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Abstract

The mechanism of inter- and intracellular diffusional transport by vesicles in living organisms is
poorly understood at the molecular scale. The diffusion of submicron and nanoparticles in dense
media has been treated by numerous theoretical models. We face this problem experimentally using
Maossbauer spectroscopy. On a characteristic for this method narrow time scale (<10~ s), the velocity
distribution of 120 nm spherical Fe, O3 particles suspended in a 60% water solution of sucrose was
determined by analyzing the °”Fe Mossbauer spectral line profile. The particles usually exhibit classical
Brownian motion, but their main diffusion mechanism is related to infrequent (f ~ 10°s~ ") but
distant (d ~ 1 nm) translations. During such movements, the particles experience a minimal friction
described by the temporal local viscosity, 1. =~ 28 uPa-s.

Introduction

The mobility of submicron objects in viscous media, which is a key problem in some areas of nanotechnology
and the main factor responsible for inter- and intracellular transport, is poorly understood at the atomic scale.
The Einstein—Smoluchowski approach to the Brownian motion refers to free particles in an ideal gas [1, 2] but
does not adequately explain the migration of massive particles. The high rate of biochemical processes in colloids
has been explained by the concept of local viscosity [3], and molecular dynamics simulations have elucidated the
role of the protein concentration on the lateral mobility of lipid membranes [4]. Recent developments in
experimental methods have enabled the determination of the trajectories of particles composing living cells

[5, 6] (for areview, see also [7]); the results suggest the abnormal nature of diffusion, which is frequently
discussed in terms of fractional Brownian motion or continuous-time random walks (CTRWs) [8].
Nevertheless, the question of how, if at all, these models may 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 diffusion were described in [10] leading to the
similar mean square displacements.

We address this challenge by studying a model system composed of 120 nm spherical Fe,O; 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 (1)) at
20 °C,n = 58.5 mPa-s[11],is very close to the average viscosity of mammalian cytoplasm (~50 mPa-s) [12].

Methods

The model system is composed of 120 nm spherical Fe,O5 particles suspended in a 60% water solution of
sucrose. The obtained suspension was further atomized at 60 °C in an ultrasonic washer operating at a
modulated frequency. To eliminate the remaining precipitates of the particles, the suspension was held at room
temperature for a few hours; in the subsequent experiments, the supernatant fluid was taken.

In such a condensed solution, an amorphous sucrose hydrogen bond network is formed [13], and this
honey-like matter should be described as a fluid plastic rather than a colloidal liquid. The estimated
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concentration of the particles was less than 3.9 zm ™2, and the average interparticle distance was 635 nm; thus,
the particles may be treated as noninteracting [14]. Each Fe,O5 particle contains 1.7 x 107 Fe,O3 molecules with
a total atomic mass 0f 2.72 x 10° Da. Their chemical properties are identical with those of a bulk material, and
the chemical inactivity enables the preparation of suspensions that are stable over many days. As Fe,Oj particles,
we used the red pigment BAYFERROX® 120 (CAS No. 1309-37-1). According to the producer’s technical
specification [15], the predominant size of the spherical particles is 120 nm, the a-Fe,O5 content is greater than
97.1%, the molar weight is 159.7, and a water-soluble content is maximum 0.5%.

>"Fe Mossbauer spectroscopy was applied as the experimental method. The Mossbauer spectra were
recorded in the transmission geometry using a WissEl spectrometer. The temperature-dependent spectra were
collected in 1024 channels for one day, and the high-quality room temperature spectra were measured over 5
days in 4096 channels (before folding). For the temperature-dependent measurements, a bath WissEl cryostat
was used, and the sample was placed vertically in the gas exchange chamber. The temperature variation was less
than 0.1 K, and the inhomogeneity of the temperature over the sample area was less than 1 K. The velocity scale
was calibrated using the a-Fe foil standard. Because the line profile analysis may be influenced by the
nonlinearity of the nonresonant background of the spectrum owing 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 procedure made background
correction possible.

The Mossbauer spectra were evaluated using the WissEl program WinNormos-for-Igor. First, the
nonresonant background from the dummy spectrum was fitted by a quadratic polynomial to determine its
deviation from linearity. This correction was included as a fixed parameter for further spectral fitting. Next, the
hyperfine parameters (hyperfine field B, isomer shift versus metallic iron IS, and quadrupole shift QS) of Fe,0;
particles pressed in a powder pellet were determined by standard Lorentzian line fitting. These parameters were
used to fit the spectra of the Fe,O; particles in suspension.

Results and discussion

For decades, according to Singwi and Sjolander [16] and Bonchev et al [17], the main measurable parameter was
the line broadening (ATI') of the resonant Lorentzian absorption line of particles exhibiting Brownian motion.
Recently, this approach was applied to the study of particle-matrix interaction in anisotropic medium [18] or in
hydrogels [19].

The line broadening in ferrofluids may also arise from the Néel relaxation [20—22]. In the studied case, Fe,O5
particles are antiferromagnetic or weakly ferromagnetic. The size dependence of the superparamagnetic
relaxation time of Fe,Oj; particles with diameter between d ~6 to 27 nm is described in [23]. Accordingly, for
120 nm particles the Néel relaxation at room temperature is excluded. Certainly, the fast (in comparison to the
life time of the 14.4 keV nuclear level) Brownian rotation of the particles might cause the broadening of the
Mossbauer line due to the averaging of the magnetic hyperfine field but this would be connected wit the
reduction of the observed Zeeman splitting in Mdssbauer spectra which was not the case. Thus the entire line
broadening is due to the translational Brownian motion.

In the Mossbauer energy unit (mm/s), where I mms ™' = 5 x 10 % eV, AT equals

2
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where E, = 14.41 keV is the gamma radiation energy, r is the particle radius and T is the temperature. According
to the uncertainty principle, this line broadening occurs because the movement of the particles limits the time
period during which recoil-free absorption is possible. In our case, a relatively large mass of particles,
M = 4.5 x 10~ '"® kg, is crucial. The recoil energy (Eg) intercepted by the entire particle, which is related to
nuclear absorption of the gamma radiation by the *”Fe nuclei, is approximately 100 times smaller than the
Heisenbergline width, ' = 4.7 x 10~° eV, of the corresponding nuclear level:

Ep = i _ 4.1 x 1071 eV )

2Mc?

Thus, recoil-free nuclear absorption of the gamma radiation (the Mossbauer effect) may appear even for an
unbounded free particle. This differs from the results of previous studies of many other smaller objects [24, 25].
The specimen studied here should be treated as a set of classical macroscopic absorbers. The feasibility of using
Maossbauer spectroscopy to study the velocity distribution in such systems was noted halfa century ago [26].
Because the recoil-free absorption cross section of the gamma radiation depends, via the Doppler 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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Figure 1. Selected Mossbauer spectra of 120 nm Fe,Oj particles in 60% water solution of sucrose recorded at various temperatures
and their velocity distribution variance plotted versus (T/1). Left: Spectra fitted with a Gaussian distribution of p(v) with the variance
0% asan adjustable parameter. Note the significant misfit above 283 K and the related deviation from linearity of the 0% versus (/)
relation. Right: Spectra fitted with the model-independent distribution of p(v). Note that the (+*) versus (T/n) relation deviates from
linearity below 283 K.

the gamma radiation (both in the laboratory frame), the profile of the absorption line I(v) is given by
10) = [pLe = Vyav 3)

where L is the Lorentzian function, and p(V) is the velocity distribution of the nanoparticles [17]. Here, the
particle velocity, V = Ax/7, is its mean value observed within a time 7 of 141 ns, which is the lifetime of the
14.4 keV nuclear level, and Ax is the particle displacement during that time. Equation (3) illustrates the aim of
this work: from the measured line profile I(v), we may deconvolute the p(V') distribution that describes the
particle motion.

According to Einstein’s theory, the one-dimensional displacement variance, o2, of a randomly wandering
particle of radius rin aliquid of viscosity n after time 7 is equal to 2DT = o2 = 2kT7/6nmr, where Disa
diffusion coefficient. Consequently, the variance of the velocity, a%,, may be written as

kK (T
3mrr (ﬁ) “

Interestingly, in this case oy, which is a measure of the line broadening, is proportional to \/§ ,in contrast to

o} =

n)
on the left side of figure 1. We first assumed that the p(V) distribution has a Gaussian profile; thus, we fitted the
spectra with the Voigt lines to determine o%. The fits are clearly imperfect, but the linear dependence of o3

equation (1), where AT~ (Z) To test this relation, the M@ssbauer spectra were recorded at 263-298 K, as shown

versus 71 is conserved up to 283 K. The 7 values for the solution at each temperature were adopted from [10].

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

This agreement is astonishing when we consider that the Einstein—-Smoluchowski theory was developed for
free particles obeying a Maxwellian 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
7. = m/6mnr = 6.8 x 10~'"'s, which is comparable to the period of biomolecular vibrations. The
corresponding average one-dimensional free path d of the particle equals (|v|) 7. For (|v]) = 24 mms ™', as
calculated from the Maxwell distribution, d = 1.6 x 10> m, whichis 1.3 x 107> times the particle diameter
and less than the typical amplitude of atomic vibrations in solids. For random one-dimensional jump model
diffusion, the diffusion coefficient D is d*/27,, where 7 is the average period between jumps. This expression for
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Figure 2. Analysis of Mossbauer line shape in the spectrum of 120 nm particles suspended in 60% water solution of sucrose at 295 K.
(a) High-quality °”Fe room-temperature Mossbauer spectrum. Solid line: fit assuming model-independent distribution of particle
velocities in the direction of the gamma beam. For comparison, the spectrum of Fe,O5 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) Final fit of p(V') composed of the central Gaussian distribution (green) and 1/V tail (blue).

Dbecome identical to that derived by Einstein, D = 6 x 107 ¥ m?s Lifr, = 7To. Thus, during an observation
time 7 of 141 ns, the particles make about 6,500 random steps. Consequently, the particle displacements and
velocity distribution measured within this time window 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 7y and d might be related to the short-range random motion of a nanoparticle around its
equilibrium position in a dense and viscous environment, which is known as bounded or restricted diffusion but
which cannot explain its long-range migration. Indeed, above 283 K, the relation 0%, versus (/1)) is observed to
deviate from linearity, as shown on the left side of figure 1. This deviation is clearly related to the misfitin the
fitted spectra when the Gaussian p(V') profile is assumed.

To study the p(V') profile in detail, we remeasured the Mossbauer spectrum of the system at 295 K but with
much higher accuracy; see figure 2(a). The spectrum was fitted with sets of up to 161 sextets without assuming
any functional form of p(V'). The normalized p(V'), which is shown in figure 2(b), does not reveal a Gaussian
profile, that is, the relevant fit. A similar non-Gaussian velocity distribution of iron-bearing organic
macromolecules was observed by Mdssbauer spectroscopy three decades ago [25] and interpreted as the result of
slow motions, which were attributed to the dynamics of the internal structures of the molecules 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-
range motion involves the entire particle. This finding necessitates some modification of the classical theory. We
postulate that in the studied case within the observation time window, 7 = 141 ns, the ‘instantaneous’ velocity
of a particle is probed rather than its random walk behavior.

The observed velocity V depends on the sampling time #, which is a random variable; the probability density
is p(t) = 1/7¢, where 7 is the average period between subsequent jumps. For decelerating particles,
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V(t) = Vge wand t(V) = —7, In (%), where V) is the average initial velocity. The probability density p(V')
within the range V, exp (—?) < V< Vpis

7 1

T0 14 (5)

_ | dix(V)] _
p(V) = ‘ v ‘ p@®) =

If 7is comparable to 7,, the measured initial velocity is reduced from its original value by a factor of

2[1 — exp( u ) ], but the functional relation of p(V') remains unchanged. Interestingly, for a particle moving

7

according to therelation V (¢) = V ex (—f), (v*) equals

esp(-3) .
2y = VX3V | = Lvdv
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and for 7, > T, itis proportional to 1/m,,. if 7, = #7’0, as in the case described by equation (4), where

loc

Moc 18 the local temporal viscosity, which is a measure 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
~0.7mms ' < V < 5mms '.The V, value obtained by fitting is 7.4(3) mm s~ ', and 7o/ 7, is 5.4(1), which
indicates that particle jumps are infrequent.

It is not feasible to determine the absolute value of 7,. Nonetheless, because we do observe the particle’s
movement within the time window 7, 7. must be either longer than or at least comparable to 7 (7, > 7). In further
estimations, we assume the lowerlimit for 7, ~ 7 = 141 ns. In this case, the actual average initial velocity,
Vo/(1 — e ') = 11.7 mm s~ !, is half the Maxwell value of the corresponding free particle. Consequently, the
average jump distance d is 1.6 nm, which is much larger than the size of a water molecule (~0.28 nm) [28] but is
comparable to the size of the sucrose molecule (1.09 nm) [29]. Further, the period between jumps, 7y, is ~764 ns.
These values of d and 7y are ~1000 and ~35,000 times higher, respectively, than the corresponding values
expected from the Einstein—-Smoluchowski model. Consequently, the local diffusion coefficient
(1.7 x 10" m* s~ ") is more than 35 times the value determined from the Einstein equation. Finally, the
temporal viscosity, Mo = m/6mrT, & 28 uPa-s, is comparable to the viscosity of air at room temperature at
normal pressure (~18 pPa-s) [30] and is about 2 x 107 times smaller than the macroscopic viscosity [11]. Thus,
the movement 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 cases may lead to
the formation of frictionless regions [31].

The p(V) distribution for 0 < |V] < 0.4 mm s~ ' was fitted by a Gaussian function. In the remaining
intermediate region, 0.4 t0 0.6 mm s~ 1 p(V) was calculated as the difference between the p(V) extrapolated
from the high-velocity region and the Gaussian distribution. The particles are usually bounded, exhibiting very
limited but frequent displacement, resulting in the Gaussian profile of p(V'), as expected from the Einstein—
Smoluchowski model with o3, = 0.15 mm® s~ %; see figure 2(d). The total experimental (+*) value is
3.85(5) mm? s 2. (Note that we distinguish 0% for the Gaussian distribution from (v*) for the model-
independent fit.) Thus, bounded diffusion contributes less than 4% to the total diffusion at room temperature;
the migration of submicron particles should be assigned to long-range displacements.

After the same numerical procedure was applied to determine p(V') from the spectra measured at different
temperatures, the (v*) versus (T/7) plot was constructed (figure 1, right), which exhibits linear dependence
above 283 K. Below this temperature, the contribution of bounded diffusion to (v*) is substantial. The crossing
point of the (+*) versus (T/7) line, where the T/naxisis at T/n = 1000, indicates that long-range jumps emerge
atT > 275Kandn < 300 mPa-s.

Conclusions

In summary, in a straightforward experiment, we proved that an observation time of 141 ns may be short
enough to monitor individual translation of submicron particles in a viscous solution. The particles reveal rare
(~1 ms™"), distant (~1 nm) frictionless jumps. We qualitatively assigned the possibility of these jumps to
Smoluchowski’s concept of local fluctuations of the number of colloidal molecules near a massive particle. Such
afluctuation liberates the particle, which adopts a velocity close to that expected from the Maxwellian
distribution. Our result is consistent with the CTRW model [7] but is observed in the time mode; the tracks
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inside a trap correspond to the Gaussian 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 numerical model, as well
as the limited accuracy of the method, influence the accuracy of our estimations of the microscopic parameters.
Nevertheless, because these parameters differ by a few orders of magnitude from those arising from the classical
theory, which is already more than 100 years old, we are convinced that this work elucidates the main features of
the Brownian motion of submicron particles in a viscid ambient. In our opinion, this depiction of the motion of
submicron particles may provide hints for resolving the mystery of high-speed transport processes in living
organisms; the cellular organelles are no longer passive targets for diffusing biomolecules but may actively
explore their environment along the fluctuating local viscosity gradient.
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