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Monomer diffusion into polymer domains in sickle hemoglobin
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ABSTRACT The gelation of sickle hemoglobin includes the formation of spherulitic arrays of polymers, known as polymer
domains, which are an intrinsic result of the polymer formation mechanism. We have observed the diffusion of monomers into
domains as they form, which substantially increases the total concentration of hemoglobin within the domain. The maximum
total concentration attained is comparable with the peliet concentration of 0.5-0.55 g/cm?® obtained in sedimentation
experiments. The half time for this process is ~50 s for domains of 25 um radius, and is approximately independent of
temperature. The shape of the diffusion progress curves as well as the deduced diffusion constants, and their weak

temperature dependence are consistent with a simple model of hemoglobin monomer diffusion into the domain.

INTRODUCTION

The gelation of sickle hemoglobin is a multifaceted
process, involving homogeneous nucleation of polymers in
bulk solution, the heterogeneous nucleation of polymers
onto other polymers, and the alignment of the polymers
into spherulitic domains (Eaton and Hofrichter, 1987;
Basak et al., 1988; Ferrone, 1989). The effects of solution
nonideality and the large size of the homogeneous and
heterogeneous nuclei endow the process of gelation with a
strong concentration dependence, that itself depends upon
concentration (Ferrone et al., 19854 and b).

Domains of aligned polymers were long observed (Hof-
richter, 1979; Hofrichter et al., 1976a; White and Heagan,
1970) before their relationship to the mechanism of
polymer formation emerged because alignment could well
be controlied by factors wholly different from those that
govern the nucleation and growth processes. The integral
role of domains was established principally as the result of
experiments in which the delay time became stochasti-
cally variable while the subsequent growth reproducibly
formed a single, aligned domain (Ferrone et al., 1980;
Ferrone et al., 1985a and b; Hofrichter, 1986). This
implied that one polymer gave rise to many, thus, connect-
ing domains with the mechanism. In experiments that
spatially resolved the growth of domains, polymers were
clearly seen to grow in expanding arrays. This observation
was qualitatively in keeping with the double nucleation
mechanism, because the ability of a given polymer to
nucleate additional polymers confers a spatial dimension
on the reaction (Basak et al.,, 1988; Ferrone, 1989).
Recently we have shown that the spatially resolved
observations are also quantitatively consistent with the
double nucleation model (Zhou and Ferrone, 1990).

A consequence of the spatial nonuniformity of the
reaction is that monomers are expected to diffuse into a
polymer domain as the initial monomer concentration is
diminished, due to the differential mobility of monomers
and polymers. A4 priori, neither the extent nor the time-
scales of such diffusion are evident. Whereas there has
been some evidence for diffusion in spatially integrated
experiments, the effect can easily be masked without
explicit spatial resolution because the spatially averaged
quantity is intensity, rather than optical density. Thus, we
have sought to determine how much monomer diffusion
will occur, and how rapidly this process happens. We
report here the initial findings of experiments designed to
probe this feature of gelation.

METHODS

The experiments used a microscopic photolysis technique with a focused
steady-state laser to create and maintain deoxyhemoglobin in a small
region of a 4-6 um thick carboxyhemoglobin sample, which covered ~3
cm? area (Basak et al., 1988). The laser was typically focused into an
ellipse of major diameters 48 x 44 um. A two-dimensional 50 x 50 um
image (“frame”) of that region of the sample is collected by a
silicon-intensified target vidicon. The spatial and temporal growth of
polymer domains are followed by interleaving light scattering and
absorbance frames. Scattering, measured at 514 nm, located the domain
center and triggered data collection when scattering exceeds 6% of the
background. Thereafter, the absorbance increase was used to trigger
each subsequent frame of data collection. When an absorbance frame
was collected, a corresponding scattering frame was recorded 3 s later.
This process continued until the computer memory was filled.
Absorbance was measured at 430 nm, which responds to the concen-
tration of deoxyhemoglobin, regardless of state of polymerization.
Control absorbance experiments performed at 420 nm gave comparable
results. Experiments at 488 nm showed no absorbance change, eliminat-
ing turbidity as a possible cause of transmission loss. Most of the
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experiments reported (except as specifically noted) were performed with
parallel polarizers located before and after the sample, oriented verti-
cally or horizontally. In a few experiments, the absorbance beam was
almost unpolarized, i.e., the polarization in two orthogonal directions
differed by no more than 20%. At the termination of every experiment,
crossed polarizers were inserted before and after the sample, and its
birefringence was observed at 488 nm. The appearance of a characteris-
tic “Maltese Cross” pattern was used to confirm that only one domain
had formed. Other aspects of the experiment are described by Basak et
al. (1988).

RESULTS

Fig. 1 shows absorbance and scattering contour maps for
a single-growing domain viewed in unpolarized light. At
time zero the argon laser hits and completely desaturates
most of the sample viewed in the frame. A delay follows,
composed of a stochastically variable time during which
the first homogeneous nucleus forms, followed by an
incubation time during which heterogeneous nucleation
and polymer growth, though present, are undetected. The
exponential nature of the growth curve causes the poly-
mers to appear quite abruptly. Thereafter, scattering and
absorbance frames are alternately collected. The outer—
absorbance contours are set by the desaturation produced
by the laser beam, and remain essentially constant. In
contrast, the inner contours grow in height and extent as
hemoglobin diffuses into the domain. The scattering
begins in a small region and spreads outward. At the
center, scattering reaches a maximum and decreases,
while absorbance continues to rise. At longer times the
peak absorbance has nearly saturated and the approxi-
mate radial symmetry of the absorbance increase breaks
down into an elongated pattern, which depends on the
polarization of the input beam. In experiments with a
fixed, single polarization, the elongation was rotated if the
polarization state was rotated. This will be discussed
below. The scattering reaches a maximum early in the
experiment and subsequently declines to little more than
the initial scattering intensity, despite the presence of a
high density of polymers. Birefringence shows a distinct
cross, confirming that only one domain has formed.

To simplify the analysis, we have limited our study to
single domains formed reasonably-well centered in the
frame. Stochastic nucleation makes it possible to have
either single or multiple domains form in the frame under
the same conditions. Experiments in which more than one
nucleus formed, or in which the nucleation occurred near
an edge, were generally aborted. In a few experiments,
which will not be discussed further in this paper, we
monitored the concentration increase where multiple
domains (unresolved when viewed in birefringence) had
formed. These also showed a similarly large increment in
concentration.

Scattering

72 s

°

»

Absorbance

78 s
99 s
189 s
447 s

FIGURE1 Absorbance and corresponding scattering contours describ-
ing evolution of diffusion of deoxyhemoglobin monomers into a polymer
domain for a 50 x 50 um area. Absorbance contour increments are 0.12
optical density (OD) or 0.037 g/ml of HbS monomers starting at 0.55
OD. The initial concentration of 0.335 g/ml corresponds to 0.67 OD.
Diffusion of CO slightly enhances the size of the photolyzed region.
Light scattering is monitored to trigger data collection. After each
absorbance frame, a scattering frame was recorded 3 s later. The scale of
scattering contours is arbitrary. Only 10 of the 23 frames typically
collected are shown here. Birefringence is observed at 488 nm by
manually inserting crossed polarizers. The logarithm of birefringence
intensity is plotted to better simulate the pattern seen by eye. The
sample temperature was 22.8°C.

The fact that sickle hemoglobin polymers are not
optically isotropic will create difficulties in interpretation
if the fibers are aligned. The alignment gives rise to the
well-known linear dichroism and birefringence. The effect
of the alignment is to decrease the measured optical
density for a given polymer concentration. If we denote as
¢, the extinction coefficient of the hemoglobin monomer
isotropically averaged in solution, then the extinction
coefficient for light polarized parallel to the fiber is 0.34 ¢,
whereas perpendicular to the fiber the extinction is

1068 Biophysical Journal

Volume 58 October 1990



greater, being 1.33 ¢, (Eaton and Hofrichter, 1981). The
presence of the lesser extinction coefficient in an unpolar-
ized beam acts as a “light leak” and diminishes the
absorbance. With a polarized beam, the result depends
critically on whether the alignment is parallel or perpen-
dicular to the polarizer axes. Thus, the formation of
polymer domains can lead to a decrease in absorbance,
due to aligned regions of anisotropic polymers, as well as
an increase in absorbance due to diffusion of monomers.
These effects are coupled because polymer formation
drives the diffusion process.

The anisotropy that emerges in the absorbance con-
tours (Fig. 1) is the consequence of the alignment of the
polymers and a weakly polarized beam. The excess
concentration will accordingly be more extensive than
indicated by the optical density contours, due to the
polymer alignment that is evident when the birefringence
is viewed.

At the center of the cross pattern there is no birefrin-
gence. Therefore, to measure the maximum concentration
of hemoglobin which diffused into the domain, a 3-um
circle was averaged at the center of cross pattern deter-
mined from the birefringence frame. There is still some
ambiguity because the lack of birefringence can result
from isotropically ordered polymers, or polymers ran-
domly arrayed in the plane of the sample. These two
limits bound the extinction coefficients appropriate to the
problem: isotropically, the effective extinction coefficient
¢ 18 just that of the monomers ¢,; while planar-random
polymers have an extinction coefficient ¢4 = 0.86 ¢,. In
our analysis we will first use isotropic coefficients, and
then discuss their modification.

Fig. 2 shows a typical progress curve for a 0.335 g/ml
sample. Isotropic extinction coefficients have been used to
generate a concentration from measured optical density.
The time marked zero on the curve corresponds to the
start of data collection, 570 s after initiation of laser
photolysis. Whereas there is a substantial increase in the
first 50 s shown, the concentration continues to rise slowly
over the next 500 s. The slow increase of the curve
presents an experimental problem of extrapolating to the
maximum in a systematic way. We adopted an approach
motivated by a simple diffusion model in which the
domain represents a cylindrical hole, into which mono-
mers diffuse. This gives a simple equation (Crank, 1975)
for the excess concentration at the center of the “hole,”
VIZ.

c. (1) = ¢, () exp (—a?/4Dt) = c (=) exp (—7/1) (1)

where D is the diffusion constant, a is the radius of the
cylinder (domain), ¢, () is the initial “depth” of the hole,
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FIGURE2 (a) Progress curve of the increase in concentration averaged
over a circle of 3 um radius placed at the domain center. The dashed line
shows the initial sample concentration, 33.5 g/dl. Concentration was
determined by using isotropic extinction coefficients. Sample tempera-
ture was 18.1°C. The domain formed 12 um from an edge. The delay
time (before zero on the graph) is 570 s. The solid curve is a fit as
constructed from b. (b) The logarithm of the excess concentration as a
function of 1/t. The excess is computed as the concentration at a given
time minus the initial concentration. The line is fit to the points larger
than half the total increase, which are shown as the bold circles. The fit
gives a characteristic time 7 of 49.4 s. The intercept, giving the
extrapolated maximum, is 12.3 g/dl.

and where we have defined 7 as a2/4D. Clearly c, () will
be the maximum concentration of the diffused species c, .

Whereas this is enormously oversimplified for the
problem at hand because the domain is growing as the
monomers are diffusing, it might represent a reasonable
approach for the final stages of diffusion, where the
domain size is circumscribed by the laser. A linear form of
Eq. 1 can be obtained by plotting the log of excess
concentration versus 1/z. Plotting the data versus 1/t is
especially useful for generating an asymptotic value and
is insensitive to error in the choice of the starting time.
Because this model is likely to be most accurate near the
end of the diffusion process, we restricted the fit to points
whose concentrations were greater than half of the final
concentration. Fig. 2 b shows the result of this procedure.
As can be seen, it produces a good fit to the tail of the
curve, and is even fairly good at describing the initial part
of the curve. Whereas the fit is not perfect, the deviations
do not show systematic behavior over the entire data set.
For example, the curve lies lower than the uppermost
point in this set, and in six other sets, but lies above the
final data point in five data sets.

A set of experiments were conducted at an initial
concentration c, of 0.335 g/ml as a function of tempera-
ture over the range 10-30°C, and the results were
analyzed according to the above procedure. The maxi-
mum concentration (cp,, = ¢,(=) + ¢,) is shown in
Fig. 3. The possibility that the polymers lie primarily in
the sample plane (so that e.4 = 0.86 ¢,) is represented by
the error bars. In that case, the maximum absorbance is
the result of diffusion, which increases absorbance, and
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FIGURE3 Maximum concentration as a function of temperature for
initial concentration of 33.5 g/dl. The error bars extended upward by
14% of the polymer concentration, computed as the difference between
the measured concentration and the solubility. This represents the
increase in the concentration expected if the polymers lie randomly in
the plane of the sample, rather than randomly in all directions. The solid
line connects the points (open symbols) taken from Prouty et al. (1985).
The dashed line is drawn from the solubility and the use of Eq. 2.

polymer alignment in the sample plane, which decreases
the absorbance. Hence, the excess concentration may
need correction (i.e., error bars) to the extent that the
absorbance has been diminished due to the concentration
of aligned polymers. For generating such an error esti-
mate, we assume that the final monomer concentration is
just the solubility, so that the maximum polymer concen-
tration A, = Cpax — 6. The errors shown in Fig. 3 are
drawn as a 14% increase of A .

To characterize the kinetics, the half time was deter-
mined as the time between the light scattering trigger and
the time for the absorbance curve to reach half its
maximum. The half time for the rise in concentration is
shown in Fig. 4. There is little, if any, temperature
dependence, with most of the experiments showing ~50 s
half time. In some experiments, the rise in absorbance is
immediate, whereas in others it is slightly delayed, most
likely indicating an early light scattering trigger. This can
happen because of fluctuations in light scattering inten-
sity in which a small excess above background will cause
the trigger signal. Thus, the difference in time between
the light scattering trigger and the point where the
concentration curve rises off the time axis (cf. Fig. 2) was
taken as a measure of the error in the half time and is
drawn in Fig. 4 as the error bars.

The inset to Fig. 4 compares the half time with the
characteristic time = determined from Eq. 1 These two
times are highly correlated. This implies that there is but
a single characteristic time describing the curves, i.e., that
all have essentially the same shape.

log *
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FIGURE4 Arrhenius plot of the half time for diffusion progress curves.
All samples had initial concentration of 33.5 g/dl. (Inset) Correlation
between the half time and the characteristic times 7 as determined by
fitting a simple diffusion model from Eq. 1 (cf. Fig. 2) The correlation
between the two procedures suggests that all the curves have the same
shape. Note that the inset is in common logarithms. The line is drawn
with unit slope. A best fit to all the points gives a slope of 0.96, excluding
the uppermost outlier which gives a slope of 1.14.

DISCUSSION

The increase in concentration of hemoglobin in the center
of the polymer domain is easily understood because
hemoglobin in polymers will be relatively immobile com-
pared with the monomers. Hence, the monomers in the
domain, which are consumed in producing polymers, are
replenished by the diffusion of monomers from outside the
domain.

The magnitude of the concentration spontaneously
achieved in the domain center is comparable with packed
hemoglobin polymer pellet concentration of 0.50-0.55
g/ml obtained in centrifugation experiments (Hofrichter
et al., 1976b; Sunshine et al., 1979) in which the concen-
tration of supernatant and volume fraction of pellet phase
were measured. The maximum total concentration in
those experiments was empirically described by the equa-
tion

Cmax = UppCpp + (1 — Upp) ¢y, 2)

in which the volume fraction occupied by polymers, Upps
and the concentration of the polymer phase, Cpps WeETE
taken as constants. This can be compared with our results
in Fig. 3. The temperature dependence of the solubility
produces a weak temperature dependence to the total
concentration. Whereas there is some agreement, it is
clear that the data presented here cannot be accommo-

dated by Eq. 2 at the lower temperatures. Because Eq. 2
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describes a packed-polymer phase, the disagreement is
not completely surprising. In terms of the empirical
parameters, the disagreement could result if the volume
of the polymer phase is not a constant, for example, but
increases with temperature. In the data of Sunshine et al.
(1979), the choice of temperature and initial concentra-
tion to retain accessible delay times could have suppressed
a variation in v,

Osmotic stress measurements provide another means to
ascertain the total concentration of hemoglobin S at a
given temperature and initial concentration. The data of
Prouty et al., (1985) for a 0.335 g/ml sample is shown in
Fig. 3 as open symbols connected by a solid line. Agree-
ment with our data is much better in this case, and
appears to be within the relative uncertainty of the two
experiments. In this context, the concentration points,
which lie below the line, may be due to error in extrapola-
tion to equilibrium. The general agreement, however,
does suggest that our method produces results close to
equilibrium.

The shape of the diffusion progress curves is described
remarkably well by the simple model of Eq. 1. The
characteristic times 7 and half times also show the
expected weak temperature dependence characteristic of
diffusion. The dashed line in Fig. 4 shows the expected
temperature dependence of the diffusion constant. This is
obtained from the temperature dependence of the viscos-
ity of water, which is related to the diffusion coefficient by
T o 1/D o« 9(T)/T. The diffusion coefficient of HbS has
previously been found to conform to this temperature
dependence (Kam and Hofrichter, 1986). Thus, we con-
clude that the temperature dependence of the characteris-
tic times is consistent with the temperature dependence
expected based on pure diffusion.

From the characteristic times (cf. Eq. 1) it is possible to
compute a diffusion coefficient. The average characteris-
tic time was 34 + 11 s, averaging the data points for all
temperatures with the exception of one outlier. If the
domain radius is taken as the beam radius, viz. 25 um, the
diffusion constant is calculated to be 4.6 = 1.5 um?/s. By
inelastic light scattering, the mutual diffusion constant
for solutions of this concentration of hemoglobin has been
determined to be 45-53 umz/s (Jones and Johnson, 1978;
Hall et al., 1980; Kam and Hofrichter, 1986). The
presence of a large amount of polymer, ~65% of the
volume, is likely to provide an obstruction to free diffusion
into the domain. The diffusion equation for this case is not
easily solved. An approximation using randomly placed
obstructions, albeit for a single direction of diffusion, is
described by Crank (1975), and predicts a value which is
0.27 that of free diffusion, which gives 12-14 um?/s for
the case here. In their study of the inelastic scattering in
hemoglobin gels, Kam and Hofrichter (1986) found no
decrease in the diffusion constant of monomers upon

gelation, which they interpreted as the result of densely
packed polymers and regions of completely mobile mono-
mers. The present results do not dispute this interpreta-
tion, for as Kam and Hofrichter point out, the regions of
mobile polymers need only be larger than the reciprocal
scattering vector, i.e., >200 nm. Diffusion into the poly-
mer domain may well be the passage of monomers
between relatively free pockets with small regions of
connectivity. Whereas these diffusion constants do not
agree closely, we would view their similarity as a positive
result given the difficulty of predicting diffusion in the
domain. Thus, the time dependence, temperature depen-
dence, and to a lesser extent, the magnitude of the
characteristic time all suggest the basic correctness of a
simple diffusion model. Although this description of
monomer diffusion through a preformed polymer lattice
is clearly oversimplified, its success in describing the
diffusion seen here should be helpful in constructing a
theoretical description of this generally complex phenom-
enon. The formulation of a more complete theory must
also include that fact that the domain is not formed at
precisely the beam center. Having the center closer to a
free boundary would clearly improve the agreement of the
expected diffusion constants, for example.

If diffusion is relatively rapid, then replacement of the
monomers consumed in polymer formation is virtually
instantaneous; if diffusion is slow, the external monomers
may have replaced only some of the polymerized mono-
mers. However, there is no way in which more hemoglobin
can diffuse into the domain than that immobilized as
polymers. The excess hemoglobin concentration, there-
fore, sets a lower limit to the concentration of monomers
“lost™ to polymers.

It is interesting to compare the light scattering signal,
which has been extensively used to characterize the
reaction, with the monomer diffusion. Although it has
been observed that the light scattering will eventually
decrease after reaching its maximum, it is unknown at
what point the signal may no longer be regarded as
proportional to the polymer mass. Previously (Ferrone et
al., 1985b) the peak scattering was set equal to the
maximum expected polymer concentration, ¢, — ¢,. If the
excess concentration exactly matches the polymerized
hemoglobin, then the earliest excess concentration point
can be equated to the scattering, which occurs at the same
time. In Fig. 5 the light scattering data has been scaled so
that the first point of light scattering is set equal to the
excess monomer concentration for the same time. When
this is done, subsequent scattering points exceed the
expected concentration curve before the peak is reached.
If the polymerized hemoglobin exceeds the excess concen-
tration at the time of the first point, then the scattering
should accordingly exceed the absorbance there. In either
case, it is clear that the light scattering increases more
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FIGURES Comparison of progress curves of scattering (solid squares)
and the increase of total HbS concentration (open squares). The initial
concentration is shown as the dotted line. The data is from the
experiment of Fig. 1. Initial scattering and absorbance points have been
set equal.

rapidly than the polymer mass, before the scattering
signal decreases.

The pathophysiological implications of diffusion pro-
cesses observed here bear discussion because a number of
key elements are different in vivo. In our experiments,
there is almost 1,000 times as much hemoglobin in the
sample as in the domain under study, providing a reser-
voir for diffusion. Because a red cell has a finite volume, a
domain can scarcely be expected to concentrate to the
large values seen here. However, the effect of diffusion
will be to change the concentration at the domain center
so as to exceed what might have been otherwise expected.
In the absence of diffusion a red cell would produce a gel,
which had a homogeneous polymer concentration, given
by ¢, — ¢,. However, as a domain begins to form, diffusion
will transport monomers from the outside to the center.
Whereas the monomer concentration at the domain
periphery cannot fall below ¢,, the polymer concentration
at the domain center can certainly exceed ¢, — ¢,. Thus,
diffusion provides a means for mass transport, and the
beginning of a phase separation. This could well have
implications for the deformability of the cell. The differ-
ence in polymer density between domain center and
periphery can change the deformability of the domain
because viscosity depends on at least the cube of concen-
tration of the polymerized monomers (Doi and Edwards,
1986).

It is clearly crucial to this argument that diffusion
occurs at rates that exceed domain expansion. Whereas
diffusion as seen here occurring at times of 50 s or more
might seem too slow for physiological relevance, the
diffusion time has an r? dependence. Thus, a domain 10
times smaller could show substantial diffusion in less than
a second. Moreover, direct measurements by Briehl and
co-workers (Samuel et al., 1990) as well as analysis of
stochastic progress curves (Hofrichter, 1986) or of do-
main growth (Zhou and Ferrone, 1990) indicate that

polymer growth is considerably slower than the diffusion
controlled rates once thought to apply (Ferrone et al.,
1985b). As an illustration, consider growth and diffusion
in a 0.335 g/ml cell. Using the rates from Samuel et al.
(1990), a polymer could have only grown 0.07 gm in 0.01
s, and accordingly a domain will have a radius smaller
than this. However, taking the diffusion length as 2 \/E,
monomers can diffuse 0.42 um (using the diffusion
constants of this paper). At ~0.1 s, or 0.7 um, the two
processes are comparable, whereas for longer times and
larger domains growth is faster. This may accordingly
allow multiple growing domains to sweep out monomer
concentration between them. Furthermore, the higher
concentrations generated by diffusion will affect the ease
with which polymers melt upon oxygen exposure (Gill et
al., 1979; Gill et al., 1980; Sunshine et al., 1982).

This gives domain number and structure a role in the
pathophysiology by acting as a hidden variable for the
viscosity, deformability and the kinetic behavior of the
cell, in a way which may permit less concentrated cells to
behave as more concentrated ones. And of course, the
exquisite sensitivity of gelation kinetics to monomer
concentration may make these concentration-changing
processes even more significant. Experiments are pres-
ently underway to follow the diffusion seen here in a more
physiological setting.
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