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Dynamic light scattering performed on aqueous solutions of three sugars �glucose, maltose and sucrose�
reveal a common pattern of sugar cluster formation with a narrow cluster size distribution. In each case,
equilibrium clusters form whose size increases with increasing sugar content in an identical power law manner
in advance of a common, critical-like, percolation threshold near 83 wt % sugar. The critical exponent of the
power law divergence of the cluster size varies with temperature, increasing with decreasing temperature, due
to changes in the strength of the intermolecular hydrogen bond and appears to vanish for temperatures in
excess of 90 °C. Detailed analysis of the cluster growth process suggests a two-stage process: an initial cluster
phase formed at low volume fractions, �, consisting of noninteracting, monodisperse sugar clusters whose size
increases �1/3 followed by an aggregation stage, active at concentrations above about �=40%, where cluster-
cluster contact first occurs.

DOI: 10.1103/PhysRevE.82.051904 PACS number�s�: 87.64.Cc, 87.15.�v, 64.60.ah, 78.35.�c

I. INTRODUCTION

Modern cryopreservation of biological tissues requires the
infusion of an appropriate solution, known as a cryopreserv-
ing agent �CPA�, prior to cooling below the freezing point of
water �1�. Commericial CPA’s contain a variety of additives,
some of which are included to maintain proper cellular
chemistry and others which are designed to inhibit substan-
tial intracellular ice formation. Among these ingredients are
simple sugars �e.g., glucose, sucrose� that are also key to
naturally occurring survival processes in many animal spe-
cies �2,3�.

Although sugars are a common component in both syn-
thetic and natural CPA’s, the mechanism by which sugar be-
stows protection to biomatter is not fully understood. Two
prominent theories, the vitrification model and the water re-
placement model, have been proposed �3�. In unprotected
tissue, crystallization of the aqueous medium often results in
the formation of intracellular ice whose expansion ruptures
the cell wall and whose sharp facets can lacerate delicate
biological tissues �1�. In the vitrification model �4�, it is be-
lieved that the incorporation of sugar into water produces a
solution that solidifies to a glass as opposed to a crystal. At
sufficiently high sugar contents, aqueous sugar solutions are
easily vitrified and could thus provide a medium for biotis-
sues that undergoes no catastrophic structural rearrangements
during solidification �5�. In the water replacement model �6�,
it is believed that sugar molecules preferentially bond to bi-
otissue to produce a carbohydrate layer. Water molecules are
expelled in this process and, although they may crystallize
on cooling, they only produce, nonlethal, extracellular ice.

The propensity for sugar molecules to form intermolecu-
lar hydrogen bonds has been demonstrated both by molecu-
lar dynamics �MD� simulations �7–11� and recent dynamic
light scattering studies �12� of aqueous sugars. In the MD
simulations by Lerbret et al. �11�, the authors observed in-
creasing intermolecular hydrogen bonding for trehalose, mal-
tose, and sucrose solutions with increasing sugar concentra-
tion and evidence for the formation of a continuous,

hydrogen-bonded carbohydrate network at a percolation
threshold of 66 wt % sugar �the limit of their simulations�.
In our recent study of aqueous glucose solutions using dy-
namic light scattering �12�, we observed the diffusion of glu-
cose clusters in solution as a function of the sugar concen-
tration. We too observed that the cluster size increased with
glucose content and appeared to diverge in the vicinity of
80 wt % glucose. In this vicinity of sugar concentrations, an
additional viscoelastic relaxation, associated with the slow-
ing structural relaxation of the solution as a whole, was also
observed. Even more recently, Kaminski et al. �13� observed
evidence for cluster formation in molten glucose in the form
of an additional dielectric loss feature present at frequencies
below that of the main viscoelastic relaxation. The dielectric
strength of this additional feature was reasonably constant at
low temperatures, but decreased abruptly at elevated tem-
peratures. Together with FTIR measurements of the OH
bands, the authors concluded that at temperatures above 366
K the clusters become unstable and likely disintegrate.

Here, we report the results of a companion study con-
ducted on aqueous maltose solutions. Maltose is the dissa-
charide form of glucose �constructed of two glucose rings�
and is a natural extension of our previous investigation. We
find much the same dynamics in maltose including both a
viscoelastic mode and a diffusional mode associated with the
Brownian motion of maltose clusters. However, here we
show conclusively the percolation of a hydrogen-bonded car-
bohydrate network as evidenced by a power law divergence
of the mean cluster size as a function of the sugar concen-
tration. Moreover, this power law feature is universal, occur-
ring identically for glucose, maltose, and sucrose solutions.
Although the power law growth of the mean cluster size
suggests a relation to such phenomena as aggregation, the
cluster size distribution is surprisingly monodisperse. Indeed,
at low concentrations far from the percolation threshold,
cluster formation appears to mimic that of colloidal systems
�14–16� in which clusters assume a nearly uniform size due
to stabilizing interactions �17�. Based on our findings, we
propose that sugar clusters develop in a two stage process
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involving first the development of a so-called “cluster phase”
�15� consisting of isolated clusters, followed at higher con-
centrations by a process of cluster-cluster aggregation en-
route to percolation of a carbohydrate network.

II. EXPERIMENT

Aqueous solutions of maltose at concentrations below
40 wt % were produced by mixing maltose monohydrate
�Fisher� with de-ionized water �Milli-Q� in a beaker over
mild heat �ca. 40 °C� until completely dissolved. The solu-
tion was then filtered through a 0.05 micron Teflon filter
�Millipore� directly into a precleaned scattering cell �25 ml
Wheaton vial� to remove undesirable dust particulates.
Samples above 40 wt % were similarly produced by first
filtering a solution of lower weight percent and slowly
evaporating off the water at 60 °C until the desired concen-
tration was achieved by weight analysis.

Details of our dynamic light scattering experiment can be
found elsewhere �12�. Light, elastically scattered by the
sample, is imaged onto a 50 �m pinhole and allowed to
diffract over approximately 50 cm distance where it is re-
corded by a PMT �Electron Tubes 8963B� operated at a re-
duced voltage to minimize afterpulsing. Photopulses from
the PMT are amplified and discriminated into a correspond-
ing TTL signal whose intensity-intensity autocorrelation
function,

C�q,t� =
�I�0�I�t��

�I�2 , �1�

is computed by a commercial correlator �Correlator.com�. In
the current situation of homodyne detection �18�, this corre-
lation function is related to the dynamic structure factor,
S�q , t�, by

C�q,t� = 1 + Acoh�S�q,t��2, �2�

where Acoh�=0.73�0.03� is an instrumental constant cali-
brated using the autocorrelation function obtained from a
suspension of monodisperse polystyrene spheres.

Measurements were conducted on samples from 5 to
85 wt % maltose at a fixed scattering angle of 36.9° for
temperatures from −10 to 40 °C and at a range of scattering
angles for a 65 wt % sample at 13.1 °C. For quasielastic
light scattering, the scattering angle defines the scattering
wave vector,

q = �4�n/��sin��/2� , �3�

where n is the index of refraction of the medium. The index
of refraction was obtained by a straightforward interpolation
of values available in the literature �19�.

III. RESULTS

For compositions less than about 75 wt % maltose, we
observed a single, exponential decay of the dynamic struc-
ture factor. An example is shown in Fig. 1 for the case of
65 wt % maltose whose relaxation time increases with de-
creasing temperature. The increasing level of scatter in

C�q , t� at decreasing times simply results from the limited
scattering intensity of our solutions that reduces statistics at
short lag times, but has minimal impact on our determination
of the decay time occurring at much longer lag times. A
study of the angular dependence of this mode was conducted
at 13.1 °C and the results, illustrated in the inset to Fig. 1,
confirm that the mode is a diffusional process such that �18�

S�q,t 	 0.1 �s� = Ae−t/
 = Ae−Dq2t, �4�

where D is the diffusion coefficient.
At higher sugar concentrations, we observe an additional

relaxation mode present itself. An example is shown for a
79.8 wt % solution in Fig. 2. At high temperatures, only the
diffusional mode discussed previously is present. But, with
decreasing temperature, a second relaxation mode is seen to
encroach and overtake this diffusional mode. At temperatures
where this second mode dominates the entire spectrum, the
relaxation is found to be nonexponential and adequately de-
scribed by

S�q,t 	 0.1 �s� = A2 exp�− �t/
2��� , �5�

with �=0.45�0.05. A similar, nonexponential relaxation
was observed also in glucose solutions and identified as the
viscoelastic relaxation of the medium occurring in response
to the impending glass transition. To confirm that this new
process seen in maltose is the viscoelastic relaxation, we
consider how its relaxation time extrapolates with decreasing
temperature. Shown in the inset to Fig. 3 is the relaxation
time, �
2�= ����−1� /��
2, plotted against inverse temperature
for a sample at 85 wt % maltose. The data points are seen to
extrapolate to the customary glass transition value of �
2�
=100 s near −14 °C. As illustrated in Fig. 3, this value for
the glass transition is in excellent agreement with calorimet-
ric measurements taken from the literature �5�.
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FIG. 1. The intensity-intensity autocorrelation recorded for a
65 wt % solution of maltose at a scattering angle of 36.9°. The
spectra are labeled left to right in order of decreasing temperature.
Inset shows the relaxation time for the same sample recorded at a
fixed temperature of 13.1 °C as a function of the scattering wave
vector and illustrates the diffusive character of this relaxation
process.
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At this point, the findings for maltose are similar to those
seen previously for glucose solutions; namely, two relaxation
modes �one diffusional and the other viscoelastic� are ob-
served. Due to limitations on our cryostat, we were unable to
explore in much detail the viscoelastic mode except at very
high sugar concentrations. Instead, we now examine the fea-
tures of the diffusional process and consider its properties in
further detail.

IV. ANALYSIS

Diffusional motions in a solution are generally ascribed to
Brownian forces and the diffusion coefficient can be de-
scribed by the Einstein relation,

D = kT/ �6�

or by the Stokes-Einstein relation for stick boundary condi-
tions,

D =
kT

6��BRH
, �7�

where the drag coefficient, =6��BRH, depends upon both
the viscosity of the Brownian medium ��B� and the hydro-
dynamic radius �RH� of the diffusing object. To begin, we
consider the quantity D /T plotted in Fig. 4 for maltose and in
Fig. 5 for glucose as a function of the inverse temperature.
The value of D is determined from exponential fits of the
diffusional mode using Eq. �4� above and, from Eq. �6�, the
quantity D /T is seen to be proportional to the inverse of the
drag coefficient.

In Figs. 4 and 5, we see that the drag coefficient generally
increases with increasing sugar content in both cases and that
the slope increases considerably at high sugar concentra-
tions. In this sense, the concentration and temperature varia-
tions displayed in the figure are similar to the self diffusion
coefficients of sucrose and trehalose measured by Rampp et
al. using NMR techniques �20�. Also included in the figure is
the inverse of the viscosity of water �19� �in mPas�. The
inverse viscosity of water is seen to parallel the quantity D /T
at low sugar concentrations �below about 30 wt %� and sug-
gests that, at each composition, objects of a fixed size are
diffusing in a Brownian fluid comprised of water. Further-
more, because the quantity D /T decreases in this range of
low sugar concentrations, it appears that the size of the dif-
fusing objects is increasing with increasing sugar content.
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FIG. 2. The intensity-intensity autocorrelation recorded for a
79.8 wt % solution of maltose at a scattering angle of 36.9°. The
spectra are labeled left to right in order of decreasing temperature.
Evident in the figure is the encroachment of a second, viscoelastic
relaxation that fully engulfs the diffusional process at temperatures
below −10 °C.
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FIG. 3. The glass transition temperature of aqueous maltose
obtained by calorimetric methods �5�. The open circle locates the Tg

for 85 wt % maltose obtained by dynamic light scattering and con-
firms the viscoelastic character of the second relaxation. Inset
shows the average relaxation time of the viscoelastic relaxation for
a 85 wt % solution of maltose. The dashed line is an extrapolation
to the apparent glass transition temperature Tg=−14 °C where
�
2�=100 seconds.
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At concentrations above about 30 wt %, the quantity D /T
no longer parallels that of the inverse viscosity of water.
Here, it is unclear whether the diffusing particles are continu-
ing to increase in size or whether the Brownian medium is
thickening beyond that of water or whether both are occur-
ring simultaneously. In an effort to understand the nature of
our diffusing objects, we begin in the dilute limit where the
Brownian medium is clearly that of water. Using the viscos-
ity of water, we have determined the hydrodynamic radius of
the diffusing objects across the entire composition range us-
ing the Stokes-Einstein relation in Eq. �7�. The results shown
in Fig. 6 indicate that, in the limit of vanishing sugar, the
hydrodynamic radius is comparable to the size of a sugar
molecule, RM �maltose radius of about 6 Å and roughly
twice that of glucose�. These are quite small Brownian par-
ticles, but appear to be within the realm of validity for the
Stokes-Einstein relation according to a recent study �21�.

Over the range of concentrations up to about 30 wt %,
where use of viscosity of water seems justified, we find that
the particle size roughly doubles and suggests the formation
of sugar clusters with an average number of monomers, ns

c

��RH /RM�3�8. But what of higher concentrations? The
continued use of water as the viscosity of the Brownian fluid
becomes questionable, especially in light of its deviation
from D /T seen in Figs. 4 and 5, but also because at suffi-
ciently high concentrations one might expect interactions be-
tween clusters that violate the intention of the Stokes-
Einstein law. Despite this, we choose to continue using water
as our Brownian medium in determining the particle size and
offer up the following points in way of justification:

�1� Even in a monomeric solution �in which the sugar
molecules remain unclustered�, the critical concentration at
which insufficient water is available to provide proper hydra-
tion of the sugar is in the vicinity of 50 wt %. At this con-
centration there are only 19 water molecules per dissacharide
molecule �20�. If clustering were not present, we should an-
ticipate violations of the Stokes-Einstein law to develop near
this critical concentration. However, this critical concentra-

tion is only relevant for a monomeric solution. Since it is
clear that sugar molecules are clustering even below
50 wt %, this clustering inherently generates an excess of
water beyond that of the requirements for hydration of the
sugar. To see this, suppose that a sugar cluster assumes a
random closed packed form with a 60% packing efficiency.
The number of sugar monomers contained in a cluster is

ns
c � 0.6�RH/RM�3, �8�

where RM is the monomer radius. These same sugar mol-
ecules in their monomeric form would require nw

o �ns
cnH wa-

ter molecules to participate in hydration, where nH is the
hydration number. However, hydration of the cluster requires
a much smaller number of water molecules proportional to
the cluster surface

nw
c � �RH/RM�2nH. �9�

Thus, in this simplistic argument, the fraction of excess wa-
ter,

nw
ex

nw
o =

nw
o − nw

c

nw
o = 1 −

nw
c

nw
o � 1 −

RM

0.6RH
�10�

actually increases with increasing cluster size thus serving to
maintain the water-like Brownian medium for cluster diffu-
sion.

�2� Second, in an effort to assess cluster size in a nondif-
fusional manner, we have also performed a limited number
of studies on maltose solutions using static light scattering
techniques. Density fluctuations of a size � are known to
produce excess scattering in the forward direction described
by the Ornstein-Zernike �18� formula
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S�q� =
I�q�
I�0�

=
1

1 + q2�2 , �11�

and their size can be estimated from the slope of a plot �see
inset to Fig. 6 for one example� of the inverse scattered in-
tensity against q2. Results of this analysis produced values of
� that are included in Fig. 6 and are seen to agree well with
the values of RH obtained using water as the Brownian fluid.

Returning now to Fig. 6, we see that the cluster size is
increasing with increasing sugar concentration in an acceler-
ating manner with a trajectory that appears to diverge some-
where above 80 wt % sugar. Guided by MD simulations that
have suggested the percolation of a hydrogen bonded carbo-
hydrate network, we inquire as to whether the increasing
cluster size is consistent with the sort of power law growth
arising from self-similar cluster-cluster aggregation found in
percolation processes �22�. To test this, we have plotted in
Fig. 7 the hydrodynamic radius for maltose at room tempera-
ture in the usual double-log manner as a function of concen-
tration relative to some critical percolation threshold concen-
tration, Xc. In the figure, we present the result with a variety
of possible choices for Xc between 80 and 90 wt % seeking
the value of Xc that best produces a power law over the entire
range. We find for maltose that a power law is best obtained
for Xc�82.5��1� wt %. Remarkably, this power law ap-
pears to be a universal feature of sugar solutions. As illus-
trated in the inset to Fig. 7, the same power law growth
�same exponent and Xc� is observed also for glucose as well
as a limited set of data for sucrose �23� at the same fixed
temperature. Note also, that although this power law seen for
the hydrodynamic radius was determined using water as the
Brownian medium, the viscosity of water at 20 °C is a fixed
constant and thus the power law is preserved for the drag
coefficient �� which itself is independent of our choice for

the Brownian medium. The significance of the common criti-
cal percolation threshold at Xc=82.5 wt % suggests an addi-
tional connection with percolation. In continuum percolation
�24�, appropriate to an amorphous material, the percolation
threshold for three-dimensional �3D� percolation occurs at
volume fraction of approximately 15–16 vol %. For these
sugars, this corresponds to a weight fraction of 89 wt %, not
far from what we observe.

The exponent of the power law, however, appears to be
temperature dependent. In Fig. 8, we present the hydrody-
namic radius of maltose with Xc=82.5 wt % for five differ-
ent temperatures equally divided across the range of data in
Fig. 4. In each instance, Xc=82.5 wt % does well in produc-
ing a power law growth of the form

RH = RM	Xc − X

Xc

−y�T�

, �12�

but the slope of the growth decreases with increasing tem-
perature. In the inset to Fig. 8, we have plotted the observed
power law exponent, y�T�, for maltose and see that it ex-
trapolates to zero at approximately 90 °C, close to the boil-
ing point of water. What is the significance of this result? We
believe it is a reflection of the role of hydrogen bonding in
the formation of these sugar clusters. In water, the strength of
a hydrogen bond is insufficient �relative to kT� to maintain a
condensed state at the boiling point. These same hydrogen
bonds are responsible for intermolecular binding of sugar
molecules and their effectiveness is similarly reduced as the
temperature increases. Near 100 °C, they are unable to form
stable bonds and, as a result, cluster growth is inhibited.
Conversely, with lowering of temperature, the intermolecular
bonding is enhanced and in these instances clustering is pro-
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tose relative to the critical wt %, Xc=82.5 for five different tem-
peratures �shown in key�. The dashed lines are a fit to Eq. �12� for
29.8, 8.5, and −10 °C. The power law is largely preserved, but the
slope �i.e., the power law exponent� increases with decreasing tem-
perature. Inset shows how the power law exponent varies with tem-
perature. The dashed line is a linear extrapolation indicating that the
cluster growth vanishes in the vicinity of 90 °C.
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moted leading to the more rapid growth rate �power law
exponent� that we observe. This observation is consistent
with the dielectric study of glucose by Kaminski et al. �13�,
who concluded that glucose clusters become unstable and
disintegrate at temperatures in excess of 93 °C.

Power law growth of the mean cluster size is one hall-
mark of percolation. But, so too is the development of a
broad distribution of cluster sizes wrought by the inherent
random aggregation of smaller clusters. Although our diffu-
sive relaxation is well described by Eq. �4�, we have also
performed a cumulant analysis �25� of our autocorrelation
functions in order to characterize the level of polydispersity.
Briefly, in this analysis the argument of the exponential in
Eq. �4� is expanded as a power series of the form

ln�S�q,t�� = ln A − K1t + �K2/2�t2 − ¯ , �13�

where

K1 = q2�D� ,

K2 = q4��D − �D��2� ,

and the polydispersity index,

p =
K2

K1
2 =

��D − �D��2�
�D�2 , �14�

provides a normalized measure of the variance in D �or
equivalently in R�. A value of p�0.1 is considered monodis-
perse and indeed a cumulant analysis performed for the au-
tocorrelation obtained from a nominally monodisperse sus-
pension of polystyrene spheres yielded p�0.10. Results for
maltose are provided in Fig. 9 where it can be seen that, for
concentrations greater than 15 wt %, p�0.15�0.03 and

would be characterized as marginally monodisperse. Strong
deviations from monodispersity �p�0.3� are only seen for
the very dilute concentrations and are not altogether unex-
pected since at these concentrations the clusters contain only
a very few monomers.

Thus it would appear that, although the cluster growth
leads to the formation of a percolated network near
82.5 wt %, the formation of intermediate clusters is much
unlike that seen in such phenomena as percolation, gelation,
and diffusion limited aggregation �DLA� where cluster ag-
gregates result from purely random chance that a connection
is formed between pre-existing clusters. In both DLA and
gelation, cluster formation occurs in a nonequilibrium sense;
once the conditions are appropriate for connections to form
�i.e., the temperature of a sol is lowered below its gel tem-
perature or the particles of a colloid are rendered unstabilized
by chemical alteration of the solution�, the cluster growth
proceeds, unchecked, forming a broad distribution of clusters
until an infinite size is reached. Here, we find instead the
formation of equilibrium clusters with a surprisingly mono-
disperse distribution of sizes that shares greater similarity to
recently discussed “cluster phases” found in certain colloidal
systems �15�. As described by Sciortino �15�, the cluster
phase consists of “an equilibrium state in which colloidal
particles partition into stable clusters via the competition be-
tween attraction �which favors cluster growth at low T� and
long-range repulsion �which favors low local particle densi-
ties and, therefore, small aggregates�.” This competition pro-
motes narrow size distributions and such cluster phases have
now been reported by several researchers �14–16�.

A prominent feature of the cluster phase is a dependence
of the cluster size on volume fraction, �, of the form

R � A�T��1/3, �15�

which is predicted by theory �17� and has been observed
recently in colloidal solutions of the protein lyzosyme by
Stradner et al. �14�. In Fig. 9, we test this prediction by
plotting RH as a function of the volume fraction on a double-
logarithmic scale and find that for concentrations less than
about 40 vol %, the cluster growth does appear to favor the
cluster phase prediction. However, the growth is much more
accelerated at higher volume fractions.

We propose that there are, in fact, two stages of cluster
growth at work in these sugar solutions. In the cluster phase,
sugar clusters grow in relative isolation, essentially accreting
sugar molecules until they reach a stable, monodisperse size
set by Eq. �15� with a volume on the order of Vc=4�R3 /3.
These isolated clusters are separated on average by a dis-
tance b on the order of

b � nc
−1/3 = �Vc/��1/3 � �4�R3/3��1/3 = �4�/3�1/3A�T� ,

�16�

which is independent of �.
As � increases, these isolated clusters grow but maintain

a nearly monodisperse size distribution. This in turn, allows
b to remain fixed and largely independent of the volume
fraction. However, at some critical volume fraction when
2R�b, or

111100001111

111100002222

111100003333

1111 11110000 111100000000

GGGGlllluuuuccccoooosssseeee
MMMMaaaallllttttoooosssseeee
SSSSuuuuccccrrrroooosssseeee

HHHH y
yyy dddd

rrrr oooo
dddd yyyy

nnnn aaaa
mmmm

iiii cccc
RRRR aaaa

dddd iiii
uuuu ssss

(((( ÅÅÅÅ
))))

SSSSuuuuggggaaaarrrr ((((vvvvoooollll%%%%))))

RRRR
HHHH

≈≈≈≈ φφφφ1111////3333

φφφφ
cccc

0000

0000....1111

0000....2222

0000....3333

0000....4444

0000 44440000 88880000

PPPP oooo
llll yyyy

dddd iiii
ssss pppp

eeee rrrr
ssss iiii

tttt yyyy

mmmmoooonnnnooooddddiiiissssppppeeeerrrrsssseeee

MMMMaaaallllttttoooosssseeee

MMMMaaaallllttttoooosssseeee ((((wwwwtttt%%%%))))

FIG. 9. The hydrodynamic radius of three sugars obtained using
water as the Brownian medium are plotted against the vol % of
sugar. Below the cluster-cluster aggregation threshold, �c

�50 vol %, the cluster size is well described �dashed lines� by Eq.
�15� for an equilibrium cluster phase. Above this threshold, cluster-
cluster aggregation results in accelerated growth. The inset shows
how the polydispersity index, defined by Eq. �14� varies with sugar
concentration. For all but the very dilute concentrations, the solu-
tions are approximately monodisperse.
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�c �
�

6
� 0.5, �17�

these isolated clusters must overlap. In Fig. 9, we see that it
is near this same critical concentration where the cluster
phase growth law �Eq. �15�� starts to falter and a second
stage of growth, involving traditional cluster-cluster aggrega-
tion begins. This second process is much like percolation
with an inherent self-similarity that terminates with the for-
mation of a continuous carbohydrate network formed near
Xc=82.5 wt %.

Overall, we find that these sugars appear predisposed to
cluster formation at all levels of concentration including
those dilute levels for which vitrification would be challeng-
ing. Given this proclivity, it seems likely that most any pro-
tein that interacts by hydrogen bonding would only aid in the
clustering process by serving as a nucleation site for sugars
to begin clustering. We thus conclude that the findings of the
present work are more supportive of the water replacement
model for cryopreservation. In future work, we plan to intro-
duce proteins into these solutions and use fluorescence cor-
relation spectroscopy as a selective probe of protein dynam-

ics to determine whether sugars do indeed preferentially
accrete to the protein.

V. CONCLUSION

Our dynamic light scattering study reveals a universal
power law growth of sugar clusters in aqueous solutions of
glucose, maltose, and sucrose as a function of sugar concen-
tration. In all three sugars there appears to be a divergence of
the cluster size transpiring at a critical percolation threshold
near 83 wt % sugar that may be linked to percolation in the
classical continuum percolation model. However, this aggre-
gation process appears to be preceeded �at low concentra-
tions� by the formation of a cluster phase consisting of a
colloid of equilibrium-sized, nearly monodisperse, clusters
stablilized by a long-range repulsive interaction.
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