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Abstract
Themechanismof inter- and intracellular diffusional transport by vesicles in living organisms is
poorly understood at themolecular scale. The diffusion of submicron and nanoparticles in dense
media has been treated by numerous theoreticalmodels.We face this problem experimentally using
Mössbauer spectroscopy. On a characteristic for thismethod narrow time scale (≈10−7 s), the velocity
distribution of 120 nm spherical Fe2O3 particles suspended in a 60%water solution of sucrose was
determined by analyzing the 57FeMössbauer spectral line profile. The particles usually exhibit classical
Brownianmotion, but theirmain diffusionmechanism is related to infrequent ( f≈106 s−1) but
distant (d≈1 nm) translations. During suchmovements, the particles experience aminimal friction
described by the temporal local viscosity, ηloc≈28 μPa·s.

Introduction

Themobility of submicron objects in viscousmedia, which is a key problem in some areas of nanotechnology
and themain factor responsible for inter- and intracellular transport, is poorly understood at the atomic scale.
The Einstein–Smoluchowski approach to the Brownianmotion refers to free particles in an ideal gas [1, 2] but
does not adequately explain themigration ofmassive particles. The high rate of biochemical processes in colloids
has been explained by the concept of local viscosity [3], andmolecular dynamics simulations have elucidated the
role of the protein concentration on the lateralmobility of lipidmembranes [4]. Recent developments in
experimentalmethods have enabled the determination of the trajectories of particles composing living cells
[5, 6] (for a review, see also [7]); the results suggest the abnormal nature of diffusion, which is frequently
discussed in terms of fractional Brownianmotion or continuous-time randomwalks (CTRWs) [8].
Nevertheless, the question of how, if at all, thesemodelsmay be distinguished experimentally at the truly
microscopic level remains open [9]. Indeed, three qualitatively different types of diffusion, namely diffusion
constrained by elastic force, walking confined diffusion and hop diffusionwere described in [10] leading to the
similarmean square displacements.

We address this challenge by studying amodel system composed of 120 nm spherical Fe2O3 particles
suspended in a 60%water solution of sucrose. This particle size is characteristic of intracellular organelles or
extracellular vesicles, which store and transport cellular biochemical products [7]. The dynamic viscosity (η) at
20 °C, η=58.5 mPa·s [11], is very close to the average viscosity ofmammalian cytoplasm (∼50 mPa·s) [12].

Methods

Themodel system is composed of 120 nm spherical Fe2O3 particles suspended in a 60%water solution of
sucrose. The obtained suspensionwas further atomized at 60 °C in an ultrasonicwasher operating at a
modulated frequency. To eliminate the remaining precipitates of the particles, the suspensionwas held at room
temperature for a fewhours; in the subsequent experiments, the supernatant fluidwas taken.

In such a condensed solution, an amorphous sucrose hydrogen bond network is formed [13], and this
honey-likematter should be described as afluid plastic rather than a colloidal liquid. The estimated
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concentration of the particles was less than 3.9 μm−3, and the average interparticle distance was 635 nm; thus,
the particlesmay be treated as noninteracting [14]. Each Fe2O3 particle contains 1.7×107 Fe2O3molecules with
a total atomicmass of 2.72×109 Da. Their chemical properties are identical with those of a bulkmaterial, and
the chemical inactivity enables the preparation of suspensions that are stable overmany days. As Fe2O3 particles,
we used the red pigment BAYFERROX® 120 (CASNo. 1309-37-1). According to the producer’s technical
specification [15], the predominant size of the spherical particles is 120 nm, theα-Fe2O3 content is greater than
97.1%, themolarweight is 159.7, and awater-soluble content ismaximum0.5%.

57FeMössbauer spectroscopywas applied as the experimentalmethod. TheMössbauer spectra were
recorded in the transmission geometry using aWissEl spectrometer. The temperature-dependent spectra were
collected in 1024 channels for one day, and the high-quality room temperature spectra weremeasured over 5
days in 4096 channels (before folding). For the temperature-dependentmeasurements, a bathWissEl cryostat
was used, and the sample was placed vertically in the gas exchange chamber. The temperature variationwas less
than 0.1 K, and the inhomogeneity of the temperature over the sample areawas less than 1 K. The velocity scale
was calibrated using theα-Fe foil standard. Because the line profile analysismay be influenced by the
nonlinearity of the nonresonant background of the spectrumowing to geometrical effects, a preliminary
measurement was performed in the identical geometry with a blank (iron-free) absorber having a nonresonant
absorption coefficient under the conditions used for the studied specimen. This proceduremade background
correction possible.

TheMössbauer spectra were evaluated using theWissEl programWinNormos-for-Igor. First, the
nonresonant background from the dummy spectrumwas fitted by a quadratic polynomial to determine its
deviation from linearity. This correctionwas included as a fixed parameter for further spectralfitting. Next, the
hyperfine parameters (hyperfinefieldB, isomer shift versusmetallic iron IS, and quadrupole shift QS) of Fe2O3

particles pressed in a powder pellet were determined by standard Lorentzian line fitting. These parameters were
used tofit the spectra of the Fe2O3 particles in suspension.

Results and discussion

For decades, according to Singwi and Sjolander [16] andBonchev et al [17], themainmeasurable parameter was
the line broadening (ΔΓ) of the resonant Lorentzian absorption line of particles exhibiting Brownianmotion.
Recently, this approachwas applied to the study of particle-matrix interaction in anisotropicmedium [18] or in
hydrogels [19].

The line broadening in ferrofluidsmay also arise from theNéel relaxation [20–22]. In the studied case, Fe2O3

particles are antiferromagnetic orweakly ferromagnetic. The size dependence of the superparamagnetic
relaxation time of Fe2O3 particles with diameter between d∼6 to 27 nm is described in [23]. Accordingly, for
120 nmparticles theNéel relaxation at room temperature is excluded. Certainly, the fast (in comparison to the
life time of the 14.4 keVnuclear level)Brownian rotation of the particlesmight cause the broadening of the
Mössbauer line due to the averaging of themagnetic hyperfinefield but this would be connectedwit the
reduction of the observed Zeeman splitting inMössbauer spectrawhichwas not the case. Thus the entire line
broadening is due to the translational Brownianmotion.

In theMössbauer energy unit (mm/s), where 1 mm s−1=5×10−8 eV,ΔΓ equals
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where E0=14.41 keV is the gamma radiation energy, r is the particle radius andT is the temperature. According
to the uncertainty principle, this line broadening occurs because themovement of the particles limits the time
period duringwhich recoil-free absorption is possible. In our case, a relatively largemass of particles,
M=4.5×10−18 kg, is crucial. The recoil energy (ER) intercepted by the entire particle, which is related to
nuclear absorption of the gamma radiation by the 57Fe nuclei, is approximately 100 times smaller than the
Heisenberg linewidth,Γ=4.7×10−9 eV, of the corresponding nuclear level:
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Thus, recoil-free nuclear absorption of the gamma radiation (theMössbauer effect)may appear even for an
unbounded free particle. This differs from the results of previous studies ofmany other smaller objects [24, 25].
The specimen studied here should be treated as a set of classicalmacroscopic absorbers. The feasibility of using
Mössbauer spectroscopy to study the velocity distribution in such systemswas noted half a century ago [26].
Because the recoil-free absorption cross section of the gamma radiation depends, via theDoppler effect, on the
relative velocity (v–V ) between the source of the radiation (v) and the absorbing particles (V ) in the direction of
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the gamma radiation (both in the laboratory frame), the profile of the absorption line I(v) is given by

I v p V L v V dV 3ò= -( ) ( ) ( ) ( )

where L is the Lorentzian function, and p(V ) is the velocity distribution of the nanoparticles [17]. Here, the
particle velocity,V=Δx/τ, is itsmean value observedwithin a time τ of 141 ns, which is the lifetime of the
14.4 keVnuclear level, andΔx is the particle displacement during that time. Equation (3) illustrates the aim of
this work: from themeasured line profile I(v), wemay deconvolute the p(V ) distribution that describes the
particlemotion.

According to Einstein’s theory, the one-dimensional displacement variance, ,x
2s of a randomlywandering

particle of radius r in a liquid of viscosity η after time τ is equal to D kT r2 2 6 ,x
2t s t hp= = / whereD is a

diffusion coefficient. Consequently, the variance of the velocity, ,V
2s may bewritten as
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Interestingly, in this case ,Vs which is ameasure of the line broadening, is proportional to ,T

h
in contrast to

equation (1), where .TDG
h

( ) To test this relation, theMössbauer spectra were recorded at 263–298 K, as shown

on the left side offigure 1.Wefirst assumed that the p(V ) distribution has aGaussian profile; thus, we fitted the
spectrawith theVoigt lines to determine .V

2s Thefits are clearly imperfect, but the linear dependence of V
2s

versus T

h( ) is conserved up to 283 K. The η values for the solution at each temperature were adopted from [10].

The diameter of the particles determined from the linear fit is 2r=92(10)nm,which is comparable to the real
particle size of 120 nm.

This agreement is astonishingwhenwe consider that the Einstein–Smoluchowski theory was developed for
free particles obeying aMaxwellian velocity distribution. Formal application of this classical theory leads to the
following conclusions. According to the Stokes law, a particle exponentially loses velocity with a relaxation time
τr=m/6πηr=6.8×10−11 s, which is comparable to the period of biomolecular vibrations. The
corresponding average one-dimensional free path d of the particle equals 〈|v|〉τr. For 〈|v|〉=24 mm s−1, as
calculated from theMaxwell distribution, d=1.6×10−12 m,which is 1.3×10−5 times the particle diameter
and less than the typical amplitude of atomic vibrations in solids. For randomone-dimensional jumpmodel
diffusion, the diffusion coefficientD is d2/2τ0, where τ0 is the average period between jumps. This expression for

Figure 1. SelectedMössbauer spectra of 120 nmFe2O3 particles in 60%water solution of sucrose recorded at various temperatures
and their velocity distribution variance plotted versus (T/η). Left: Spectrafittedwith aGaussian distribution of p(v)with the variance

V
2s as an adjustable parameter. Note the significantmisfit above 283 K and the related deviation from linearity of the V

2s versus (T/η)
relation. Right: Spectrafittedwith themodel-independent distribution of p(v). Note that the 〈v2〉 versus (T/η) relation deviates from
linearity below 283 K.
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D become identical to that derived by Einstein,D=6×10−14 m2 s−1, if τr=πτ0. Thus, during an observation
time τ of 141 ns, the particlesmake about 6,500 random steps. Consequently, the particle displacements and
velocity distributionmeasuredwithin this timewindow should have a perfect Gaussian form, as observed in the
dynamic light scattering and nanoparticle tracking analysis techniques, for which, however, the observation
time is significantly longer [27].

The values of τ0 and dmight be related to the short-range randommotion of a nanoparticle around its
equilibriumposition in a dense and viscous environment, which is known as bounded or restricted diffusion but
which cannot explain its long-rangemigration. Indeed, above 283 K, the relation V

2s versus (T/η) is observed to
deviate from linearity, as shownon the left side offigure 1. This deviation is clearly related to themisfit in the
fitted spectrawhen theGaussian p(V ) profile is assumed.

To study the p(V ) profile in detail, we remeasured theMössbauer spectrumof the system at 295 K butwith
much higher accuracy; see figure 2(a). The spectrumwasfittedwith sets of up to 161 sextets without assuming
any functional formof p(V ). The normalized p(V ), which is shown infigure 2(b), does not reveal aGaussian
profile, that is, the relevant fit. A similar non-Gaussian velocity distribution of iron-bearing organic
macromolecules was observed byMössbauer spectroscopy three decades ago [25] and interpreted as the result of
slowmotions, whichwere attributed to the dynamics of the internal structures of themolecules and described in
terms of overdamped harmonic oscillations. To the best of our knowledge, these phenomena have not been
confirmed by any other experiment to date. In contrast, our results indicate that this unexpected slow but long-
rangemotion involves the entire particle. This finding necessitates somemodification of the classical theory.We
postulate that in the studied case within the observation timewindow, τ=141 ns, the ‘instantaneous’ velocity
of a particle is probed rather than its randomwalk behavior.

The observed velocityV depends on the sampling time t, which is a randomvariable; the probability density
is p(t)=1/τ0, where τ0 is the average period between subsequent jumps. For decelerating particles,

Figure 2.Analysis ofMössbauer line shape in the spectrumof 120 nmparticles suspended in 60%water solution of sucrose at 295 K.
(a)High-quality 57Fe room-temperatureMössbauer spectrum. Solid line: fit assumingmodel-independent distribution of particle
velocities in the direction of the gamma beam. For comparison, the spectrumof Fe2O3 nanoparticles in a dry pellet is shown (above).
(b)Distribution of particle velocity p(V ) (bars). Solid line: best Gaussian approximation (yellow). (c)High-velocity range of p(V )
versus 1/V. Solid line: linear fit. (d) Finalfit of p(V ) composed of the central Gaussian distribution (green) and 1/V tail (blue).
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as in the case described by equation (4), where

ηloc is the local temporal viscosity, which is ameasure of the retarding force acting on the particle during
the jump.

Figure 2(c) shows p(V ) versus 1/V, which indeed exhibits linear dependence for
∼0.7 mm s−1<V<5 mm s−1. TheV0 value obtained by fitting is 7.4(3)mm s−1, and τ0/τr is 5.4(1), which
indicates that particle jumps are infrequent.

It is not feasible to determine the absolute value of τr. Nonetheless, becausewe do observe the particle’s
movementwithin the timewindow τ, τrmust be either longer than or at least comparable to τ (τr� τ). In further
estimations, we assume the lower limit for τr≈τ=141 ns. In this case, the actual average initial velocity,
V0/(1−e−1)=11.7 mm s−1, is half theMaxwell value of the corresponding free particle. Consequently, the
average jumpdistance d is 1.6 nm,which ismuch larger than the size of awatermolecule (∼0.28 nm) [28] but is
comparable to the size of the sucrosemolecule (1.09 nm) [29]. Further, the period between jumps, τ0, is∼764 ns.
These values of d and τ0 are∼1000 and∼35,000 times higher, respectively, than the corresponding values
expected from the Einstein–Smoluchowskimodel. Consequently, the local diffusion coefficient
(1.7×10−11 m2 s−1) ismore than 35 times the value determined from the Einstein equation. Finally, the
temporal viscosity, ηloc=m/6πrτr≈28 μPa·s, is comparable to the viscosity of air at room temperature at
normal pressure (∼18 μPa·s) [30] and is about 2×103 times smaller than themacroscopic viscosity [11]. Thus,
themovement of the particle during the jump is nearly frictionless. Quite recently, such varying friction
fluctuations have been rigidly formally related to the spatially correlated noise, which in some casesmay lead to
the formation of frictionless regions [31].

The p(V ) distribution for 0<|V|<0.4 mm s−1 was fitted by aGaussian function. In the remaining
intermediate region, 0.4 to 0.6 mm s−1, p V( )was calculated as the difference between the p(V ) extrapolated
from the high-velocity region and theGaussian distribution. The particles are usually bounded, exhibiting very
limited but frequent displacement, resulting in theGaussian profile of p(V ), as expected from the Einstein–
Smoluchowskimodel with V

2s =0.15 mm2 s−2; see figure 2(d). The total experimental 〈v2〉 value is
3.85(5)mm2 s−2. (Note that we distinguish V

2s for theGaussian distribution from 〈v2〉 for themodel-
independent fit.)Thus, bounded diffusion contributes less than 4% to the total diffusion at room temperature;
themigration of submicron particles should be assigned to long-range displacements.

After the same numerical procedure was applied to determine p(V ) from the spectrameasured at different
temperatures, the 〈v2〉 versus (T/η) plot was constructed (figure 1, right), which exhibits linear dependence
above 283 K. Below this temperature, the contribution of bounded diffusion to 〈v2〉 is substantial. The crossing
point of the 〈v2〉 versus (T/η) line, where theT/η axis is atT/η=1000, indicates that long-range jumps emerge
atT>275 K and η<300 mPa·s.

Conclusions

In summary, in a straightforward experiment, we proved that an observation time of 141 nsmay be short
enough tomonitor individual translation of submicron particles in a viscous solution. The particles reveal rare
(∼1 ms−1), distant (∼1 nm) frictionless jumps.We qualitatively assigned the possibility of these jumps to
Smoluchowski’s concept of localfluctuations of the number of colloidalmolecules near amassive particle. Such
afluctuation liberates the particle, which adopts a velocity close to that expected from theMaxwellian
distribution.Our result is consistent with theCTRWmodel [7] but is observed in the timemode; the tracks
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inside a trap correspond to theGaussian distribution of p(V ), and the jumps between traps are seen as the p
(V )∼1/V distribution assigned to decelerating particles. The simplicity of the applied numericalmodel, as well
as the limited accuracy of themethod, influence the accuracy of our estimations of themicroscopic parameters.
Nevertheless, because these parameters differ by a few orders ofmagnitude from those arising from the classical
theory, which is alreadymore than 100 years old, we are convinced that this work elucidates themain features of
the Brownianmotion of submicron particles in a viscid ambient. In our opinion, this depiction of themotion of
submicron particlesmay provide hints for resolving themystery of high-speed transport processes in living
organisms; the cellular organelles are no longer passive targets for diffusing biomolecules butmay actively
explore their environment along the fluctuating local viscosity gradient.
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