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Abstract Thevelocity of rouleaux formation (RF), aspre-
viously shown, increases with increasing dextran concen-
tration up to acritical concentration (C,), beyond which the
addition of dextran reduces the RF velocity (RFV). de
Gennes model for polymer sol utionssuggeststhat dextrans
exist in two conformations: a coil structure at low concen-
trations, which changesto a network beyond a critical con-
centration (C*). In the present study we examined the rela-
tion between C_and C* for dextrans of different molecular
weight, and found that they coincide. This suggeststhat the
change in dextran behavior, from increasing to decreasing
RFV, occurs when their conformation changes from coil to
network. In addition, it has been reported that in dilute dex-
tran solutions the intercellular distance (D) between RBC
in rouleaux increases with the molecular weight of the dex-
tran. Wefound that D correlateswith Ry, theend-to-end dis-
tance of the polymer molecule, and for all dextransD < 1.5
Rs. In accord with de Gennes’ Model for polymers between
surfaces, this corresponds to intercellular interaction with
two overlapping surface-associated polymer layers, which
may extend “tails’ to interact with the opposing cells.
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Introduction

Red Blood Cells (RBC) in the presence of high molecular
weight polymers, such as plasma proteins or dextrans, ag-
gregate to form rouleaux and rouleaux networks (Chien and
Jan 1973). The mechanism of RBC aggregation in polymer
solutionsis complex and two processes have been proposed
as inducers of the aggregation: the formation of bridges
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between the cells by the polymer molecules (the “ bridging”
mechanism) (Chien and Jan 1973; Chien et al. 1983), or con-
densation of the cells induced by osmotic gradients due to
depletion of themacromol eculesfromtheintercellular space
(Brooks and Evans 1987; Evans and Parsegian 1983).

Dextrans have been widely used for induction of RBC
aggregation and investigation of the mechanism of this
process. Dextrans specifically have been shown to adsorb
to the RBC cell surface. This has been documented in a
number of studies, using diverse methodol ogiesincluding
dextranswith radioactive labels (Brooks 1973; Chien et al.
1977), or with fluorescent labels (Cudd et al. 1989; Ava-
rez et al. 1996; Minetti et al. 1978). In addition, it has been
predicted (de Gennes 1981, 1985) and experimentally doc-
umented (Kawaguchi and Takahashi 1983) that polymers
adsorbedtothesurfaceform alayer, with athicknesswhich
is equal to the end-to-end distance (R;) of the polymer
molecule. de Gennes' model further suggests that when
two surfaces interact in a polymer solution, the interfacial
distance is D = 2 R; when there is no overlap between the
polymer molecules on the two surfaces, or D < 2 R; when
the two polymer layers overlap.

The velocity of dextran-induced rouleaux formation
(RF) exhibitsabiphasic behavior (Nash et al. 1987; Maeda
and Shiga 1985): at low dextran concentrations the RF ve-
locity (RFV) increases with the dextran concentration up
to an optimal concentration, C,, beyond which the addi-
tion of dextransreducesthe RFV (Nash et al. 1987; Maeda
and Shiga 1985). Independently, de Gennes' model for
polymers in solutions (de Gennes 1979) suggests that the
polymer molecules may be in two conformations. At low
concentration the polymer isin a coil conformation hav-
ing aradius of gyration, R,. Above a“critical overlap con-
centration”, C*, the polymer molecules form a polymeric
network, with a characteristic mesh size ¢.

The present study was undertaken to examine the bi-
phasic behaviour of RBC aggregation in dextran solution
inthelight of de Gennes’ model for dextran conformation.
For this purpose we used a novel cell flow-properties an-
alyzer (CFA), developed in our laboratory, which enables
the monitoring of RBC aggregation by direct visualization
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of the aggregation process in a narrow-gap (30 pm) flow
chamber (Chen et al. 1994). Asthe CFA enables the visu-
alization and recording of the continuous aggregation pro-
cess, it was used here to determine the vel ocity of rouleaux
formation, prior to formation of rouleaux networks. It was
found that RFV increases with dextran concentration up to
acritical concentration C,, beyond which it decreases, and
thisinversion coincideswith the change of the dextran con-
formation from coil to network.

Materials and methods
Materials

Dextran 70 (Dex-70, M. W. 73,000) and dextran-500
(Dex-500, M. W. 496,000) were purchased from Pharma-
cia (Stockholm, Sweden). Bovine serum albumin (Frac-
tion V) was purchased from Sigma (St. Louis, MO).

RBC rouleaux for mation (RF) was monitored by direct vis-
ualization of RBC in a narrow-gap flow chamber using a
computerized cell flow-properties analyzer (CFA), which
enabl esthe continuous monitoring of the RBC aggregation
processby direct visualization under themicroscope (Chen
et a. 1994).

Preparation of RBC suspensions

Blood was drawn from healthy volunteers into EDTA so-
lution. RBC were separated by centrifugation (500 g for
10 min.), then washed twice with PBS buffer at pH = 7.4.
For aggregation experiments the cells were suspended at
6% hematocrit, in PBS buffer supplemented with 1% al-
bumin, with increasing concentration of dextrans.

RF kinetics

For determination of RFV, the RBC were singly dispersed
by shear stress, and the spontaneous RF was monitored and
videotaped starting at cessation of flow. The RBC images
were analyzed for the distribution of the aggregate sizes
(number of cells/aggregate) at the different stages. RFV
was derived from the slope of the curve describing the
change in average aggregate size (AAS) as a function of
time. As shown in Fig. 1, measurements were taken dur-
ing the first 15 seconds from cessation of flow, during
which the process was linear.

Calculation of end-to-end distance
of dextran molecules, R;

For branched moleculesthefollowing relationshipisgiven
(Stockmayer and Fixman 1953):

Ri = 2459 Ry,
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Fig. 1 Kinetics of RBC rouleaux formation in Dex-500 solution.
For determination of RFV, RBC weresingly dispersed by shear stress,
and the spontaneous RF was monitored and videotaped starting at
cessation of flow. The RBC images were analyzed for the aggregate
size distribution (number of cells/aggregate) at the different stages
of RF, from which the average aggregate size (AAS) was derived and
plotted vs. time

For branched polymers such as dextrans,
9= (R)Y(RY:,
whereb and | denote branched and linear polymers, respec-
tively (Zimm and Stockmayer 1949).

The value of g decreases rapidly as the number of
branches increases with increasing dextran M. W. (Nord-
meier 1993). The value of g for the dextrans can be de-

duced from the viscosity average M. W. (M,)), using the
equation (Granath 1958):

g=6.8M;%1°

M, can be derived from the weight average molecular
weight (M,,) using the relationship (Garg and Stivala
1978):

M, = 1.27 M297

The radius of gyration, Ry, has been experimentally
determined for a series of dextrans (Nordmeier 1993),
and the R, values used in the present study were obtained
from this source by interpolation. These R, values
(Table 1) were practicaly identical to those derived by
Snabre et al. (1985).

Calculation of “critical overlap concentrations’, C*

For a polymer solution C* follows the relation:
C' =0.77/[n]

when [n] istheintrinsic viscosity (Graessley 1980).

The present study includes data obtained experimen-
tally by usand previously published data(see Table 1). Ac-
cordingly, for solutions prepared for thisstudy [ ] was de-
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Fig. 2 Intrinsic viscosity of agueous dextran solutions asafunction
of the polymer M. W. The values of [1]] are experimental results ob-
tained by us (@) or reported by: Kato et al. (1980) (@), Stasiw et al.
(1974) (W), Hawley and Dunn (1969) (A) and Stankovic et al. (1991)
()

Tablel C,versusC* for dextrans

Polymer Ca(g/dL) C* (g/dL)
Dex-500 152 13

1.5 11°
Dex-108 2.2°¢ 2.6
Dex-70 3.0? 31

3.0°

3.0¢

The values of C, were either determined by us (%), or derived from
Nash et al. 1987 (°) and from Maeda and Shiga 1985 (). C* was cal-
culated as described in Materials and methods

termined using an Ostwald capillary viscometer . For anal-
ysis of previously published data from the literature, [n]
wasinterpolated from Fig. 2, which describes[n] asafunc-
tion of dextran M. W.

Results

It has previously been shown, and further observed by us
asshowninFig. 3, that the RFV in dextran solution exhib-
its biphasic behavior: increasing with dextran concentra-
tion and reaching apeak at concentration C,, beyond which
it decreases.

Table 1 depictsthevaluesof C,, derived fromFig. 3and
from previous reports (Nash et al. 1987; Maeda and Shiga
1985), and C* for the corresponding dextrans. This table
shows that C, coincides with C*. This suggests that RFV
increases with dextran concentration as long as the poly-
mer isin acoil conformation. When the polymer changes
to network structure it reduces the RFV.

Table 2 depicts the ratio, A, between the values of D,
presented by Chien and Jan (1973) and Ry, calculated in
the present study, for a series of dextrans with increasing
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Fig. 3 RFV asfunction of the dextran concentration for Dex-70 (@)
and Dex-500 (H): RFV was determined by monitoring RF process,
from singly dispersed cells, during the first 15 s from cessation of
flow, as described in Materials and methods

Table 2 Intercellular distancein rouleaux, and dextrans' molecul ar
sizes for a series of dextrans of increasing M. W.

M,, (kDa) D (nm) Ry (nm) R¢ (nm) D/R¢
20 — 4.7 6.9 “
42 19 5.8 13.2 14
74 22 7.4 14.9 15

140 25 9.8 17.6 14
450 30 16.2 23.6 13
2000 32 30.7 33.7 1.0

Thevaluesof theintercellular distance D werederived from the study
of Chien and Jan (1973). The molecular sizes R, and R; were calcu-
lated as described in Materials and methods

M. W. As shown in this table, for all dextrans D is about
1.5 R; or smaller. Assuming the bridging model for RF,
the data of Table 2 may provide an explanation for the
values of D as follows: According to de Gennes' model,
the “bridging” between surfaces is formed by unimolecu-
lar layersof polymers, which are adsorbed to opposing sur-
faces and may extend “tails” to interact with the opposing
surface (de Gennes 1981; Luckham and Klein 1990). As
noted above thisimplies an overlap between the opposing
polymer layers. When D = 2 R; there is no overlap and no
cell-cell adhesion. When the two cell surfaces interact the
polymer layers overlap, and D < 2 R;. Table 2 shows that
D < 1.5 Ry, implying considerable overlap of the polymer
layer, for all dextrans. Asnoted in the Introduction, the ob-
jective of this study wasto analyzetherelation of RBC RF
to dextran conformation (in the light of de Gennes' model
for polymer solutions), and not to examine the two pro-
posed modelsfor RBC RF. Yet, itisagreed by all that dex-
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trans adsorb to the cell surface, and according to the “de-
pletion” model the adsorbed dextrans repel the free dex-
tran from theintercellular space. Inthiscasetheratio D/R;
should be larger than 2, contrary to the findings reported
here. Thus, theresults presented here, are supportive of the
“bridging” mechanism.

Discussion

The present study shows that for the dextrans examined
here C, = C*, i.e. the inversion point in the RFV in dex-
tran solution (the dextran concentration at which the RFV
starts decreasing) occurs at the concentration at which the
dextran conformation changes from coil to network. Ac-
cordingly, C, decreases with increasing dextran M. W., as
does C*. To understand the inversion in the dependence of
RFV on [Dex] as the dextran changes to network config-
uration, we may consider thefollowing: Thestudiesof dex-
tran adsorption described in the Introductionimply that the
interaction between the dextran and the cell surface is
stronger than the dextran-dextran interaction. To enable
rouleaux formation, i.e. to bring the cellstogether, non-ad-
sorbed, free dextran molecules have to be “pushed” away
(depleted) from the intercellular space. The diffusion co-
efficient of free dextran molecules drops sharply at con-
centrations beyond C*, dueto the changein its configura-
tion (Luckham and Klein 1990). In addition, the viscosity
of dextran solutions increases linearly with dextran con-
centration, up to C*, beyond which it increases paraboli-
cally (Furukawa et al. 1991). Thisimpliesthat beyond C*
itisharder (moretimeisrequired) to deplete the free dex-
tran from the intercellular space, and RFV decreases ac-
cordingly. Since C* decreases with increasing dextran
M. W., C, decreases concomitantly (Nash et al 1987;
Maeda and Shiga 1985).

Previous studies have presented disparate results as to
the change of C, with dextran M. W.: while some (Nash
et al 1987; Maeda and Shiga 1985) showed that C, de-
creases with increasing dextran M. W., others (Chien and
Jan 1973; Chien et al. 1983) showed that RBC disaggre-
gation starts at the same dextran concentration, indepen-
dent of its M. W. However, these studies measured RBC
aggregation at different stages and time scales. The former
groups determined aggregation during the first seconds
of the process (10-15s), thus measuring the velocity
of RF. The latter groups determined the aggregation after
1-2 min, thus looking at rouleaux networks or clusters. In
accord withthis, by monitoring the different stagesof RBC
aggregation by continuous visualization of the process in
the CFA, we found that disaggregation of rouleaux net-
works and clusters starts at the same mass concentration,
about 3%, for various dextrans, regardless of their M. W.
It is plausible to conclude that the formation of rouleaux
from single cellsisdependent on the dextran M. W. (in ad-
dition to its concentration, of course), while formation of
networks depends predominantly on the dextran mass con-
centration.
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