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It is demonstrated that tracer diffusion coefficients can be determined for oxyhemoglobin A (HbA-0,) and oxyhemoglobin 
S (HbS-0,) in intact blood cells by means of pulsed field gradient NMR (PFG-NMR). This is possible because the method 
discriminates between both rapidly moving water molecules and molecules having small proton trans.ver.cle relaxation times 
(Tz)_ The results indicate that only hemoglobin molecules contribute to the echo signals when large field gradients are used. 
The dependence of the measured diffusion coefficients on osmolarity and pH are attributed to changes in hemoglobin 
concentration resulting from changes in ceil volume. 

1. Introduction 

Here we report a direct measurement of the 
translational diffusion coefficient of hemoglobin 
in intact blood cells [l]. This was possible through 
the use of a specially constructed pulsed field 
gradient NMR (PFG-NMR) system. The tracer 
diffusion coefficient which was determined in this 
experiment is known to have strong dependence 
on the hemoglobin concentration and the viscosity 
of the solvent mixture as well as on the degree of 
aggregation of the hemoglobin molecules. Thus, it 
is possible to obtain information concerning the 
internal state of’the cell which was not previously 
available. This is particularly important in cases. 
e.g., sickle cell disease, where intermolecular inter- 
actions are crucial and where time-dependent 
processes must be monitored. 

PFG-NMR is an established method for mea- 
suring diffusion coefficients and has been reviewed 
extensively in the literature [2-41. The experiment 
as developed by Stejskal and Tanner [5] consists of 
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measuring the amplitude of an NMR spin echo 
signal from nuclei in the molecule of interest in the 
presence and absence of a matched pair of mag- 
netic field gradient pulses. The ratio of the ampli- 
tudes, denoted by R. is then related to the diffu- 
sion coefficient through the equation: 

In R = - &=GZ(A - S/3)D (I) 

where y is the gyromagnetic ratio of the nuclei. G 
the amplitude of the field gradient pulses in G/cm. 
6 the duration of each pulse. A the separation of 
the starting points of the pulses, and D the tracer 
diffusion coefficient. In practice, the logarithm of 
the echo amplitudes rather than the ratio of ampli- 
tudes is plotted, but this change only affects the 
intercept_ This method has been widely used for 
the measurement of diffusion coefficients of water 
molecules in various environments. The appli- 
cation to protein diffusion has been limited, since 
the small diffusion coefficients typically permit 
onIy very smaI1 amounts of echo attenuation to be 
observed_ In our experiment this problem was 
circumvented by increasing the magnitude of G to 
compensate for the small magnitude of D. The 
spectrometer system is described elsewhere [6]. 
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In applying proton PFG-NMR to the study of 
hemoglobin in blood cells, we have taken ad- 
vantage of the fact that this method can dis- 
criminate between both signals from rapidly mov- 
ing water molecules and from molecules having 
restricted motion. The echo signal arising from 
water protons attenuates rapidly as G is increased 
because of the large value of D for water. Signals 
from macromolecules other than hemoglobin turn 
out to be unimportant either because of the small 
fraction of total protons which are contained in 
these molecules or because the protons in these 
molecules have small values of the transverse 
nuclear relaxation time T2 [7]. Consequently, the 
echo amplitude for these molecules is negligible 
even in the absence of the gradient pulses. 

In this report we illustrate the resolution of the 
hemoglobin echo signal, and we report the pH 
dependence of the diffusion coefficients for both 
oxy-HbA and oxy-HbS in blood cells. The primary 
effect is attributed to the dependence of mean cell 
volume on osmolarity and pH. The diffusion coef- 
ficients for oxy-HbS were found to be about 10% 
smaller than those for oxy-HbA in the cells which 
we studied_ 

2. Materials and methods 

Normal blood required for whole red blood cell 
experiments was drawn from a single healthy donor 
by venipuncture into 25ml tubes. Sickle cell blood 
was obtained with informed consent from a donor 
homozygous for the sickle gene. In both cases the 
blood was centrifuged to remove the plasma and 
buffy coat. The cells were then washed with ap- 
propriate cold buffers. The exchange with ‘H,O 
was performed as follows. For normal blood the 
cells were suspended in buffer prepared in ‘H20, 
rolled gently for 3 min to permit equilibration, and 
centrifuged for 5 min at 2000g. The procedure was 
repeated five times. For sickle blood the cells were 
allowed to equilibrate with the ‘Hz0 buffer for 30 
min and the procedure was repeated eight times. 
After the final centrifugation the packed cells were 
transferred to a S-mm NMR tube which was then 
sealed with epoxy resin. The cells were stored at 
4OC until required for use, and all samples were 

used within 2 days of preparation. 
The NMR experiments were performed at 17.1 

MHz using a Spin-Lock Ltd. CPS-2 Coherent 
NMR Pulse Spectrometer and a Magnion 12-inch 
electromagnet with an FFC-4 field control unit. 
The spin echoes were digitized by a Biomation 
model 802 transient recorder which was interfaced 
with a Nuclear Data 812 minicomputer_ Up to 100 
echoes were averaged for each measurement_ The 
field gradient pulses were provided by a current 
pulser. which was designed and built inhouse, and 
a quadrupole gradient coil [8]. Pulse durations of 
0.5- 10.5 ms and amplitudes up to 10 A were avail- 
able with this arrangement_ The amplitude of the 
gradient pulses were calibrated using pr-decanol. 
which has a diffusion coefficient of 7.5 X lo-’ 
cmz/s at 25OC [9]_ A calibration constant of 34.9 
G cm- ’ A-’ was obtained with 6 = 2.0 ms, A = 8.9 
ms, and a separation 5 = 6.2 ms between the radio- 
frequency pulses. An error in the reported diffu- 
sion coefficient for decanol will of course cause a 
systematic error in our measurements. but will not 
affect relative measurements such as those re- 
ported here. The temperature was controlled to 
~0.25”C over the range 0-40°C with a cold 
nitrogen gas flow system and a heater operated by 
a Leeds & Northrup CAT control unit. 

3. Results 

In fig. la, we show a plot of the echo attentua- 
tion factor R vs. the square of the field gradient 
(G’) for packed cells in Hz0 buffer. As indicated 
by eq. 1, the slope of this plot at large *-alues of G’ 
should be proportional to the diffusion coefficient 
for hemoglobin. However, the large values found 
for R when G is small and the curvature of the plot 
indicate interference from more rapidly diffusing 
components. Since eq. 1 applies to each compo- 
nent present, curvature arises when signals are 
detected simultaneously from molecules having 
different diffusion coefficients. For comparison we 
show in fig. lb a plot of R for a filtered solution of 
HbA-CO, also in H,O buffer, at a concentration 
of 32.9 g/d]. Our expectation that the proton 
NMR signal from H,O will not interfere is con- 
firmed by fig. lb, but not by fig. la. The apparent 
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Fig. 1. Plots of the echo attenuation factor R vs. G’. Experi- 
mental parameters 6 =2_40 Ins. A =9.80 ms. 7 =6.80 ms. (a) 
Packed cells (suspending medium: 0.1 M N&I. 0.01 M 
KH,PO,. pH 6.9. in H,O). (b) HbA-CO in solution (0.1 M 
KCI. 0.01 M KH=PO,. pH 6.9. in H,O) at a concentration of 
32.9 g/dl. 

diffusion coefficient for Hz0 is considerably 
smaller in packed blood cells than in solutions for 
reasons which are discussed in the next section. In 
order to determine the diffusion coefficient for 
hemoglobin we reduced the interfering signal to an 
acceptable level by reconstituting the cells in a 
buffer prepared with *Hz0 as described in the 
previous section. 

In fig. 2, we show a plot of R vs. G” for HbA-0, 
in packed blood cells suspended in *H,O at pD = 
6.90. The interfering signal is still evident at small 
values of G, but the linear portion of the curve is 
adequate for the determination of D for hemo- 
globin. As G* is increased the echoes from compo 
nents which have large values of D, i.e. water, 
attenuate to negligible values: and the fact that the 
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Fig. 2. Plot of the echo attenuation factor R vs. G’ for packed 
cells (suspending medium: 0.1 M NaCI. 0.01 M KH,PO,. 
pH 6.9. in “H,O). Experimental parameters are ihe same as in 
fig. 1. 

plot becomes linear means that a single diffusion 
coefficient adequately describes the detected mac- 
romolecules. It is reasonable to attribute this diffu- 
sion coefficient to hemoglobin. Accordingly. we 
have used ‘Hz0 suspensions for all of the mea- 
surements on hemoglobin in cells. We have also 
found that the magnitude of the interfering signal 
increases when the temperature of the packed cells 
is reduced from 37 to 1S”C. Another finding of 
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Fig. 3. Tracer diffusion coefficients of HbA-Oz (0) and HbS-0, 
(0) plotted vs. the pH (pD) of the suspending medium (0.01 M 
KH,PO,, 0.1 M NaCI, T=37*C). Experimental parameters 
arethesameasinfig.1. 



possible importance is that cells containing HbS-0, 
require considerably more time to equilibrate with 
‘H,O than those containing liganded HbA. This 
could -indicate a lower water permeability of the 
membrane of sickle cells. and we are currently 
using NMR relaxation measurements to investi- 
gate this point [lo]. 

We have also investigated the dependence of 
the diffusion coefficient of hemoglobin in blood 
cells on the pH or pD of the suspending medium. 
In fig. 3. D is plotted vs. pD for both cells contain- 
ing HbA-G, and HbS-0,. In each case the osmo- 
larity was 206 mosM. The vertical bars shown on 
the last data points represent typical standard 
deviations for these measurements. Additional 
measurements were performed for HbS-CO to en- 
sure that HbS was totally liganded. We found no 
significant difference in the diffusion coefficients 
for HbS-0, and HbS-CO inside intact blood cells. 
Also. for comparison we measured the p!-l depen- 
dence of the diffusion coefficient of HbA-CO in 
solutions. Within experimental error no depen- 
dence was found. 

4. Discussion 

PFG-NMR provides a convenient method for 
determining diffusion coefficients for hemoglobin 
in solution. and as demonstrated by fig. 2 it is also 
applicable to hemoglobin in blood cells. It is im- 
portant to note that this method measures the 
tracer diffusion coefficient and that with polydis- 
perse samples it can provide (a) the number aver- 
age of. D in the limit of small attentuations. and 
(b) a measurement of D for large molecules only 
when G” is large [I]. In contrast to this, photon 
correlation spectroscopy (PCS) determines the 
mutual diffusion coefficient and provides the z- 
average of this quantity [Ill. PFG-NMR offers a 
number of advantages over PCS for the study of 
hemoglobin. since NMR is not particulary sensi- 
tive to the presence of particulate matter and the 
optical absorbance of the sample is unimportant 
[12.13]. Applications of PFG-NMR to the con- 
centration and temperature dependence of D for 
hemoglobin solutions are discussed elsewhere 161. 

Fig. 1 raises interesting questions concerning 

differences between hemoglobin solutions and 
packed blood cells. It is possible that the viscosity 
inside the blood cell is greater than in a solution 
having the same hemoglobin concentration. or that 
water trapped between the packed cells is somehow 
different from bulk water. Also, protons bound to 
small mobile proteins may contribute to the inter- 
fering signal. However, we believe that signals 
from components other than hemoglobin and water 
are relatively unimportant. It is well known that 
mature human blood cells contain neither nuclei 
nor mitochondria. and that metabolism proceeds 
at a very low level [ 141. The cell primarily contains 
a solution of hemoglobin with a concentration of 
roughly 33 g/d1 under isotonic conditions. and 
there is little evidence for severe restrictions on the 
motion of either water 1151 or hemoglobin mole- 
cules [ 161. 

A partial explanation for the effect seen in fig. 
la is that the apparent diffusion coefficient for 
water in blood cells. as measured by PFG-NMR in 
our experiment, is at least an order of magnitude 
smaller than for bulk water. This effect arises 
because PFG-NMR responds to the distance which 
a molecule moves along a magnetic field gradient 
rather than to the short time diffusion coefficient_ 
According to elementary diffusion theory, the dis- 
placement x in a given direction is related to the 
lapsed time through the equation, (x’)= 2Dt. 
With D = 2.5 X 10-s cm’/s for water and t= 10 
ms we find that x is approx. 7 pm. This should be 
compared with the reported diameter and mini- 
mum thickness of discocytes which are 7.6 and 1.4 
pm, respectively 1171. The restrictions placed on 
the range of movement of water molecules by the 
cell membrane reduces the apparent diffusion 
coefficient of water to the point that interference 
with hemoglobin measurements is expected [ 181. 
This effect has been verified by Cooper et al. 1191, 
who found that the ratio of the apparent diffusion 
coefficient for water in blood cells to that for pure 
water ranges from 0.22 at A= 2.2 ms to 0.08 at 
A = 16 ms. The exchange of *Hz0 for H,O does 
not affect this process, but simply reduces the 
proton NMR signal to an acceptable level. The 
internal viscosity of the cell cannot be ruled out as 
a contributing factor in reducing the effective dif- 
fusion coefficient of water in view of the results of 



Cooper et al., at low values of A and the fact that 
we have found a significant temperature depen- 
dence of the magnitude of the interfering signal. 

Fig.3 shows a decrease of approx. 50% in the 
diffusion coefficients of HbA-4 and HbS-Oz as 
the pD of the medium is increased from 6.4 to 7.5 
under hypotonic conditions_ In both cases the 
calculated osmolarity was 206 mosM. Under iso- 
tonic conditions (300 mosM) the change in D over 
the same pD range was found to be less than 30% 
The important factor here is the concentration of 
hemoglobin in the cell. For hemoglobin solutions 
the predicted tracer diffusion coefficient D (cm’/s), 
corrected to water at 2O”C, is related to the con- 
centration C (g/dl) by eq. 2. 

D =6.750-00.3822C+O.O1134C - I.S95X IO-+? 

+1.353x 10-w (2) 

The coefficients in this equation were obtained by 
combining the phenomenological diffusion equa- 
tion with data on activity coefficients from sedi- 
mentation and viscosity experiments [20] and mut- 
ual diffusion coefficients from PCS [21 J_ Eq. 2 is in 
reasonable agreement with all reported tracer dif- 
fusion coefficients for hemoglobin in solution in- 
cluding those obtained using PFG-NMR. It re- 
mains to be seen whether this equation is ap- 
propriate for hemoglobin inside blood cells, but 
the predicted changes in D are in qualitative agree- 
ment with the reported dependence of cell volume 
on osmolarity and pH 122,231. The strong depen- 
dence of D on C indicates that PFG-NMR is 
potentially a convenient and accurate method for 
the determination of hemoglobin concentrations in 
blood cells and changes in cell volume. This possi- 
bility of currently being explored_ 

Fig. 3 also presents preliminary results which 
compare diffusion rates for HbA-0, and HbS-0, 
in cells under similar conditions_ Significant dif- 
ferences have been found throughout the range of 
osmolarities and pD values which we have studied. 
Typical values of D for HbS-0, were 10% lower 
than those found for HbA-4. We have not previ- 
ously detected such differences in PCS studies of 
hemoglobin solutions, and it is possible that dif- 
ferences in the PFG-NMR results can be attri- 
buted to variations in mean hemoglobin con- 
centrations in the cells. However, we point out 
that differences have been reported for rotational 
correlation times for HbA-Oz and HbS-0, both in 

concentrated solutions [24] and in cells [25]. The 
solubilities are also known to be different [26]. 

Acknowledgement 

This work was supported in part by NIH Grant 
17823. 

References 

1 C.H. Everhart. Ph.D. Thesis. University of North Carolinx 
(1981). 

2 E.O. Srejskal. Adv. Mol. Relaxation Processes 3 (1972) 27. 
3 J.R. Singer. J. Phys. E.: Sci. Instrum. 1 I (1978) 2S1. 
4 E. Fukushima and S.B.W. Roeder. Experimental pulse NMR 

(Addison-Wesley. Reading. MA.. 1981) p. 202. 
5 E.O. Stejskal and J.E. Tanner. J. Chem. Phys. 42 (1965) 2S8. 
6 C.H. Everhart and C.S. Johnson. Jr. J. hlagn. Resonance 48 

( 1982) 466. 
7 C.P. Slichter. Principles of magnetic rrsonzmce (Springer- 

Verlag. Berlin, 1978) ch. 3. 
8 D.S. Webster and K.H. Marsden. Rev. Sci. Instrum. 45 

(1974) 1232. 
9 N. Kamenka. H. Fabrr and B. Lindman. C.R. Acad. Sci. 

Paris 281 (1975) 1045. 
10 J.L. Pirkle. D.L. Ashley and J.H. Goldstein. Biophys. J. 25 

(1979) 3s9. 
11 C.S. Johnson. Jr and D.A. Gabriel. in: Spectroscopy in 

biochemistq. ed. J.E. Bell (CRC Press Inc.. Uniscience 
Series. Boca Raton. 1981). vol. 2, p. 177. 

I2 R.S. Hall. Y.S. Oh and C.S. Johnson. Jr. J. Phvs. Chcm. S4 

( 19SO) 756. 
13 C.S. Johnson. Jr, Biophys. J. 35 (1981) SO3. 
i-* G.J. Brewer, in: The red blood cell. 2nd cdn.. cd. D-XI. 

Surgenor (Academic Press. New York. 1974) p. 473. 
15 B.C. Thompson. M.R. Waterman and G.L. Corram. Arch. 

Ikchem. Biophgs. 166 (3975) 193. 
16 i3. Ebert. D. Schwartz and G. Lassman. Srudia Biophys.. 

Berlin 82 (1981) 105. 
17 Y.C. Fung. W.C.O. Tsang and P. Patitucci. Biorheology 18 

(1981) 369. 
18 C.H. Neuman. J. Chem. Phys. 60 (1974) 450% 
19 R.L. Cooper. D.B. Chang. A.C. Young. C.Y. Marlin and B. 

A&x-Johnson. Biophys. J. 14 (1974) 161. 
20 A.P. Minton and P.D. Ross. J. Phys. Chem. 82 (1978) 1934. 
21 R.S. Hall and C.S. Johnson. Jr. J. Chem. Phys. 72 (19SO) 

4251. 
22 A.C. Hampson and M. Maizels. J. Physiol. 62 (1926) xvi. 
23 Chl. Gary-Bob0 and A.K. Solomon, J. Gen. Physiol. 52 

(1968) 825. 
24 R. Benesch. R.E. Benesch and S. Yung. B&hem. Biophys. 

Res. Commun. 55 (1973) 261. 
25 T.L. James, R. hlatthews and G.B. Matson, Biopolymers 18 

(1979? 1763. 
26 T-R. Lindstrom, S.H. Koenig. J. Boussios and J.F. Bertles, 

Biophys. J. 16 (1976) 679. 


