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Living cells are characterized by the micrometric
confinement of various macromolecules at high concentrations.
Using droplets containing binary polymer blends as artificial cells,
we previously showed that cell-sized confinement causes phase
separation of the binary polymer solutions because of the length-
dependent wetting of the polymers. Here, we demonstrate that the
confinement-induced heterogeneity of polymers also emerges in
single-component polymer solutions. The resulting structural
heterogeneity also leads to a slower transport of small molecules
at the center of cell-sized droplets than that in bulk solutions.
Coarse-grained molecular simulations support this confinement- —
induced heterogeneous distribution by polymer length and Polymer length
demonstrate that the effective wetting of the shorter chains at
the droplet surface originates from the length-dependent conformational entropy. Our results suggest that cell-sized confinement
functions as a structural regulator for polydisperse polymer solutions that specifically manipulates the diffusion of molecules,
particularly those with sizes close to the correlation length of the polymer chains.
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he cytoplasm of living cells typically contains numerous temperature, pH, and salinity), which have been extensively

(macro)molecular components at high concentrations."” studied through experiments and simulations.'”'" An
These components cover a wide size spectrum, ranging from a important but frequently overlooked property is molecular
few nanometers in single proteins to several micrometers in length. However, it is challenging to characterize the length
cytoskeletal filaments. The positioning of these components distribution of molecules inside and outside the biomolecular
within the cell is strongly tied to their biological functions; e.g,, condensates owing to difficulties in multifluorescent labeling
the long-lived cytoskeleton formed by intermediate filaments by length. Furthermore, physical quantities, such as RI, are less
beneath the cell membrane exhibits strain stiffening in sensitive to the molecular length tlllezm to the concentration (see
response to an external load, thereby protecting cells from a case study on dextran solutions *).
harmful deformations.” The identity and concentration of the Recently, we demonstrated that such heterogeneous

distributions by polymer length can become particularly
prominent for binary polymer solutions confined in cell-sized
water-in-oil (W/O) droplets covered with a lipid mem-
brane.'”'* Experiments and simulations have revealed that
shorter polymers have a higher membrane wettability, which in
turn, enhances the localization of short/long polymers at the
surface/center of the droplets. This results in LLPS at
concentrations where bulk systems would still be in the fully

(macro) molecular components can be analyzed from the
fluorescence labeling of target molecules” and measurements of
local physical properties, such as the refractive index (RI),”
polarization,® and absorption efficiency of light.”*

Recently, the dynamic formation of biomolecular con-
densates through liquid—liquid phase separation (LLPS) has
attracted attention as a mechanism to regulate the dynamic
positioning of molecules. For example, in an in vitro system,
Monterroso et al. demonstrated that LLPS can modulate the

assembly of the protein FtsZ, which plays a key role in bacterial March 10, 2023
cell division.” From a polymer physics perspective, the May 8, 2023
formation and positioning of biomolecular condensates May 10, 2023

depend on many factors, including molecular properties (e.g., May 16, 2023

the sequences of RNA nucleotides and protein amino acids),
molecular concentration, and solution conditions (e.g.,
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Figure 1. (a) Schematic of the FCS experiment for dextran PC droplets. (b) Ilustration of the sensitivity of diffusive molecules to the polymer
chains against the size ratio between the polymer mesh size, &, and diameter of the tracer molecule, 2r. (c) ACFs of TAMRA diffusion inside
droplets containing 400 mg/mL Dex150k (squares and triangles) and in the corresponding bulk (black circles). The values are normalized at 10~
ms. The droplet radius, R, is S8 ym (blue triangles) and 13 ym (red squares). The bulk ACF (black circles) is practically identical with the ACF of
the large droplet (blue triangles). (d—g) R-dependent diffusion inside droplets containing 400 mg/mL Dex150k for (d, e) TAMRA (2r/£ ~ 0.7—
0.9) and (f, g) GFP (2r/& ~ 2.3—2.9). (d, f) Anomalous exponent a and (e, g) normalized diffusion coefficient D/Dy is plotted against R. Their
bulk values are (d) ct, = 0.94 + 0.02 (Ave. + S.D., N = 25); (e) Dy = 38 + 2 um?*/s (Ave. + S.D., N = 25); (f) i = 0.82 + 0.04 (Ave. + S.D.,
N = 14); (g) Dy, pu = 18 £ 2 um?/s (Ave. + S.D., N = 14) for oy, = 0.82. Insets of (e, g) are D values for a = 1 in droplets containing a pure
buffer (control). Inset of (e) is reprinted from ref 27. Copyright 2021 American Chemical Society. Inset of (g) is reprinted from ref 25. Copyright

2020 American Chemical Society.

mixed one-phase regime.m’15 Based on those observations, we
hypothesized that even in the one-phase regime, spatial
heterogeneity can emerge in single-component solutions of
polydisperse polymers confined in small droplets owing to the
length-dependent membrane wetting of polymers.'®"”

To verify this hypothesis, we study concentrated solutions of
dextran polymers confined in small droplets using experiments
and simulations. We determine the spatial distribution of
dextran chains near the droplet surface for various dispersities
in length and analyze the diffusion of small molecules near the
center of the droplets. This situation resembles the macro-
molecular crowding in cell nuclei, where long DNA and
chromatin macromolecules surround small molecules, such as
proteins.'® We expect that the small molecules passing through
the overlapped polymer chains change their diffusion
according to the local distribution of the polymer chains.

As illustrated in Figure 1, we analyzed the molecular
diffusion inside W/O droplets covered with a phosphatidylcho-
line (PC) lipid membrane, where 400 mg/mL dextran with a
molecular weight of M,, = 150k (Dex150k) was confined. The
estimated mesh size & (or correlation length) of the dextran
solution is in the range of 1.9—2.4 nm (Sections S1 and S2). It
is known that the transport of particles with radius r through
polymer chains strongly depends on the size ratio, 2r/& (Figure
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1b).""~* For 2r < &, which can be achieved for small particles
or low polymer concentrations, the particle diffusivities are
expected to be similar to those in a pure solvent. However, for
2r > &, the particle diffusivities should scale as (2r/£)7%,
according to scaling theory.”* In the intermediate regime, 2r ~
&, the particles and polymer segments frequently collide before
they can fully relax, resulting in strong coupling with
subdiffusive behavior at intermediate times. To cover a broad
2r/&é regime, we chose two diffusive molecules: green
fluorescent protein (GFP) with 2r = 5.6 nm” and -
carboxytetramethylrhodamine (TAMRA) with 2r = 1.7 nm.*®

First, we measured the diffusion of the TAMRA molecules
(2r/& = 0.7—0.9) by using fluorescence correlation spectros-
copy (FCS). Figure lc shows the typical autocorrelation
functions (ACFs, G(7)) inside the droplets and in the bulk,
revealing that the TAMRA diffusion inside a small droplet with
R =13 pm slows down compared to that in a large droplet
with R = 58 ym and in the bulk. To evaluate the observed R-
dependent diffusion, we fitted the fractional Brownian motion
(fBM) equation to the ACFs measured inside the droplets with
different R values (Section S1). The values of the obtained
anomalous exponent « are plotted against R in Figure 1d; they
are almost the same as the bulk value of o, = 0.94 + 0.02
(average value (Ave.) * standard deviation (S.D.), sample
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Figure 2. Droplet radius R dependence of (a) normalized translational diffusion coefficient, D/Dyy, and (b) normalized rotational diffusion
coefficient, Dy/Dg 1, of R6G inside 400 mg/mL dextran droplets using excitation light with polarizers (closed red squares) and without polarizers
(open black circles). The insets show the R dependence of the (a) translational decay time, 7p,, and (b) rotational decay time, 7. The horizontal
line shows their corresponding bulk values: (a) translational time analyzed with or without polarizers, 7, = 0.26 + 0.01 ms (Ave. + standard error
(S.E.), N = 3) and 0.234 + 0.005 ms (Ave. + S.E., N = 6), and (b) rotational time analyzed with polarizers, 7, = 0.90 + 0.01 ns (Ave. + S.E, N =

3).

number N = 25), regardless of R. This slightly subdiffusive
behavior is in very good agreement with that observed in
previous simulations of colloid—polymer bulk mixtures, where
a value of ay = 0.98 + 0.01 was found for 2r/& = 0.7." Tt
means that the diffusion mode of TAMRA in the dextran
solution is almost Brownian at any droplet size examined. We
also derived the long-time diffusion coefficient, D, from the
same data assuming normal diffusion (a = 1) and normalized it
by the bulk value, Dy, of 38 + 2 um”/s (Ave. + S.D., N = 25)
(Figure le). Contrary to the R-independent a, D/Dyyy
decreases as R decreases below ~20 um, as previously
reported.”” This slow translational diffusion of TAMRA inside
small droplets was not observed for droplets without dextran
(the inset of Figure le). In addition, the TAMRA diffusion
coefficient at low dextran concentrations with 2r <« & is
consistent with that without dextran (see Table S3 for the
values and Figure S6d for ACFs.). These results agreed with
our previous reports on TAMRA and Rhodamine 6G (R6G),”
R6G in droplets containing linear polymer polyethylene glycol
(PEG), and GFP in droplets containing bovine serum
albumin.”® Therefore, the observed R-dependent slow diffusion
is a phenomenon that occurs inside small droplets crowded
with polymers, regardless of the types of macromolecular
crowder and tracer molecules.

Next, we measured the diffusion of GFP (2r/& = 2.3—2.9)
inside the droplets. The examples of ACFs are shown in Figure
S6a. The GFP molecules exhibit a much stronger subdiffusive
behavior both in the bulk (@, = 0.82 + 0.04 (Ave. + S.D., N
=14)) and in the droplets with any R (Figure 1f), which agrees
with previous simulations where a value of ay = 0.79 + 0.01
was reported for 2r/& = 2.7 in bulk solutions.’ Focusing on
the small droplets with R < 20 pm, there is a slight decrease in
both @ and D, with decreasing R (Figure 1fg), but the R
dependence of D,, is significantly weaker than that of TAMRA
(Figure 1e). These results mean that GFP molecules are much
more strongly trapped in the dextran chains compared with the
TAMRA molecules, which is consistent with the increase in
2r/& In our previous report, we confirmed that crowder
polymers also exhibit R-dependent slow diffusion inside small
droplets containing concentrated polymer solutions.”> There-
fore, the strong coupling between GFP and polymer chains
may have caused the distribution of the distance traveled by
the GFP to become non-Gaussian with a long tail, such that &
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and D fall with a decrease in R, where the polymer relaxation is
also slowed.”>*’

Unlike GFP, TAMRA exhibits R-dependent slow transla-
tional diffusion while maintaining & ~ 1. A possible cause of
the R-dependent slow diffusion is the increase in the tracer
radius, 7, due to the clustering of TAMRA molecules induced
by the cell-sized confinement. To verify this hypothesis, we
analyzed the rotational diffusion coefficient, Dy which is
expected to significantly decrease with an increase in r as Dy ~
1/n7* based on the Stokes—Einstein—Debye equation, where 7
is the viscosity of the solution.”® For this experiment, we need
to separate the contributions of the translational and rotational
diffusions, such that the translational decay time, 7y, should be
considerably longer than the rotational decay time, 7. We
used the tracer molecule, R6G, for this rotational diffusion
analysis since R6G has a similar size as TAMRA (2rpayra = 1.7
nm ~ 2rpec = 1.5 nm), and reference values have been
reported®’ for R6G but not for TAMRA.

Prior to the Dy analysis inside dextran droplets, we
confirmed that the effect of polarization of the excitation
light is negligible in the diffusion measurements from the
almost identical translational correlation time, 7p, in the bulk
with or without the use of polarizers (Table S1 and Section
S1). In addition, the values of the lifetime of the fluorescence
molecule 7, and of 7y in the bulk without dextran are almost
identical with the reference values.”” Accordingly, we obtained
7p inside the dextran droplets and plotted the normalized
diffusion coefficients, D/Dy, against R for systems with and
without polarizers (Figure 2a). We again observe a slow
translational diffusion of R6G inside small dextran droplets
with R < 20 pm, as in the case of TAMRA (Figure le).

Accordingly, we evaluate the Dy inside the dextran droplets
based on the bulk values (Table S1). The resulting R
dependence of 7z and normalized Dy/Dgpyy are shown in
Figure 2b. Even for small dextran droplets with R < 20 um,
which exhibit strongly slowed translational diffusion, Dy/Dg p,c
is independent of R, maintaining a value almost equal to that in
larger droplets and the bulk. This result suggests that the size
of the tracer molecule, r, is essentially constant even for small
droplets containing a highly concentrated dextran solution.
Subsequently, we discuss why Dy, appears to have increased for
small droplets with R = 10 pm.
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Figure 3. (a) Illustration of confinement-induced heterogeneous length distribution of dextran polymers. (b) Interfacial tension at the surface of
droplets containing 53 mg/mL Dex150k without/with the addition of 1.1 or 11 mg/mL short Dex10k. (c) Anomalous exponent a (i-ii) and
normalized diffusion coefficient D/D, of TAMRA (iv—vi) of the bulk (j, iv), of large droplets with R > 20 ym (ii, v), and small droplets with R <
20 pum (iii, vi) of 400 mg/mL Dex150k containing different concentrations of Dex10k (from left to right: 0, 0.1, 0.4, and 1.2 mg/mL). Dy
represents the D of TAMRA in a bulk solution of 400 mg/mL Dex150k without Dex10k (the same data shown in Figure le). The error bars are
SD. The numbers of trials (N) corresponding to the added dextran concentrations (0, 0.1, 0.4, and 1.2 mg/mL) were 25, 13, 21, and 15 (for the
bulk); 27, 18, 18, and 20 (for R > 20 um); 13, 4, 11, and 8 (for R < 20 um).

Next, we consider if the heterogeneous distribution of dextran
chains inside the cell-sized droplets was the cause of the R-
dependent slow translational diffusion of TAMRA. We expect
that the higher M,, dextran chains are near the center of the
droplet because of their lower wettability, ultimately inhibiting
molecular transport in that region because of their higher
viscosity and smaller mesh size, .

Based on this hypothesis, we added shorter Dex10k
polymers to the Dex150k solutions, expecting an enhanced
localization of longer dextran chains at the droplet center,
which should significantly decrease the D of TAMRA inside
the small droplets, as illustrated in Figure 3a. Although the
fluorescence labeling of Dex10k and Dex150k indicates a
uniform distribution of dextran chain lengths inside the
droplets (Figure S2), the polymer chain lengths may still be
inhomogeneously distributed at scales smaller than the
resolution of fluorescence microscopy. To confirm that the
shorter Dex10k has a higher membrane wettability than
Dex150k, the interfacial tension at the droplet surface, y, was
measured using the pendant drop method (Section S1). Owing
to the difficulty in analyzing the y for droplets containing a
highly viscous solution of 400 mg/mL Dex150k, we analyzed
the relaxation process for dextran droplets containing 53 mg/
mL Dex150k and investigated the effects of adding shorter
Dex10k chains at concentrations, Cpeyo 0f 1.1 and 11 mg/mL
(Figure S3). As shown in Figure 3b, an increase in Cpgyox
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lowered y, showing that the shorter Dex10k indeed has a
higher membrane wettability than Dex150k, as expected.

To establish a reference, we first analyzed the anomalous
exponent, o, and the diffusion coeflicient, D, of the bulk
solutions of a 400 mg/mL Dex150k solution with small
amounts of Dex10k (0.1, 0.4, and 1.2 mg/mL) (<0.5 wt % of
total dextran). As shown in Figure 3c, i, iv, these small
additions of short Dex10k did not alter the @ or D of the bulk
solutions. We also confirmed that the solution viscosity was
maintained by the addition of 1.2 mg/mL Dex10k (Table S2).
Next, the dextran solutions were confined in droplets, and we
measured @ and D/Dy, against the droplet radius, R, where
Dy is the diffusion coefficient of TAMRA in a bulk solution
of 400 mg/mL Dex150k without adding shorter Dex10k (the
same data shown in Figure le). Examples of their ACFs are
shown in Figure S6b,c. The R dependence of a and D/Dy is
shown in Figure S4. To visualize the effect of the addition of
Dex10k, we combined the data of R > 20 ym and R < 20 ym
and plotted them against the concentration of Dex10k, Cp.,q
(Figure 3c). For @, the trend of the droplets is similar to that of
the bulk; ie., o is almost unity independent of R and Cp ok
(Figure 3c, ii—iii). In contrast, D/Dyy is less than unity for
droplets with any R (Figure 3c, v—vi). The decay of D/Dyyy
with increasing Cpe o becomes particularly pronounced for
small droplets with R < 20 um, where it reaches less than half
of the bulk value (D/Dyy < 0.5).

These results strongly support the hypothesis that the slow
translational diffusion of TAMRA (2r/&é =~ 0.7—0.9) inside
dextran droplets with R < 20 um originates from the M,-
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Figure 4. (a) Schematic representations of the model for a dextran chain (e.g, a chain of 14 beads). (b) Cross-sectional simulation snapshot of a
dextran droplet with PDI = 2.0; chains are colored according to their molecular weight as in (c, d). (c, d) Probability distribution of finding a (c)
monomer Py, (1) or (d) polymer P, (1) at distance [ from the droplet center for polydisperse solutions with PDI = 1.3 and 2.0 (data for PDI =
1.6 is shown in Figure S5). The red dotted and black dashed lines show the data of a monodisperse solution (PDI = 1.0) for Dex150k and Dex10k,

respectively.

dependent (or length-dependent) membrane wetting of
dextran polymers. Short and long polymers were preferentially
distributed on the droplet surface and at the center,
respectively.

To study the distribution and conformation of the confined
polymers with a molecular-level resolution, we performed
dissipative particle dynamics (DPD) simulations of Dex150k
and Dex10k mixtures confined in spherical droplets. Here, we
used a similar model as in our recent computational study on
PEG—dextran mixtures,"” and we refer the reader to ref 15 and
Section S3 for technical details. In this model, each Dex150k
polymer is represented by a linear chain of 28 spherical beads
connected by harmonic springs (an example of a polymer
chain comprising 14 beads is shown in Figure 4a), whereas the
Dex10k polymers are modeled as single beads. To mimic the
good solubility of dextran in water, we set the Flory—Huggins
interaction parameter to ¥ = 0 (the Dex10k chains are thus
identical with the solvent beads in our model). We investigate
solutions at four different conditions of dispersity, i.e., the
polydispersity index (PDI; the ratio between M,, and number-
average molecular weight, M,) = 1.0, 1.3, 1.6, and 2.0, by
drawing the lengths of the Dex150k chains from a Gaussian
distribution. The monomer concentration of Dex150k was
fixed at C = 30 wt % (~400 mg/mL). The droplet was
modeled as a spherical container with radius R = 255 nm
(Figure 4b). Although this size is approximately 40—200 times
smaller than typical droplet sizes in experiments, the simulated
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droplets are large enough to capture the transition from the
confinement-induced structuring near the droplet surface to
the homogeneous distribution at the droplet interior, as
demonstrated below.

In Figure 4c, we plot the probability distribution, P, (1),
of finding a monomer at distance [ from the droplet center for
monodisperse solutions (PDI = 1.0) and solutions with
different PDI values, i.e., (i) PDI = 1.3 and (ii) PDI = 2.0
(data for PDI = 1.6 are shown in Figure SS), itemized by
molecular weight. The distribution of the monodisperse
Dex150k case (PDI = 1.0) is shown as a red dotted line in
each graph, while the distribution of Dex10k is shown as a
black dashed line. These curves have been determined by
averaging over 2000 independent simulation snapshots, and
they have been normalized such that [, P(I) dV = 1 (the
corresponding concentration profiles can be obtained by
multiplying P(I) with the number of monomers/polymers
enclosed in the droplet, which are provided in Table S4). In all
cases, we can identify a distinct layering of monomers near the
droplet surface, which decays near [ 235 nm in the
monodisperse case; the width of this layered region is
approximately 25 nm, which is consistent with the character-
istic diameter of the Dex150k chains in our simulations, i.e.,
2R, ~ 26 nm. For polydisperse solutions, this zone becomes
narrower/broader as the molecular weight decreases/increases
relative to 150k, respectively. Comparing the curves of the
different M, windows, we can clearly see that the monomers
from the shorter chains preferentially wet the droplet surface,
which is consistent with smaller conformational entropy loss of
shorter chains than longer chains. Furthermore, this higher

~
~
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Figure S. Possible mechanism of cell-sized space altering small-molecule diffusion through the polymer chains.

wettability of shorter chains agrees with that observed in
interfacial tension data shown in Figure 3b. Owing to this
preferential surface wetting of short dextran chains, there is a
slight surplus of long dextran chains near the droplet center.
Furthermore, if we compare the solutions with different PDI
values, we discover that the differences in the P(I) of the
different M, groups become slightly more pronounced with an
increase in the PDI. After conducting the same analysis for the
probability distribution of the polymer centers of masses, Py,
(1), the same trends were observed (Figure 4d). Although our
coarse-grained model provides invaluable insights into the
confinement-induced structuring of the polymers by length,
the soft nature of the interactions impedes a detailed analysis
of the dynamics. To better understand these intricate
dynamics, we are planning to perform additional simulations
incorporating virtual slip-links between the DPD beads™** or
by employing a less coarse-grained model with our equilibrated
configurations as a starting point.36

We demonstrated that the macromolecular crowding inside
W/O droplets with a radius R < 20 ym caused a significant
slowing down of the translational diffusion, D, of small tracer
molecules (TAMRA, 2r/& & 0.7—0.9) compared with that of
large droplets and in the bulk, while the normalized rotational
diffusion and anomalous exponent @ remains almost unity. We
rationalized this slow translational diffusion by the preferential
wetting of short polymers at the droplet surface, which causes a
surplus of long dextran chains at the droplet center (Figure S).
We hypothesize that the observed slow diftusion of tracer
particles primarily originates from the strong coupling to the
relaxations of polymer segments, which become significantly
slower in confinement. Notably, a slight increase was observed
in the rotational diffusion of TAMRA as the droplet radius
decreased (Figure 2b). In addition, a appeared to approach
unity with an increasing concentration of short Dex10k (Figure
3¢, iii). These changes could be interpreted as a slight increase
in &; however, this change in £ was still sufficient to satisfy 2r/¢
& 1, as observed for the size-dependent translational diffusion.

Although this R-dependent slow translational diffusion was
not apparent for larger GFP tracer molecules (2r/& &~ 2.3—
2.9), both a and D slightly fell with a decrease in R. This trend
can be explained by the strong trapping of large GFP molecules
by the confined polymer chains, where polymer relaxation was
also slowed by cell-size confinement.”” This R independence of
large molecules is similar to the behavior of chromatin with a
few micrometers in size as it diffuses through nuclei, following
dynamic scaling regardless of the nuclear space size.’’
Therefore, the cell-sized confinement is likely a hidden
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parameter, which regulates molecular diffusion at intermediate
length scales (2r & &), as shown in Figure S.

The ability to control the spatial distribution of various
polymers using differences in their surface wettability can be
applied in various systems. For binary polymer blends of
Dex70k and nongelling gelatin, the interfacial tension decreases
with the addition of short dextran,*® suggesting that the added
short polymers are localized at the phase boundary to minimize
the interfacial energy. Similarly, living cells have various
surfaces, such as the cellular membrane, membrane organelle,
and the surfaces of biomolecular condensates. Corresponding
to this, the lengths of RNA and intrinsically disordered regions
of RNA-binding proteins have been reported to be crucial for
the emergence of LLPS and the physicochemical properties of
the condensates.>”™*' Therefore, our findings on the wetting-
induced heterogeneity of polymer chain length may contribute
to the understanding of the heterogeneous distribution of
molecules inside living cells.

Experimental details are provided in Section SI.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.3c00018.

Materials and methods (Section S1), estimation of
correlation length in the dextran solution (Section S2),
molecular simulation model and method (Section S3),
decay time of R6G in bulk solutions (Table S1),
viscosity of dextran solutions (Table S2), diffusion
coefficients of TAMRA in a solution without and with
very low concentration Dex150k (Table S3), number of
monomers/polymers in the simulations (Table S4),
concentration dependence on the correlation length for
dextran solution (Figure S1), fluorescence images of a
dextran droplet (Figure S2), relaxation curves of
interfacial tension y on the surface of dextran droplets
(Figure S3), droplet size dependence of TAMRA
diffusion inside polydisperse dextran droplets (Figure
S4), probability distribution of monomer or polymer
against the distance from the droplet center (Figure S5),
and examples of ACFs for GFP and TAMRA diffusion in
dextran solutions (Figure S6) (PDF)
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