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Abstract The self-diffusion of water and lipids in water—mouse RBCs’ sus-

pension was investigated by pulsed field gradient NMR technique at different dif-

fusion times in temperature range from 5 to 35 �C. For the experimental data

interpretation, the phenomenological scaling approach was applied. The intracel-

lular water restriction size (2.1 lm), erythrocyte water permeability (about 10-5

m/s), intracellular residence time (about 20 ms), and water permeability activation

energy (24.1 ± 1.9 kJ/mol) were calculated. The lipid self-diffusion coefficients are

varied from 3 9 10-12 to 10-11 m2/s depending on temperature and diffusion time.

The lipid lateral self-diffusion activation energy is about 25 ± 2.9 kJ/mol.

1 Introduction

The molecular and ionic exchange in biological cells is the main metabolism

process in life form. Diffusive transport of water and functional substances in the

presence of permeable erythrocyte membranes (RBCs) is of fundamental biological

importance. Pulsed NMR techniques are the methods of choice for the molecular

exchange process investigations in RBCs [1–24]. The first water exchange rate

NMR measurements between intra- and extracellular water are started since the

beginning of 70th in the last century. There are two ways of the intracellular water

residence time measurements: paramagnetic doping and pulsed field gradient NMR
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techniques (PFG NMR). In the first case, the paramagnetic (manganese or

gadolinium) salt solutions are injected in the extracellular water area [1–12]. The

exchange rate k = 1/s is calculated as the difference between extra- and

intracellular water proton spin relaxation rates and the permeability as P = k � V/

S is calculated, where s is intracellular water residence time and V/S is the cell

volume to surface ratio [4]. The main disadvantage of this elegant way of water

permeability measurement is the existence of paramagnetic ions in the biological

systems that may influence the real exchange process. From this point of view, the

pulsed field gradient technique is much more preferable [25]. This technique

enables to measure the apparent intra- and extracellular water self-diffusion

coefficients and intra- and extracellular water relative amount [5, 13–24]. The

measured diffusion coefficient, Ds(td), depends on observation diffusion time td and

is a sensitive function of membrane permeability, cell shape and size. Erythrocyte

red blood cells (RBCs) are ideally suited for these studies since the cell size and

permeability may be independently controlled.

The PFG NMR investigations were carried out for human and more than 30

different species RBCs. The analysis of spin-echo signal attenuation decay

(diffusion decay) shape dependence on the diffusion time is more productive [5,

13–24, 26–32]. On the short time scale, the dependence Ds(td) is characterized by

the surface-to-volume ratio (S/V). For the simplest models, the relation between

Ds(td) and S/V is given in [33–35].

In the intermediate or long time region for the real systems with the permeability

for the Ds(td) approximation, the scaling approach may be applied [30–32, 36].

From the scaling approach equations, it is possible to calculate permeability and

restriction size. The intracellular water residence time s may be calculated from the

dependence of apparent intracellular water amount (population) on diffusion time.

Therefore, PFG NMR is a unique technique for the direct permeability and

restriction size measurement. From the point of view of experimental results’

interpretation, the phenomenological scaling approach is very attractive. The

applicability of this method was confirmed for chlorella [30] and yeast [31, 32]

cells’ water suspension. The scaling approach has not been applied for RBCs’

suspension because the detailed experimental data of spin-echo attenuation in 3–4

orders of magnitude for the wide interval of diffusion times are absent. Another

reason is the diffraction shape of diffusion decays for any species [2, 3, 16, 21, 22,

24]. As it was mentioned above, the RBCs’ suspensions of many exotic species

were investigated by NMR. The mouse RBCs’ NMR investigation is almost

unknown, in spite of the fact that mice are widely used for different medical and

biological testing.

The aim of the proposal paper is the detailed investigation of water exchange in

mouse red blood water suspension by PFG NMR at different temperatures. The

attention also will be paid to the blood lipid self-diffusion.
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2 Experimental (Materials and Methods)

2.1 Object

Mouse red blood cells were investigated. The blood sampling was made from

narcotazed mice by means of decapitation. The 0.11-M sodium citrate aqueous

solution is used as anticoagulant. The citrate solution to blood ratio was 1 to 5.

The blood was centrifuged during 15 min at 1000 rounds per minute. The plasma

was decanted. The erythrocyte sediment was resuspended in isotonic NaCl solution

(0.85 % NaCl solution contained 5 mmol buffer Na-phosphate, pH = 7.4). The

centrifugation and decantation were triply repeated, the second and third centrifu-

gation duration were 7 min. The fresh NaCl isotonic solution for the following

resuspended procedure was used. The erythrocyte sediment stored in refrigerator at

4 �C no more than 36 h. The sediment was settled during 3 h before NMR

measurements. The temperature was decreased from 35 to 5 �C and the samples

were thermostated during 20 min at each temperature in transition.

2.2 Methods

The self-diffusion coefficients were measured on 1H nuclei by pulsed field gradient

technique at the frequency 400.22 MHz. The measurements were carried out on

Bruker Avance-III—400 NMR spectrometer, equipped with the diff60 gradient unit.

The pulsed field gradient stimulated echo sequence shown in Fig. 1 was used. Three

90� pulses produce a stimulated spin-echo at time 2s ? s1 (where s is the time

interval between the first and second 90� pulses and s1—interval between the

second and the third pulses). The magnetic field gradient pulses of amplitude g and

duration d were applied after the first and third 90� pulses. The gradient strength was

varied linearly in 64 steps within a range from 0.1 to 27 T/m value. The integrated

Fig. 1 Stimulated echo pulse sequence with the magnetic field gradient pulses. Here, s is the time
interval between the first and second RF pulses, s1 is the time interval between the second and the third
ones. D is the interval between the gradient pulses, d is duration of the equivalent rectangular magnetic
field gradient pulses, g is the amplitude of the magnetic field gradient pulse and g0 is the amplitude of the
constant magnetic field gradient
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intensities of spectrum lines were used to obtain the dependence of echo sign at

attenuation on g2 (diffusion decay) [30, 32, 37–39].

For the molecules undergoing unhindered isotropic Brownian motion, the

evolution of spin-echo signal is described by the following equation.

A 2s; s1; gð Þ ¼ A 2s; s1; 0ð Þ exp �c2g2d2tdDs

� �
; ð1Þ

where c is gyromagnetic or magnetogyric ratio, td = D - d/3 is the diffusion time,

and Ds is the self-diffusion coefficient, and s, s1 and g are shown in Fig. 1.

A(2s, s1, 0) is expressed by the equation

Að2s; s1; 0Þ ¼ Að0Þ
2

expð� 2s
T2

� s1

T1

Þ; . . .

where A(0) is the signal intensity after the first radio frequency (RF) pulse (Fig. 1).

T1 and T2 are the spin–lattice and spin–spin relaxation times, respectively. During

measurement of echo signal evolution, s and s1 are fixed, and only the dependence

of A on g is analyzed, which is called the diffusion decay.

The erythrocytes’ (RBCs) water suspension 1H spectra at different values of pulsed

field gradient amplitudes are shown in Fig. 2. The more intense signal in Fig. 2a (the

chemical shift is 4.7 ppm) belongs to water molecules, the weak signals which are

well distinguished at high-gradient pulsed amplitude are due to RBCs membrane. The

more intensive signals belong to (CH2)n and CH3 lipid groups (chemical shifts about

1.4 and 0.8 ppm, correspondingly) [40]. The signals in the region 6–9 ppm due to

RBCs protein components (aromatic, N–H and O–H groups, for example) [41]. Since

the main aim is investigation of the self-diffusion of lipid, we analyzed diffusion

decays of signals of lipid in the region 0–2 ppm.

Fig. 2 The mouse erythrocytes’ (RBCs) water suspension 1H spectra with suppression of water signal
pulsed field gradient amplitude g = 0.375 T/m - a and g = 10.5 T/m - b
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The diffusion decays of 1H water and (CH2)n and CH3 groups NMR spin-echo

signals were analyzed.

The typical diffusion decays obtained at various diffusion times td and

temperatures are shown in Fig. 3.The diffusion decay cannot be described by a

single exponential function. In this case, the experimental curves

A gð Þ ¼ A 2s; s1; gð Þ
A 2s; s1; 0ð Þ

are usually decomposed into the exponential components, which are described by

Eq. (1). For the multiphase system consisting of m phases in the case of slow

(compare totd) molecular exchange between phases,

AðgÞ ¼
Xm

i¼1

p
0

i expð�c2g2d2tdDsiÞ ð2Þ

where Dsi is the self-diffusion coefficient of ith component and

p0i ¼ pi exp � 2s
T2i

� s1

T1i

� �, Xm

i¼1

pi exp � 2s
T2i

� s1

T1i

� �
;

Xm

i¼1

pi ¼ 1:

Here, pi is the relative amount of nuclei belonging to the molecules characterized

by the self-diffusion coefficient Dsi. The value pi is called the population of ith

phase. For the long T1 and T2 values, it is usually deduced that pi & p0i.
The detail of the curve decomposition on exponential diffusion decays is

described in the references [42].

3 Results and Discussion

3.1 Water Self-Diffusion

The example of typical 1H diffusion decay of water molecules in erythrocytes is

shown in Fig. 4. This decay was decomposed on three exponential components,

Fig. 3 The diffusion decays of water molecules in the mouse RBCs measured at various temperatures
(a T = 5, 10, 15, 25, 30, and 35 �C; td = 20 ms) and diffusion times (b td = 10, 20, 50, 100, 200 and
500 ms; T = 35 �C)
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which were characterized by self-diffusion coefficients Ds1, Ds2, Ds3 and

populations p1, p2, p3. The analysis of diffusion decay curves at different diffusion

times td shows that the values of populations p1, p2 and self-diffusion coefficients

Ds1, Ds2 depend on diffusion time td.

The dependences of Ds1, Ds2 and Ds3 on the diffusion time td are shown in Fig. 5.

The self-diffusion coefficients Ds1 and Ds2 decreased with increasing td, but for

self-diffusion coefficient Ds3, which is close to the self-diffusion coefficient of bulk

water, there is no dependence on td (Fig. 5). The populations p1 and p2 decreased,

but population p3 increased with increasing diffusion time td (Fig. 6). Three types of

water in biological cell suspension are related to the bulk water, the extracellular

water and the intracellular water, correspondingly [30–32]. In our discussion, the

main attention will be paid to the intracellular water behavior, which is

characterized by Ds1 and p1.

Fig. 4 The diffusion decay of water molecules in the mouse red blood cells at 5 �C for diffusion time
td = 50 ms. The procedure of decomposition of the original diffusion decay on three exponential
components according to Eq. (2) is shown: Ds3 = 0.6 9 10-9 m2/s, p

0
3 = 0.947; Ds2 = 0.76 9 10-10

m2/s, p
0

2 = 0.045; Ds1 = 1.37 9 10-11 m2/s, p
0

1 = 0.008

Fig. 5 The water self-diffusion
coefficient Ds1, Ds2 and Ds3

dependences on the diffusion
time td at 35 �C
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The decreasing of water self-diffusion coefficients with the increasing of

diffusion time indicates that water diffusion in mouse RBCs is restricted. It is well

known that dependence of water molecule diffusion coefficients on td in pore

systems and biological cells shows S-shape, as shown in Fig. 7 [30, 31, 43–45].

There are three parts of this S-shaped curve. The region 1 is the free diffusion

region, where D0 is non-restricted self-diffusion coefficient at td ? 0.

The region of restricted diffusion (region 2) is where the averaging of local water

translation motions over a large enough volume does not occur yet. The region of

hindered diffusion (region 3) is where the effect of total averaging of interpore

diffusion is achieved due to permeability of pore walls. In this region (so-called long

time diffusion regime, Dp ¼ lim
td!1

D tdð Þ) water self-diffusion coefficient Dp is also

independent of td and

1

Dp

¼ 1

D0

þ 1

Pa
ð3Þ

Fig. 6 The population p1, p2
and p3 dependences on the
diffusion time td at 35 �C

Fig. 7 Idealized dependence of liquid self-diffusion coefficient Ds on diffusion time in the pore systems
with permeable walls
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where P is permeability of pore (or cell) wall, and a is the wall (or cell) size [30–

32].

The dependencies Ds(td), related to intercellular water, contain information about

cell size, cell shapes and cell wall permeability. The key problem is to extract these

characteristics from Ds(td) dependences. From Einstein equation, the water

molecule displacement ‹a› is (6Dstd)
1/2. The region of restricted diffusion (region

2) consists of two parts. On the short time scale, when the molecule displacement is

6D0td � ‹a2›, Ds(td) is characterized by the surface-to-volume ratio (S/V). For the

simplest models, the relation between Ds(td) and S/V is given by Eq. (4) [33]

D tdð Þ ¼ D0 1 � 4

9
ffiffiffi
p

p S

V

ffiffiffiffiffiffiffiffiffi
D0td

p� �
: ð4Þ

However, in some cases, the ratio S/V is not sufficiently informative parameter.

In [34, 35], the expression (5) for the time dependence of the liquid self-diffusion

coefficient in a porous medium was obtained where the diffusion coefficient is an

exponential function of cell size a:

D tdð Þ ¼ D0 � Dp

� �
exp � 7:8

ffiffiffiffiffiffiffiffiffi
D0td

p

a

� �
þ Dp: ð5Þ

Equation (5) satisfactorily describes the time dependence of the self-diffusion

coefficient for media with high permeability. In systems with low permeability (for

instance, the self-diffusion in cells), solution Eq. (5) at intermediate diffusion

regime deviates from the experimental values [46].

In the intermediate or long time part for the non-permeable pore or cell walls

Ds tdð Þ ¼
a2
� �

6td
: ð6Þ

For the real systems, the permeability exists and the slope of Ds(td) is less than

td
-1. This situation was analyzed in detail in [30–32, 36], where the scaling approach

was applied for Ds(td) analysis. The restriction size a may be calculated from the

dependence-effective self-diffusion coefficient Ds
eff(td), which reads td as propor-

tional to td
-1 which is taking place for the non-permeable pores. The Ds

eff(td) is given

by the following equation [30, 31]

Deff
s tdð Þ ¼ Ds tdð Þ � Dp

D0 � Ds tdð Þ � D0; ð7Þ

where Ds(td) is the experimental dependence of self-diffusion coefficient on td. The

dependences of Ds(td) and Ds
eff(td) on diffusion time td at different temperatures are

shown in Fig. 8a, b. The physical meaning of Do and Dp is clear from the Fig. 7

explanation.

As shown in Fig. 8b, Ds
eff(td) is proportional to td

-1 starting from 20 ms. Ds
eff(td)

does not depend on temperature. It means that restriction sizes are the same at

different temperatures. The size of diffusion restriction a calculated from Eq. 6 is

2.1 lm. The a value does not depend on temperature and is in agreement with the

half of narrow size [2].
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The values of hindered self-diffusion coefficients Dp were also calculated from

Eq. (7). The temperature dependence of Dp is shown in Fig. 9.

This dependence may be approximated by Arrhenius equation. The activation

energy value is 24.1 ± 1.9 kJ/mol which is close to literature data for mouse RBCs

[11]. Keeping in mind that Do is larger compared to Dp (for instance, Dp is

7 9 10-12m2/s and Do is 4 9 10-11m2/s at 35 �C) as it results from Eq. 3, the

temperature dependence Dp(T) is determined by the water permeability temperature

dependence P(T). The value of water permeability is about 0.3 9 10-5m/s at 20 �C.

Another way of permeability calculation is the intracellular water residence time

measurement.

Due to RBCs walls permeability, there is molecular exchange between

intracellular, extracellular and bulk water. To calculate cell water molecules’

residence time and the exchange rate constants, two-compartment model, that

implies the exponential residence time distribution function, is applied. In this

Fig. 8 The experimental dependence of self-diffusion coefficients Ds(t) (a) and effective self-diffusion
coefficients Ds

eff(td) on the diffusion time td as calculated from Eq. 7 (b) for intracellular water molecules
in the mouse RBCs. The temperatures of measurements are 5, 20 and 35 �C. Solid straight line in b is
proportional *td

-1

Fig. 9 The temperature
dependence of the hindered
water self-diffusion coefficients
Dp. The solid straight line is the
Arrhenius equation
approximation. The activation
energy is 24.1 ± 1.9 kJ/mol
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model, the population of the compartment with the lowest self-diffusion coefficient

p1 depends on diffusion time td as [39, 47]

p1ðtdÞ ¼ p1ð0Þ exp � td

s

	 

ð8Þ

where s is the water molecules’ residence time in the cell. This equation does not

take into account the spin–lattice relaxation contribution in p1(td). If the spin–lattice

relaxation is considered, the p1(td) will be biexponential according to Eq. 9 [48].

The experimental p1(td) dependences are well approximated by this equation.

p1 ¼ pf exp � td

s

	 

þ ps exp � td

T1

� �
ð9Þ

where s is the residence time, T1 is spin–lattice relaxation time, which is about

600 ms, pf ? ps = p1(0).The estimated value of residence time is 20 ± 2 ms at

30 �C. This value is typical for RBCs residence time (Fig. 10) [20].

3.2 Blood Lipid Self-Diffusion

The diffusion decays for blood lipid component measured as echo spectra signal

integral in the region 0–2 ppm at different td are shown in Fig. 11.

The main part of the diffusion decay belongs to the tail, which is characterized by

the self-diffusion coefficient DL, which is varied from 3 9 10-12 to 10-11 m2/s

depending on temperature and diffusion time. The relative part (population pL) is

increased when the echo signal integration region shifts far from water signal

position. It may be concluded that the diffusion coefficient DL characterizes the

namely lateral lipid self-diffusion. The components with the larger self-diffusion

coefficients which determine that the initial part of diffusion decay may belong to

the wings of strong water signal.

The temperature dependence for DL measured at diffusion time td = 10 ms is

shown in Fig. 12. This dependence was approximated by Arrhenius’s law. The

activation energy is 25 ± 2.9 kJ/mol, which agreed well with the activation energy

of model bilipid system [40].

Fig. 10 1 The dependence of
intracellular water population
p1(td) on diffusion time td. 2 The
dependence p1(td) after
subtraction of spin–lattice
relaxation part. Temperature is
35 �C
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The lateral self-diffusion coefficient DL is decreased with increasing of diffusion

time td. The dependence DL(td) is shown in Fig. 13a. The effective self-diffusion

coefficients DL
eff, calculated from Eq. (7), are shown in Fig. 13b. The estimated

restriction size aL is about 1.4 lm.

4 Conclusion

The self-diffusion of water and blood lipids in mouse RBCs suspension in

temperature region from 5 to 35 �C at different diffusion times was investigated by

pulsed field gradient NMR technique.

The 1H water molecules’ diffusion decays consist of three exponential

components which belong to intracellular water, extracellular water and bulk water.

Fig. 11 The diffusion decays of
integral echo signals in the
region 0–2 ppm at different
diffusion time td. The td values
are in insertion

Fig. 12 The temperature
dependence of lipid self-
diffusion coefficients DL. The
straight line is the Arrhenius
equation approximation. The
activation energy is
25 ± 2.9 kJ/mol. The diffusion
time td is 10 ms
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The dependence of intracellular water apparent self-diffusion coefficients on

diffusion time was analyzed.

The restriction size (2.1 lm) and water permeability (0.3 9 10-5 m/s) were

estimated. From the temperature dependence of hindered self-diffusion coefficient

Dp, the activation energy was calculated (24.1 ± 1.9 kJ/mol) which well agreed

with the activation energies for other species RBCs.

The intracellular water residence time is about 20 ms, which also agreed well

with literature data.

The lateral self-diffusion coefficients DL at different temperatures and diffusion

time were measured. From the temperature dependence DL (T), the activation

energy was calculated (25 ± 2.9 kJ/mol) which is in close agreement with

activation energy for model lipid bilayers.

The lateral self-diffusion coefficient is also restricted. The restriction size is about

1.4 lm.
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