. The employed centrifuge was Heraeus Sep-
atech Omnifuge 2 ORS, rotor model 3360; centrifugation was
done at 2109 g (equivalent to 3500 rpm) at 4◦C for 15 minutes,
unless noted otherwise; condition changes noted only when
necessary.

Living HRBC preparation. Human blood (to which sodium
citrate as an anticoagulant was added) was centrifuged. After
that, HRBC pellets were separated from serum and white cell
interface, taking care to obtain a solution of red cells free of white
cells. HRBC and pure serum were then put together again, with
a ratio of 4 : 1 (80% hematocrit).

Living HWBC preparation. Human blood (to which sodium
citrate as an anticoagulant was added) was centrifuged at 248 g
(equivalent to 1200 rpm). After that, PRP (platelet rich plasma)
was separated and the sediment was suspended again in phos-
phate buffer and centrifuged. The buffy coat (HWBC and
HRBC) was collected, suspended in the usual buffer (up to the
original volume), added with Emosol (tenth part of the total vol-
ume) and left for 10 minutes; Emosol breaks the HRBC mem-
brane. After this time, the supernatant liquid was removed, the
whole washing repeated, and the HWBC were ready.

Fixed HWBC and HRBC preparation. Living HRBC (or
HWBC), as previously prepared, were dissolved to the initial
volume with a phosphate buffer (Soerensen 0.1 M pH = 7.4) and
centrifuged; then the buffer was removed and this washing was
repeated three times. Then, 400 µl of HRBC (or HWBC) were
suspended in 588 µl of the previous buffer to which was added
12 µl of glutaraldehyde (25% aqueous solution) and shaken for
20 h. After this time, HWBC were washed with distilled water
(10 times in volume) and centrifuged for only 1 minute, repeat-
ing this treatment three times.

Lanthanide complexes. Lanthanide complexes were pre-
pared according to Ref. (12) and related patents.

Samples containing lanthanide complexes. All the samples
were obtained by addition of definite amounts of 0.1 M stock
solution of lanthanide complexes to 1 ml of HRBC or HWBC
samples, prepared as previously described. All the concentra-
tions reported in the text refer to the whole sample (i.e., a volume
equal to 1 ml plus the microliters of added stock solution).

Calculation of the gradient of concentration. Intracellular
fluid volume = 800 µl (80% hematocrit); extracellular fluid
volume = 200 µl + 80 µl (volume of the added lanthanide
complex 0.1 M stock solution to 1 ml of HRBC); added lan-
thanide complex = 80 µl · 0.1 M = 8 µmole; lanthanide com-
plex in the intracellular, considering a detection limit of
0.5 M = 0.5 M · 800 µl = 0.4 µmole; lanthanide complex in
the extracellular = 8 µmole −0.4 µmole = 7.6 µmole; concen-
tration of lanthanide complex in the extracellular = 7.6 µmole/
280 µl = 27.14 mM; concentration gradient, 27.14 M/0.5 M =
54.28 : 1. Really, the concentration of lanthanide complex in

the extracellular was less than the detection limit. Therefore the
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calculated concentration gradient was underestimated. More-
over, the volumes of intracellular and extracellular fluid were
less then 800 µl because not all the volume of the RBC was due
to water. That means that the calculated concentration gradient
was further underestimated.

NMR spectra. Proton HR-MAS NMR spectra were acquired
on a Bruker Avance 600 spectrometer operating at the fre-
quency of 600.13 MHz. A Bruker HR-MAS 4-mm rotor double
bearing probehead, equipped with a deuterium lock channel
and with double coils designed for C-13/H-1 inverse detec-
tion, were employed. Experimental conditions were spectral
width = 24,000 Hz (about 40 ppm); time domain size = 64 K
data points; number of scans = 128; recycle delay = 1 s, spinning
rate = 3500 Hz; Fourier Transform without application of win-
dow functions on the FID. Spinning rate was limited to 3500 Hz
to avoid cell disruption.

In order to have an external lock signal in such a way as to get
a high stability and reproducibility of the frequency between the
different spectra, rotors with spherical insert and a double cap
were employed; a small amount of D2O was always put in the
small space between the inner compartment (shut by a screw),
which contained the sample, and the external cap which shut
the rotor. All spectra were acquired at the temperature of 25 ◦C.
Shimming was performed only once, on the first sample of each
series.
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