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Heterogeneity of crowded cellular fluids on the meso- and nanoscale

Olivia Stiehl and Matthias Weiss
Experimental Physics I, University of Bayreuth, Universitätsstr. 30, D-95440 Bayreuth, Germany

Cellular fluids are complex media that are crowded with macromolecules and membran-enclosed 
organelles on several length scales. Many studies have shown that crowding can significantly alter 
transport and reaction kinetics in biological but also in bio-mimetic fluids. Yet, experimental insights 
on how well bio-mimetic fluids c an c apture t he c omplexity o f c ellular fl uids ar e vi rtually missing. 
Therefore, we have combined fluorescence correlation spectroscopy (FCS) and fluorescence lifetime 
imaging microscopy (FLIM) to compare the spatial heterogeneities of biological and simple bio-
mimetic crowded fluids. As a result, we find that these artificial fluids are capable of mimicking the 
average diffusion behavior but not the considerable heterogeneity of cellular fluids on the mesoscale

100 nm). On the nanoscale, not even the average properties are captured. Thus, cellular fluids 
feature a distinct, heterogeneous crowding state that differs from simple bio-mimetic fluids.

PACS numbers: 05.60.-k, 87.16.dj, 61.25.H-

Introduction. Cellular fluids are crowded with a
plethora of macromolecules and membran-enclosed or-
ganelles. These structures span a wide range of sizes (1-
500 nm) and hence can be expected to influence transport
properties, e.g. diffusion coefficients, on multiple length
and time scales. Indeed, slowed-down and anomalous
diffusion, i.e. a nonlinear scaling of the mean square dis-
placement of diffusing particles (〈r(t)2〉 ∼ tα with α < 1),
have been reported for biological and artificial crowded
fluids [1–3]. Dividing cells even feature an anisotropic
anomalous diffusion [4]. However, if and to which extent
artificial crowded fluids can mimic the complexity of na-
tive, biological fluids like the cytoplasm has been poorly
explored so far.

Moreover, almost all experimental studies have been
focusing on mean transport coefficients (averaged over
time and/or different loci) to explore the effects of crowd-
ing, that is, crowded fluids were tacitly supposed to be
homogenous. Yet, this assumption appears debatable
when bearing in mind that already very simple solutions
with moderate levels of macromolecules can show signifi-
cant spatial heterogeneities [5]. Furthermore, the degree
of crowding, i.e. the apparent occupied volume fraction
φ, may vary between different length scales, in particu-
lar when considering biological specimen. Probing the
crowding state only via diffusion measurements there-
fore appears inadequate as this approach is inherently
based on averaging over extended particle trajectories
(typically ∼ 100 nm), i.e. crowding on the nanoscale is
masked by spatial averaging. In fact, the heterogeneity
and multi-scale nature of crowding and the resulting dif-
ferential impact on transport processes has been widely
neglected in experiments so far. As a consequence, it
has remained unclear if and to which extent artificial
crowded fluids are appropriate to mimic, for example,
the cytoplasm on those length scales that are relevant
for typical biochemical reactions The urgent demand for
experimental data on the heterogeneity of crowding are
further underlined by a variety of related theoretical ap-

proaches and model systems (see, for example, [6] for a 
review and [7, 8] for specific scenarios).

Here, we have combined fluorescence correlation spec-
troscopy (FCS) on fluorescently tagged macromolecules 
and fluorescence lifetime imaging (FLIM) on a solu-
ble molecular rotor dye to explore the heterogeneity of 
crowded fluids on length scales ∼ 1 nm and ∼ 100 nm. 
In particular, we have determined the variation of diffu-
sion times and anomalies, and fluorescence lifetimes in 
crowded fluids in vitro, in purified cytosol, and in the 
cytoplasm and nucleoplasm of living cells. From these 
data, we have derived estimates for the heterogeneity of 
the local occupied volume fraction, φ. As a result, we 
find that simple artificial crowded fluids can represent 
the average diffusion behavior but not the marked het-
erogeneity of cellular fluids on the mesoscale (∼ 100 nm). 
On the nanoscale, neither the average behavior nor the 
heterogeneity of cellular fluids are captured well. Hence, 
cellular fluids feature distinct local fluctuations of the 
volume occupancy, i.e. they provide a qualitatively and 
quantitatively special type of crowding that is not cov-
ered well by commonly used bio-mimetic fluids.

Materials and Methods. Artificial fluids crowded 
with PEG (polyethylene glycol, 10 kDa) or dextran 
(70 kDa) at a concentration of 30% weight per volume 
were based on MilliQ water or TE-buffer (10 mM Tris, 
1 mM EDTA, 100 mM NaCl, pH 7.5). For FLIM ex-
periments we have used DASPMI as a molecular rotor. 
Transparent cytosol from Xenopus laevis was purified as 
described before [9]. HeLa cells were cultured and trans-
fected with a low-expression plasmid for EGFP [4]; mi-
croscopy was performed in ibidi 8-well chambers. Please 
see the Supplementary Information for details on the ex-
periments and on the evaluation procedures.

Results and Discussion. Based on the standard def-
inition of the signal-to-noise ratio, we have defined the 
heterogeneity of an observable x as the ratio of its stan-
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FIG. 1: (a) Probability distribution p(α) of the diffusion 
anomaly of DASPMI in artificial fluids crowded with sucrose, 
PEG, or dextran using MilliQ water (MQ) or TE buffer (TE) 
as solvent. (b) Same for DASPMI in purified cytosol and 
for EGFP in the cytoplasm or nucleoplasm of living cells. 
Data for sucrose solutions are replicated for better compar-
ison. (c,d) Corresponding distributions of diffusion times, 
p(τD), show a considerable broadening for cellular fluids that 
is also reflected in an approximate doubling of the associ-
ated heterogeneity values [Eq. (1)]: η(τD) = 29.07%, 24.71%, 
42.66%, 31.90%, 26.42% for sucrose, dextran (MQ, TE), and 
PEG (MQ, TE), as compared to η(τD) = 96.86%, 121.15%, 
118.49% for cytosol, cytoplasm, and nucleoplasm. Statisti-
cal uncertainties (’error bars’) in τD and α for individual 
FCS experiments determine the minimum widths of p(α) and 
p(τD) for homogenous artificial fluids, i.e. biological fluids are 
markedly more heterogeneous (see also main text).

dard deviation and its mean:

η(x) =
|dx|
〈x〉 =

√
〈(x− 〈x〉)2〉
〈x〉 . (1)

Certainly, Eq. (1) only reflects some aspects of the 
observable’s probability distribution, p(x), yet it is a 
straightforward way to compare fluctuations of x in dif-
ferent samples via a single number. Moreover, starting 
from the heterogeneity of experimentally accessible ob-
servables from FCS and FLIM, the definition of η allows 
us to estimate the heterogeneity of the local volume oc-
cupancy, η(φ), on the nano- and mesoscale.

As a first step, we aimed at exploring heterogeneities of 
crowded fluids on scales that are accessible via diffusion 
measurements (∼ 100 nm). Following previous work [10], 
we therefore used FCS to reveal spatial variations of the 
diffusion of a tracer particle in the following samples (see

Supplementary Information for details): (i) artificial flu-
ids with dextran or PEG as crowding agents, using MilliQ 
water or TE buffer as solvents, (ii) purified cytosol, and 
(iii) intracellular fluids (cytoplasm and nucleoplasm) in 
vivo. In each sample, we acquired a large number of 
FCS curves at different locations and extracted for each 
curve the diffusion time, τD, and anomaly, α, via fit-
ting. Please note that crowding-induced diffusion anoma-
lies typically vanish for length and time scales beyond 
those accessible to FCS experiments [11]. As a result, 
we observed very similar probability distribution func-
tions p(α) for sucrose- and PEG-crowded fluids (Fig. 1a) 
with a vanishing mean anomaly (〈α〉 ≈ 0.97), whereas 
dextran-crowded fluids featured a solvent-dependent dif-
fusion anomaly (MQ: 〈α〉 = 0.85; TE: 〈α〉 = 0.93) in 
agreement with previous observations [12]. Values η(α) 
associated with these supposedly homogenous solutions 
(Table I) suggest a threshold ηc(α) = 7% below which
η(α) indicates mere statistical uncertainties of α due to 
the fitting process rather than reporting a true hetero-
geneity of the fluid. Indeed, fitting FCS curves with 
mean anomalies in the range 0.8 ≤ 〈α〉 ≤ 1 is associated 
with an uncertainty 〈α〉 ± 0.05 [13], leading to a similar 
threshold criterion. Using ηc(α) = 7% as a threshold, 
purified cytosol indeed appears to feature an apprecia-
ble heterogeneity (η(α) ≈ 10.6%, Table I) with a slightly 
stronger mean anomaly (〈α〉 = 0.82, see Fig. 1b). Fur-
ther support to a non-trivial heterogeneity in cytosol is 
obtained when inspecting the distributions of diffusion 
times, p(τD) (Fig. 1c,d): The heterogeneity value for cy-
tosol η(τD) ≈ 97% is about twice as high as the largest 
value obtained for artificial fluids (dextran in TE buffer,
η(τD) = 42.66%). We therefore conclude that purified 
cytosol indeed shows a significant heterogeneity.

In order to compare these findings to diffusion data 
in living cells, we used EGFP as a diffusion probe since 
DASPMI’s intracellular fluorescence yield was too poor 
to obtain FCS curves that were smooth enough to be 
fitted with satisfactory accuracy. However, a superpo-
sition of FCS curves on DASPMI and EGFP in vivo 
showed no systematic deviations between both tracers, 
i.e. EGFP probes the same length and time scales 
as DASPMI. Indeed, probability distribution functions 
p(α) found for cytoplasm and nucleoplasm are centered 
around 〈α〉 = 0.82 and 〈α〉 = 0.83, respectively, and 
hence compare favorably to data seen for DASPMI in 
purified cytosol (see Fig. 1b). As compared to purified cy-
tosol, p(α) was narrower for cytoplasm and nucleoplasm, 
resulting in lower heterogeneity values (η(α) ≈ 8.5%, cf. 
Table I). While these values are still above the chosen 
threshold ηc(α), one may debate whether they report a 
true heterogeneity of the fluids. Yet, the corresponding 
distributions of diffusion times (Fig. 1d) and the associ-
ated heterogeneities η(τD) ≈ 120% highlight a substan-
tial difference between these cellular fluids and their arti-
ficial counterparts (η(τD) ≤ 43%). We therefore conclude
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that cytoplasm and nucleoplam, like cytosol, feature sig-
nificant heterogeneities.

Based on the marked heterogeneity η(α) found in cy-
tosol, cytoplasm, and nucleoplasm, we aimed at extract-
ing an estimate for the heterogeneity of the apparent oc-
cupied volume fraction, η(φ), on the mesoscale. Since the 
diffusion anomaly has been shown earlier to depend 
almost linearly on the concentration of crowders [13], it 
appears reasonable to assume a relation α = 1 − cφ. Us-
ing α = 0.8, we obtain via standard differential calculus

η(α) =
c〈φ〉

1− c〈φ〉η(φ) ≈ 1
4
η(φ) . (2)

Thus, the apparent heterogeneity of the occupied volume 
fraction on length scales accessible via diffusion measure-
ments is in the range η(φ) ≈ 33 − 43% for cytosol and 
intracellular fluids (cf. Table I).
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FIG. 2: (a) Probability distribution p(τ ) of averaged fluores-
cence lifetimes, τ , obtained for DASPMI at different locations 
in artificial fluids crowded with sucrose, PEG, or dextran. Us-
ing MilliQ water (MQ) or TE buffer (TE) as solvent yielded 
similar results, indicating a negligible impact of salt condi-
tions on p(τ ) and η(τ ). (b) Same for purified cytosol (at 
room temperature, RT, and at 37◦C), and in the cytoplasm 
or nucleoplasm of living cells (at 37◦C). Data for sucrose solu-
tions are replicated for better comparison. Minor differences 
of cytosol’s p(τ ) between RT and 37◦C indicate a negligible 
influence of temperature on η(τ ).

Next, we performed FLIM on the fluorescent molec-
ular rotor DASPMI at different locations in the sam-
ples to probe their heterogeneity on the nanoscale (see

Supplementary Information for details). Molecular ro-
tors report on a varying local environment, e.g. on vis-
cosity and polarity, by adapting their fluorescence life-
time [14, 15]. Unlike the majority of molecular rotors, 
DASPMI is water-soluble and autonomously partitions 
into all subcellular fluids of living cells [16]. In contrast to 
FCS, evaluation of our pixel-wise acquired FLIM data did 
not require fitting of any theoretical expression. Rather, 
the mean and standard deviation of the fluorescence life-
times over all pixels within the respective compartment 
(e.g. the nucleoplasm) could be calculated directly af-
ter background correction (see Supplementary Informa-
tion). Background events reflect noise in the photodiode, 
i.e. few spontaneous counts are uniformly distributed be-
tween two excitation pulses whereas fluorescence photons 
emitted by DASPMI show a peaked distribution with a 
mean of few nanoseconds (see example curves in the Sup-
plementary Information). To inspect the spatial hetero-
geneity, we calculated in each pixel the average lifetime 
of DASPMI, τ , and inspected then the probability distri-
bution of times from all pixels, p(τ), to determine η(τ).

As a result, we observed very narrow distributions 
p(τ) in artificial crowded fluids with a mean lifetime 
〈τ〉 ≈ 2.3 ns (Fig. 2a). In contrast, 〈τ〉 in cytosol (at 
room temperature and at 37◦C), and in the cytoplasm 
and nucleoplasm of living cells (kept at 37◦C) was about 
two-fold higher (Fig. 2b). Moreover, the width of p(τ ) 
was significantly larger, indicating a very different crowd-
ing state in biological fluids. In order to obtain a lower 
bound η0(τ) for the lifetime’s heterogeneity, we inspected 
the changes of η(τ) in artificial solutions when varying 
the number of photons per pixel, np, used for calculat-
ing the average local fluorescence lifetime. In line with 
our prediction for a homogenous solution with exponen-

tially distributed lifetimes we observed η(τ) ∼ 1/
√

np for artificial solutions when using np = 25, 50, 100, 200 
photons per pixel for averaging. This indicates that het-
erogeneities observed in the artificial fluids are solely due 
to statistics, i.e. they were deemed homogenous also on 
the nanoscale. This conclusion is corroborated by FLIM 
data on homogenous sucrose solutions (40% weight per 
volume) for which we observed similar data for p(τ) (cf. 
Fig. 2a) yielding η(τ ) ≈ 4.6% at np = 25. Focusing on 
np = 25 photons per pixel for all subsequent evaluations, 
we have therefore set η0(τ) = 5% as a threshold, i.e. 
artificial crowded fluids were deemed to not show a sig-
nificant heterogeneity of lifetimes (Table I). In contrast, 
cytosol (at room temperature and at 37◦C) and intracel-
lular fluids featured heterogeneities η(τ) > η0(τ) in vivo 
(cf. Table I), indicating a distinct crowding state of these 
biological fluids on the nanoscale.

Aiming at extracting the nanoscale heterogeneity of 
the occupied volume fraction, η(φ), from these data, we√
focused on the empirical scaling τ ∼ µ of a molecular 
rotor’s lifetime in a solution of viscosity µ (Ref. [14]). 
Approximating crowded fluids to behave similar to dense
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colloidal suspensions with a viscosity µ ∼ 1 + 2.5φ + 6φ2

(Ref. [17]) yields:

η(τ) =
1.25〈φ〉+ 6〈φ〉2

1 + 2.5〈φ〉+ 6〈φ〉2 η(φ) . (3)

Using 〈φ〉 = 0.3 (Ref. [18]), we obtain η(τ) ≈ 0.4η(φ) from 
our FLIM data. This estimate indicates η(φ) ≈ 31 − 38% 
on the nanoscale for purified cytosol and intra-cellular 
fluids (Table I). Hence, based on both estimates, cellular 
fluids feature comparable heterogeneities on the meso- 
and nanoscale (cf. columns 3 and 5 in Table I). In fact, 
deviations between both estimates could indicate that 
cellular fluids appear more or less well-mixed on the 
respective length scale.

In summary, our FCS and FLIM data indicate a con-
siderable heterogeneity of the occupied volume fraction 
in cellular fluids that is not captured by simple bio-
mimetic fluids: While the average diffusion behavior on 
the mesoscale is reflected to a reasonable extent, con-
siderable differences are seen on the nanoscale. Thus, 
crowding of biological fluids needs to be viewed as a some-
what more complex and heterogeneous phenomenon than 
discussed in the literature so far.

Our finding that cellular fluids feature marked spatial 
fluctuations in the apparent occupied volume fraction on 
scales of ∼ 1 nm and ∼ 100 nm) might suggest a self-
similar texture of these fluids at each instant of time. In-
deed, unlike their virtually homogenous artificial counter-
parts, cellular fluids contain organelles and macromolec-
ular structures of grossly varying size, hence texturing 
the specimen in complex fashion. While interfacial water 
in this multi-scale crowded environment may affect the 
apparent molecular mobility on small scales, protein com-
plexes and organelle structures may set up a self-similar 
maze of impenetrable obstacles on larger scales. As a 
consequence, dye molecules performing a random walk 
in this setting will report on strongly varying local envi-
ronments on multiple scales, giving rise to the observed 
spatial heterogeneity of FLIM and FCS data. In sup-
port of this picture, recent simulations on percolation-like 
random fractal geometries have highlighted a significant 
spatial heterogeneity of the diffusion of tracers due to the 
random occurrence of isolated islands with lower/higher 
obstacle density [19].

While being inhomogeneous at each instant of time, er-
godicity requires also cellular fluids to dynamically over-
turn their texture. Aiming at exploring the spatial het-
erogeneity via local FCS/FLIM measurements therefore 
requires the measurement time per locus to be short with 
respect to the correlation time of the texture change. 
Given that the motion of larger cytoplasmic structures 
via diffusion is on the scale of many minutes, our data 
acquisition was just rapid enough to assess the hetero-
geneity. It will be interesting to complement our findings 
with faster or multiplexed experimental methods, and

also to utilize simulations to gain a deeper understand-
ing of the dynamic organization of cellular fluids.

TABLE I: Summary of experimentally determined het-
erogeneities. Columns 2 and 3 report FCS-based data
(mesoscale, cf. Eq. (2)), columns 4 and 5 display FLIM-based
data (nanoscale, cf. Eq. (3)).

η(α) η(φ) η(τ) η(φ)
sucrose (MQ) 6.90 % - 4.61% -
PEG (MQ) 6.46 % - 3.78% -
PEG (TE) 6.33 % - 3.62% -
dextran (MQ) 4.67 % - 4.42% -
dextran (TE) 6.90 % - 4.30% -
cytosol 10.65 % 42.60% 12.71% 31.78%
cytoplasm 8.75 % 35.00% 14.89% 37.23%
nucleoplasm 8.38 % 33.52% 14.12% 35.30%
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Advanced light microscopy methods reveal that 
crowded cellular fluids feature a distinct, 
heterogeneity that differs significantly from 
simple bio-mimetic fluids. 
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