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ABSTRACT Development of biologically relevant crowding solutions necessitates improved understanding of how the relative
sizeanddensity ofmobile obstaclesaffect probediffusion. Both thecrowdingdensity and relative size of eachco-solute in amixture
will contribute to the measured microviscosity as assessed by altered translational mobility. Using multiphoton fluorescent
correlation spectroscopy, this study addresses how excluded volume of dextran polymers from 10 to 500 kDa affectmicroviscosity
quantified bymeasurements of calmodulin labeled with green fluorescent protein as the diffusing probe. Autocorrelation functions
were fit using both amultiple-component model with maximum entropymethod (MEMFCS) and an anomalousmodel. Anomalous
diffusionwas not detected, but fits of the datawith themultiple-componentmodel revealed separablemodes of diffusion.When the
dominant mode of diffusion from the MEMFCS analysis was used, we observed that increased excluded volume slows probe
mobility as a simple exponential with crowder concentration. This behavior can be modeled with a single parameter, b, which
depends on the dextran size composition. Two additional modes of diffusion were observed usingMEMFCS and were interpreted
as unique microviscosities. The fast mode corresponded to unhindered free diffusion as in buffer, whereas the slower agreed well
with the bulk viscosity. At 10% crowder concentration, one finds a microviscosity approximately three times that of water, which
mimics that reported for intracellular viscosity.

INTRODUCTION

How intracellular contents affect the mobility of single mol-

ecules is a key aspect of cell biology that is not yet fully un-

derstood. At a minimum, one can envision that immobile

barriers, binding sites, and macromolecular crowding will

impact intracellular diffusion, likely in distinct ways. Intra-

cellular diffusion has been studied in vivo by varying the

probe size to look for deviations from expected behavior, with

varying results (1). The cell, however, is not well suited as a

well controlled environment in which to observe the effects of

crowding density and relative size on a probe’s translational

mobility, because the composition of the cell cannot be sys-

tematically varied. An exponential decrease in probe diffu-

sion, similar towhat is seen in crowded polymer solutions, has

been seen in situ via osmotic manipulation of the cellular

volume (2), but it is not currently possible to distinguish the

effect of mobile obstacles from that of immobile barriers and

other specific and nonspecific biochemical interactions.

Polymers are agents commonly used tomimic the effects of

macromolecular crowding, and their size effects on probe

mobility have been studied using a variety of biophysical

techniques (3). Dextran and ficoll are two carbohydrate poly-

mers that in a 12–13% (w/v) solution produce an effect on

probe translational mobility similar to that determined in situ

(1).When a probe exhibits only single translationalmobility, as

in the case of simple diffusion, its diffusion coefficient can be

directly related to viscosity, and in these polymer solutions it

corresponds to an increase in viscosity only severalfold that of

water (1).

Using multiphoton fluorescence correlation spectroscopy

(MP-FCS), we recently reported multiple diffusive mecha-

nisms of fluorescent probes in dextran (multiple micro-

viscosities experienced by the probe, analogous to multiple

discrete diffusion coefficients) and proposed that the probe

can be used as a reporter of nanostructuring of the environ-

ment (4). In this study, we examine to what extent the mobile

obstacle size and crowding level impact diffusion and hence

microviscosity. Because only the effects of co-solute size and

crowding level on microviscosity are being evaluated, the

probe size must be held constant. For this study, we wanted a

model probe that would have biological significance and good

spectroscopic properties, and we chose calmodulin labeled

with enhanced green fluorescent protein (eGFP-CaM). eGFP-

CaM is a chimeric molecule of ;43 kDa, or 3.3 nm Rh,

composed of green fluorescent protein, eGFP (27 kDa), and

calmodulin (16 kDa). The eGFP tag is a good fluorophore for

two-photon excitation because triplet-state formation is not a

significant factor as in one-photon excitation, and because its

b-barrel structure shields it from environmental photo-

bleaching (5). Calmodulin has a critical role as a Ca21 sensor,

and its flexibility allows it to bind promiscuously to a diverse

assortment of targets, making it an important protein in bi-

ology (6). As we have previously shown that calmodulin

plays an important role in neuronal synaptic plasticity (7), and

have assessed calmodulin availability (8) and kinase binding

stoichiometry (9), we have a motivation for understanding its
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diffusion in crowded solutions for future comparative pur-

poses.

The extent to which crowder size composition can be

used to modify a probe’s mobility, and thus microviscosity,

is largely unknown, especially in crowding mixtures con-

taining crowders of many sizes. The total volume consists

of the excluded volume and the volume in which the probe

can freely diffuse. The excluded volume is a function of the

crowding density of the obstacles, their sizes, and the size

of the probe (10). To describe the excluded volume in

mixtures of mobile obstacles, we have assumed that the

density of different-sized polymers in a fixed volume is the

same (11). Thus, we can consider that the weight-by-vol-

ume concentration of polymer (% w/v) is directly propor-

tional to the excluded volume. This study differs from and

extends earlier work in that we apply a multiple-component

model to describe diffusion in systematically varied mix-

tures of dextran, and the microviscosities from individual

crowder sizes at different-size mixtures is compared with

the bulk viscosity at a biologically relevant crowding

density.

MATERIALS AND METHODS

Use of microviscosity in Stokes-Einstein
equation for complex solutions

We use a modified Stokes-Einstein (SE) equation to describe probe mobility,

in which diffusion is inversely proportional tomicroviscosity rather than bulk

solution viscosity. Bulk solution viscosity and diffusion are related by the SE

equation, but deviations from SE are detected when probe viscosity and bulk

viscosity do not agree, as is often the case in crowded polymer solutions.

Thus, a closer look at its underlying formulation is warranted. The SE

equation,D ¼ kT=6phRh; shows that single-molecule diffusion,D, is driven
by thermal energy (numerator), where k is the Boltzmann constant and T the

temperature, and is hindered by friction (denominator), which depends on the

bulk viscosity, h, and the probe’s hydrodynamic radius (Rh). Einstein’s re-

lation between diffusion and probe mobility (the inverse of friction) is gen-

erally valid for probe diffusion in any solution, whereas the exact form of the

friction in the SE equation, which comes from Stokes’ law, applies to hy-

drodynamic shapes diffusing in a continuum. The SE equation without any

modification seems to apply to probe diffusion in polymers if only the inverse

relation between diffusion and viscosity is considered (12). However, devi-

ations from the SE equation have been documented for probes in crowded

dextran and other polymer solutions (3,13,14). These studies showed a de-

parture from linearity when plotting normalized probe microviscosity (from

diffusion measurements) versus normalized bulk viscosity, or when plotting

both types of viscosity versus polymer concentration. The SE equation can

still be applied to describe probe diffusion in polymer solutions, as long as the

bulk viscosity is redefined as the microviscosity, which in general should not

agree with the bulk viscosity except in the limiting cases of large probe size

(13,15). Rather than maintaining the Stokes assumption of friction and

making a direct substitution ofmicroviscosity for ‘‘macroviscosity’’ in the SE

equation, the entire denominator can be defined as the microviscosity. In ei-

ther case, the same expression for normalized diffusion is obtained, which is

proportional to the inverse of normalized microviscosity rather than to the

inverse of normalized bulk viscosity. There is no other way for the SE

equation to incorporate the effects of the probe’s local environment on its

mobility except through microviscosity, which instead of being a constant is

minimally a function of probe and obstacle size, physicochemical properties,

and crowding density.

Use of universal polymer phenomenology to
describe crowded microviscosity

In crowded polymer solutions, a probe molecule’s diffusion coefficient,D, is

increasingly slowed as the polymer’s concentration is increased according to

D=Do ¼ e
�bCn

; (1)

where Do is the diffusion coefficient in aqueous solution, C is the polymer

concentration, and b and n are free parameters (3). Polymer phenomenology

allows a direct connection between probe diffusion and environment for

concentrated large mobile obstacles, although its exact connection to the

mathematical theory of diffusion remains incomplete. Through use of the SE

equation, Eq. 1 implies

hm=ho ¼ e
bC

n

; (2)

where the normalized microviscosity for probe diffusion in polymer solu-

tions is related to the crowding level by the parameters defined in Eq. 1. If a

probe exhibits multiple diffusive behaviors, we expect that at least one can be

described by Eqs. 1 and 2, although the applicability of Eqs. 1 and 2 using a

multiple-component model has not been previously described.

Use of microviscosity to describe polymer
size mixtures

We extend the interpretation of Eqs. 1 and 2 to describe probe mobility not

only in concentrated solutions of a single polymer size but also in solutions of

mixed-size polymers in which individual crowders may be dilute but all to-

gether contribute to a high overall crowding level. In a mixture of sizes, theC

of Eqs. 1 and 2, rather than being the polymer concentration, is now the total

polymer crowding density. The crowding density is a convenient way to

describe the degree of crowdingwhen considering dense aqueous solutions or

mixtures of mobile obstacles. This can also be referred to as ‘‘crowding

level’’, and is expressed as a percentage (w/v), where w is now the total

polymerweight of all sizes. Crowding level is used instead of volume fraction

percent (v/v), since it requires no assumptions about polymer size in terms of

spatial dimensions, which are unknown and which vary in crowded solutions

depending on structuring, whereas size mass (molecular weight (MW)) re-

mains constant. The term ‘‘size’’ is used to refer to mass in the remainder of

this article unless otherwise specified. The term ‘‘concentration’’ can only be

used synonymously with crowding level when one size of crowder is present,

whereas crowding level can be used for any type of crowding, including

mixtures of multiple sizes or even multiple types of crowders. The crowding

level must first be specified before probe mobility comparisons between

different solutions of varying crowder size can be made.

Probe

eGFP-CaM was produced as previously described (4). Concentrated eGFP-

CaMaliquotswere stored at�80�C.Before each experiment, eGFP-CaMwas

thawed and centrifuged for 10min at relative centrifugal force 20,8003 g and

its concentration was ascertained using FCS. The stock was then diluted to

make a 600-nM solution using 13 phosphate-buffered saline (PBS) lacking

calcium and magnesium chloride (Invitrogen, Carlsbad, CA). The eGFP-

CaM stock solution could be stored for up to several weeks at 4�C without a

detectable change in its translational mobility, as ascertained by FCS.

Preparation of crowding solutions

We chose dextran as ourmodel mobile obstacle because of its availability in a

wide range of sizes and its solubility. Dextran offers the additional advantage

of following the universal polymer equation (Eq. 1), which allows a con-

nection between crowding level and microviscosity (Eq. 2). Dextran is a
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carbohydrate produced by single-chain polymerization from transfer of glu-

cosyl subunits by the enzyme dextransucrase (16). Dextran from the bacterial

strainLeuconostocmesenteroidesNRRLB-512(F) somewhat approximates a

linear polymer consisting of 95% 1,69- and 5% 1,39 linkages between the

glucose, where branching occurring approximately every 27 subunits, with

85%of branches only one or two subunits long, though a small fraction can be

much longer (16,17). Although branching only occurs to a small extent, it

imparts important properties to dextran, causing it to behave as a Newtonian

fluid, for example, which is atypical for a polymer, and causes bulk viscosity

to have no dependence on shear rate (18). Dextran’s zero-shear-rate intrinsic

viscosity deviates from typical polymer behavior at high dextran MWs (17)

but can be approximatedwith a power lawh�MW0.47 for up to 500 kDa (18).

At a fixed MW, dextran’s viscosity at increasing concentrations follows a

stretched exponential (15). As is the case for polymers in general, large de-

viations of the viscosity measured rheologically from that determined using

microrheological techniques such asMP-FCS can occur. These deviations are

more pronounced for larger-MW dextran, and the use of increasingly large

probe sizes was reported to suppress the deviations (3,14).

Solutions of size-fractionated dextran from 10 to 500 kDa (10-, 40-, and

70-kDa dextran were from Amersham Biosciences, Uppsala, Sweden; 25-,

150-, 250-, and 500-kDa dextran were from Pharmacosmos A/S, Holbaek,

Denmark), ranging from 5% to 30% (w/v) were made in 13 PBS. The sizes

for each of the various dextran used in this study are presented in Table 1 in

terms of the Stokes radius in dilute solution. The dextran used ranged from

smaller to larger than the 3.3-nm-radius probe eGFP-CaM. Dextran dimen-

sions in crowded solutions are more compact than their Stokes radii, but

cannot be readily measured and vary depending on the dextran MW because

of the nature of the dextran polymerization process, which results in different

branching and structuring for the different sizes. The optical properties of

dextran solutions.30% (w/v) prohibit accurate spectroscopic measurements

in our system. Solid dextran was added to 13 PBS, mixed, sonicated briefly,

and allowed to sit in a 37�Cwater bath until fully dissolved. The solution was

then allowed to mix overnight at room temperature, and was brought to final

volume using 13 PBS to make a 30% (w/v) stock solution. The solutions

were stored at 4�C. The day before each experiment, a 30% dextran stock

solution was diluted using first 13 PBS and then eGFP-CaM/13 PBS stock

solution, for a final solution of 600 nM eGFP-CaM in 25% dextran. The

processwas repeated, decreasing the dextran solution in 5% increments down

to 5% dextran solution, maintaining the same concentration of eGFP-CaM

throughout the titration. eGFP-CaM stock solution without dextran, and the

other six diluted dextran solutions (200 mL), were each placed in a separate

well of an eight-chambered No. 1 coverglass slide (155411, Nalge Nunc,

Rochester, NY). Microstirring bars were added to each well and the slide was

then covered and mixed overnight at room temperature on a magnetic stir

plate. This step was necessary to insure homogeneous distribution of the

eGFP-CaM throughout the dextran solutions. On the day of the experiment,

the stirring bars were removed and the slide was resealed before proceeding

with spectroscopic measurements. Similarly prepared crowding solutions

were made using dextrose (D-glucose), 0.18 kDa (Sigma-Aldrich, St. Louis,

MO), and mixtures of the different sizes of dextran. The first dextran mixture

wasmadewith an equalmass of each size of dextran (10, 25, 40, 70, 150, 250,

and 500 kDa) for crowding levels of 5–30% (w/v), and will be referred to

henceforth asDex10:500. The second dextranmixturewasmadewith dextran

of sizes equal to or larger than the probe (40, 70, 150, 250, and 500 kDa) and

will be referred to as Dex40:500. Three additional mixtures of dextran,

Dex10:25 (10 and 25 kDa), Dex10:40 (10, 25, and 40 kDa), and Dex70:500

(70, 150, 250, and 500 kDa), were also made at 10% (w/v). These five mix-

tures represent size compositions smaller than, smaller than and equal to,

equal to and larger than, and larger than the size of the probe. The bulk vis-

cosity of the five mixtures at 10% (w/v) was measured using an ARES

Rheometer RDA III (Rheometric Scientific, Piscataway, NJ).

Multiphoton fluorescence
correlation spectroscopy

MP-FCS was accomplished as previously described (4), with 850 nm output

of a Ti:Sa laser focused through a 603, 1.2 NA water-immersion lens into

a ,1 fL focal volume, with measurements taken at ,6 mW of power at the

specimen plane. An advantage of MP-FCS is that measurements in complex

fluids are readily made and all photons emitted by the fluorophore have orig-

inated from the focal volume and should contain usable information. From the

fluorescence (F(t)) emitted by molecules diffusing in and out of the small

optically-defined focal volume, the autocorrelation function G(t) is computed

in hardware via the correlator board and is mathematically represented by

GðtÞ ¼ ÆdFðtÞdFðt1 tÞæ
ÆFðtÞæ2 ; (3)

which is the normalized covariance of the fluorescence signal with itself

for different values of a time shift t, where dF corresponds to deviations from

the mean value ÆF(t)æ averaged over the total time of measurement. Ten

recordings over 30 s total time were obtained for each sample and averaged

for further fitting. The zero time correlation represents the magnitude of the

fluctuation and, for a dilute homogeneous solution, corresponds to G(0) ¼
1/ÆNæ. As ÆNæ increases, fluctuations become smaller. Although ÆNæ should
be constant in this experiment, since the same concentration of probe was used

in all samples, there was an apparent increase in ÆNæ at increased crowder

concentration due to increased scattered light (see Fig. S1 in Supplementary

Material, Data S1, for example). For a single species chemically equilibrated in

solution and diffusing in the focal volume described by a three-dimensional

Gaussian function, the analytic solution for the autocorrelation function can be

described as (19)

GðtÞ ¼ 1

N

� �
1

11 t=tD

� �
1

11
1

K
2 t=tD

0
B@

1
CA

1=2

: (4)

The structure parameter of the focal volume profile is defined by K. Data
were analyzed using a K of 3.2 unless otherwise specified. This value

corresponds to the experimentally determined K, using a standard dye to

characterize the point-spread function. The characteristic time of the diffu-

sion, tD, is related to the diffusion coefficient, D, with a two-photon

excitation by tD ¼ ðv2
xy=8DÞ; where vxy corresponds to the waist of the

detection volume, which is specific for the objective used. For our setup, vxy

is 330 nm from calibration with standard Alex546 dye in aqueous buffer,

which hasD; 238mm2/s. Other factors have been added to Eq. 4 to describe

different behaviors, such as focal volume saturation (20–22) and photo-

bleaching (5,23,24), which are variables not considered to be necessary at the

powers used in the experiments presented here, unless otherwise specified.

Objective collar correction in crowded solutions

By adjusting the collar setting on the objective, MP-FCS measurements in

dextran solutions up to 30% (w/v) could be made. Manual adjustment of the

TABLE 1 Dextran size dimensions versus size mass in

dilute solution

Dextran MW (kDa) Stokes radius (nm) Literature values (nm)

10 2.73 2.36

25 4.08

40 5.01 4.45

70 6.39 5.8

150 8.92

250 11.2

500 15.1 14.7

Stokes radii were calculated using the formula of Venturoli and Rippe (11),

and literature values are from a review of dextran by A. N. de Belder based

on the work of Kirsti Granath (41).
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collar changes the distance between two lenses in the objective that correct

for index of refraction mismatch between the immersion media and the so-

lution as well as for the width of the coverslip, to avoid spherical aberration.

The objective lens correction collar was systematically varied such that the

structure parameter K was minimized, which also minimizes the effective

number of molecules, N. Through experimental adjustments, the highest

count rate was obtained at the optimum collar setting, yielding simulta-

neously the best parameters for K and N that also increased our signal/noise.

Above 10% (w/v) dextran, the collar setting yielding the highest intensity

was selected. Dextran of different sizes or mixtures of sizes at the same

crowding level required nearly identical collar corrections, which indicates

that collar setting selection has a negligible impact upon comparison of

different dextran MW solutions.

Maximum entropy method fitting of a
multiple-component FCS model (MEMFCS)

A multicomponent form of Eq. 4 is introduced and fit with the maximum

entropy method, as previously described (4), using

GðtÞ ¼ +
n

i¼1

ai

1

11 t=tDi

� �
1

11
1

K
2 t=tDi

0
B@

1
CA

1=2

; (5)

where n, which is set at 150, is the maximum number of possible noninter-

acting species assumed by the model, each with a characteristic residence

time tDi between 0.001 and 500 ms on a logarithmic scale. MEM (25–28)

applied to FCS (29), and called MEMFCS from here on, is not only based on

minimizing x2 to obtain an optimal fit, but also maximizes an entropic

quantity S ¼ +ipilnpi, which is related to each of the amplitudes (ai) by

pi ¼ ai

+
j

aj

: (6)

MEMFCS takes the oversampled data (ten 30-s takes for each sample) and

finds the least biased probability pi of each tDi based on the data. For this

multicomponent model, one has to consider thatG(0), instead of correspond-

ing to the inverse of the number of molecules for one component, now

corresponds to the sum of all the amplitudes (G(0) ¼ + jaj). By normalizing

the amplitudes, ai, by dividing by G(0), pi from Eq. 6 now represents the

probability that a species i has a translational residence time, tDi.

MEMFCS typically detects a distribution of diffusion times, tDis, which

can be very narrow, consisting of only a few tDis each, with a high probability

in the case of probe in buffer, or can broaden or distinguish discrete distri-

butions in the case of probe in crowdeddextran solutions. The point at which a

distribution was maximized was called tDmax. When more than one distri-

bution was observed, the diffusive component possessing the tDmax, with the

highest-probability amplitude, was classified as major and diffusion mecha-

nisms with lower-probability distributions as minor. The detection and

magnitude of minor diffusive components from the MEMFCS fitting are

highly sensitive to the change in slope of the correlated data. Having ruled out

standard FCS artifacts, focal volume uncertainty and noisy data are the pri-

mary obstacles affecting accuracy of detection of the minor components. The

shape of the focal volume in buffer can be reasonably approximated with a

three-dimensionalGaussian profile (30), and the lateral dimension of the focal

volume in MP-FCS should be constant even up to high levels of scattering

(31). The axial/radial volume aspect ratio (K), when allowed to vary, increases

from 3.2, obtained in buffer, to ;6 at 30% (w/v) crowding level of dextran

when fit with the single-component model. However, we interpret this ap-

parent change in K to be due to deviations in the data itself (such as the ap-

pearance ofmultiple-component or anomalous diffusion). Because there is no

compelling evidence to suggest that K increases significantly with crowding,

we held it constant at 3.2 for all MEMFCS data shown. An increase in K

caused by spherical aberration should be negligible, because the adjustment

for solution index of refraction was made using the objective collar.

Anomalous diffusion

Another possible way to describe complex diffusion in heterogeneous en-

vironments is by assuming the phenomenological description ‘‘anomalous

diffusion’’, which occurs when the mean-squared displacement follows a

power law in the form

Ær2ðtÞæ ¼ 6Gt
a
; (7)

where a encompasses deviations from normal diffusion (a ¼ 1) and G is a

constant that does not depend on time. However, if an apparent diffusion

coefficient is defined, then G will depend on the timescale or, equivalently,

the lengthscale of the measurement. The phenomenon for the case of a ,
1 has been termed subdiffusion, whereas the case of a . 1 is termed

superdiffusion. Including the a exponent in Eq. 4 (32) leads to

GðtÞ ¼ 1

N

� �
1

11 ðt=tDaÞa
� �

1

11
1

K
2ðt=tDaÞa

0
B@

1
CA

1=2

: (8)

The residence time is denoted now by tDa to differentiate it from tD. To fit the

anomalousmodel,Kwas set to3.2.Kanda arenot independent, and the increase

of scattered light causedby increasing crowder concentrationmight have a slight

impact onK, and thus on a. Analyses usingK set to 2.5, 3.2, and 5 were used to

estimate the K-dependent error. The a values increase or decrease uniformly

with increase or decrease ofK, indicating that relative trends in a with different

crowder solutions are K-independent. We specify that a $ 0.85 is not

anomalous, becausevaluesof 0.5–0.75 are usually considered subdiffusion (33).

RESULTS

Effect of crowding on autocorrelated data

Using multiphoton fluorescent correlation spectroscopy, this

study addresses how dextran size and crowding level influ-

ence the translational diffusion of eGFP-CaM, a protein of 43

kDa (;3.3-nm Rh). For each size and size mixture of dextran,

the crowding level was increased from 0 to 30% (w/v) and the

detected fluorescence was autocorrelated (Eq. 3). To obtain

quantitative information from this raw data and to attempt

comparison with polymer diffusion phenomenology and

models, an appropriate MP-FCS model must be applied. Fig.

1 shows a comparison of the three models fitting eGFP-CaM

diffusion in 30% (w/v) dextran 500 (Dex 500). The slope of

the decay on the correlated data is the reason the single-

componentmodel (fcs, tD; 6.85ms) does not fit the crowded

data and appears too high to the left of the point of inflection,

G(tD), and too low to the right, so we discard a single-com-

ponent model as inappropriate to fit this data. The multiple-

component model (memfcs) fit uses additional characteristic
times of diffusion for an improved fitting (tDmax,minor ; 1.05

ms and tDmax,major ; 7.97 ms), and the anomalous model

(tDa ; 6.38 ms) improves fitting by introduction of an addi-

tional parameter, a (a ¼ 0.961).

Anomalous model fitting of diffusion in
crowded dextrans

The MP-FCS anomalous model (Eq. 8), an approximation

to anomalous diffusion, incorporates an additional fitting

parameter, a, meant to reveal nonlinearities in diffusion of
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molecules with respect to time (Eq. 7). The a values obtained

for all dextran sizes and the mixture over the concentration

range studied are presented in Fig. 2. Data is fit with K¼ 3.2,

but error bars are calculated using K¼ 2.5 and 5 to show that

results are K-independent, since the shift in a with K is uni-

form. Simple diffusion is defined as having a ¼ 1, and given

the statistical variability in the data, we considered an a value

,0.85 necessary to reliably indicate anomalous diffusion.

None of the datamet this criterion (Fig. 2). The lowesta values

were obtained for dextran 250 at 15% and 25%(w/v). As there

is no direct physical interpretation for a decreased a-value,
there seems little to be gained fromfitting this data of 3D probe

diffusion in crowded environments to an anomalous model.

MEMFCS reveals multiple microviscosities
with crowding

All of the data analyzed by the anomalous model were also

analyzed with a multiple-component model (Eq. 5). Tradi-

tionally, the number of components to be fit must be assigned

a priori (i.e., 1, 2, 3, etc.), which may or may not be valid for

the physical system being described. The use of themaximum

entropy method for FCS (MEMFCS) minimizes this problem

by determining the number of components required based on

the statistical properties of the dataset. When MEMFCS is

applied to autocorrelated data from eGFP-CaM in buffer, it

agrees extremely well with the single-component model (see

Fig. S2 in Data S1). Within the crowded-environment pa-

rameter space examined in this study, MEMFCS most often

reveals two main distributions of diffusion times.

When multiple peaks on the tDi distribution were observed,
we classified them by choosing the major diffusive component

to be the one with highest probability. The minor component

was classified as the lower-probability distribution. It is im-

portant to note that the major component in crowded solutions,

tDmax, mostly agrees with the single-component fit, tD, and
with tDa, accounting formost of the phenomenology described

therein. Each tDmax of each distribution was then converted

into a microviscosity by the modified SE relationship.

For each dextran size, crowding was increased up to 30%

(w/v) and for each crowding level, a probability distribution

was obtained that can reveal multiple diffusive components.

MEMFCS probability distribution fittings for eGFP-CaM in

Dex 500 are shown in Fig. 3 A. Note that the peak of the

distribution is relatively sharp in 5% and 10% solutions, but

starts to broaden at 15%, where a second slower diffusing com-

ponent is also evident. At 20% and 25%, a similar bimodal

distribution is evident. These distinct peaks are likely due to

nanostructuring of the dextran solutions. There is also a sys-

tematic slowing of diffusion as the crowding level of the 500

kDa dextran solution is increased, as anticipated. By taking

FIGURE 1 Comparison of three models for fitting autocorrelated photon

counts and fitting residuals. Normalized autocorrelation (y axis) plotted

against the time delay t (x axis) for autocorrelated photon counts fit with a

single-component model (fcs, tD; 6.85 ms), anomalous model (anomalous,

tDa ; 6.38 ms and a ; 0.961), and multiple-component model (memfcs,

tDmax,minor ; 1.05 ms and tDmax,major ; 7.97 ms). (Inset) Zoomed-in region

illustrating differences in fitting for this particular probe-polymer system (600

nM eGFP-CaM in 30% (w/v) Dex 500). Both the anomalous and MEMFCS

models fit the data well. The single-component model (fcs) does not.

FIGURE 2 Summary graph of fits using the anomalous model for eGFP-

CaM diffusion in different dextran solutions at different concentratoins. The

autocorrelation data was fit with Eq. 8 and the derived a values are plotted

against the concentration of each sized dextran. Note that none of the data

achieves an a value ,0.85, which means that none of the data meet the

criteria for anomalous subdiffusion.
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the peak tDi(s) from MEMFCS probability distributions and

normalizing those values to eGFP-CaM in buffer (tD ¼ 0.21

ms), we can relate the translational diffusion to a normalized

apparent microviscosity (hm/ho). This was done for the data

from each dextran solution and the plot is shown in Fig. 3 B.
We highlight in this plot the major component (largest peak

from the probability distribution) in dark gray and the minor

components in light gray. The fraction of probe molecules

producing the minor component on average is 12.0% of the

total MEMFCS probability distribution, indicating either that

12% of the probe population (;10 of 80 molecules for 600

nM probe) experiences the minor viscosity or, alternatively,

that each individual probe molecule experiences the minor

viscosity 12% of the time it resides in the focal volume. The

remaining 88% of the probability distribution can be de-

scribed by the universal polymer equation. The major (first)

and minor (second) microviscosity for eGFP-CaM diffusion

in glucose (the dextran monomer) in each size of dextran and

in the mix of all sizes is summarized in Table 2. Probe mo-

bility is slowed threefold at 10% (w/v) for all of the dextran

sizes, except for 10 and 40 kDa, which require 15% (w/v) to

achieve a threefold slowing. The frequency of apparent

nanostructuring in general increases with increasing crowd-

ing level and dextranMWand, interestingly, themixture of all

dextran sizes (Dex10:500) shows suppressed nanostruc-

turing.

Comparison of microviscosities and
bulk viscosity

It is of significant interest to relate how measurements of

probe diffusion (microviscosity) relate to the bulk viscosity of

the polymer solutions. In Table 3, bulk viscosity determined

from rheometry is shown for each dextran size and size

mixture, and it can be seen that bulk viscosity increases with

dextran size composition at a fixed crowding level. In Fig. 4,

the bulk viscosity is plotted along with the microviscosities

determined from MEMFCS fitting of the MP-FCS data. Un-

like the bulk viscosity, the majority of the probe viscosity is

constant for fixed crowding level, indicating that volume

exclusion, rather than mobile obstacle size, dominates the

probe’s translational mobility. The major component of mi-

croviscosity measured using MEMFCS fitting reveals that at

10% (w/v) crowding level, eGFP-CaM’s mobility is slowed

approximately threefold relative to that of buffer and is in-

dependent of the solution’s crowder size composition,

whether it is diffusing in the presenceof individual dextran sizes

(Fig. 4 B) or in mixtures of different dextran sizes (Fig. 4 A).

FIGURE 3 Multimodal behavior of

diffusion at increasing concentrations

of dextran. (A) MEMFCS fits of probe

eGFP-CaMdiffusion in crowding levels

up to 30% (w/v) of Dex 500. (B) Sum-

mary plot of the multiple modes of

normalized diffusion (tD/to), which

are also plotted as normalized micro-

viscosities (hm/ho) derived from the

MEMFCS fits for each dextran size

and crowding level from 5% to 30%

(w/v). The solid symbols represent the

major microviscosity and the open

crossed symbols represent the minor

microviscosity. Three regimes of nor-

malized microviscosity were identified

in the data: the major microviscosity

regime is dark gray and two regions of

minor microviscosity are in light gray.

TABLE 2 Microviscosity of eGFP-CaM in dextran

% (w/v) Dex 10 Dex 25 Dex 40 Dex 70 Dex 150 Dex 250 Dex 500 Dex10:500

5 1.2 1.6 1.4 1.6 1.4, 7.6 2.2, 9.0 2 1.7

10 1.4 3.1 2.2, 9.0 3.1 3.2, 15 3.1, 18 3.1 2.9

15 2.9 4.1 4.1 5.8 5.8, 37 6.9, 48 5.3, 24 4.9

20 3.4 6.4 4.5 7.6 12, 3.4 7.6, 53 9.0, 37 6.4, 17

25 6.4 8.3, 14 8.3, 34 12, 89 11, 69 13, 165 14, 75 11

30 8.3 11, 16 9.9, 69 24, 215 24, 181 18, 75 37, 5.0 17, 97

Microviscosity, hm/ho, for each size of dextran, from 10 to 500 kDa, and the dextran mix of all sizes for each crowding level, 5–30% (w/v). Entries with two

values represent the major (first) and minor (second) components resolved by MEM-FCS fitting of the data.
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The only exception is data from probe diffusing in 10-kDa

dextran (Dex 10) in which the crowder size effects outweigh

the crowding level effects, and an increased crowding level is

required to obtain the same reduction in translational mobil-

ity. Unlike the major component of microviscosity, the bulk

viscosity of dextran is highly sensitive to the co-solute size

composition. Dextran’s bulk viscosity at 10% (w/v) increases

as a power law approximatingMW0.6 with increasing dextran

size. It is interesting to note that the bulk viscosity is near the

major component of microviscosity until 40 kDa, at which

point a significant deviation between bulk and microviscosity

is evident. For three of the co-solute sizes (40, 150, and 250

kDa), a minor component of microviscosity is detected that

consists of 9–12% of the MEMFCS diffusion probability,

which can be greater than or similar to the bulk viscosity

(Fig. 4 B).
The bulk viscosity of the dextran mixtures increases with

increasing crowder size composition relative to the probe

(Fig. 4A). TheDex10:25 andDex10:40mixtures have similar

bulk andmajormicroviscosities, approximately threefold that

of buffer, with minor microviscosities nearly the same as that

of buffer, indicating that a minor fraction of the probe—35%

and 39% distribution probability, respectively—experiences

a viscosity similar to that in buffer. The Dex40:500 and

Dex70:500 mixtures have minor microviscosities that agree

with the bulk viscosity, consisting of 17% and 9%, respec-

tively, of the MEMFCS distribution probability (Fig. 4 A).
These results indicate that the major component of transla-

tional diffusion is slower relative to buffer, but is independent

of the size of the crowding agent whether the crowders are

homogeneous (Fig. 4 B) or in mixtures of different sizes (Fig.

4 A). The results also indicate that in solutions of certain

dextran sizes, a small but significant fraction of the probe

diffuses in proportion to the bulk viscosity of the medium.

Application of the universal polymer equation

MEMFCS can reveal multiple microviscosities for a given

dextran at a fixed crowding level, but polymer phenomenol-

ogy only applies for a single microviscosity. Nonetheless, the

major microviscosity detected by MEMFCS accounts for

most of the phenomena observed, ;80% of the population

(on average), and we use this microviscosity to describe the

physical parameters of the crowded solutions. Of all the

dextran sizes examined, only the 10-kDa solution shows no

minor components of microviscosity with eGFP-CaM as the

probe molecule. We used this data first to relate our experi-

mental findings to the universal polymer equation (Eq. 2). Fig.

5 A shows the amplitude distribution of tDis from MEMFCS

fitting for concentrations ranging from 0 to 30% (w/v) Dex 10.

Again, these tDi values normalized against the tD of the probe
translational diffusion coefficient in buffer can be directly

transformed to the normalizedmicroviscosity (hm/ho). Fig. 5B
shows the exponential behavior of the major component as a

function of crowding level or excluded volume. If one uses the

universal polymer equation (Eq. 2) to fit the data (first fixing

TABLE 3 Bulk viscosity of dextran solutions

Viscogen 10% (w/v) Viscosity (cP) Standard deviation

Dex 10 2.28 0.03

Dex 25 3.40 0.04

Dex 40 4.59 0.04

Dex 70 6.23 0.05

Dex 150 14.27 0.13

Dex 250 15.82 0.14

Dex 500 18.83 0.22

Dex10:25 2.57 0.03

Dex10:40 2.81 0.03

Dex40:500 6.56 0.06

Dex70:500 8.61 0.08

Dex10:500 14.29 0.12

Bulk viscosity of each size dextran solution for each viscogen size and

mixture size composition at 10% (w/v) crowding level.

FIGURE 4 Relationship between bulk

viscosity and microviscosity. Rheology

measurements were used to obtain the

bulk viscosity of 10% (w/v) solutions of

each of the indicated dextrans, and this

data is plotted along with the microvis-

cosity of eGFP-CaM (43 kDa) diffusion

determined from MEMFCS fits. (A) The

bulk viscosity and microviscosities of

various mixtures of dextran. The major

peak of microviscosity increases to ap-

proximately threefold that of buffer, but

then plateaus. A fraction of probe expe-

riences a second microviscosity, which

can either be freely diffusing, as in buffer

(Dex10:25, 35%; Dex10:40, 39%); equal

to the bulk viscosity (Dex40:500, 17%;

Dex70:500, 9%); or not apparent at all

(Dex10:500). (B) Probe viscosity in individual dextran sizes. The microviscosity (major component) increases to about threefold that in buffer, but then is

relatively constant, whereas the bulk solution viscosity increases via a power law as the dextran size increases. Aminor component of microviscosity (;10% of the

total amplitude) is detected that can be greater than or equal to the bulk viscosity in Dex 40, 150, and 250.
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n¼ 1), themajor component of microviscosity for the 10-kDa

dextran data is best fit with a simple exponential that defines

the parameter b, which is 0.076. In the Dex10:500 mixture, a

similar exponential increase in relative microviscosity is seen

with increasing crowding level (Fig. 5 B), and b in this cir-

cumstance is 0.094.

In a similar way, we determined the value of b for each

dextran MW by linear regression of a semilog plot of the per-

cent dextran versus the normalized microviscosity (Fig. 6 A).
The line in Fig. 6 A actually represents the linear regression

through the average of all the dextran solutions, which pro-

duced a bavg of 0.098. This value for b is very close to the

b-value obtained from the Dex10:500 mixture, b ¼ 0.094.

A summary graph presenting the b-values versus the MW

dextran (in semilog) is shown in Fig. 6 B. A linear regression

of this data reveals a relationship ofb¼MW0.11. Overall,b is

shown to increase with theMWof dextran used for reference;

the b-value of the Dex10:500 mixture is represented by the

horizontal dashed line (Fig. 6 B). Table 4 contains the

b-values for the simple-exponential fits (Eq. 2; n¼ 1), as well

as the stretched exponential fits (Eq. 2; n as a free parameter)

for comparison to other polymers. The b from the simple fits

has an averaged low value of 0.077 for the small dextran (10,

25, and 40 kDa) and an averaged high value of 0.106 for the

larger-sized dextran (70, 150, 250, and 500 kDa), with the

transition occurring when the size of viscogen becomes larger

than the size of the probe (43 kDa). The b from the stretched

fits has no clear trend, ranging from 0.016 to 0.240, with n
ranging from 0.70 to 1.135. Only data from dextran 250 is fit

slightly better with a stretched exponential. Glucose, the

dextran monomer, could be fit with an exponential over the

concentration range tested, as expected (34), and displayed

the lowest b-value, 0.027 (data not shown). The n values

obtained for glucose, Dex 10, Dex 70, and Dex10:500 (the

mixture of all sizes) are 1.07, 1.13, 1.10, and 1.10, in rough

agreement with the simple-exponential fit, whereas the other

dextran sizes have values ranging from 0.70 to 0.87.

DISCUSSION

MEMFCS model for diffusion in crowded
mobile obstacles

MP-FCS is a powerful technique for studying the translational

mobility of fluorescent probes in heterogeneous solutions. To

what extent inert mobile obstacles alone can affect probe

FIGURE 5 Exponential slowing of

diffusion in dextran with increased con-

centration. (A) MEMFCS fits of eGFP-

CaM diffusion in Dex 10 for crowding

levels up to 30% (w/v). The distribu-

tions are all unimodal (agree with sin-

gle-component model fits). (B) The

normalized microviscosity (hm/ho) of

the Dex 10 and Dex10:500 mixtures

are plotted against concentration, and

fits to this data (Eq. 2) indicate that the

microviscosity increases exponentially.

For the mixture, minor components of

microviscosity are ignored for clarity.

FIGURE 6 Normalized microviscos-

ities for probe in each individual dex-

tran size. The major component from

the MEMFCS fit of probe mobility in

each dextran solution was converted to

normalized microviscosity (hm/ho) and

this was plotted against the crowding

level (5–30% w/v). The line represents

a linear regression through the average

of all the data. The resultant parameter

b ¼ 0.098 is in close agreement with b

from the Dex10:500 mixture. (B) The

parameter b from fits to each dextran

solution shown in A were plotted

against the MW of each dextran. The

line shows a linear fit with MW that on

this semilog plot produces the relation-

ship of b � MW0.11. The dashed line

indicates the b-value obtained from the

Dex10:500 mixture, which shows an

intermediate value of 0.094.
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mobility is largely unknown, butmust be established as part of

a larger effort to understand protein diffusion and, thus,

transport and signaling capacity in vivo. MEMFCS has been

applied to such data to reveal multiple diffusive mechanisms

of eGFP-CaM (43 kDa)mobility inDex 500 and to potentially

reveal multiple diffusive mechanisms of apparent nano-

structuring (4), reminiscent of that seen for probe mobility in

vivo. Using these techniques, we examined the effects of the

crowding level and viscogen size on eGFP-CaM translational

mobility and related the multiple diffusive components de-

tected (major and minor) to the local microviscosity experi-

enced by the probe (Table 2). This work extends the findings

for eGFP-CaM translational mobility crowded with mobile

obstacles to include sizes from 10 to 500 kDa, as well as

mixtures of those sizes.

Anomalous diffusion (Eq. 8) has been reported in Dex 500

for some probes (33), but has not been reported for a large

range of probe sizes (35), and is not seen for eGFP-CaM ex-

cept in the presence of immobile obstacles (4). We observed a

similar lack of evidence for anomalous diffusion in this study

(Fig. 2). Instead, we found that the use of a multiple-com-

ponentmodel of simple diffusion (Eq. 5) adequately describes

eGFP-CaM mobility, in agreement with the single-compo-

nent model (Eq. 4) in the limit of small viscogen size and

dilute crowding level. In solutions of crowded mobile ob-

stacles that approach and surpass the size of the probe, the

single-component model ultimately fails as the appearance of

bimodal or fully separated distributions of diffusion times

become evident with MEMFCS fitting.

MEMFCS reveals evidence of
multiple microviscosities

FCS relates diffusion time with the diffusion coefficient, and

the SE equation relates the diffusion coefficient to micro-

viscosity. Thus, the peak of each distribution revealed by

MEMFCS fits can be used to calculate a discrete micro-

viscosity. We find that for eGFP-CaM in dextran, up to three

discrete microviscosities can be detected, one major and up to

two minor. The amplitude of major microviscosity can be

similar to that of bulk viscosity or much less, depending on

viscogen size (Tables 2 and 3), but can always be described by

polymer phenomenology, even for mixtures, over the entire

range of crowding (Table 4). The minor microviscosity,

which is not always detected, can either be less than the major

microviscosity, corresponding to unhindered free diffusion,

or higher than the major microviscosity, which can be similar

in magnitude to bulk viscosity (Fig. 4). In a similar way, we

find that multiple components are evident in crowded solu-

tions of bovine serum albumin (data not shown), but potential

binding and charge effects and autofluorescence complicate

simple interpretation of probe diffusion in such protein so-

lutions.

Major microviscosity described by
polymer phenomenology

No theory yet exists that is adequate to describe the multiple

diffusive mechanisms we detected in crowded solutions of

dextran. However, because most (.80%) of the diffusive

behavior is captured by themajormicroviscosity, and because

it can be described by polymer phenomenology (Eqs. 1 and 2),

a relation can be made at least between the major micro-

viscosity and polymer theory. The microviscosity in the

universal polymer phenomenology (Eq. 2) only has two free

parameters, n and b, which are fit over a range of crowding

levels, C, whose exact functional dependence is not com-

pletely agreed upon, since it depends on the polymer model

assumed (36,37). Whether the parameter b is independent of

MW or increases with dextranMW as a power law or in some

other way remains unclear (14,15). The constant n is most

likely related to solvent quality (36,38) and size of the poly-

mer (3), whereasb is related to the size of the polymer (3) and/

or the size of the probe (39,40). For most linear polymers, n is
expected to be ;0.75 which is supposed to indicate good

solvent quality. Dextran is not a linear polymer, and both

higher and lower n values, ranging from 0.53 to 1.35, have

been reported for different probe mobilities in different con-

centrations and sizes of dextran (14,15,33,35). Dextran in this

regard behaves more like a carbohydrate than a standard

polymer, where values of n . 0.75 and even n ¼ 1 are not

unexpected (34). Water is considered to be a good solvent for

dextran (36).

By experimentally determining the free parameters, probe

microviscosity for our fixed probe size can be modeled not

only in terms of the environment crowding level, but also in

terms of obstacle sizes. The results of this work clearly indi-

cate that polymer phenomenology does indeed apply to the

major component of microviscosity from MEMFCS for

eGFP-CaM in both crowded dextran and dextran size mix-

tures (Table 4). If both parameters are allowed to vary

(stretched-exponential fits of Eq. 2), then there is no clear

trend in either, but when n ¼ 1 (simple-exponential fits) is

used, b is seen to depend on the polymer MW. A connection

TABLE 4 Polymer phenomenology for eGFP-CaM in dextran

Viscogen b n RMSE b (stretched) n (stretched) RMSE

Glucose 0.18 0.03 1 0.24 0.02 1.08 0.12

Dex 10 0.07 1 0.44 0.05 1.14 0.47

Dex 25 0.08 1 0.79 0.22 0.70 0.30

Dex 40 0.08 1 0.66 0.13 0.84 0.67

Dex 70 0.10 1 0.96 0.08 1.10 1.08

Dex 150 0.11 1 1.98 0.24 0.76 2.32

Dex 250 0.10 1 1.25 0.23 0.74 0.75

Dex 500 0.12 1 2.41 0.16 0.87 1.82

Dex10:500 0.09 1 0.37 0.08 1.11 0.33

The free parameters b and n of the universal polymer equation (Eq. 2) for

simple exponential (n ¼ 1) and stretched exponential fits from the major

components resolved by MEM-FCS fitting of the data from eGFP-CaM

diffusion in 0–30% (w/v) viscogen with root mean-squared errors (RMSE).
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between polymer phenomenology and polymer theory can be

obtained through selection of an appropriate polymer model.

Polymer model comparison for single
dextran sizes

There are two prominent polymer models that propose the

functional dependence of n and b in polymer phenomenol-

ogy, namely, the de Gennes-Langevin-Rondelez (GLR)

model and the Phillies hydrodynamic model (39,40). These

models appear to be mutually exclusive, because the GLR

model predicts dependence of b on probe size but not on

polymer MW, whereas the hydrodynamic model predicts a

b � MW0.8 dependence but not a probe-size dependence.

Although the GLR model appears to be valid for many

polymers (36), it is not clear whether it applies for highly

branched polymers, since probe mobility for Dex 500 and

ficoll 70 were shown to be only mildly affected by probe size

(35). It is important to note that both models were only valid

for up to the semidilute regime, although the hydrodynamic

model has recently been extended to the crowded regime

(3). The GLR model predicts that the transition between

the semidilute and crowded regimes is supposed to occur at

the critical concentration, c*, where the probe size reaches the
correlation length of the polymer network and polymer

‘‘entanglement’’ ensues (39). The Phillies model predicts

instead that no ‘‘entanglement’’ ensues, but rather that only

hydrodynamics (but not hydrodynamic screening) is impor-

tant. It is not expected that c* will remain constant for dif-

ferent dextran sizes, and it has been estimated using dynamic

light scattering that for Dex 40, c*¼ 21% (w/v); for Dex 150,

c* ¼ 11% (w/v) (14); and for Dex 500, c* , 1% (w/v) (P.

Vekilov, University of Houston, personal communication,

2008). No clear critical concentration was seen for any

dextran size studied here, although the number of data points

might be too few to show the subtle change from the semi-

dilute to the crowded regime. At each crowding level, dextran

is likely to have different levels of compression and hydration

with slightly different size and shape, depending on its

branching (11,16,41,42), and this would impact the values of

n and b, since those parameters, obtained from a fit over all

crowding levels, are indirectly dependent on excluded volume.

Applying the universal polymer equation to eGFP-CaM’s

major microviscosity, we found values of n between 0.70 and
1.135 for dextran sizes from 10 to 500 kDa, and of 1.105 for

the Dex10:500 mixtures. However, simple exponential fits

obtained by fixing n at 1 resulted in a better goodness of fit in
all cases except for the 250-kDa dextran.

When both free parameters n and b are allowed to vary,

there is no clear trend in either (Table 4), whereas when n is

fixed (n ¼ 1), a size-dependent trend appears in b (Fig. 6 B,
solid line) that is best fit with a power law of;MW0.11 rather

than the ;MW0.8 power law suggested by the Phillies hy-

drodynamic model (3). However, the trend is irregular and

also appears to have a low and a high value, with the tran-

sition near where the size of the viscogen becomes larger than

the size of the probe. Ultimately, both models fail to fully

describe the data, but results strongly indicate a preference

for the hydrodynamic over the entangled viewpoint, and in-

dicates the absence of hydrodynamic screening in agreement

with the Phillies model since anomalous diffusion is not

found. The dependence of b on probe size, predicted by the

GLR model, was not tested in this study, although the GLR

model assertion that there would be no polymer MW de-

pendence was clearly refuted. The dextran MW dependence

of b predicted by the Phillies model was confirmed, but the

data did not fit the predicted functional form. It is likely that a

new polymer model is needed that can incorporate both the

probe and viscogen size dependence of b. Even without a

perfect polymer model, polymer phenomenology still ap-

plies, and the experimental determination of n and b for a

given probe/polymer system allows microviscosity to be

predicted for any crowding level in the crowded regime.

Polymer phenomenology for dextran
size mixtures

We find that the universal polymer equation can be applied to

the major microviscosity for mixtures of different sizes of

dextran as well as individual sizes. A simple exponential

(n¼ 1) fit for Dex10:500 with a size intermediate b (Fig. 6 B
dashed line) indicates that the probe experiences an ‘‘aver-

age’’ major microviscosity when surrounded by viscogen

which has sizes smaller to, equal to and larger than its size.

This interpretation is supported by the fact that the average fit

of the universal polymer equation to the individual dextran

size data over the entire concentration range (Fig. 6 A) yields
a b in close agreement with the Dex10:500 mixture. This

indicates that the major microviscosity of dextran mixtures

can be understood as a type of ‘‘average’’ behavior of its

component size composition. By experimentally determining

n and b for any viscogen size composition, the probe’s major

microviscosity can be well described as a function of

crowding level. This suggests that the crowding level is a

more important factor than viscogen size for most of a

probe’s mobility in the presence of mobile obstacles.

Microviscosity versus bulk viscosity for
cytosolic mimetic crowding level

We find that at 10% (w/v), both in dextran mixtures and in

individual dextran sizes, the major component of micro-

viscosity is constant (Fig. 4, A and B) and is slowed ap-

proximately threefold compared to that determined in buffer.

This value is consistent with the viscosity calculated for

diffusion in a cell’s cytoplasm (1). This result supports the

idea that crowding level, and not crowder size or mixture size

composition, has the dominant effect on probe mobility. In

Fig. 4, it can be seen from the major microviscosity that

whether the mobile obstacles are the same size as the probe,
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or larger or smaller, or even a mixture of sizes, most probe

translational mobility is the same, as long as crowding den-

sity is constant among different solutions. The fraction of

available volume excluded to the probe must be approxi-

mately constant for the different solutions at constant

crowding density. This result is surprising based on volume

exclusion expected from nonpenetrating hard spheres, and

highlights the failure of this assumption for dextran. Because

of the dominance of the major microviscosity, one could

argue that the minor microviscosity should be ignored and a

single-component model used instead. Probe diffusion in the

mixtures strongly suggests that this is not the case and yields

a physical interpretation for the two minor microviscosities

detected. Minor microviscosity in the smaller-size mixture

compositions (Dex10:25 and Dex10:40) corresponds to

freely diffusing probe, and in the larger-size mixtures

(Dex40:500 and Dex70:500) corresponds to probe experi-

encing microviscosity of equal magnitude to the bulk vis-

cosity (Fig. 4 A).
The bulk viscosity can agree or diverge from the major

microviscosity (Fig. 4), becausethe bulk viscosity, unlike the

major microviscosity, is strongly influenced by dextran size

and increases as a power law, ;MW0.6 (Fig. 4 B). It is rea-
sonable that dextran’s bulk viscosity in crowded solutions

increases as a power law with dextran size because its in-

trinsic viscosity (nothing to do with b-power law) is known
to increase by;MW0.47 at a fixed dilute crowding level (18).

A minor microviscosity was detected for eGFP-CaM in Dex

40, 150, and 250 at 10% (w/v) (Fig. 4 B). For our 43-kDa
probe in 40 kDa dextran, this minor microviscosity is sig-

nificantly larger than the bulk viscosity, indicating that when

the probe and viscogen are of comparable size for this

crowding level, this fraction of probe is somehow trapped

and appears effectively immobile. A microviscosity slightly

higher than the bulk viscosity could be explained by the fact

that rheological measurements apply shear to the fluid, which

stretches polymers out, resulting in a viscosity decrease,

whereas in FCS there is no shear. This effect should be

negligible in dextran, because it has Newtonian fluid prop-

erties, attributed to its branching, in which its bulk viscosity

stays constant rather than decreasing with increased shear

rate (18). By plotting microviscosity and bulk viscosity to-

gether (Fig. 4), one can clearly see the complicated deviations

from the SE equation, in which multiple microviscosities

exist that can have a component in agreement with the bulk

viscosity and an additional component that is less than the

bulk viscosity.

CONCLUSIONS

MEMFCS is a powerful alternative to the anomalous model

for describing diffusion in solutions of mobile obstacles,

offering increased resolution and possible physical interpre-

tation of diffusive mechanisms. We applied MEMFCS to

analyze eGFP-CaM (43 kDa) diffusion in dextran solutions

of sizes ranging from 0.25 to 12 times that of the probe, and in

mixtures of the different dextran sizes. Diffusive mechanisms

from apparent nanostructuring of the environment were

quantified in terms of single or multiple diffusive terms ex-

perienced by the probe. In general, the frequency of nano-

structuring increases with dextran size and crowding level,

and this nanostructuring was suppressed when dextrans of all

sizes were combined. We find that the minor component of

microviscosity, when detected, is usually either from a probe

diffusing as in buffer, or from a probe diffusing at a rate

consistent with bulk viscosity. In contrast, the major com-

ponent of microviscosity increases with crowding level with

a simple exponential, which agrees with polymer phenome-

nology. Its parameter b increases with dextran size, as pre-

dicted by the Phillies hydrodynamic model, but does not

agree with the predicted functional form of ;MW0.8. We

show that polymer phenomenology can also be extended to

describe probe diffusion in crowded mixtures, which would

be more representative of the intracellular milieu. The addi-

tional components captured by MEMFCS, which are dis-

carded when using polymer models, indicate that there may

be additional diffusion coefficients for the same probe within

these crowded mixtures. These novel differences noted in

probe mobility in crowded polymer solutions highlight the

need for a comprehensive theory of microviscosity.
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