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ABSTRACT: Fluorescence recovery after photobleaching (FRAP) has been used to follow the diffusion of
mesoscopic probes (1 nm < R < 20 nm) in aqueous poly(ethylene oxide) (PEO) and guar galactomannan
solutions. We define “mesoscopic” as the regime for which the size of the diffusing species is of the same
order as the screening length ê in the polymer matrix solution. We show that diffusion depends not only
on the dimensionless length scale R/ê but also on the dimensionless time scale corresponding to the
relaxation of the polymer mesh by “constraint release” vs the time for motion of the probe species over
the length ê. Two different FRAP techniques were used: fringe pattern bleaching and recovery (FPBR)
and confocal scanning laser microscopy (CSLM). The effect of probe structure on diffusion through polymer
matrices was investigated by measurements on probes with differing fractal dimensions (df): proteins
and polystyrene latex particles behave as rigid spheres (df ) 3); dextrans are slightly branched polymers
with a more expanded conformation (df ) 2.3); dendrimers fall between these two with a density first
decreasing and then increasing with generation. Dendrimers at low generations (G0) and high generations
(G9-G10) are compact, while the intermediate generations (G2-G6) are more porous. Probe diffusion
was found to be a function of the fractal dimension of the probe: the diffusion of rigid spheres was shown
to be more hindered in semidilute and concentrated polymer solutions than dextran molecules with the
same hydrodynamic size in free solution. The scaling equation D/D0 ) exp[-â(R/ê)δ] fit the experimental
results well for mesoscopic, rigid spherical probes. The effects of matrix polymer stiffness and polymer
molecular weight were also addressed. At constant screening length ê (i.e., constant polymer concentration)
polymers of different molecular weights are used to demonstrate the region of mesoscopic probe diffusion
that is independent of the matrix polymer molecular weight. The dependence of diffusivity on the ratio
of the matrix polymer persistence length lp to the mesh size ê was shown from measurements using the
flexible PEO and more rigid guar as matrix polymers. At equal mesh size, diffusion through the more
rigid matrix is hindered relative to that through the more flexible mesh; this effect becomes more
pronounced as concentration increases and mesh size decreases.

1. Introduction

The diffusion of macromolecules through polymer
solutions and gels is important in many industrial and
biological applications. For example, a better under-
standing of how macromolecular drugs are transferred
in living tissue is essential for the design of macromol-
ecule-based therapies.1,2 The transport of macromol-
ecules across membranes, in porous chromatography
supports, and in porous media is important to biosepara-
tions.3-5 In the food and oil industries, enzymes are
often used to degrade polysaccharide chains at very high
polymer concentrations.6 The reactions are diffusion-
controlled, and an understanding of the diffusion limita-
tions is necessary to predict process performance. We
have recently shown three regimes of polymer (i.e.,
substrate) concentration on enzymatic reaction rate for
the hydrolysis of guar galactomannan by â-mannan-
ase: (1) a low polymer concentration regime which
shows zero-order kinetics with respect to polymer
concentration, (2) a semidilute polymer regime which
obeys Michaelis-Menten kinetics, and (3) a high con-

centration regime which shows diffusion limitation
reaction.7

The motivation for the present work is to define the
onset and the extent of diffusion limitation in terms of
the properties of both the polymer matrix and the
structure of the diffusing probe species. We will classify
the extensive body of previous research on probe diffu-
sion in polymer solutions by three parameters: (1) the
size of the diffusing species (R) relative to the charac-
teristic length for the polymer solution (ê, the mesh size
or screening length), (2) the fractal dimension of the
diffusing species df (df ) 2 for a penetrable polymer coil
and df ) 3 for an impenetrable sphere), and (3) the time
for the matrix polymer mesh to rearrange relative to
the time for the probe species to move over the length
ê. This third “dynamic” parameter is one that was first
appreciated by the rheology community under the
terminology of “constraint release” or “tube renewal”.8-12

The concept of constraint release appeared first in
attempts to reconcile rheological data and the ideas of
reptation. The concept was that, in addition to the
normal mode of “test chain relaxation” by reptation
along a confining tube, the “tube” itself is a dynamic
entity: as other chains reptate and change the confining
tube, another mode of relaxation is introduced for the
test chain. In a matrix of infinitely long polymers, a
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finite molecular weight test chain would relax only by
its own reptation, but for test chains in lower molecular
weight matrices, a substantial or even dominant amount
of relaxation may arise from the motion of the matrix
polymers. While the concept arose from considering
polymer-in-polymer dynamics, the same concept applies
to a mesoscopic probe of any fractal dimension. That is,
some diffusive motion arises from temporal fluctuation
of the matrix mesh with constant topology, and some
motion may arise from dynamics of the matrix polymer
that releases topological hindrance to motion and thus
increases diffusion. It is obvious upon reflection that the
process of diffusion depends not only on the average
properties of the matrix through which the probe is
diffusing (parameter 1: ê/R) but also on the dynamics
of rearrangement of the matrix (parameter 3). Many of
the apparently contradictory conclusions in the litera-
ture come from not separating these effects. These will
be discussed in more detail below. By confining most of
our experiments to conditions for which the matrix mesh
relaxation time is much longer than the time scale for
diffusive motion of the probe, we can reduce the problem
to nine diffusion regimes shown schematically in Figure
1. This experimental study provides new data in the
three intermediate regimes; that is, diffusion of meso-
scopic sized probes (R ≈ ê) with fractal dimension that
span from Gaussian coils to hard spheres. In the final
sections of the paper we explicitly consider the effect of
mesh constraint release by studying matrix polymers
over a wider range of molecular weights. We observe a
regime where constraint release and mesh size both
influence diffusive motion and at high enough molecular
weight a regime in which diffusion depends on mesh
size (ê/R) but is independent of matrix molecular weight.
This is the regime implicit in the classic scaling theory
models for diffusion considered by de Gennes.13 Finally,
we study the effect of matrix polymer chain stiffness
(i.e., persistence length lp) on diffusion at constant mesh

size ê/R and show that this additional length scale lp/ê
plays an important role, with stiffer polymers retarding
diffusion relative to more flexible chains.

The diffusion of hard spheres (spherical probes) in
linear polymer solutions has been extensively studied.
Theoretical treatments by Langevin and Rondelez,14

Cukier,15 and Altenberger et al.,16 though based on
different physical models, all lead to formulas in which
the reduced diffusion coefficient of the probe particle is
a stretched exponential function of the concentration of
the polymer matrix:

where D0 and D are diffusion coefficients of the probe
in pure solvent and in polymer solution, respectively, R
is a function of the probe size R, and ν is related to the
solution properties of the polymer and falls between 0.5
and 1 for several systems. This phenomenological
relationship was first proposed by Phillies et al.17,18 By
arguing the dominance of hydrodynamic interactions
over topological effects (entanglement) in solutions, he
generalized an empirical scaling equation for various
tracers (hard spheres, globular proteins, linear and
branched chains) in different types of polymer matrices:

where M is the molecular weight of the matrix polymer,
u ) (0.2, x ) 0.8, and y ) 0.5-1.0. Similar to eq 1, eq
2 describes a stretched exponential relationship with
respect to polymer concentration. However, compared
to the data fit by eq 1, the reduced diffusion coefficient
D/D0 correlation of Phillies is a weaker function of the
probe size R but depends strongly on the matrix polymer
molecular weight. This dependence is not unexpected.
However, the correlations were drawn from experi-

Figure 1. Diffusion of probe particles in polymeric media depends on (1) relative size scale of the diffusing species (R) to the
characteristic length scale for the polymer solution (ê, the mesh size) and (2) the fractal dimension of the diffusing species df (df
) 2 for a penetrable polymer coil and df ) 3 for an impenetrable sphere). In this study, we provide new data in the three intermediate
regimes. That is, diffusion of mesoscopic sized probes (1 nm < R ∼ ê < 20 nm) with fractal dimensions that span from Gaussian
coils to hard spheres.

D/D0 ) exp(-RCν) (1)

D/D0 ) exp(-bRuMxCy) (2)
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ments with polymer meshes that were not sufficiently
entangled to eliminate constraint release as a contribut-
ing diffusion mechanism. Moreover, the latex probes
used were significantly larger than the mesh size and
the radius of gyration (Rg) of the matrix polymer. The
conclusions of Streletzky et al.19 included the effect of
concentration changes on mesh size but do not consider
the contribution of constraint release. An excellent
series of studies of spherical probe mobility in polymer
solutions by Tong et al.20,21 showed that particles “feel”
the single-chain viscosity rather than the solvent viscos-
ity when their radius is much smaller than the correla-
tion length ê of the polymer solution. As the particle
size becomes greater than the correlation length, the
particle experiences the macroscopic viscosity of the
polymer solution. However, they used polymers with Rg
) 8 nm, colloid probe size of R ) 5 nm, and concentra-
tions that gave mesh sizes of ê ) 3 nm at their critical
polymer concentration C0. Increasing the polymer con-
centration in their experiments decreased ê, but it also
increased the amount of polymer chain entanglement
and changed constraint release dynamics. In summary,
these studies have not completely isolated the effects
of the average static mesh size from the dynamics that
affect the topological rearrangement of the mesh. Re-
views of probe diffusion based on different physical
models have also been presented by Masaro and Zhu22

and Amsten.23

The diffusion of both small (Figure 1, R , ê) and large
probes (Figure 1, R . ê) in polymer solutions has been
extensively studied. For small probes, which are usually
solvents and dye molecules, the diffusion coefficient has
been shown to be independent of polymer molecular
weight, despite large differences in macroscopic solution
viscosities.24 For large probes, typically large latex
particles or whole cells, the diffusion coefficient is given
by the Stokes-Einstein (SE) equation (eq 3):

where k is Boltzmann’s constant, T is the temperature
(K), R is the hydrodynamic radius of the spherical probe,
and η is the zero-shear viscosity of the solution. This
equation is based on the assumption that the medium
can be treated as a continuum on the length scale of R.
Positive deviations have often been reported in the
dilute and semidilute concentration regimes,25-27 pos-
sibly caused by a polymer “depletion layer” around the
probe. (Dynamic light scattering, which was used for
these measurements, probes mainly the small-length-
scale motion of the probe particles.21) When the matrix
concentration continues to increase to a sufficiently high
value, SE behavior is recovered.27 However, different
results have been observed by Lin and Phillies: they
found that the Stokes-Einstein equation fails badly for
spheres in high-molecular-weight polymer solutions at
high concentrations.28

The diffusion of probes in the transitional mesoscopic
regime is less studied. This is partly due to the difficul-
ties in finding rigid spherical probes with diameters
between 1 and 20 nm, which is the convenient size range
to match polymer solution mesh sizes. Globular pro-
teins, such as lactalbumin, ovalbumin, and bovine
serum albumin (BSA), have been used as hard spheres
with size ranging from 2 to 10 nm. Dextrans, which are
slightly branched polysaccharides, are often chosen as
spherical probes in diffusion experiments, even though

they are flexible, porous macromolecules.29 Dendrimers
are a new class of macromolecules consisting of a
multifunctional core from which successive branched
repeating units extend radially outward. These mol-
ecules are synthesized in a stepwise manner with new
generations doubling the molecular weight, the number
of end groups, and the number of branch points of the
previous one. In addition, dendrimers have an extraor-
dinarily narrow molecular weight distribution and a
well-defined number of end groups. Dendrimers become
increasingly spherical with successive generations, from
starlike at low generation to dense sphere at higher
generations.30 Yu and Russo studied poly(amidoamine)
dendrimers using both light scattering and fluorescence
recovery after photobleaching (FRAP) methods. They
found that fluorescently tagged dendrimers make suit-
able markers for probe diffusion studies.31

Many experimental techniques have been used to
study tracer diffusion in polymer solutions and gels.
Recent reviews have been presented by Muhr and
Blanshard32 and Westrin et al.33 Dynamic light scat-
tering (DLS) is often applied to measure the diffusion
of hard spheres, usually latex particles and colloidal
silica, in polymer solutions. However, strong background
scattering from the matrix polymer has prevented
accurate measurement of diffusion coefficient of the
probe molecules in many systems. In recent years, the
development of optical techniques, such as forced Ray-
leigh scattering (FRS)34,35 and FRAP,29,36-40 has pro-
vided opportunities for diffusion measurements with
high sensitivity and accuracy over a very wide range.

In this study, we demonstrate the accurate measure-
ment of self-diffusion coefficients of probes by two
different FRAP experiments: fringe pattern bleaching
and recovery (FPBR) and confocal scanning laser mi-
croscopy (CSLM). The diffusions of four types of probess
globular protein, polyamidoamine starburst dendrimers
(PAMAM-SBDs), dextrans, and small polystyrene
latexesswere measured and compared in the meso-
scopic range. Two different water-soluble polymers,
poly(ethylene oxide) (PEO) and guar galactomannan,
were used as the matrix. Guar galactomannan is a
natural occurring polysaccharide, consisting of a linear
backbone of â-1,4-linked mannose units with R-1,6-
linked galactose units randomly attached as side chains
(Figure 2). It is widely used in a variety of industrial
applications due to its low cost and ability to produce a
highly viscous solution at low concentrations.41-43

D ) kT
6πηR

(3)

Figure 2. Structure of guar galactomannan: Guar is a
natural occurring polysaccharide, consisting of a linear back-
bone of â-1,4-linked mannose units with R-1,6-linked galactose
units randomly attached as side chains. The ratio between
mannose and galactose units is about 1.7:1.
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2. Experimental Section

2.1. Materials and Sample Preparation. Four dextran
fractions labeled with fluorescein isothiocyanate (FITC-dex-
tran: 20 000 MW, 40 000 MW, 70 000 MW, and 500 000 MW)
were purchased from Sigma (St. Louis, MO). Fluorescently
labeled protein, ovalbumin, was obtained from Molecular
Probes (Eugene, OR). Green fluorescent polymer microspheres
with a diameter of 26 nm were from Duke Scientific Corp. (Palo
Alto, CA).

The polymers are poly(ethylene oxide)s (PEO) with molec-
ular weights 40 000, 200 000, and 600 000 purchased from
Aldrich. To remove insoluble contaminants, the PEO samples
were first dissolved in deionized water at a concentration of 1
wt % and then centrifuged at 18 000g for 4 h. The supernatants
were removed and freeze-dried for use. The purified PEO
samples were dissolved in 0.04 M phosphate buffer solution
(pH ) 8) at different concentrations. Fluorescent probes were
added to PEO solutions at a concentration of 2 µM (with
respect to fluorescein groups). The solutions were stirred
slowly for 24 h before measurements.

Standard food-grade guar galactomannan was supplied by
Rhone-Poulenc Inc. (Guar LJX-2), which has a molecular
weight of 2 × 106 Da and Mw/Mn ∼ 2.7 Guar solution was
prepared by adding the proper amount of polymer into 0.04
M phosphate buffer solution (pH ∼8) under vigorous stirring.
0.01 wt % of sodium azide (FisherChemical) was also added
as a preservative. Then the polymer solution was transferred
to a container and placed on a low shear roller for ap-
proximately 20 h for complete hydration. Finally, guar solution
was centrifuged in a Sovall RC5C centrifuge (DuPout) for 4 h
at 17-20 °C and a speed of 16 000g to remove insolubles.
Because of the high viscosity of guar solution, it is very hard
to make solutions at concentrations >1 wt %. In addition, at
high guar concentrations (>1.5 wt %), the high viscosity of the
polymer solution makes (rapid) homogenization of guar and
the fluorescent probe difficult. As a result, high polymer
concentration samples were made by mixing guar solutions
with fluorescent probes at 1 wt % and then concentrating the
mixture to desired concentrations by dialysis in vacuo.

2.2. Labeling of Poly(amidoamine) (PAMAM) Den-
drimers. Polyamidoamine starburst dendrimers (PAMAM-
SBDs) with ethylenediamine cores of generations 6 and 8, G6
and G8, were synthesized by Michigan Molecular Institute
(MMI). PAMAM-SBDs were labeled with 5-iodoacetamido-
fluorescein (5-IAF) dye (Molecular Probes, Inc., Eugene, OR).
A protocol provided by Molecular Probes for the labeling of
probes was used: Into a solution of 2 mM (in surface groups)
of SBD in 20 mL of 0.01 M Na3BO3 (Aldrich) was added 0.05
mmol of 5-IAF in 1 mL of DMF. The reaction was run for 2 h
at room temperature under stirring. The excess of free dye
and salts were removed by dialysis in water using Spectra/
Por cellulose ester membrane (MWCO 10 000) from Spectrum
Medical Industries, Inc. The labeled probes were stored under
nitrogen to avoid oxidative degradation and kept refrigerated
when not used.

2.3. Diffusion Measurements and Data Analysis. a.
Fringe Pattern Bleaching and Recovery (FPBR). The
pattern photobleaching apparatus used has been described
elsewhere.40,44 Briefly, the 488 nm beam from a Coherent
Innova 70 argon ion laser equipped with an Etalon is split with
a partially silvered mirror, and the two beams are used to form
an interference pattern on the sample, with a pattern spacing
controlled by the crossing angle. After bleaching, an attenuated
laser beam is used to illuminate the pattern, using lock-in
detection: one arm of the interferometer is reflected off a
piezoelectrically driven mirror, and the motion of the mirror
oscillates the reading pattern over the bleached pattern. An
important modification to the apparatus for this work has been
the use of lock-in detection at both the fundamental frequency
and at the second harmonic. When the piezo mirror is driven
at the proper amplitude (spatial phase modulation of (2.63
rad), these signals add in quadrature to indicate the pattern
modulation, regardless of the spatial phase offset between the
reading pattern and the bleached pattern.45 Small temperature

changes that might alter the relative path lengths of the
interferometer have no effect on this quadrature signal. The
decay of the signal is a simple exponential (for one component
diffusion), and the diffusion constant is found as

where τ is the time constant and

is the wavenumber of the bleached pattern. The pattern
periodicity is d, the half-crossing angle of the beams is θ, and
λ is the wavelength of light.

b. Confocal Scanning Laser Microscopy (CSLM). Mea-
surements of diffusion were also made using an Olympus
Fluoview confocal scanning laser microscope (CSLM) using the
standard 5 mW air-cooled argon ion laser at 488 nm. A
UplanFl 20×/0.50 N.A. infinity corrected objective (Olympus)
was used. Samples were loaded between a microscope slide
and a coverslip. A plastic spacer was used to keep a constant
perpendicular spacing of approximately 200 µm. Samples were
first positioned so that the focal plane was at least 50 µm away
from either the coverslip or slide surface. For bleaching, full
laser intensity was scanned repeatedly in a line for typically
1-4 s. In a separate experiment using rubrene dye im-
mobilized in a polystyrene film, we determined that scanning
the beam in a line with this low numerical aperture objective
produces a nearly planar bleach (Figure 3). Consequently, the
diffusive recovery problem is essentially one-dimensional. After
bleaching, a series of images of the sample are taken (256 ×
256 pixels, 2.76 µm/pixel) with the laser attenuated with
neutral density filters to 6% full intensity. Depending on the
diffusion coefficient of the probe, the frame rate ranges from
2.3 to 16 s/frame. The images are analyzed using MATLAB
software, as follows: first, an average profile through the
bleached line is computed for each image. Second, each profile
is fit to a Gaussian shape (Figure 4), with the depth, width
(σ), and plateau as free parameters. For simple, one-component
diffusion, the transient concentration profiles have been solved
as46

where D is the diffusion coefficient and M is the integrated
excess (or deficit) concentration. The squared width of the

Figure 3. Bleaching profile of fluorescence recovery after
photobleaching (FRAP) technique using confocal scanning
laser microscope (CSLM). A thin plane is bleached with a
thickness about 2 µm in a rubrene/polystyrene sample at room
temperature, where the dye is essentially immobile. The
sample thickness (z direction) is approximately 200 µm. The
low divergence of the laser from the 20× objective used ensures
a thin bleached plane through the sample.

D ) 1
τq2

(4)

q ) 2π
d

) 4π sin θ/λ (5)

C(x,t) ) M

2xπDt
exp(-x2/4Dt) (6)
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profile will increase in proportion to time, with a slope of 2D.
The data fit a straight line (Figure 5).

3. Results and Discussion

3.1. Diffusion Measurements. The self-diffusion
coefficient of dextrans, MW ) 70 000 (D-70) and MW )
20 000 (D-20), in guar solutions were measured using
both FPBR and CSLM. Figure 6 is a double-logarithmic
plot of the diffusion coefficients as a function of polymer

concentrations by the two techniques. For both D-70 and
D-20, the probe diffusion coefficient decreases with
increasing guar concentration. At low guar concentra-
tions (cp < 1 wt %), the diffusion coefficient asymptoti-
cally approaches the value in pure solvent, whereas at
higher concentrations (cp > 1 wt %), the diffusivity
decreases markedly. Over a wide range of matrix
polymer concentrations, FPBR and CSLM gave similar
results within experimental error. In the absence of
guar, the diffusion coefficients are 4.18 × 10-7 cm2/s for
D-70 and 7.5 × 10-7 cm2/s for D-20. The hydrodynamic
radii can be estimated using eq 3 to be 5.72 and 3.19
nm, respectively, in agreement with values previously
reported by Lebrun and Junter3 and Pluen et al.38 The
diffusion coefficient vs matrix concentration was fit to
a stretched exponential (eq 1). The fitting parameters
will be discussed below.

The two FRAP techniques yield consistent results, but
each is more convenient for a different range of diffu-
sivities. For the FPBR, fringe patterns are created by
crossed lasers. Fringes with width between 0.5 and 100
µm can be accessed by changing the angle of intersec-
tion. This gives a broad measurable range for diffusion
coefficients. By adjusting the fringes, FPBR can mea-
sure diffusion coefficients down to 10-16 cm2/s in a
reasonable experimental time scale. However, this
technique is not accurate for measuring fast diffusion
(D g 10-6 cm2/s) where the relaxation time is compa-
rable to the bleaching time. (In principle, this limitation
could be overcome with a more powerful laser.) By
contrast, the confocal microscope delivers all laser power
to a narrow plane in the sample, so bleaching is faster.
Moreover, there is no characteristic length scale for the
CLSM method. By monitoring a series of Gaussian
curves over time, CSLM can cover a wide range of
diffusion coefficients. Theoretically, CSLM can measure
very slow diffusion. But experimentally, the measure-
ment might take too long (hours) for D < 10-10 cm2/s.
Hence, by CSLM, a good range of diffusion coefficient
measurement is from 10-5 to 10-10 cm2/s, which is ideal
for studying the diffusion of mesoscopic probes.

The measurement of probe diffusion is often compli-
cated by different factors, such as specific probe-
polymer interactions and polymer-induced probe aggre-
gation. One important advantage of using FRAP
experiment is the high sensitivity of fluorescence sig-
nals. This allows us to use extremely low probe concen-
trations (∼10-6 M) to minimize phase separation and
probe aggregation. For ovalbumin, 0.04 M phosphate
buffer was used to control the solution pH ∼ 8, far above
the isoelectric point of ovalbumin, 4.8. Diffusion mea-
surements were conducted at several different ionic
strengths in the range of 0.01-0.08 M phosphate, and
no significant differences were observed. For dendrim-
ers, solution pH is adjusted to pH 4 to ionize the surface
amine groups and minimize the possible aggregation of
probes. An advantage of the CSLM technique is that
we can look at the homogeneity of the sample by using
the microscope. In addition, with CSLM, the presence
of a nondiffusing fraction can be readily observed by a
persistent “spike” at the bottom of the profiles. In this
study, most experiments were done by the CSLM unless
otherwise mentioned.

3.2. Fractal Dimensions. Macromolecules in solu-
tion can be described in terms of their fractal dimension
df, defined by the scaling law47

Figure 4. FRAP images are analyzed using a MATLAB
software: the bleaching profile is integrated through the
bleaching line and then fit to a Gaussian shape, with the
depth, width, and plateau height as free parameters. The
Gaussian profile broadens with time during the recovery.

Figure 5. Standard deviation (squared width) of the Guassian
profile is plotted as a function of recovery time, according to
eq 6. The data fit to a straight line, and the diffusion coefficient
can be obtained from the slope.

Figure 6. Two FRAP setups, Fringe pattern bleaching and
recovery (FPBR), and confocal scanning laser microscopy
(CSLM) were compared by studying the diffusion of dextrans
(MW ) 20 000 and 70 000) in guar solutions at different
concentrations. Consistent diffusion results were obtained.
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where M and r are their mass and size, respectively.
For a rigid sphere, df ) 3.0. df ) 2 for a linear Gaussian
polymer coil (random walk) at θ conditions, and df < 2
for polymers with excluded-volume interactions.

Figure 7 shows a double-logarithmic plot of the probe
molecular weight vs size, where size is the hydrody-
namic radius measured by CSLM and calculated ac-
cording to eq 3. The “size” r in eq 7 is the “mass radius”
whereas the experimentally measured quantity in the
diffusion measurement is the “hydrodynamic radius”.
These two lengths are proportional to each other, but
the proportionality coefficient varies slightly depending
on the fractal dimension of the object and hydrodynamic
screening. The probes are polystyrene latex (PSL)
particles, globular proteins (lactalbumin, ovalbumin,
and BSA), dendrimers (G0-G10) and dextrans (D-20,
D-40, D-70, D-500) in deionized water. Figure 7 also
includes the size data for dendrimers provided by MMI,
which were measured by viscometry and transmission
electron microscopy. The three protein molecules and
the PSL particle fall almost on the same line with a
slope df ≈ 3.1. Since the densities of PSL particle (F ∼
1.04 g/mL) and globular proteins (F ∼ 1-1.1 g/mL48) are
similar, this slope indicates a rigid spherical conforma-
tion in solution. [The typical density value for dry
proteins (F0) is approximately 1.3 g/cm3. The ratio f/fmin
for globular proteins in aqueous solution is about 1.25,
in which f and fmin are the friction coefficient of a protein
molecule and a hard sphere, respectively. Therefore, the
density of a globular protein molecule in solution can
be estimated by F ) F0(fmin/f) ∼ 1.05 g/cm3.] We treat
globular proteins as rigid colloidal particles because
their conformations are restricted on the mesoscopic
length scale due to strong intramolecular attractions
(hydrophobic interactions, hydrogen bonding, and van
der Waals forces). The fractal dimension of dextrans df
≈ 2.3 is in agreement with previously published results
by Smit et al.49 and Bu and Russo.29 That df > 2 is
thought to arise from partial branching of dextran.
However, at the same molecular weight, dextrans have
a much larger diameter than protein molecules, and the
difference increases as molecular weight increases. At
MW ) 70 000, the dextran molecule is almost twice as
big as the globular protein because the dextran is not a
hard-sphere probe particle. The molecular weight vs size
plot for dendrimers cannot be fitted to a straight line.
Since the effective fractal dimension of dendrimer
increases with generation, dendrimers are more densely
packed at higher generations. The structure of den-
drimer represents a part of an infinite network of a type
known as the Bethe lattice (an infinite, regular Cayley
tree).50 Our dendrimers comprise Cayley trees with a
coordination number z ) 3, which means each junction
point has z nearest neighbors. As the structure grows
in space, the density of the molecule increases theoreti-
cally without limit. The last three generations, G8-G10,
can be fitted to a straight line with a slope about 4.1.
The mass of the dendrimer increases as the fourth
power of the diameter, faster than the increase of
volume (cube as diameter). This crowding problem
prevents the synthesis of fully substituted dendrimers
of generation higher than G10.

It is interesting that dendrimers at high molecular
weight (G9 and G10) fall on the same line as the rigid
particles, whereas in the intermediate molecular weight

region, they have a more expanded conformation. As the
dendrimers grow, they become starlike with internal
porosity and structural flexibility, like the dextrans.
However, with the increase of generations the den-
drimer (G8-G10) becomes more densely packed due to
chain crowding, and the structure approaches the
density and impenetrability of a solid latex sphere or
globular proteins. Models of PAMAM dendrimer struc-
ture also show that the density decreases up to genera-
tion 6 and then increases.51,52

3.3. Effect of Fractal Dimension on Hindered
Diffusion. Since we have shown that rigid spherical
probes have fractal dimensions different from those of
the slightly branched polymeric probe dextrans, we use
these probes to explore how differently the probes “see”
the concentrated polymer mesh. The lower fractal
dimension dextran is more able to interpenetrate the
matrix polymer mesh than are the compact probes. As
the polymer mesh size decreases to that of the diffusing
probe species, the probe diffusion becomes hindered. The
diffusion of the compact and relatively impenetrable G8
dendrimer and ovalbumin (df ≈ 3) is compared to that
of the more open D-20 and D-70 dextran polymer (df ≈
2.3) as they diffuse through a continuous matrix of PEO
(poly(ethylene oxide)). The two sets comprise a low and
high fractal dimension probe with nearly the same
diffusion coefficient in pure solvent (Table 1) and allow
a comparison of the importance of fractal dimension on
diffusion. The data for both sets are shown in Figures
8 and 9. PEO of Mw ) 40 000 was used as the matrix
for ovalbumin and D-20 probes and Mw ) 200 000 for
the larger dendrimer and D-70 probes. The overlap
concentration c* of the polymer solution is also shown
in the figures.

At concentrations below c* of the PEO, the diffusion
coefficient decreases with increasing matrix concentra-

M ∝ rdf (7)

Figure 7. Probe molecular weight as a function of its
hydrodynamic size in aqueous solution for dendrimers, pro-
teins, dextrans, and polystyrene latex (PSL) particles. The
three protein molecules (lactalbumin, ovalbumin, and bovine
serum albumin) and the PSL particle fall on the same line
with a slope df ∼ 3.1, indicating a rigid spherical conformation
in solution. The fractal dimension of dextrans is about 2.3,
suggesting dextran is not a rigid probe particle. The effective
fractal dimension of dendrimer increases with generation
(strictly speaking, dendrimers are not fractals). Dendrimers
at low MW (G0) and high MW (G9 and G10) all fall on the
same line as the rigid particles, whereas in the intermediate
molecular weight region they have a more expanded conforma-
tion.
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tion in both figures. The diffusion coefficient of D-20
decreases more rapidly than that of ovalbumin (Figure
8). In this dilute range, polymer chains are individually
dissolved coils and can be treated as “particles” through
which the probe particle diffuses. The probe-polymer
interactions can be characterized by a cross virial
coefficient A12 with 1 standing for PEO and 2 standing
for dextran or ovalbumin. The interaction is repulsive
when A12 > 0 and attractive when A12 < 0. It has been
shown that PEO/dextran has a higher cross virial
coefficient than PEO/ovalbumin (about 2 × 10-3 mL
mol/g2 for PEO/dextran and 0.6 × 10-3 mL mol/g2 for
PEO/ovalbumin).53-55 This indicates that the PEO/
dextran interaction is more repulsive than is PEO/
ovalbumin. As a result, the stronger repulsive interac-
tion between PEO and dextran results in a slower
diffusion coefficient for dextran. Another reason for the
more rapid decrease of the dextran may be due to
entanglement couplings that can occur during molecular
collisions between the linear dextran and PEO chains.

Above c* for the matrix the trends reverse, and
dextran diffuses more rapidly than the compact probe.
The greater conformational flexibility of dextran facili-
tates its motion through the crowded PEO matrix. The
reduced diffusion coefficient D/D0 vs polymer concentra-
tion was fit to the stretched exponential function (eq
1), and the fitting parameters are listed in Table 1. The
diffusion of both the spherical probes and the dextrans
fit well to a stretched exponential. Spherical probes gave
higher stretched exponential powers than did the dex-
trans.

The two experiments show that rigid spheres (df ≈
3) are more hindered in semidilute or concentrated
polymer solutions than the loosely branched polymer
probes (df ≈ 2.3). The difference in diffusion coefficient
is more pronounced at higher probe molecular weight.
In concentrated polymer solutions, probes are trapped
in a polymer mesh with a characteristic mesh size.
Diffusion requires either that the mesh size fluctuates
or that the probe itself fluctuates and can therefore
penetrate through the small mesh. Spherical probes are
rigid and cannot change in size, whereas the flexibility
of dextrans hastens interdiffusion. To pass through the
polymer mesh, dextran coils can stretch to an ellipsoidal
conformation, so that the cross section becomes small
compared to a relaxed spherical polymer coil. The
conformational flexibility permits dextrans, with their
lower fractal dimension, to diffuse faster than rigid
spheres in polymer solutions. This proposed motion can
be thought of as the onset of reptation behavior.

3.4. Diffusion Models for Rigid Spherical Probes
in the Mesoscopic Regime. Various models have been
proposed to describe the diffusion of rigid spherical
probes in polymer solutions and gels. In semidilute
polymer solutions, de Gennes13 and co-workers14 have
argued for the existence of a scaling law:

where f0 and fc are the friction coefficient at zero
concentration and concentration c, respectively, R is the
radius of the particle, and ê is the correlation length of
the polymer solution. They argued that ψ(R/ê) ∼ 1 for
R/ê , 1 and ψ(R/ê) ∼ η0/ηM for R/ê . 1, where η0 is the
viscosity of the solvent and ηM is the macroscopic
viscosity of the solution. More recently, Tong and co-
workers found that the particles “feel” the single-chain
viscosity rather than the solvent viscosity when their
radius is smaller than the correlation length ê.20 In
addition, the transport of probe particles through the
transient polymer network can be considered as a
process where the probe particle passes through the
polymer mesh. In the mesoscopic regime where R is of
the same order of ê, the diffusion will be dominated by
the fluctuations of the mesh size, and an activation
energy term can be introduced by a scaling analysis to
be proportional to (R/ê)δ. Therefore, the reduced diffu-
sion coefficient can be written as

The correlation length ê can be estimated by13

where Rg is the radius of gyration of the polymer, c* is

Table 1. Diffusion Coefficients in Free Solution (D0),
Hydrodynamic Radii (Rh), and Stretched Exponential

Fitting Parameters According to Eq 1, D ∼ D0 exp(-rcν),
for Different Probe Particles

D0, 10-7 cm2/s Rh, nm R ν

D-20 7.6 3.15 0.15 ( 0.02 0.66 ( 0.04
ovalbumin 8.8 2.71 0.12 ( 0.02 0.79 ( 0.05
D-70 4.18 5.72 0.19 ( 0.01 0.82 ( 0.04
G-8 4.37 5.47 0.28 ( 0.01 0.97 ( 0.03

f0/fc ) ψ(R/ê) (8)

Figure 8. Diffusion coefficient of ovalbumin and dextran MW
) 20 000 (D-20) in PEO solutions as a function of matrix
concentration. Each data point is the average of eight different
measurements. At high polymer concentration, the diffusion
of ovalbumin is more hindered in the polymer matrix than
D-20.

Figure 9. Diffusion coefficient of dendrimer G8 and dextran
MW ) 70 000 (D-70) in PEO solutions as a function of matrix
concentration. The diffusion coefficient of G8 drops much faster
with polymer concentration compared to D-70.

D/D0 ) exp[-â(R/ê)δ] (9)

ê ≈ Rg(c*/c)γ (10)

Macromolecules, Vol. 35, No. 21, 2002 Diffusion of Mesoscopic Probes 8117



the overlap concentration, and γ is the scaling coefficient
defined below. Hence, eq 9 can be rewritten as a
stretched exponential function of polymer concentration

in which R ∝ Rδ. Several theories predicted that δ )
1,15,16,56 so that eq 11 becomes the same as eq 1. If we
assume δ ) 1, from polymer scaling theory,13

where N is the degree of polymerization and u is the
dependence of Rg on the molecular weight of the
polymer. For flexible polymers, u is equal to 0.5 in θ
solvent and 0.6 in good solvent. According to eq 13, γ )
0.75 for good solvent and 1 for θ solvent. Therefore, the
stretched exponential power is related to the solution
properties of the matrix polymer.

a. Effect of Matrix Polymers. There are several
effects of matrix polymers on the probe diffusion coef-
ficients: First, the solvent quality for the polymer has
an influence on the stretched exponential power ν, as
discussed above. Second, the fluctuation of the polymer
mesh affects the diffusion of probes. Flexible polymer
chains undergo fluctuations in mesh size with greater
amplitudes, whereas rigid rods should have smaller
fluctuations because of their greater persistence length.
The concept of stiffer and more sterically hindered
chains having smaller fluctuations is the basis for the
successful theory of solute diffusion through bulk poly-
mer phases of Duda and Vrentas.57 Decreasing of
fluctuations leads to increasing the activation energy
for the diffusion of a probe. Figure 10 compares the
reduced diffusion coefficient D/D0 of ovalbumin in guar
and PEO aqueous solutions as a function of the ratio
R/ê. The PEO is flexible with a persistence length of
about 8 Å,58,59 and guar is stiffer with a persistence
length about 40 Å.60,61 Since water is a good solvent for
both PEO and guar, we calculated the polymer correla-
tion length ê ≈ Rg(c/c*)-0.75 at concentration c. Here the
overlap concentration c* ≈ 1/[η], in which [η] is the
intrinsic viscosity of the polymer. [η] is related to the
polymer molecular weight by the Mark-Houwink-
Sakurada (MHS) relationship

where K and a are constants. The MHS relationships
for guar and PEO in aqueous solution are [η] ) 3.8 ×
10-4Mw

0.723 dL/g (guar)62 and [η] ) 1.25 × 10-4Mw
0.78

(PEO).63 The radius of gyration of native guar and PEO
(MW ) 200 000) is 150 and 24 nm, respectively.64,65 In
Figure 10, the diffusion of ovalbumin is much slower in
guar than in PEO at the same R/ê, and the difference
increases with polymer concentration. At R/ê ∼ 0.6, the
reduced diffusion coefficient in guar is only about half
of that in PEO. This is confirmation of the role of
polymer backbone stiffness, at constant mesh correla-
tion size, on diffusion of compact probes.

b. Effect of Polymer Molecular Weight. The
scaling theory of de Gennes predicts that the reduced
diffusion coefficient is independent of polymer molecular
weight (MW) whenever c > c*, because the mesh size
is a function of only the polymer concentration in the
semidilute and concentrated regimes.13 For mesoscopic
probes, the reduced diffusion coefficient should be
independent of matrix MW as long as the polymer mesh
persists for a long time, compared to the time required
for the probe to “hop” a distance equal to the correlation
length. However, even in the semidilute regime the
polymer matrix can relax by constraint release8,9-12.
Therefore, if the characteristic time for diffusion and
tube renewal are τd and τr, when τd , τr, the polymer
network can be treated as quasi-static. When τd > τr,
the diffusion will be dominated by relaxation of the
network instead of the hopping mechanism of probes.
The diffusion time, τd, can be estimated by ê2/D. The
relaxation time τr is estimated by66

where η0(cp,M) and GN
0 (cp) are the viscosity and the

plateau modulus of the solutions, respectively. (The
viscosity is a function of polymer concentration and
molecular weight, and in the semidilute solution the
plateau modulus is a function of polymer concentration
alone.) The parameter k is a constant, which experi-
mentally has been shown to have a value of 0.56. The
plateau modulus of PEO solution was calculated using67

where GN
0 (bulk) is the plateau modulus for PEO melt

and φ is the volume fraction of polymer in the solution.
The GN

0 (bulk) value for PEO was reported by Wu to be
1.8 MPa.68 At 5 wt % PEO (MW ) 200 000) solution,
(GN

0 )soln ∼ 4 × 103 Pa, η ∼ 0.03 Pa‚s, and ê ∼ 4.8 nm.
Assuming the probe diffusion coefficient to be 10-7 cm2/
s, the diffusion time is approximately 2 × 10-6 s. τr is
calculated to be 2 × 10-5 s according to eq 16. Therefore,
τd < τr, and the mesh is quasi-static on the time scale
of the diffusion.

Figure 11 shows the measured diffusion coefficient
of ovalbumin in PEO solutions as a function of polymer
MW as well as concentration. All experiments were
performed in the semidilute regime; i.e., the concentra-
tion of PEO is above the overlap concentration. We can
see that at low PEO concentration (2 wt %), the diffusion
coefficient decreases with polymer MW, due to the
relaxation of the polymer mesh. At higher polymer
concentrations (>5 wt %), the diffusion coefficient

Figure 10. Effect of the matrix polymer: the reduced diffu-
sion coefficient (D/D0) of ovalbumin is plotted as a function of
the ratio of probe radius to the polymer mesh size (R/ê) in both
guar and PEO aqueous solutions.

D/D0 ) exp(-Rcγδ) (11)

Rg ∼ Nu (12)

γ ) -u/(1 - 3u) (13)

[η] ) KMw
a (14)

τr ) 1 + k
k

η0

GN
0

(15)

GN
0 ) φ

2GN
0 (bulk) (16)
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becomes independent of the MW of the matrix polymer,
and diffusion is dominated by the hopping of the probe
molecule.

c. Master Plot for Compact Probes. According to
eq 9, we plot -ln(D/D0) as a function of R/ê for different
spherical probes in PEO solution (MW 200K and 600K)
(Figure 12). From ovalbumin (R ∼ 2.7 nm), G6 (R ∼ 3.6
nm), to G8 (R ∼ 5.4 nm), all diffusivities fall on the same
master curve, supporting the scaling law (eq 9) for
mesoscopic rigid probes. The diffusion of a spherical
latex particle (R ∼ 13 nm, 3 in Figure 12) is slower
compared to other probes because the PEO matrix
polymers are known to absorb onto the latex sphere.69

The increase in hydrodynamic radius of the sphere has
been calculated on the basis of the data of Baker et al.70

In the figure the dotted symbols (1) are the recalculated
effective radii of the latex sphere, and they fall exactly
on the master curve. A master fit of the data gives a
stretched exponential power of δ ) 0.95 and a prefactor
â ) 2.2. The δ value is close to the theoretical predicted
value, 1, by Cukier15 and Altenberger et al.16 The fact
that the stretched exponential power is close to 1 also
indicates the diffusion in the polymer solution is a single
relaxation process.

If the diffusion were through a mean field (the
continuum Stokes approximation, eq 3), then Dη/D0ηs
should be universal and equal to 1.20,27 To demonstrate
that for the diffusion of the mesoscopic scale probes
(where 2R/ê ≈ 1) the continuum approximation fails,
the viscosities of PEO (MW ) 200 000) solutions were

also measured. In Figure 13, Dη/D0ηs is plotted as a
function of polymer concentration for the diffusion of
ovalbumin in PEO solutions. Positive deviations from
eq 3 were observed over the concentration range studied.
The probe diffuses faster than predicted by the Stokes-
Einstein equation, since the probe does not “feel” the
macroscopic viscosity of the solution.

The scaling law serves as a good description for the
diffusion of mesoscopic probes in the concentration
ranges where the probe size is comparable to the
polymer mesh size. However, for a given probe (R fixed),
the reduced diffusion coefficient is expected to deviate
from the master curve when polymer concentration c is
not significantly above the overlap concentration c*. The
blank square in Figure 12 is the diffusion coefficient of
G8 at c ) 0.5 wt %, smaller than c* (∼0.6). The diffusion
coefficient becomes faster than that predicted by the
master curve. This is reasonable because the matrix
polymer is not a continuous network below c*. At the
other extreme, when R/ê . 1, the reduced diffusion
coefficient should be predicted by the Stokes-Einstein
equation (eq 3), as the polymer solution becomes a
continuum on the length scale of probe size R.

4. Conclusions

In this study, we have applied fluorescence recovery
after photobleaching (FRAP) to follow the diffusion of
mesoscopic probes (1 nm < R < 20 nm) in aqueous poly-
(ethylene oxide) (PEO) and guar galactomannan solu-
tions. Two different FRAP techniques, fringe pattern
bleaching and recovery (FPBR) and confocal scanning
laser microscopy (CSLM), were used, and they were
shown to yield consistent diffusion results. The frame-
work for understanding the effects of the probe mor-
phology and size and matrix polymer concentration and
molecular weight is based on three criteria:

(1) R/ê: The size of the diffusing probe, R, relative to
the characteristic size of the polymer matrix mesh, ê.
This study focus on the mesoscopic regime where R =
ê.

(2) df: The fractal dimension of the diffusing species
that determines the amount of interpenetration between
the diffusing species and the matrix. This effect becomes
increasingly important as R/ê increases.

(3) τr/τd: The dynamics of constraint release in the
polymer matrix τr relative to the dynamics of probe
motion τd through a fluctuating matrix with constant
topology.

Figure 11. Diffusion coefficient of ovalbumin in PEO solu-
tions as a function of polymer MW and concentration.

Figure 12. Reduced probe diffusion coefficient vs the ratio
of probe radius to mesh size (R/ê) for different probes:
ovalbumin, dendrimers (G6 and G8), and PSL particle. A
master curve is obtained based on the scaling law (eq 9), and
fitting of the data yields d ) 0.95 and b ) 2.2.

Figure 13. Product of the probe diffusivity and the solution
viscosity normalized by the corresponding values at zero
polymer concentrations as a function of PEO concentration.
The dashed line represents the Stokes-Einstein equation (eq
3).
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The role of probe/matrix interpenetration was studied
by comparing probes with different fractal dimensions
df. Proteins and polystyrene latex particles can be
treated as rigid spheres df ∼ 3; dextrans are slightly
branched polymers with a more expanded conformation
(df ∼ 2.3); dendrimers fall between these two with a
density first decreasing and then increasing with gen-
eration. Dendrimers at low generations (G0) and high
generations (G10) are similar to rigid spheres, while the
intermediate generations (G2-G7) are more porous and
expanded.

In addition, the diffusion of dextrans was shown to
be less hindered in polymer solutions than rigid spheres
when both have the same diffusion coefficients in free
solution. The difference in diffusion coefficients is more
pronounced at higher probe molecular weight. This is
a result of the ability of the low fractal dimension, df )
2.3, dextrans to interpenetrate and deform as they pass
through the matrix polymer mesh. The scaling equation
D/D0 ) exp[-â(R/ê)δ] was used to fit experimental
results in the concentration ranges where the probe size
is comparable to the polymer mesh size. A master curve
for different probes was obtained, supporting a scaling
theory model. For the compact probes (df ) 3) the
scaling coefficients are δ ) 0.95 and â ) 2.2 for diffusion
through PEO.

When the molecular weight of the matrix polymer is
high enough, diffusion then becomes independent of
matrix molecular weight (criterion 3) as demonstrated
for PEO chains over a range of molecular weights at 10
wt % polymer. But when molecular weight of the matrix
polymer is decreased at constant concentration or the
concentration is decreased at constant (low) molecular
weight, then faster dynamics due to constraint release
are observed. The independence of diffusion coefficient
from molecular weight verifies the assumptions of the
classical scaling theories of diffusive motion.

The effect of matrix polymer stiffness was also ad-
dressed. Polymers with higher chain rigidities tend to
have more hindrance on the probe diffusion than do
flexible polymers, which is reflected in the prefactor â
for flexible PEO with a persistence length of 8 Å and
for guar with a persistence length of 40 Å. The effect of
this extra length scale (persistence length) on the
crossovers into the mesoscopic diffusion regime as a
function of polymer concentration and molecular weight
is largely unexplored and should provide fruitful direc-
tions for future experimental and theoretical studies.
Direct measurements of chain dynamics using tech-
niques such as NMR or spin-echo neutron scattering
might provide further insight into the role of chain
fluctuations on probe diffusion.
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