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Diffusive motion accompanies many physical and biological processes. The Stokes—Sutherland—-Einstein
relation for the translational diffusion coefficient, Dy, agrees with experiments done in simple fluids but
fails for complex fluids. Moreover, the interdependence between D+ and rotational diffusion coefficient,
Dg, also deviates in complex fluids from the classical relation of D1/Dg = 4r?/3 known in simple fluids.
Makuch et al. Soft Matter, 2020, 16, 114-124 presented a generalization of the classical translational and
rotational diffusion theory for complex fluids. In this work, we empirically verify this model based on
simultaneous translational and rotational diffusion measurements. We use fluorescently stained cowpea
chlorotic mottle virus (CCMV) particles as monodisperse probes and aqueous polyethylene glycol (PEG)
solutions as a model complex fluid. The theory and experimental data obtained from fluorescence
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correlation spectroscopy (FCS) measurements agreed. Finally, we used the same model and analyzed
the diffusion of Yo-Pro-1 stained large ribosomal subunits (LSU) in the cytoplasm and nucleus of living
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Introduction

Diffusive phenomena are ubiquitous in nature. They play a
significant role in many chemical, physical, and biological
processes. At the nanoscale, they are one of the primary means
of transport and vital for understanding biochemical systems
like living cells. At this scale, diffusion is understood as the
motion of individual particles caused by thermal fluctuations.
This process is called the Brownian motion. There are two types
of diffusive motions - translational diffusion, which is related
to the spatial displacement of a particle, and rotational diffu-
sion, which is related to the change of the orientation of a
particle in space. For simple liquids, e.g. water, it is charac-
terized by the classical theory developed independently by
Sutherland, Einstein, and Smoluchowski.' ™ However, the clas-
sical theory is insufficient for complex liquids such as polymer
solutions. In this article we show an experimental verification
of the recently developed model” for the interdependence of the
translational and rotational diffusion in complex liquids. In the
literature, one may find many seemingly contradictory results.
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For example, Dauty et al.” showed that the diffusion coefficient
of nanospheres (hydrodynamic radius, 7 = 10 nm) or albumin
(r = 4.5 nm) in ficol (polymer hydrodynamic radius, R, ~
2.5 nm) or in glycerol (R, < 1 nm) follows the Stokes-Suther-
land-Einstein relation (SSE). In contrast, a small tracer, rhod-
amine of radius r < Ry, exhibited substantial deviations from
that relation. In another example, Wang et al.® studied the
translational and rotational diffusion of small proteins in the
solutions of glycerol, polymers, and proteins. They noticed
that in polymers, both translational and rotational diffusion
coefficients were significantly lower than the one predicted
from the SSE or Stokes-Einstein-Debye relation (SED) under
the assumption that the viscosity in SSE or SED is equal to the
viscosity of polymer solution (macroscopic viscosity). In protein
solutions, the trends were counterintuitively opposite, which
we relate to attractive/repulsive interactions of the tracer pro-
tein with charged proteins forming the liquid. There is still
much room for studies on this topic, but we will not tackle this
problem in this article. In the cytoplasm of living cells, the
picture emerging from the literature is even more blurry.
Bellotto et al.” recently examined a broad range of proteins
diffusing in E. coli cytoplasm and showed that their diffusion
coefficient scales with the molecular weight of the protein as
Dr ~ M,,~ %% note that for the simple diffusion described by
the Stokes-Sutherland-Einstein relation, we expect Dy ~
M, %% (Kalwarczyk et al.®). Moreover, Garner et al.’ showed
that the diffusion coefficients of nanoparticles of r = 20 nm in

This journal is © The Royal Society of Chemistry 2024
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the cytoplasm of E. coli exhibit broad heterogeneity, probably
attributed to the heterogeneity of the cytoplasm structure.
To fill some gaps and make the field less confusing, we
empirically verify the recently developed model for the inter-
dependence of translational and rotational diffusion in
complex liquids.

Translational diffusion in simple and complex liquids

In simple fluids such as water, the translational diffusion is
described by the classical SSE relation developed independently
by Sutherland and Einstein from their works on Brownian
motion:'?

_ ksT
~ 6myr

T 1)

Dr is a translational diffusion coefficient, # is a solvent viscosity,
r is a probe’s hydrodynamic radius, T is the temperature, and
kg is the Boltzmann constant. However, this equation fails to
describe diffusion in complex liquids. There, one has a hier-
archical structure with multiple length scales, some larger than
the diffusing particle’s size. Many liquids of industrial and
biological importance belong to this category. The deviation of
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translational diffusion in complex fluids from eqn (1) can be as
high as many orders of magnitude. It has been studied exten-
sively from the second part of the 20th century, both experi-
mentally and theoretically.'®>' An extensive overview of these
studies was presented in a paper by Holyst et al.>* The length
scale-dependent viscosity model of complex fluids (LSVM)***?
resolved the abovementioned problem. According to this
model, the effective viscosity n.¢(r) experienced by a diffusing
particle depends on its size — r. The LSVM was developed for
multiple complex systems, including polymer solutions and
mixtures, micellar and colloidal solutions, the cytoplasm of
mammalian, human and bacterial cell lines as well as living
cell’s nucleus. A thorough description of the LSVM was pre-
sented in a review article.> Plots with examples of LSVMs used
in this paper are shown in Fig. 1. The translational diffusion in
complex liquids is given by applying the LSVM to eqn (1):

ksT

=BT
Ot i (1)

(2)

Here n¢(r) is the effective viscosity for translational diffusion.
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Fig. 1 Plots of effective viscosities for translational and rotational motion (A) for a series of PEG (poly(ethylene glycol)/poly(ethylene oxide)) aqueous
solutions with varying molecular weights and (B) for cytoplasm and nucleus of living Hela cells, with comparison to the viscosity of water. The insert on
(A) shows a magnification of the viscosity curves for the range of 0.5-50 nm on the x-axis and 0—4 mPa s on the y-axis. Values were calculated using the
LSVMs2°~27 and a temperature of 25 °C (A) or 36 °C (B). All polymer solutions from (A) have a concentration equal to 0.1 g cm™>. The effective viscosity for
translational and rotational motion experienced by the diffusing probe is similar to that of the solvent (water) for probes whose r « Ry, (here Ry, is the
hydrodynamic radius of the main crowder). On the other hand, large probes with r > R|, experience macroscopic viscosity, while the exponential scaling
of effective viscosity occurs for probes of similar size to R,. Of note is that the range of values of r for which the scaling takes place is shifted towards
larger values for rotational motion as compared to translational motion.
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Rotational diffusion in simple and complex liquids

Similarly to the translational diffusion, the rotational diffusion
in simple fluids is described by the Stokes-Einstein-Debye
relation (SED):

kT
R 8y

®)

where Dy is the rotational diffusion coefficient. This leads to
the classical relation between diffusion coefficients based on
eqn (1) and (3):

DT 4r 2
D3 @

It needs to be stated that eqn (4) is correct only for particles
whose shape is well approximated by a sphere. The rotational
diffusion in complex liquids also shows deviations from
eqn (3). Moreover, the deviations observed for rotational diffu-
sion are different from those for translational diffusion.®™!
The description of rotational diffusion in complex fluids can
also be done using the framework of the previously shown
length scale-dependent viscosity model. However, for the given
particle, the two types of diffusion occur on different length
scales. Therefore, the rotational diffusion cannot be described
by simply applying the nZ(r) relation to eqn (3) since all the
mentioned LSVMs are semi-empirical models developed on the
basis of studies of translational diffusion. The solution to this
problem was given in the work by Makuch et al.* In their work,
they used a general framework with viscosity described by a
function of the wave vector in reciprocal space and introduced a
formulation that allows one to relate the rotational and transla-
tional diffusion coefficients:

DR(r) = 2 S(Dr()) )

Combining eqn (2) with eqn (5) leads to a description of the
rotational diffusion in complex fluids. If used for simple
liquids in which the viscosity is independent of the length
scale (neg(r) = const), eqn (5) reduces to the classical relation
between diffusion coefficients - eqn (4). Introducing effective
viscosity for rotationally diffusing probe - n&x(r) allows us to
rewrite eqn (5) as a relation of effective viscosities for rotational
and translational motion:

1 1

= 1+
nge(r)  Ne(r)

d r

— 6
;,I"erff(r) dr(ﬂeff(r)) ( )
To develop the relation for the rotational diffusion coefficient
in complex fluids, it is necessary to solve eqn (5) using system-
specific LSVM. For example, in the case of aqueous polyethy-
lene glycol solutions, a series of experimental studies resulted

in a phenomenological equation for n&g(r):>*

Nagr (Retr; €) = g exp {(%) (Rgrf) “} ?)

where 7y is a system-dependent energy parameter. It is related to
the magnitude of polymer-polymer, polymer-solvent, and poly-
mer-probe interactions. According to our previous studies,*” in
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the studied system 7y is temperature and concentration inde-
pendent. However, it is expected to vary between different
polymer/solvent systems and different probes in the case of
probe diffusion.? a is a constant in the order of unity, 5, is the
viscosity of the pure solvent. ¢ is a correlation length corres-
ponding to the mean distance between entanglement points in
the polymer matrix of the system’s main crowder. R is the gas
constant. R is an effective radius, given by the equation:

Reﬁ»‘72 = Rh72 + r72 (8)

eqn (7) is a function of the probe’s hydrodynamic radius (7)
with the parameters: y; &; Ry; a and o depending on the solvent,
polymer, and polymer concentration used. From eqn (2) and
(5)-(7), the relation for the rotational diffusion coefficient
in aqueous polyethylene glycol solutions is given by eqn (9),
and the relation for effective viscosity of rotational motion

by eqn (10).
ay\ (Rerr\” [ Rerr\*
() (5 (%)

9
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Both 1¢(r) and n&(r) increase to macroscopic viscosity (macro)
for sufficiently large probes (when 7 > Ry,). Of note, since 15g(r)
is only a mathematical transformation of #s(r), the corres-
ponding length scales are the same for both models, namely R},
and ¢. Similarly to eqn (2) and (9), the relations for diffusion
coefficients can be developed for other complex fluids with a
known form of LSVM, including some naturally occurring
complex liquids - cytosol and nucleosol of HeLa cells.”®?*”
In this paper, our purpose is to experimentally verify the model
of the interdependence of the translational and rotational
diffusion from the work of Makuch et al.* as given by eqn (5)
and (6). We apply fluorescence correlation spectroscopy (FCS)
to simultaneously measure both rotational and translational
diffusion in model (PEG aqueous solutions) and biological
(HeLa cells cytoplasm and nucleus) complex fluids. We use
cowpea chlorotic mottle virus (CCMV) particles as probes for
studies in aqueous polymer solutions, and Yo-Pro-1 stained
large ribosomal subunits for probing rotational diffusion in the
cytoplasm and nucleus of living HeLa cells.

Materials and methods
Staining of the cowpea chlorotic mottle viruses

The CCMV viruses were obtained as a courtesy of Prof. Jeroen
J. L. M. Cornelissen’s group (University of Twente, Faculty of
Science and Technology, Enschede, The Netherlands). Stock
solutions of CCMV viruses (20 mg ml™ ") in a virus buffer were
transferred via spin desalting column (ZEBA Spin Desalting

This journal is © The Royal Society of Chemistry 2024
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Columns, 7 K MWCO, 2 ml; Thermo Fisher Scientific) to
phosphate buffer according to the vendor’s manual using -
MPW-260R (Med. Instruments) centrifuge at 1000 g for 2 minutes.
The dyes of interest, Alexa Fluor™ 647 NHS Ester (Alexa647),
(Molecular Probes®™, Thermo Fisher Scientific) or SulfoCyanine5s
bis-NHS ester (Sulfo-Cy5), (Lumiprobe), was dissolved in the
anhydrous DMSO (>99.9%, Sigma-Aldrich). The ratio of dye
molecules to CCMV particles was dependent on the desired
degree of labeling. For a single dye per CCMV molecule, we used
0.2 mol of dye per 1 mol of viruses. For multiply labeled CCMV,
200 mol of dye per 1 mol of viruses. CCMV viruses were incubated
for about an hour with the dye molecules. After staining, the
unreacted dye was neutralized by the addition of the TRIS buffer
(4:1 v/v ratio of TRIS buffer to used dye solution), and then the
viruses were purified from the excess of unreacted dye using ZEBA
spin desalting columns. During the procedure, the phosphate
buffer in which the reaction was performed was exchanged with
the virus buffer to maintain the viruses’ stability. The complete
protocol for staining the CCMV viruses was taken from the work
by Comellas et al*® Virus buffer was an aqueous solution of
0,1 mol 1" " sodium acetate (anhydrous, BioUltra, >99.0%, Sigma-
Aldrich), 0.001 mol 17" Ethylenediaminetetraacetic acid -~ EDTA
(anhydrous, BioUltra, >99%, Sigma-Aldrich), 0.001 mol 1"
sodium azide (BioXtra, >99.8%, Sigma-Aldrich). At 25 °C
(298.15 K), it has a viscosity equal to 0.89 mPa s (same as water)
and a density of 1.002 g cm>. Phosphate buffer with pH = 7.58
(di-sodium hydrogen phosphate dodecahydrate (POCH); sodium
dihydrogen phosphate (POCH)), measured by pH meter HI 3220
(HANNA instruments). TRIS buffer was an aqueous solution
of 1 mol 17" tris(hydroxymethyl)aminomethane (ACS reagent,
>99.8%, Sigma-Aldrich).

Preparation of PEG solutions

The samples for FCS measurements of diffusion of CCMV
particles in polymer solutions were prepared as follows: firstly,
we dissolved a given mass of polymer in virus buffer. We added
both the polymer and the buffer to a glass flask and then stirred
it with a magnetic stirrer for up to 3 hours until the polymer
completely dissolved. Then, we mixed it with virus buffer
solution of fluorescently labeled CCMV particles. The polymer
concentration in a given sample was determined by measuring
the mass of each added component (RADWAG AS 110/X scale).
Of note, the concentrations of polymer solutions used in this
paper are given in g cm™® - grams of polymer per cubic
centimeter of solvent. The polymers used to prepare the aqu-
eous solutions were poly(ethylene glycol)/poly(ethylene oxide)
with low PDI (Polymer Standards Service, Germany) and num-
ber average molecular weight: 5900 Da (6 kDa); 8400 Da (8 kDa);
11900 Da (12 kDa) (values from macro viscosity measurements
(Malvern Kinexus Pro rheometer), calculated according to
publication®*); 43 100 Da (43 kDa); 91 800 Da (92 kDa) - values
from producer certificate based on GPC/SEC.

Cell culture and staining of ribosomes

HeLa cells (ATCC) were cultured as a monolayer at 37 °C,
5% CO,. The cell culture medium was based on Dulbecco’s

This journal is © The Royal Society of Chemistry 2024
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Modified Eagle’s Medium (DMEM) with low glucose content
(Institute of Immunology and Experimental Technology, Wroc-
law, Poland), supplemented with fetal bovine serum (FBS),
t-glutamine 1% v/v (Sigma-Aldrich), and the antibiotics: strep-
tomycin (10 000 U ml™") (Merck) and penicillin (10 mg ml™)
1% v/v (Sigma-Aldrich). For FCS experiments, cells were seeded
into 8-well cover glass plates (Cellvis) and cultured overnight.
Ribosomes were stained using Yo-Pro-1 dye (Invitrogen).
Briefly, cells were incubated in 40 nM Yo-Pro-1 in PBS for
30 minutes before the measurement. FCS setup was calibrated
using a solution of rhodamine 110 dissolved in 2.5%., glucose
in PBS.*> Confocal volume was positioned in the cytoplasm
or nucleus of the selected cell (approximately 2 pm above the
glass surface). Cells were selected based on spindle-shaped
morphology.

Fluorescence correlation spectroscopy measurements

The FCS measurements were taken with a setup composed of
Nikon Eclipse TE2000U confocal microscope (Nikon, Japan),
Pico Harp 300 FCS (PicoQuant, Germany), picosecond pulse
lasers — 488 nm with 5 = 1 pW power for Yo-Pro-1 stained
ribosomes, 636 nm with 15 £ 1 pW power for CCMV plant
viruses (PicoQuant, Germany) and Single Photon Avalanche
Diodes (MPD and PerkinElmer) as detectors. We used Sympho-
Time software (PicoQuant, Germany) to collect raw data and
calculate FCS Autocorrelation curves. We then analyzed the FCS
results using the authors’ Python scripts.

Results and discussion

Simultaneous measurement of translational and rotational
diffusion

We use fluorescence correlation spectroscopy (FCS) to study
diffusive phenomena at the nanoscale. This technique was
developed in the 1970s**?” and is based on the measurement
of fluorescence intensity fluctuations. The main application of
FCS is the study of translational diffusion. In some circum-
stances, FCS can also be used to study rotational diffusion.?®
The characteristic time scale of these processes is the limiting
factor for applying FCS to study them. The relations between
the characteristic times of rotational and translational diffu-
sion and corresponding diffusion coefficients are given in
eqn (11) and (12):

(1)

(12)

7 is the characteristic time of translational diffusion, ty is the
characteristic time of rotational diffusion, and w, is the size of
the confocal focus. As a result, based on eqn (1) and (3), the
considered time scales depend on the probe size and the
solution’s viscosity. Typical FCS setup allows for measuring
processes with time scales from 1 us to 1 s (6 orders
of magnitude) while keeping a good signal-to-noise ratio.

Soft Matter, 2024, 20, 5810-5821 | 5813
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(A) Plots of characteristic times of rotational and translational diffusion in a series of PEG aqueous solutions with varying molecular weights as a

function of the probe radius, with comparison to water. Values were calculated using the LSYM?2® egn (6), (11) and (12), with all polymer solutions having a

concentration equal to 0.1 g cm~> and a temperature of 25 °C. The size of the

confocal focus was set as 250 nm. As seen in the figure, a typical FCS setup

cannot be used to study the rotational diffusion of probes smaller than 6 nm, even for polymer solutions, as according to the LSVM for rotational
diffusion, such probes experience effective viscosity similar to water. (B) Shows a scheme of the structure and size of a CCMV particle. The size of CCMV

was taken from the literature.*®

This allows for the study of translational diffusion coefficient,
inversely proportional to the probe’s hydrodynamic radius, of
objects as small as simple dyes in water and water-based
complex liquids such as cellular cytoplasm. However, as rota-
tional diffusion coefficient depends on the inverse of r°, it is
much faster for small objects than translational diffusion.
E.g. for a simple dye of hydrodynamic radius <1 nm in an
aqueous solution, the rotational diffusion time is in the order
of 1-10 ns. As a result, the hydrodynamic radius of the used
probe must be at least ~10 nm to measure rotational diffusion
by FCS. Fig. 2A shows plots of the relations of characteristic
diffusion times to the probe’s size for water and water-based
complex liquids. The minimal size requirement leads to the
fact that only a few articles describing the use of FCS for the
measurements of rotational diffusion were published,?**39"4
especially before the popularisation of synthetic nanoparticles
of appropriate size. However, due to the methods of their
synthesis, synthetic nanoparticles display polydispersity of
sizes, which means that they do not have a well-defined size
but rather a distribution of sizes.**™*® Said polydispersity causes
issues with analyzing experimental data obtained when using
fluorescent nanoparticles as probes for diffusion in complex
liquids.®® This problem can be solved for translational diffu-
sion by using the anomalous diffusion model for data
analysis.*® However, it is much more problematic for rotational
diffusion, which has a stronger dependency on the probe’s size
(eqn (3)). As a result, synthetic nanoparticles are unreliable for
testing the new model of the interdependence of rotational and
translational diffusion in complex liquids. The solution for
the above-mentioned problem with polydispersity that we
proposed in this article is the use of biological nanoparticles.

5814 | Soft Matter, 2024, 20, 5810-5821

Such nanoparticles have well-defined shapes and sizes and,
after fluorescent staining, can be used for FCS measurements.

Diffusion of CCMV plant viruses in buffer

We prepared two types of fluorescent probes by staining the
CCMV particles. Single stained probes with one dye molecule
per virus particle and multiply stained probes prepared using
excess dye. The single stained probes were prepared in two
versions with either Alexa647 or Sulfo-Cy5 dye, while the multi-
ply stained probes were prepared using only Sulfo-Cy5 (see
Materials and methods). Then, we performed FCS measure-
ments in the virus buffer at 25 °C of all the above-mentioned
probes. We did it to test the feasibility of measuring the
rotational diffusion with said probes and establish their para-
meters, such as hydrodynamic radius. For the single-stained
probes, we expected to observe a good signal from rotational
diffusion with 7z &~ 3 ps and translational diffusion with 71 ~
0.6 ms (Fig. 2A). On the other hand, CCMV particles labeled
with multiple dye molecules will have lower orientational
anisotropy. That is why we expected that the measurements
for multiply stained probes would result in FCS curves with a
well-visible component from translational diffusion and a
small or non-visible signal from rotational diffusion. Fig. 3A
shows results from FCS measurements in the buffer for single
Alexa647 stained probes. The experimental data from FCS
measurements in the buffer for single Sulfo-Cy5 stained probes
and multiple Sulfo-Cy5 stained probes are presented in ESI,¥
2.1. The results obtained match the abovementioned predic-
tions well. However, we also observed a third component on the
registered auto-correlation curves (ACF) for single-stained
probes, with characteristic times of ~40 ps. We assume that

This journal is © The Royal Society of Chemistry 2024
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A Single Alexa 647 stained CCMV in virus buffer
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Experimental data

(A) FCS data obtained for single Alexa 647 stained CCMV particles in virus buffer (viscosity equal to water) at 25 °C with descriptions of parts of the

ACF corresponding to the three observed dynamic processes. The experimental data was fitted with a model including translational diffusion and
coupling of rotational diffusion with first-order dynamics, achieving a good fit. The residuals were calculated as a difference between experimental and
theoretical values divided by errors of experimental values for each datapoint. (B) Scheme visualizing the three dynamic processes observed in FCS
measurements of fluorescently stained CCMYV particles. Gray spheres represent virus particles, red-yellow stars represent dye molecules, and a black line
represents the dye—-virus bond. For the purpose of visualization, the scheme does not conserve the relative sizes of the shown objects.

the additional component comes from the fact that the dye
attached to the surface of the virus particles has a certain
freedom of movement and can assume multiple conformations.*®
Alternatively, it may result from triplet state dynamics with unu-
sually long relaxation times. The FCS autocorrelation function
(ACF) for the translational motion in three dimensions and triplet
state dynamics is described by a formula given in eqn (13):

G(1) = G(0)Gn(7)G(7) (13)

G(0) :%
G (1) = [1 + ﬂ h {1 N K;TT} -

T
€xXp
TTriplet

T is the lag time. G(0) is the value of the autocorrelation
function at 7 equal to 0.

Gp(t) is the autocorrelation function for translational
motion in three dimensions. G(t) is the autocorrelation func-
tion for triplet state dynamics. N is the average number of
probes in focal volume and depends on sample concentration.
K is the aspect ratio of the focal volume and is obtained from
calibration. 7 is the characteristic time of translational diffu-
sion. Trrplet 18 a triplet state lifetime and Tryjpiec is a fraction of

TTriplet

=1
Gl(r) * I- TTriplet

This journal is © The Royal Society of Chemistry 2024

molecules in the triplet state. Eqn (13) is known as the simple
diffusion model. Combining eqn (13) with eqn (11) and (1) or
eqn (2) allows us to express it with r and # or nig(r) as
parameters. The theoretical model for ACF with both transla-
tional and rotational diffusion is given by eqn (14):

G(x) = G(0)Golr)Gx(7) (14)

G(0) =

Gp(1) = {1 +ﬂl [1 +IC2T—‘ET:| E

Ggr(t) = 1 + Aexp(—6Dg1)

Gg(7) is the autocorrelation function for rotational diffusion.
A is a constant for the rotational diffusion amplitude. Dy is
the rotational diffusion coefficient. Combining eqn (14) with
eqn (3) or eqn (9) allows us to express it with r and 1 or nag(r)
and n5x(r) as parameters. However, to analyze our experimental
data, we needed a more complicated model that included the
additional dye dynamics on the virus surface. That is why we
developed a new model that includes translational diffusion,
coupling of rotational diffusion with first-order reaction and
triplet state dynamics (the model assumes a single dye attached
to the surface of a nanosphere):

G(z) = G{t)Gn(7)Gi(7) (15)

Soft Matter, 2024, 20, 5810-5821 | 5815
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Gk (1) = I—FLK{ [K + K exp(—Ryt)] x [1 + A exp(—6Dg7)]

+ [2 — 2exp(—Ry1)] X {1 — %A exp(—6DRr)}

+ [1 + Kexp(—Ri1)] x {1 +%A eXp(_6DRT)] }

Gp(r) = [1 +l} B [1 +L} K

T K21t

TTriplel ( T )
Gi(t)= 1+ exp
t( ) 1 - TTriplel TTriplet

Here Gg(t) is the autocorrelation function for the coupling of
rotational diffusion with first-order reaction. C is a constant
related to the concentration and fluorescence of measured
probes and the volume of the confocal focus. K is the equili-
brium constant for the considered first-order reaction. Ry is a
sum of forward and backward rate constants for said reaction.
The complete development of this model is presented in ESL,{ 1.
In the case of eqn (15), A has a theoretical value of 1.096. Similarly
to eqn (13) and (14), eqn (15) can be expressed with r and 1 or 1
(r) and #g(r) instead of ©r and Dy. As a result of using the new
model (eqn (15)) to analyze the FCS data from the diffusion of
single Alexa 647 stained CCMV particles in virus buffer, we
obtained a good fit of theoretical and experimental values
(Fig. 3A). We set 4, K, Ry, and r as fitting parameters, with # set
as 0.89 mPa s and x and w, taken from setup calibration. The
values Of tryiplee and Tryiplee Were taken from the analysis of
multiple Sulfo-Cy5 stained probes. We did the same analysis for
the FCS data from the diffusion of single Sulfo-Cy5 stained CCMV
particles in the virus buffer, which also resulted in a good fit.
To analyze the FCS data for multiple Sulfo-Cy5 stained CCMV
particles in the buffer, we used a simple diffusion model
(eqn (13)) with 7, Tryipier and Tryiplee as a fitting parameters
and 5 set as 0.89 mPa s and k and w, taken from setup
calibration. We did not observe the signal from the additional
dye dynamics for the multiple stained probes. This results from
the relative change of the total fluorescence of multiple stained
nanoparticle being small from only one of the dyes undergoing
reaction. And as the possible dye dynamics is a random process
the chances of multiple dyes undergoing reaction simulta-
neously are very low. The FCS results for single and multiple
Sulfo-Cy5 stained probes in buffer with fitted models are
presented in ESL{ 2.1. The resulting parameters for single
Alexa 647 stained, single Sulfo-Cy5 stained, and multiple
Sulfo-Cy5 stained CCMV particles are presented in Table 1.
Of note is that the hydrodynamic radius of all analyzed probes
matches the value of the physical radius of CCMV particles
found in literature - 14.3 nm.*® An alternative analysis of the
experimental data for single stained probes, with fitted triplet
states dynamic instead of the coupling of rotational diffusion
with first-order reaction, is presented in ESI,{ 2.2. We did not
observe photobleaching of our sample as we used relatively low
laser power and each probe spends only ~ 1 ms in the confocal
focus (see ESIT 2.6). We fitted A since it was lower than the
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Table 1 The parameters of CCMV-derived probes from fitting experi-
mental data obtained from measurements in the virus buffer at 25 °C. The
values of tryipiet and Trriplet Were fitted only for multiple Sulfo-Cy5 stained
probes. For single stained probes we fixed these values from the analysis of
multiple stained probes

Single Alexa647 Single sulfo-Cy5 Multiple sulfo-Cy5

stained stained stained
r [nm] 15.7 £ 0.6 14.5 £+ 0.5 159 £ 0.3
A 0.54 4+ 0.02 0.70 £+ 0.05 —
K 1.39 4+ 0.02 1.42 4+ 0.04 —
Ry [ms™'] 24.4 4 5.0 25.3 4+ 6.0 —
Trviplet 18] 10.0 (fixed) 10.0 (fixed) 10.0 + 1.8 (fitted)
Trriplet 0.056 (fixed) 0.056 (fixed) 0.056 & 0.002 (fitted)

expected theoretical value of 1.096. We suspect that it is caused
by the lower than theoretical orientational anisotropy of
obtained probes resulting from limited freedom of movement
of the dye on the CCMV particle’s surface.

Diffusion of CCMV plant viruses in polymer solutions

Finally, we performed FCS measurements of the single
Alexa647 stained and single Sulfo-Cy5 stained CCMV particles
in a range of PEG (polyethylene glycol) solutions with varying
average molecular weights and concentrations.

Then, we compared the experimental data with theoretical
curves obtained from eqn (15) and values of 7 and Dy calcu-
lated using eqn (2), (7)-(9) and (11). The parameters of the
LSVM are presented in ESIL,1 2.3. We used the values of A, K, Ry,
Trriplets Trriplec and 7 obtained from the analysis of FCS data
from measurements in the virus buffer - Table 1 (we did not
perform any data fitting, only normalized the ACF curves to
exclude the influence of samples’ concentrations). The experi-
mental results, with corresponding calculated theoretical
curves, are presented in Fig. 4. Analysis of the experimental
data and theoretical curves shows good agreement of the signal
from rotational diffusion and calculated values for all results.
In ESI,} 2.4, we show an alternative analysis of the experimental
data that assumes triplet states dynamics with longer times
instead of the coupling of rotational diffusion with first-order
reaction. This alternative approach results in the same conclu-
sions as mentioned above. The minor differences between
theoretical and experimental data in the range of translational
diffusion for samples with higher polymer concentrations
(PEG 6 kDa 0.081 ¢ cm > and 0.110 g cm°) are caused by
the aggregation of CCMV particles in mentioned samples. The
aggregation is more substantial the higher the concentration of
polymer and the higher its molecular weight (see additional
results presented in ESL{ 2.5). That is why, to avoid this
phenomenon, we have performed measurements in samples
with low polymer concentrations.

Rotations of ribosomal subunits in HeLa cells

We used Yo-Pro-1 dye to stain large ribosomal subunits (LSU) in
living HeLa cells due to its ability to intercalate double-
stranded RNA domains (be inserted in between base pairs of
the RNA). Then, we used FCS to measure the translational and

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 FCS data for single Sulfo-Cy5 (A)—(F) and single Alexa647 (G)—(J) stained CCMV particles in solutions of PEG of various molecular weights in virus
buffer at 25 °C and calculated theoretical curves, with plots of residues. (A) Data for 0.050 g cm™> solution of PEG 6 kDa in virus buffer. (B) Data for
0.053 g cm~* solution of PEG 8 kDa in virus buffer. (C) Data for 0.055 g cm™> solution of PEG 12 kDa in virus buffer. (D) Data for 0.010 g cm™> solution of
PEG 43 kDa in virus buffer. (E) Data for 0.010 g cm™ solution of PEG 92 kDa in virus buffer. (F) Data for 0.010 g cm~ solution of PEG 196 kDa in virus
buffer. (G) Data for 0.020 g cm~3 solution of PEG 6 kDa in virus buffer. (H) Data for 0.049 g cm ™~ solution of PEG 6 kDa in virus buffer. (I) Data for 0.081 g cm—>
solution of PEG 6 kDa in virus buffer. (J) Data for 0.110 g cm ™ solution of PEG 6 kDa in virus buffer. Data presented as solid lines are not fits and were calculated
according to eqgn (2), (7)-(9), (11) and (15). The residuals were calculated as a difference between experimental and theoretical values divided by errors of
experimental values for each datapoint. The above-given values of polymer molecular weights are the number average molecular weights.
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rotational diffusion of Yo-Pro-1 stained probes in cytoplasm
and nucleus in living HeLa cells at 36 °C. Yo-Pro-1 also stains
tRNAs, so we expected an additional diffusing component in
the obtained FCS data. However, tRNAs have hydrodynamic
radii equal to 2 nm (see ESI,t 2.8) and their rotational diffusion
is too fast to be detectable by our experimental setup. As such,
we expect FCS results with three components - translational
diffusion of LSU and tRNAs and rotational diffusion of LSU.
The results obtained match the above-mentioned predictions
well. Additional explanations on the staining of ribosomes with
Yo-Pro-1 are given in ESI,} 2.7. We analyzed the experimental
data by fitting it with a model given by eqn (16), which includes
translational diffusion of LSU and tRNAs and rotational diffu-
sion of LSU:

G(T) = G(O){ql [GD;m (T)GR:M (T)] + (1 - Q1) [GD:/‘Z (T)]} (16)

ZTkBT - ZTkBT 172
Gop(t) = [14-—TFBL I L L —
Dy (7) [ +3nw02r,-neTff(r,~)} X{ +3T[Cl)02r,‘1’]eTff(ri)
76‘EkBT
Gros (1) = 1+ dexp(-——2BL
a0 = 1o (e )

Here Gp, (1) and Gp, (t) are autocorrelation functions for
translational diffusion of LSU and tRNAs, expressed with ry
and r, as parameters. Gy, (1) is the autocorrelation function for
rotational diffusion of LSU, expressed with r; as a parameter. r;
is a hydrodynamic radius of large ribosomal subunits, and r,
is a hydrodynamic radius of tRNAs. g, is a fraction of LSU.
However, it is not directly related to the number of mole-
cules since the molecular brightnesses of LSU and tRNAs are
unequal. g; can be interpreted as the portion of the total signal

A Yo-Pro-1 stained ribosomal subunits in living HeLa cytoplasm
0.25 T
- Theoretical model (fitted)
e Experimental data
0.20 +
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w
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< 010
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2 451
3
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3
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Lag Time, t [ms]
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Table 2 Parameters of ribosomal subunits obtained from FCS measure-
ments in living Hela cytoplasm and nucleus at 36 °C

Living HeLa cytoplasm Living HeLa nucleus

Radius of LSU, r; [nm] 15.5 + 1.3 16.2 + 0.7
Fraction of LSU, ¢, 0.57 + 0.09 0.66 + 0.07
A 1.45 + 0.35 1.55 £ 0.14

from translational diffusion that comes from LSU (on a 0-1
scale). The contribution of rotational diffusion to the autocor-
relation curve is given by the constant A. Unlike with the
experiments with CCMVs, we did not include additional dye
dynamics in eqn (16) since Yo-Pro-1 intercalates (and thus has a
limited freedom of movement) to both LSU and tRNA. More-
over, we did not observe any signal from triplet state dynamics.
This can be explained by the lower excitation power in experi-
ments in living cells and the different photophysics of Yo-Pro-1
from dyes used for CCMV staining. We used #aq(r) from
publications on LSVMs for HeLa cytoplasm®' and nucleus.?”
Then, we developed n&g(r) using eqn (6) and corresponding g
(r) for HeLa cytoplasm and nucleus (see Fig. 1B). The complete
equations for ni(r) and ni(r) with the values of used constants
are given in ESLT{ 2.9. Of note, the nucleus is much less
crowded in the nanoscale than the cytoplasm (Fig. 1B), this
was broadly described in the work of Bubak et al.”” We interpret
these data as unobstructed diffusion in the interchromatin
spaces (typically of 150 nm width), with relatively low number
of bigger objects. We set ry, g; and A as fitting parameters. The
FCS results from living HeLa cells with fitted models are
presented in Fig. 5, and the values of fitted parameters are
given in Table 2. The agreement between the experimental data

B Yo-Pro-1 stained ribosomal subunits in living HelLa nucleus
0.25 T
- Theoretical model (fitted)
Experimental data
0.20 T
o 0.15
[C)
u
5]
< 010+
0.05 +
0.00 + + t t '
103 1072 107! 10° 10! 102
6.0 T Lag Time, T [ms]
2 301
3
S 0.0
3
< -3.0 T
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103 102 107! 10° 10! 10?

Lag Time, Tt [ms]

Fig. 5 FCS data for the diffusion of Yo-Pro-1 stained large ribosomal subunits and tRNAs in living Hela cells at 36 °C, with plots of residues. (A) Data for
the diffusion in the cytoplasm with fitted theoretical curve based on egn (16). (B) Data for the diffusion in the nucleus with fitted theoretical curve based
on egn (16). The residuals were calculated as a difference between experimental and theoretical values divided by errors of experimental values for each

datapoint.

5818 | Soft Matter, 2024, 20, 5810-5821

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00422a

Open Access Article. Published on 11 July 2024. Downloaded on 12/4/2025 7:15:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and fitted model is exceptionally high, both in the cytoplasm
and nucleus, considering the complexity of human -cells.
Moreover, the obtained hydrodynamic radius of LSU
matches between the cytoplasm and nucleus within the margin
of error.

Conclusions

The purpose of this paper was the experimental verification
of the relation for the interdependence of the rotational and
translational diffusion in complex fluids developed by Makuch
et al.® - eqn (5). We applied fluorescence correlation spectro-
scopy (FCS) to simultaneously measure both rotational and
translational diffusion in both model (PEG aqueous solutions)
and biological (HeLa cells cytoplasm and nucleus) complex
fluids with known LSVMs. As probes, we used fluorescently
stained biological nanoparticles - cowpea chlorotic mottle
15 nm) for PEG solutions and ribosomes (r ~
16 nm) for HeLa cells. We chose these probes due to their
monodispersity and sufficiently large sizes for their rotational
diffusion to occur at timescales in the range detectable by the
FCS setup.

We have shown that the considered relation (eqn (5)) and
following eqn (9) and (10) can be practically used to describe
the rotational diffusion in all studied complex fluids. We then
used this relation (eqn (5)) to determine the radius of large
ribosomal subunits in living HeLa cells. Of note is an open
challenge with the lack of description on how interactions
affect diffusion — as a result, we did not know how the value
of the y parameter (from eqn (7)) depends on the used probes
and had to perform translational diffusion measurements to
determine the said value for probes used in this paper.
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