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We measure the activation energy E, for the diffusion of molecular probes (dyes and proteins of radii
from 0.52 to 6.9 nm) and for macroscopic flow in a model complex liquid—aqueous solutions of
polyethylene glycol. We cover a broad range of polymer molecular weights, concentrations, and
temperatures. Fluorescence correlation spectroscopy and rheometry experiments reveal a relationship
between the excess of the activation energy in polymer solutions over the one in pure solvent AE, and
simple parameters describing the structure of the system: probe radius, polymer hydrodynamic radius, and
correlation length. AE, varies by more than an order of magnitude in the investigated systems (in the
range of ca. 1-15 kJ/mol) and for probes significantly larger than the polymer hydrodynamic radius
approaches the value measured for macroscopic flow. We develop an explicit formula describing the
smooth transition of AE, from the diffusion of molecular probes to macroscopic flow. This formula is a
reference for the quantitative analysis of specific interactions of moving nano-objects with their environ-
ment as well as active transport. For instance, the power developed by a molecular motor moving at
constant velocity u is proportional to u? exp(E,/RT).
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The rapid development of nanotechnology and bioengin-
eering at the molecular level poses new requirements for an
accurate and applicable description of mobility in complex
systems. Much attention has been recently drawn to mo-
lecular motors—nanoscaled devices, converting energy
(mostly chemical, e.g., stored in ATP) into mechanical
work and motion [1]. The estimation of the amount of
energy dissipated during the movement is the key for deter-
mining the efficiency of such motors [2]. The unresolved
experimental problem is how to quantify the work exerted
against the hydrodynamic drag and measure the dissipation
at the nanoscale in complex liquids? The answer to this and
different other questions arising in nanotechnology, bio-
physics, or fluid dynamics can be found by a careful analy-
sis of the size-dependent hydrodynamic drag and the energy
involved in the process of spontaneous diffusion.

The drag is connected with the diffusion coefficient by
the fluctuation-dissipation theorem [3]. Pure diffusion can
be treated as a reference for cases where extra energy (other
than the energy of thermal motions) is expended. As was
proven by Eyring, simple Brownian diffusion is an activated
process, subject to the rate theory and Arrhenius law [4,5].
Consequently, the diffusion coefficient D of any given
species in any given system is defined by a characteristic
activation energy E,. In general, the value of E, should
depend on the viscous and structural properties of the fluid
and on the interactions of the probe with the surrounding
entities. Both these factors are of great importance in bio-
logical systems, influencing, e.g., protein association [6] or
repressor-operator binding rates [7]. In the crowded cellular
environment, complex size effects [8], motion hindrance by
significant interactions or fixed obstacles [9], as well as a
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variety of possible active transport mechanisms [10,11]
including molecular motors [1] play important roles for
cell functionality. To properly describe mobility in complex
systems at the micro- and nanoscales and understand the
underlying physics, the contribution of different factors to
the overall diffusion rates must be identified. For that pur-
pose, we propose to employ the notion of activation energy.
We follow Eyring’s approach, describing diffusion as a
combination of single acts of translation of a molecule
from one equilibrium state to an adjacent one [4,5]. This
approach was merged with the free volume theory of Cohen
and Turnbull [12] to include the probabilities of finding and
moving into a hole in a particle’s vicinity [13,14]. Although
various ways of incorporating the temperature dependence
into diffusion equations were suggested [15-18], they did
notinclude structure-related factors that would allow for the
scaling and direct application of the theory to polymer
solutions and other complex liquids. On the other hand,
most of the relevant polymer research is either focused on
very specific cases, such as mobility in melts in the vicinity
of the glass transition [19,20], or deals only with the macro-
scopic viscous flow [21-24]. The latter approach neglects
the fact that probe diffusion and viscous flow can be
described in a unified way.

According to the Stokes-Sutherland-Einstein (SSE)
equation (D = kzT/67nr),), diffusion rates depend on
the probe radius r, and solution viscosity 7. Numerous
studies disclosed severe violations of this relation in com-
plex systems [25-30], demonstrating an apparent enhance-
ment of diffusion rates of relatively small probes. The effect
was also observed in HelLa [8] and E. coli [31] cells.
Research on model polymer systems revealed that the
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SSE relation holds only when the probe radius r,, exceeds
the radius of gyration of the polymer coil R, [29,30,32]. In
our recent work, we demonstrated that the formula retains
validity for the whole range of probe sizes and environ-
ments, on the condition that viscosity is treated as a variable,
dependent on the scale of the flow around the probe [30,33].
The magnitude of this length-scale dependence can be vast:
for instance, the macroscopic viscosity of a 3% polyethyl-
ene glycol (M,, = 500 kDa) aqueous solution is over 90
times higher than the viscosity experienced by a molecular
probe (ca. 1 nm in diameter) diffusing in such solution.
However, we did not find any literature record of a system-
atic analysis of the diffusion of various molecular probes in
complex liquids as a function of temperature, which seems
the obvious way to investigate the activation energy for
mobility. A simple question that has not been answered so
far is what is the difference between the E, for the mobility
of a small protein (or other given molecule) in a polymer
solution and the E, for the macroscopic flow of the same
liquid? The length-scale dependence of E,, should provide a
reference for the qualitative and quantitative analysis of
other factors influencing the molecular mobility (associa-
tion and complex formation or active transport). In this
Letter, we give an explicit formula for E,, pinpointing the
influence of the geometry- and scale-related parameters.

Polymers and probes.—We investigated well-
characterized complex liquids—aqueous solutions of poly-
ethylene glycol (PEG)—over a wide range of molecular
masses (3—-500 kDa), concentrations (1%-30%), and tem-
peratures (278-315 K). To eliminate the temperature de-
pendence of solvent viscosity, we put all the results in
terms of relative diffusion coefficients D/D,, where D,
is the diffusion coefficient of given species in water. To
merge data on viscosity 1 and diffusion rates, we applied
the relation [30]

D _m o)
Dy 7’

where 7, refers to the viscosity of pure solvent (water) at
given conditions [34].

Only semidilute polymer solutions were investigated.
In this regime, the polymer concentration ¢ exceeds the
overlap concentration c¢*, defined as

— M,
4/37RIN,’

¢t
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where M,, is the polymer molecular weight, R, is the
polymer gyration radius, and N, is the Avogadro number.
In a good solvent, polymer chains do not form separate
coils but interpenetrate each other, forming a loose mesh
[35] characterized by a specific correlation length &, i.e.,
the average distance between points of entanglement
of different chains. This length depends on the polymer
concentration

e=r(5) G

where 8 = —0.75 [36]. £ has already been used previously
for quantitative description of scale-dependent viscosity,
as Inn oc r,/& [37]. The polymer gyration and hydrody-
namic radii, expressed in nanometers, can be calculated
from empirical equations based on light scattering
experiments [38]

R, = 0.0215M9%383, R, = 0.0145M%7.  (4)

We used both regular, high-grade polymers and molecu-
lar weight standards. Actual molecular weights and their
distributions were examined by gel permeation chroma-
tography (Supplemental Material [39]), whereas in the text
a simplified notation was used (e.g., PEG 20k denotes
polyethylene glycol of number average molecular weight
of ca. 20 kDa). In fluorescence correlation spectroscopy
(FCS) experiments, we applied a range of probes of differ-
ent hydrodynamic radii: fluorescent dyes, rhodamine B
(r, = 0.57 nm) and rhodamine 110 (r, = 0.52 nm) as
well as labeled proteins of chicken egg lysozyme (r, =
1.9 nm) and horse spleen apoferritin (r, = 6.9 nm). For
protein labeling, we used Atto 488 and Atto 550 kits
according to the suggested protocols. The solvent used in
FCS measurements was phosphate buffer (pH = 7.0, NaCl
added to maintain the physiological ionic strength), pre-
serving the proteins in their native form and providing
screening of electrostatic interactions.

Methods: rheometry.—The macroviscosity of PEG so-
lutions was measured using a Malvern Kinexus rotational
rheometer, in a temperature range of 278-323 K. The
geometry of the measurement system was adjusted to the
rheological properties of the sample. For low-viscosity
samples (of the order of pure solvent viscosity), a
double-cylinder geometry was used, whereas for high-
viscosity samples a cone-plate system was applied. As
the goal of the measurements was to establish the viscosity
at zero shear rate, which was not directly possible, mea-
surements were performed with precise control of the shear
stress in the range of 0.01-10 Pa and then linear extrapo-
lation was performed.

Methods: FCS.—We used FCS to investigate the mobil-
ity of fluorescent dyes and labeled proteins of radii ranging
from 0.52 to 6.9 nm. FCS probes the average, long-time
diffusion coefficients of single particles. To observe fluo-
rescence fluctuations, the total displacement of probes
during the experiment must be of the order of micrometers
to significantly exceed the dimensions of the focal spot.
However, the scale of local hydrodynamic flow coupled
with the random movements of the probe in the solution is
in the range of molecular dimensions (nanometers).

The FCS setups were comprised of commercial Nikon
C1 and Nikon Al inverted confocal microscopes, both
coupled with complete time-correlated single photon
counting systems from PicoQuant and water immersion
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objectives Nikon PlanApo 60 X, NA = 1.20. The main
experimental problems and challenges were due to the
distortions of the confocal volume by the difference in
temperature with respect to ambient conditions and in
refractive indices (RIs) of polymer solutions with respect
to pure water. If not properly taken into account, both of
these factors would preclude the quantitative determina-
tion of the excess activation energy. To precisely control
the sample temperature and vary it in a possibly broad
range without a substantial influence on the optical pa-
rameters of the setup, we designed a two-stage system [40].
Its working range was 278-315 K, with an accuracy of
*0.1 K. To resolve the issue of significant mismatch
between the RI of the immersion liquid and the sample,
we developed a method of relative data analysis. Every
FCS experiment was repeated in identical conditions,
except that instead of PEG a solution of monomolecular
ethylene glycol of matching RI and known macroscopic
viscosity was used. Since in the glycol solutions (where no
macromolecules were present) the probes experienced vis-
cosity matching the macroscopic value and the chemical
surroundings of probes in both glycol and PEG solutions
were very similar, such measurements provided a perfect
reference. The relative analysis allowed us to minimize
artifacts and systematic errors connected with the RI mis-
match and assumption of the Gaussian profile of the con-
focal volume. Quantitative comparison of the results
obtained for samples differing in RI was therefore possible.
Further details on the applied FCS experimental methods
are available in the Supplemental Material [41].

Results and discussion.—Although a significant part of
the temperature dependence of viscosity came from the
changes in the solvent viscosity, the decrease of relative
viscosity with increasing temperature was accurately cap-
tured in our experiments. Relation 1 was applied to present
the results in terms of relative diffusivity. From the shape
of the curves, a simple dependence of 1/T type could be
inferred (exemplary data available in the Supplemental
Material [42]). This was in line with the predictions con-
cerning an Arrhenius-type dependence in the formula for
relative diffusivity, based on the Eyring equations [5]. This
approach was combined with the description of viscosity of
polymer systems introduced in our earlier work [30,33],
based on a logarithmic dependence of relative viscosity on
(R,,/ &), Parameter a in analogous equations may vary
from system to system, whereas its physical meaning is
still under discussion [43]. We established it by means of a
separate, ample set of experimental data for PEG solutions
(Supplemental Material [42]). The value of a used for
further calculations was 0.78. All the rheometry data
were plotted against (R,/&)“(RT)~! (Fig. 1). The results
for all the PEG solutions, presented in Fig. 1, fell onto one
linear curve, regardless of the molecular weight of the
polymer or its concentration. Tests performed by means
of dynamic light scattering revealed no significant changes
in the R, of the polymers with temperature within the
measurement range (Supplemental Material [44]). The
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FIG. 1 (color online). Relative diffusivity at the macroscale for
different PEG solutions plotted according to the proposed scal-
ing equation. The slope of the concentrate linear fit corresponds
to the coefficient y [see Eq. (5)], equal to ca. 3.96 kJ/mol.

slope of the curves obtained from the macroscale experi-
ments is a constant vy, expressed in terms of energy and
equal 3.96 * 0.40 kJ/mol. The error here is given as a
maximum discrepancy between the results for fits of indi-
vidual data sets; vy is characteristic for the system (in this
case, PEG/water) and does not depend on either the poly-
mer concentration or molecular mass. Thus, the diffusion
coefficient for large objects (r, > R;,) is given by
_ —1\a
Rt ] .
Macroscopic viscous flow of a polymer solution is also
described by Eq. (5) due to the reverse dependence of
relative viscosity and diffusivity [Eq. (1)].

We performed FCS measurements to prove that this kind
of dependence can be transferred to the mobility of nano-
scaled probes. In this case, probe radius r, became an
additional variable. We used the notion of effective radius
defined previously [33] as

R =R, + 1,2 (6)

D = D, exp[

The logarithm of the relative diffusivity measured for the
molecular probes also depended reciprocally on the tem-
perature. Diffusivity scaling was included analogously as
at the macroscale, using R.; instead of Rj,. Such an
approach was justified, as the macroscopic flow was the
limiting case for the scaling we postulated: limrp_,ooReff =

R,,. For each probe-polymer system, all the results fell
along a straight line on the scaling plot (Fig. 2).
Therefore, Eq. (5) could be rewritten to include scaling
with the probe and polymer chain sizes as

—Y(Rer 1) ]

RT )

D= D() expl:

The obtained results and their proposed description
proved fully consistent with the viscosity scaling we postu-
lated in our previous work [30,33]. By analogy to the
original Eyring rate theory, the denominator in Eq. (7)
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FIG. 2 (color online). Relative diffusivity experienced by mo-
lecular probes in PEG solutions plotted according to the pro-
posed scaling equation. Probe descriptions: rho, rhodamine
(r, = 0.52 nm); lys, lysozyme (r, = 1.9 nm); apo, apoferritin
(r, = 6.9 nm).

was interpreted as the excess of activation energy for dif-
fusion over the value characteristic for pure solvent, giving

AE, = y(Rgff)“. (®)

The FCS results matched the proposed scaling of relative
viscosity (Fig. 2) very well. However, contrary to the macro-
scopic case, significant differences in the obtained y values
were observed between different probe-polymer systems.
The changes were systematic and corresponded to the tran-
sition from the macro- to nanoviscosity range, as shown in
Fig. 3. For systems characterized by r,, /R, > 1, the values of
v coefficient obtained from FCS experiments approached a
constant and reproduced the macroscopic value well (within
experimental errors). This supports both the high quality of
the obtained results and the postulated identity in the descrip-
tion of viscous flow and probe diffusion. In the r,/R; > 1
range, the probe gradually starts to experience the macro-
scopic viscosity of the solution [33]. This smooth shift is
manifested by changes in both the relative diffusion coeffi-
cient D/D, and the excess activation energy AE,, and an
exemplification can be found in Table 1.

In this Letter, we focused on the notion of activation
energy for the movement of a probe in a polymer solution.
We measured and described the excess of E, over the value
characteristic for the pure solvent for different molecular
probes as well as for the macroscopic flow. We have proven
that the activation energy for diffusion in polymer solutions
depends on the structure of the system [Eq. (7)]. When probe
size increases above the hydrodynamic radius of the polymer
chain, AE, reaches a limit, corresponding to the value mea-
sured for the macroscopic flow. For instance, the value of
AE, calculated for rhodamine in 3% PEG 500k solution
(small probe, long polymer chains) is ca. 1.1 kJ/mol, for
appoferritin (larger probe) it reaches 6.3 kJ/mol, whereas for
macroscopic flow AE,, is ca. 12 kJ/mol. As has been shown
previously, mobility scaling equations can be transferred
from PEG solutions to other complex liquids, such as

84 O PEG solutions - nanoscale
— — -PEG solutions - macroscale (rheometry)

¥ [kJ/mol]

T .9

—L3—
—1—

FIG. 3. Dependence of the y coefficient [Egs. (7) and (8)] on
the probe/polymer size ratio. Relatively large molecular probes
reproduce well the results of macroviscosity measurements. The
shaded range denotes the maximal error of rheometry results.

micellar systems or even living cell cytoplasm [33]. In cyto-
plasm, the mobility of macromolecules is mostly influenced
by high concentration of proteins [46] as well as by the
presence of the DNA [47] and cytoskeleton [48]. All these
physical “obstacles” can be included in the simplified geo-
metric description of the structure of the complex liquid,
allowing for the application of the scaling equation to such
systems. Significant increase of AE, value over the one
predicted by the presented benchmark formula should imply
molecular association processes, hindering the motion. On
the other hand, molecular traffic in cells is in fact an interplay
between spontaneous diffusion and active transport [49]. The
work exerted in the active process can be inferred from the
comparison of the measured and predicted (for the purely
Brownian motion) AE,, values. Confrontation of the work
done with the total amount of energy used for the motion
enhancement (which can be monitored, e.g., via ATP usage
in a number of enzyme-based systems [50]) should enable

TABLE I. Excess of the activation energy over the one in
pure water, AE,; exemplary data for PEG aqueous solutions
(M,, = 20 kDa). D, refers to diffusion in pure water. The acti-
vation energy for the self-diffusion of water is 19 kJ/mol [45].
According to Eq. (1), relative diffusivity is an inverse of relative
viscosity, which is how the reference values for macroscopic
flow are calculated.

Concentration ~ D/D,

Probe, r, [nm] [%] at 298 K AE, [kJ/mol]
Rhodamine, 0.5 0.34 2.50
Lysozyme, 1.9 10 0.30 4.04
Apoferritin, 6.9 0.13 5.17
Macroscopic flow 0.077 6.37
Rhodamine, 0.58 0.13 4.87
Lysozyme, 1.9 25 0.038 7.87
Macroscopic flow 0.0067 124
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the determination of the intrinsic energy dissipation, which in
turn allows for an estimation of the molecular motor
efficiency. Furthermore, application of the fluctuation-
dissipation theorem and Stokes’ law leads to a dependence
between E, and the power P of a motor moving at a constant
velocity u: P oc u® exp(E,/(RT)). Utilization of the notion
of activation energy for mobility in complex liquids may
therefore provide new insight into the description of molecu-
lar transport—both passive and active—and enable better
understanding and modeling of dynamic processes in any
kind of diffusion-controlled systems.
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