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ABSTRACT: The in-cell environment is crowded with macro-
molecules, and the consequent reduction in free volume, based on
the hard-sphere paradigm, is central to understanding macromolecular
motions. A much-used model crowder, Ficoll, often assumed to be a
compact, if not rigid, colloidal particle, is studied by rheology, small-
angle neutron scattering, nuclear magnetic resonance diffusometry, and
relaxometry. We find that the Ficoll suspension viscosity scales linearly
with concentration cF in the dilute limit and as cF

3.8 at high cF, i.e,
consistent with the 15/4 (de Gennes) scaling for a reptating polymer.
The form factor of Ficoll, obtained via small-angle neutron scattering
(SANS), resembles either a Gaussian polymer or a soft polymer blob.
From NMR diffusion measurements, we obtain an effective volume
fraction for Ficoll that accounts for Ficoll-bound water in two ways and
show that each results in a volume occupancy of 60% to 70% in the crowding limit, much larger than the traditionally reported values
of around 30%. If we persist with the colloid paradigm and examine the dependence of the zero-q structure factor obtained via SANS
in terms of this effective volume fraction, we find that only a combination of particle softness and interparticle attractions, quantified
using a computational model, can replicate the experimental S(0). The stark difference between effective and traditional volume
occupancies affects the interpretation of previous experiments on macromolecular crowding and might explain the intriguing non-
monotonicity observed in the dependence of protein relaxation rates on crowder concentration.

■ INTRODUCTION
It is accepted that the in-cell environment is a crowded,
macromolecular soup with a variety of macromolecules, at high
total concentrations (300−400 g/L), occupying a significant
fraction of the total volume.1 This excluded volume is a
primary input to any fundamental understanding of macro-
molecular crowding.2 An elucidation of the relative importance
of excluded volume and other nonspecific interactions3 is
predicated on a knowledge of the volume occupied by
macromolecules as a function of concentration. A colloidal
model or a rigid-particle-based picture has been found to be
only partly adequate in diverse nanoscale polymer and protein
systems. Two examples are cross-linked microgels, whose
polymer−colloid duality is now well recognized,4,5 and
globular proteins, where a purely colloidal picture is not
adequate to capture protein solution properties.6,7

Even for the simplest macromolecular crowders, e.g., Ficoll,
which is a branched and internally cross-linked polysucrose
that is a copolymer of sucrose and epichlorohydrin, there is
evidence that the analogy with a hard-sphere-colloid crowder is
only approximate:8,9 indeed various studies have proposed that
Ficoll could be a semirigid sphere,10,11 an elongated
spherocylinder or rod,12,13 an open deformable structure,14,15

a porous particle,16 or a particle with multiple diffusive

modes.17 Nontrivial viscosity dependence in the conforma-
tional kinetics of proteins has been reported18 and is partially
understood in terms of internal friction.19 In a heterogeneous
crowding environment, the situation is even more complicated.
Dramatic non-monotonicity in protein folding relaxation times
as a function of the concentration of Ficoll has been reported
by Dhar et al.20,21 and has been modeled as depletion effects in
the presence of confinement induced by hard, spherical
colloids.22 On the other hand, single-molecule spectroscopy
of intrinsically disordered proteins has shown that the validity
of the colloid paradigm is limited and the effects of polymer
overlap are important to consider.23

In this work, we employ multiple experimental techniques
and simulation to evaluate the structure and hydration
properties of Ficoll suspensions. We obtain complementary
views of Ficoll from the points of view of nonequilibrium
response (rheology), quiescent equilibrium structure (small-
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angle neutron scattering (SANS) and simulation), and
equilibrium Brownian diffusion and relaxation (NMR)
dynamics. Under steady shear, the Ficoll viscosities exhibit a
concentration dependence that is completely consistent with a
crossover between dilute linear chains and reptating polymer
chains exhibiting c15/4 (de Gennes) scaling.24 Our neutron
scattering experiments, in addition, conclusively indicate that
the low-concentration structure of Ficoll is consistent with that
of a linear Gaussian polymer or a soft polymer blob.
Employing complementary NMR methods, we demonstrate,

for the first time, that two different Ficolls, Ficoll-70 (Mw = 70
kDa) and Ficoll-400 (Mw = 400 kDa) are highly hydrated and
occupy a volume that increases in a nonlinear fashion with the
mass concentration. This volume fraction greatly exceeds the
value assumed in numerous previous studies (including our
own16,25) that have assumed a Ficoll volume of
v m(mL/g) (g)× where v corresponds to the specific volume
of Ficoll and has a value of 0.65−0.67 mL/g16,26 for Ficoll-70
and 0.68 mL/g26,27 for Ficoll-400. These results would affect
past studies that compare crowding using Ficoll to models of
rigid crowder particles of any shape; for example, they will be
relevant to the differential effects of crowding on different
regions of intrinsically disordered proteins,28 and they might
shed light on the nontrivial conformational kinetics observed in
folding proteins in crowded environments.20

■ RESULTS AND DISCUSSION
Rheology: Polymer-like Behavior of Ficolls. We begin

by evaluating the sample bulk properties of the Ficoll
suspensions by steady-shear experiments in a cone−plate
rheometer probed between shear rates from 10 to 200 1/s.
At all concentrations, the response is Newtonian, but the
viscosities depend in a nonlinear fashion on the concentration
shown in Figure 1. We fit the relative viscosity (ηrel ≡
ηsuspension/ηsolvent) of the Ficoll suspensions to the form

c k c1 ( )x
rel F 0 H F 0= + [ [ ] + [ ] ] (1)

where [η]0 is associated with the intrinsic viscosity and in our
formulation is dimensionless (since cF is a mass fraction).
Equation 1 was employed by Tuinier et al.29 for a natural
polysaccharide with a single backbone. The functional form
captures the crossover from dilute solution behavior where ηrel
∝ cF to the concentrated de Gennes reptation regime where

crel F
15/4.24 We obtain [η]0 = 0.234 ± 0.003 for Ficoll-70

and 0.261 ± 0.003 for Ficoll-400. We also obtain an exponent
x = 3.87 ± 0.11 for Ficoll-70 and 3.71 ± 0.09, which is
remarkably consistent with the de Gennes value 15/4.24 The
prefactor kH, identified as the Huggins constant, is a measure of
hydrodynamic interactions between macromolecules: we
obtain kH

1
25

= , numerically the same as obtained for the
natural polysaccharides.29 This result, indicating polymer-like
behavior, encourages us to look beyond the hard-sphere
paradigm.
SANS: The Form Factor of Ficoll-400. For soft,

deformable particles, it can be the case that the apparent
structure under shear is not the same as the structure in the
quiescent state. We used SANS to extract the structure of
Ficoll, in dilute solution, in the quiescent state. Given the
reasonable assumption of the absence of particle−particle

interactions in the most dilute solution probed ( )c 1%F
w
w

= ,
we consider this to be the form factor. We report the
normalized neutron scattering intensity of Ficoll-400 (details in
Supporting Information), which, because of its larger size, is a
better neutron scatterer than Ficoll-70 at 1% w

w
since neutron

scattering intensity increases as the square of the particle
volume but linearly with the number of particles. This is
depicted in Figure 2.
Interestingly, we do not observe any hint of Bessel-like

oscillations in the form factor, a typical characteristic of hard
sphere colloids.30 Rather, the form factor (the scattered
intensity I(q) at the lowest concentration) is a smoothly

Figure 1. Rheology: The relative viscosity, for both Ficoll-70 and
Ficoll-400 suspensions, follows polymer scaling with a crossover from
dilute to semidilute behavior. The dotted lines are fits to eq 1.

Figure 2. SANS form factor: Form factor of Ficoll-400 obtained at the
lowest concentration, c 1%F

w
w

= . The data are fit to the Debye model
for a Gaussian polymer (dashed line) using eq 2 and an extended
Debye−Anderson−Brumberger (DAB) model for a cross-linked
polymer blob (dotted line, see Supporting Information).
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decreasing function of q and is well fit by the Debye model for
Gaussian polymer chain (dashed line in Figure 2), with a form
factor

P q
I q

I y
y y( )

( ) 2
exp( ) 1

0
2= = [ + ]

i
k
jjjjj

y
{
zzzzz (2)

where y = q R2
g
2 and Rg is the radius of gyration. From the fit,

we obtain an Rg of 11.07 ± 0.08 nm (the error bars represent
one standard deviation). The Rg obtained from the Debye fit is
consistent with the model-independent Rg obtained from the

Guinier regime. We obtain a size ratio
R

R
g
debye

H
NMR = 1.52 ± 0.03 (the

error bars represent one standard deviation) using the radius of
gyration, obtained by fitting the Debye model to the SANS
form factor, and the hydrodynamic radius, obtained from
Ficoll-400 diffusivity measurements in dilute solutions (NMR
experiments, discussed next). We know that the Ficolls are
highly branched but also cross-linked. Thus, we also fit the
experimental form factor to a polymer blob model.31 This fit
(dotted line in Figure 2) is equally good as the Debye fit, but
requires an additional free parameter (refer to the section The

extended Debye−Anderson−Brumberger form factor model in
the Supporting Information for details).
The size ratio

R

R
g

H
NMR is known to vary from approximately 0.8

for globular proteins or solid spheres32) to a value of 1.59 ±
0.01, predicted by Dunweg et al. for polymer chains in good
solvent, who comment that the true error is likely larger than

the value they quote. An experimental value of
R

R
g
SANS

H
NMR between

1.5 and 1.6 is therefore consistent with predictions for
Gaussian polymers. Thus, we conclude that the Ficoll
molecules have very distinctly polymer-like properties. Next,
we examine the nature of the free volume accessible for other
molecules in Ficoll suspensions of different concentrations
using different NMR methods.
NMR: The Concentration-Dependent Volume Frac-

tion of Ficoll. Different species can be distinguished in NMR
spectroscopy via the chemical shift. Thermally driven transla-
tional and rotational motions affect measurable quantities, i.e.,
diffusion and relaxation in multicomponent macromolecular
solutions,33 and can be obtained for both the water (in the
present case, trace HDO molecules in the D2O) and the Ficoll.

Figure 3. PFG-NMR: (a) Self-diffusion coefficient of Ficoll-70 and Ficoll-400 exhibits a much more dramatic (exponential) decrease as a function
of cF. (b) Self-diffusion coefficient of trace HDO in Ficoll-D2O solution decreases linearly with an increase in Ficoll weight fraction, cF, with a small
quadratic dependence at high concentrations for both Ficoll-70 and Ficoll-400. (c) Ficoll-bound water fb

HDO (eq 4) increases linearly for Ficoll-70.

(d) fb
HDO increases linearly until 10 % w

w
for Ficoll-400 and has a quadratic contribution when fit over the entire concentration range.
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Diffusion. The self-diffusivity of the Ficoll particles is shown
in Figure 3(a). The Ficoll diffusion shows two distinct modes
(see Experimental Methods and Supporting Information
Figure S2(a) and (b)), and we therefore plot the average
Ficoll diffusion coefficient Dave, which is a simple weighted
average (eq 8 in the Supporting Information). Dave shows an
exponential decrease, with a fit giving characteristic concen-
trations of 10.76 ± 0.47 and 11.59 ± 0.68 wt % for Ficoll-70
and Ficoll-400. An exponential (rather than power-law)
decrease of the self-diffusivity has been reported previously
for polyethylene glycol (PEG) and is likely characteristic of a
crossover regime from dilute to semidilute behavior,25 but the
diffusivity of PEG shows a plateau below the overlap
concentration; in the case of the Ficolls, there is no plateau
all the way down to concentrations of 1% (well below the
characteristic concentrations of around 10% inferred from
rheology and from the Ficoll diffusion). This could indicate the
presence of additional (attractive) interactions, discussed later.
From the measured self-diffusion coefficients at the lowest
concentrations (using the Stokes−Einstein equation), we
obtain the Ficoll hydrodynamic radius, which has a value of
4.06 ± 0.08 nm for Ficoll-70 and 7.26 ± 0.11 nm for Ficoll-
400.
The self-diffusion coefficients of HDO molecules in Ficoll−

D2O solution are plotted as a function of Ficoll concentration,
cF, for both Ficoll-70 and Ficoll-400 in Figure 3(b). They are
obtained from signal attenuations that are monoexponential at
all cF (Supporting Information Figure S2(b)). As a function of
cF, the diffusion coefficient DHDO decreases. The decrease is
roughly linear, with a small quadratic correction at higher
concentrations, D D k c k c(1 )HDO

0
HDO

1 F 2 F
2= . For Ficoll-

70 and Ficoll-400, we obtain D0
HDO = (1.89 ± 0.01) × 10−9

m2/s and (1.88 ± 0.02) × 10−9 m2/s, respectively (the error
bars represent one standard deviation), consistent with the
bulk HDO-in-D2O calibration value34 of 1.902 × 10−9 m2/s.
At the highest concentrations, the reduction in DHDO is

significant, i.e., 60% lower than the bulk value. Models of
“obstructed diffusion” have been employed in the past,35,36

which show a more modest (25%) reduction in D D/HDO
0
HDO.

We, however, know two things: first, that there is significant
water in the Ficolls, and second, that there will be very rapid
exchange between free and bound water molecules. We
therefore expect a single observable diffusion mode for the
water (i.e., monoexponential dependence on the gradient
parameter b of the raw signal attenuation). This is indeed what
we observe (Supporting Information Figure S1(b)), and as
discussed in previous work,33 we can interpret the observed
diffusion coefficient

D c f D f D( ) (0) (1 )HDO
F

HDO HDO HDO
bound
HDO= + (3)

as a weighted sum of the self-diffusivities of bulk (i.e., free)
water, with fraction f HDO and diffusivity DHDO, and Ficoll-
bound water, with fraction (1 − f HDO) and diffusivity Dbound

HDO .
Since the Ficoll-bound water will diffuse as fast as the Ficoll

itself, i.e., D Dbound
HDO

ave, we can write an expression for the
“bound” HDO fraction (which reflects on the total bound
D2O):

f f

D c D

D c D

1

(1 ( )/ (0))

/(1 ( )/ (0))

b
HDO HDO

HDO
F

HDO

ave F
HDO

=

(4)

Everything on the right-hand-side of eq 4 is measured in our
experiments. Since the Ficoll self-diffusivity Dave is approx-
imately 2 orders of magnitude lower than DHDO in the dilute
limit and 3 orders of magnitude lower at cF = 15%, it should be
noted that f D c D1 ( )/ (0)b

HDO HDO
F

HDO . But we use the
full form of eq 4.
Figure 3(c,d) show a plot of fb

HDO for Ficoll-70 and Ficoll-

400, which show slightly different behaviors. While fb
HDO

increases linearly with cF for Ficoll-70 (Figure 3(c)), there is a
nonlinearity at higher concentrations for Ficoll-400 (Figure
3(d)). Perhaps related, we also observe a small, but noticeable,
deviation from the exponential decrease in the self-diffusion
coefficient of Ficoll-400 above cF = 15%, while Ficoll-70 shows
a simple exponential decrease (refer to the section Pulsed-field-
gradient NMR experiments in the Supporting Information for
details of the analysis).
We fit the concentration dependence of fb

HDO to linear and

quadratic contributions, f k c k cb
HDO

1 F 2 F
2= + : k1 = 0.0173 ±

0.0001 (the error bars represent one standard deviation) and
the quadratic contribution is zero for Ficoll-70 (Figure 3(c)),
while for Ficoll-400, k1 = 0.022 ± 0.001 and the quadratic
contribution is (k2 = −1.2 × 10−4 ± 0.4 × 10−4) small but
nonzero and is in fact noticeable above 10 % w

w
(Figure 3(d)).

Effective Volume Fraction. The finding that such a large
fraction (up to 60%) of the water is associated strongly with
the Ficolls implies that it is incorrect to obtain the pervaded
Ficoll volume at all concentrations by multiplying the mass by
a specific volume, i.e.,

v m
v m Vs

F

F D O2

=
+ (5)

except in the dilute limit. Indeed, a significant part of the
hydrodynamic volume occupied by the Ficolls is water, and at
any given instant this water is not part of the free volume
accessible to other large macromolecules! Of course, the
situation is different for smaller molecules that can enter the
pores of the Ficoll particles, so this effective volume fraction is
relevant for larger macromolecules. As an example, whereas an
enzyme might not penetrate the Ficoll, a substrate molecule
would, and in this circumstance the accessible volume for
enzyme and substrate in the same system would be different!
The fact that the accessible volume depends on both the
crowder and the probe molecule needs to be considered in
macromolecular crowding studies. Thus, we calculate an
effective Ficoll volume, Veff, which includes the specific volume
of the Ficoll and the volume of bound water, defined as

V v m f Veff F b
HDO

D O2
= + (6)

where v is the specific volume (0.65 mL/g for Ficoll-70 and
0.68 mL/g for Ficoll-400), mF is the mass of the Ficoll
molecule in the suspension, fb

HDO is the fraction of bound
HDO molecules, and VD O2

is the volume of D2O. Then the
effective volume fraction is given by

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c00677
Macromolecules 2022, 55, 9103−9112

9106

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00677/suppl_file/ma2c00677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00677/suppl_file/ma2c00677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00677/suppl_file/ma2c00677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00677/suppl_file/ma2c00677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00677/suppl_file/ma2c00677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00677/suppl_file/ma2c00677_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


V
V f V(1 )eff

eff

eff b
HDO

D O2

=
+ (7)

Importantly, the solvent “free” volume is reduced by the
volume of bound water that is part of the Ficoll effective
volume.
Alternatively, we can also estimate the Ficoll volume fraction

by estimating the hydrodynamic volume of the Ficoll
molecules. For dilute systems, this volume would simply be

V R Nm
Mhydrodynamic

4
3 h

3
A

F

w
=

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ
Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ , where mF is the mass of Ficoll,

Mw is the molecular weight of Ficoll-400 (400 kDa), and NA is
Avogadro’s number. The hydrodynamic radii obtained from
the Ficoll self-diffusion coefficients (Figure 3(a)) are 4.06 ±
0.08 nm for Ficoll-70 and 7.26 ± 0.11 nm (the error bars
represent one standard deviation) for Ficoll-400. As long as
f cb

HDO
F, the bound water per Ficoll particle is constant. A

concentration-dependent hydrodynamic volume must there-
fore account for the k2-dependent nonlinear term in the
relationship of fb

HDO with cF in Figure 3(c,d):

V
k
k

c R
m
M

N1
4
3hydrodynamic

2

1
F h

3 F

w
A= +

i
k
jjjjj

y
{
zzzzz

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ
Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ (8)

The Ficoll volume fraction ϕhydrodynamic is then obtained as
V

V f V(1 )hydrodynamic
hydrodynamic

hydrodynamic b
HDO

D O2

=
+ (9)

These two distinct approaches of estimating the volume
fractions, shown in Figure 4(a) and (b), are remarkably
consistent with each other and yield much larger volume
fractions than the bare polymer volume fraction ϕs. The ratio

of hydrodynamic

eff
is 1.13 ± 0.01 for Ficoll-70 and 1.011 ± 0.004 (the

error bars represent one standard deviation) for Ficoll-400.
This gives us confidence that the true volume occupancy of the
Ficoll must exclude the Ficoll-bound water from the accessible
solvent-free volume, and under crowding conditions, the

volume occupancy is not 30% but 65−70%. Moreover, while ϕs
shows a linear dependence on the concentration, cF, both the
ϕeff and ϕhydrodynamic are seen to increase nonlinearly beyond cF
≈ 10−15%. This is consistent with overlap concentrations of cF
≈ 13−16%, determined using suspension viscosity measure-
ments in this work (this rough estimate is obtained from the
concentration where the extrapolations to the dilute-limit
behavior and the semidilute limit behavior intersect in Figure
1) and also consistent with estimates elsewhere,26 of 0.15−0.25

g
mL

. Table 1 in the Supporting Information shows the weight
fractions cF of Ficoll-70 and Ficoll-400 investigated here and
corresponding volume fractions ϕs, ϕhydrodynamic, and ϕeff.

Relaxation. Next, we examine if the constrained environ-
ment for the solvent molecules, implied by the above diffusion
measurements, is borne out by NMR transverse relaxation
measurements, which are known to be strongly affected by the
environment. Relaxation measurements report on nanosecond-
to-picosecond molecular rotational correlation times, while
diffusion reports on millisecond-scale translational diffusion:
these measurements are thus very independent and yet
performed on the same samples. Shown in Figure 5 are the
transverse relaxation rates R2 for Ficoll-70 and Ficoll-400 as a
function of ϕeff. These rates have a value of about 2 (1/s) at
ϕeff = 0, but have increased by an order of magnitude when ϕeff
= 0.4 (≈15%) for Ficoll-70 and by ϕeff = 0.25 (≈10%) for
Ficoll-400 and by another order of magnitude at ϕeff = 0.7.
These numbers too are consistent with overlap concentrations
of cF = 13% to 16% determined using our suspension viscosity
measurements. We also examine directly the 2H spectra in the
deuterium channel (shown in Supporting Information Figure
S3), for cF = 1%, 15%, and 35%. The significant broadening
seen for the latter samples is consistent with a confined
environment.

Ficolls Are Highly Hydrated. The NMR results consistently
indicate that the Ficolls are highly hydrated. The water and
Ficoll diffusion coefficients enable us to obtain a realistic Ficoll
volume fraction, and the HDO relaxation confirms that the
average environment experienced by the water is severely

Figure 4. Effective volume fraction: (a) Two alternative calculations of Ficoll volume fraction that account for bound water, ϕeff, and ϕhydrodynamic
show a stronger increase with cF than the traditional ϕs. Both (a) Ficoll-70 and (b) Ficoll-400 show a nonlinear increase for cF > 10%.
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constrained in the crowding limit. It is instructive to obtain the
ratio of the water bound to each particle to the incremental
polymer volume added to the solution by adding a particle. It
should be noted that the volume accessible for macromolecules
of size comparable to the crowder size Rg is much smaller than
the volume accessible to smaller molecules (like the substrate
molecule in enzyme kinetics studies which can enter the
porous Ficoll particle37). This ratio can be obtained from the
individual terms in eq 6. For Ficoll-400, this ratio decreases
with increasing concentration from 3 to 2.4; for Ficoll-70 this
ratio is 2.4. Thus, at any concentration, the water bound to
Ficoll contributes 2.5 to 3 times the particle volume as does the
polymer. This is analogous to similar realizations of a
polymer−particle duality in the polymer microgel literature.4

Ficolls are clearly more hydrated than collapsed microgels but
less so than fully swollen microgels.38 In PNIPAM micro-
gels38,39 the particles hold a significant amount of water; up to
60% of the particle volume is water, and microgels with lower
cross-link density provide stronger confinement (collapse
more) under strong osmotic stress. Ficoll-400 shows stronger
signs of water confinement (larger R2) than Ficoll-70.
Considering that the Ficolls are branched polysaccharides, it

Figure 5. NMR transverse relaxation: 1H transverse relaxation rates of
solvent molecules, R2, show a dramatic increase, above ϕeff = 0.4 for
Ficoll-70 and above ϕeff = 0.25 for Ficoll-400. Representative 2H D2O
spectra, shown in Figure S3 of the Supporting Information, also show
a significant broadening with increasing concentration, indicating a
increasingly confined environment.

Figure 6. Structure factors: (a) SANS: Structure factor of Ficoll-400 obtained as the ratio of neutron scattering intensity to the form factor,
assuming a concentration-independent form factor. (b) S(0) plotted against ϕeff and compared with the hard-sphere (Percus−Yevick) values, as
well as simulation. (c) Simulation: the essential features of the interaction potential V(r) for a good fit to the experimental S(0) are a soft short-
ranged repulsion and a shallow longer-ranged attraction.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c00677
Macromolecules 2022, 55, 9103−9112

9108

https://pubs.acs.org/doi/10.1021/acs.macromol.2c00677?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00677?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00677?fig=fig5&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00677/suppl_file/ma2c00677_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c00677/suppl_file/ma2c00677_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00677?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00677?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00677?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00677?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00677?fig=fig6&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00677?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


is conceivable that the Ficoll-400, being larger, has a more
extended fuzzy shell, as is the case in microgels.
Structure Factors: Ficolls Are Soft and Attractive. By

now, it is clear that Ficolls are not hard spheres, but in fact are
closer to polymers. At the same time, however, they are highly
hydrated with bound water that is unavailable as free volume.
Persisting, therefore, with the colloid paradigm, we can use the
SANS structure factors to quantify the softness of Ficolls. With
this in mind, we obtain the structure factors S(q) of Ficoll-400
suspensions, shown in Figure 6, by dividing the neutron
scattering intensity of the Ficoll suspensions by the form factor.
It has to be noted that the increase in the bound water fraction
fb

HDO is only linear, and the values of the water relaxation rates
are only close to the bulk water value, up to a Ficoll-400
concentration of 10 % w

w
(ϕeff ∼ 0.2). We interpret this regime

as the dilute regime where the particle−particle interactions
can be neglected. Therefore, in this regime S q( ) I c

I
( )F

dil
= is the

true structure factor. Beyond 10 % w
w
, the form factor could be a

function of the concentration and, in our experiments, the
structure factor is not separable from the form factor;
nevertheless, we can still extract the zero-q extrapolation of
the structure factor (since the form factor is 1 at zero q). S(0)
is in fact the reduced (dimensionless40,41) isothermal
compressibility.
Figure 6(b) shows S(0) as a function of ϕeff. The

corresponding value of ϕhydrodynamic is shown as a one-sided
uncertainty in ϕeff; the values are provided for easy comparison
in Supporting Information Table 1. It is seen in Figure 6(b)
that this dependence deviates significantly from the Percus−
Yevick (PY) hard-sphere form42SPY(0) = (1 − ϕ)4/(1 + 2ϕ)2
at low ϕeff but approaches it asymptotically at higher ϕeff.
To explore the potential origin of the ϕ-dependence of S(0),

we demonstrate that a simple particle-based model can be
parametrized to fit S(0) across a range of ϕ. In this model
(shown in Figure 6(c)), the Ficolls are spheres of radius Rcore
that interact pairwise with a potential V(r), where r is the
distance between two spheres. V(r) = ∞ at r R2 core< describes
a hard core, a soft shell is captured by V(r) = ϵrep at 2Rcore ≤ r
< 2Rrep, while the attractions are parametrized by V(r) = ϵatt at
2Rrep ≤ r < 2Ratt. For r > 2Ratt, V(r) = 0. The hard core of
radius Rcore guarantees that the calculated structure factor

converges to the PY value at large ϕ = R N
L

4
3

core
3

3 , where N is the
number of spheres in a cubic simulation box of side L. While
the definition of ϕ in simulation assumes that the single-
particle volume is independent of concentration, we focus on
the regime ϕ < 0.2 where this is valid. As shown in Figure 6(c),
the parameter values Rrep = 1.1Rcore, Ratt = 1.7Rcore, ϵrep = kBT,
and ϵatt = −0.38kBT, where kB is the Boltzmann constant and T
the temperature, match S(0) in the low-ϕ region. Further
exploration of parameter values around this point shows that
an attraction between the particles (ϵatt < 0) is necessary to
obtain the plateau-like behavior of S(0) at low ϕeff, while a
repulsion (Rrep > Rcore and ϵrep > 0) is necessary to obtain the
observed convergence to the PY value at higher ϕeff (see
Supporting Information Figure S9). In particular, it is not
sufficient to make V(r) a simple square-well potential. Overall,
we find that a simple interaction potential between spherical
particles, which combines short-ranged repulsions that “soften”
the hard core and weak long-ranged attractions, can reproduce
the behavior of S(0) in the low-ϕeff region.

■ DISCUSSION: COMPARISON WITH PREVIOUS
WORK

Diffusion. In our work, we report a biexponential NMR
signal decay for Ficoll molecules which we attribute to the
presence of monodisperse molecules and clusters (Supporting
Information Figure S2 and Figure S3). Dynamic light
scattering studies by Georgalis et al. also found that the
autocorrelation functions of Ficoll-70 solutions were well fit to
a double-exponential decay, indicating two closely spaced
diffusive modes. Our results are thus consistent with these
results.17

Viscosity. Viscosity in Ficoll solutions has previously been
measured, albeit over a smaller concentration range, making it
harder to test against the crossover polymer scaling function as
we have done. Nevertheless, we note that the value of the
relative viscosity for Ficoll-400 is roughly consistent with the
values obtained in previous published literature for Ficoll-
400,43 while the values for Ficoll-70 are consistent with the
manufacturer-published values (https://cdn.cytivalifesciences.
com/api/public/content/digi-12817-pdf), but differ from the
values of Acosta et al.26 While we do not know the reason for
this variance, we note in passing that one improvement in our
measurements is that we homogenize all Ficoll solutions to
ensure that all experiments are well-dispersed and free of large
aggregates. This homogenization during sample preparation
was not reported in previous work.
SANS and Simulation. No previous small-angle scattering

studies (neutron or X-ray) have been carried out on Ficolls, to
our knowledge, making our work the benchmark for future
studies. Also, for this reason, there have been no previous
attempts to match Ficoll structure to simulation models.

■ CONCLUSION
Using multiple complementary experimental techniques,
rheology, SANS, and NMR diffusometry and relaxometry, we
have investigated the structure of a model polysaccharide
macromolecular crowder of two sizes, Ficoll-70 and Ficoll-400.
For both Ficoll-70 and Ficoll-400, the viscosity of the
suspensions follows a crossover form from linear dependence
of the concentration cF in dilute solution to de Gennes scaling
for a reptating polymer in concentration solution.24 The
prefactor to this crossover scaling form, known as the Huggins
constant, is identical to the previously reported value for
solutions of (non-cross-linked) polysaccharide polymer with a
single backbone. This surprising result suggests that the Ficolls
are in fact rather weakly cross-linked. In the future, it would be
very interesting to vary cross-link density in Ficolls and
measure it using solid-state NMR44 to see its effect on Ficoll
properties. Supporting the above observations, the SANS form
factor of Ficoll-400 also does not exhibit a sphere-like character
but is rather well-fit to the Debye model for a linear Gaussian
polymer, and the ratio Rg/RH ∼ 1.52, which is within the range
of values 1.44−1.59 expected for a Gaussian polymer and/or
polymers in good solvent.45

The concentration-dependent reduction in the observed
self-diffusion coefficient of the trace HDO molecules in D2O
helps us estimate the effective Ficoll volume fraction, which
includes particle-associated water. This water is “bound” only
in a statistical sense, because on the time scales of the NMR
diffusion experiment (tens of milliseconds), an individual water
molecule exchanges rapidly between the free and the particle-
associated state. The bound water fraction is large, approaching
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f b = 0.6 in the crowding limit. Independently, and consistently,
we see a sigmoidal rise in the transverse relaxation rate from
the value for free water toward a plateau value that is consistent
with a highly constrained environment. We identify a nonlinear
growth of the Ficoll-400 bound water fraction ( f b) with
increase in cF, while fb for Ficoll-70 increases linearly. This
suggests that while the water content per particle is roughly
constant as a function of cF for Ficoll-70, it decreases a bit in
Ficoll-400 (due either to particle overlap or particle
compression).
The increase in Ficoll-bound water, obtained via long-time

diffusion measurements, is completely consistent with
increasing NMR relaxation rates, which reflect short-time
rotational motions. In the future, one could also use Raman
scattering experiments to evaluate the nature of Ficoll-bound
water under crowding46 and to understand the difference in
the magnitude of specific relaxation rates for Ficoll-70 and
Ficoll-400 above the identified overlap concentrations.
Volume fractions traditionally calculated using the Ficoll

partial specific volume, in contrast, simply yield the additional
solution volume due to the Ficoll polymer; they do not capture
the hydrated volume occupied by the Ficolls. We report, for
the first time, an effective volume fraction for Ficoll that
reflects a particle volume which includes Ficoll-bound water
and, more importantly, a solvent volume that excludes the
Ficoll-bound water. In the crowding limit the effective volume
fraction is not between 20% and 30%, but between 60% and
70%; this estimate is totally consistent with the polymer-like
rheology observed, which implies that Ficolls interpenetrate
and/or deform during shear.
Having obtained a robust measure of volume occupancy, we

consider the dependence of the reduced (dimensionless)
osmotic compressibility of Ficoll-400 on the effective volume
fraction in the quiescent state, via the structure factor at zero q.
S(0) deviates strongly from hard-sphere behavior in dilute
solution and resembles that seen in soft-particle systems such
as microgels at different cross-link densities.42 In a simple
computational model, we found that, in addition to soft short-
ranged repulsions, longer-ranged but weak attractions are
needed to reproduce the measured S(0). A partial explanation
for the complexity is that while fuzzy polymer chains on the
particles could give rise naturally to steric repulsions, the
distances of Ratt − Rcore ∼ 0.6Rcore < 3 nm are still in a distance
scale where van der Waals attractions must be present. Note
that this is in contrast to fuzzy colloidal particles of larger (100
nm to micron-scale) dimensions where van der Waals
attractions are the interactions at the shortest range. In
addition, it is possible that these weak longer-ranged
attractions result in transient clustering and are the reason
for the absence of a self-diffusivity plateau in the dilute regime
in Figure 3(a).
Revisiting the work of Dhar et al.,20,21 we make two

observations. First, there is a dramatic non-monotonic
behavior of protein folding time scales reported as a function
of Ficoll concentration: a sharp decrease approaching 100 mg/
mL followed by a sharp increase above. This coincides
precisely with the crossover from dilute solution rheology to
the de Gennes scaling regime at cF ≈ 10−15%. The possibility
of the relevance of such an effect was in fact suggested by
Pielak and Miklos.21 Second, the effective volume fraction at
this concentration is in fact 40% (not between 10% and 15%),
and the water transverse relaxation rates which report on
rotational motions have a value of 50−100 1/s, i.e., in a

crossover regime from the bulk water value (3 1/s) to the
bound water value (150−300 1/s). Thus, the non-monoto-
nicity arises at precisely the point where crowder−crowder
interactions become dominant and rotational motions of the
protein would be severely constrained. While this makes the
Dhar results inconsistent with the theory of Cheung et al.,22 it
is now more consistent with predictions of Erlkamp et al.47

who predict a non-monotonic change in the Gibbs free energy
for a protein with a minimum at a volume fraction of 0.3.
Is Ficoll colloid or polymer? The answer is that it depends

on how you probe it. From this multitechnique study, we say,
conclusively, that Ficolls are not prototypical colloid-like
excluded-volume crowders, that they occupy a hydrodynamic
volume that consists of 2.5−3 times as much water as polymer,
and that their structure and rheology are consistent with that of
a Gaussian polymer. While modeling Ficoll−Ficoll interactions
correctly would require a knowledge of the density of internal
cross-links, which we do not currently have, if one is to model
them with a colloidal model, it must be as one with soft
repulsions and weak attractions. We should note, however,
these interactions are quantitatively more important at lower
concentrations and less in the crowding limit, once the free
volume has been correctly accounted for. There is an
interesting parallel between these findings and findings of
polymer−colloid duality in the microgel literature.4,5 Similar
challenges are also faced in understanding structure and
dynamics in globular protein solutions.6,7

These findings will affect past and future macromolecular
crowding studies, especially those involving model crowders
like Ficoll. While Ficolls are not hard spheres, real crowding
environments are also not hard spheres, so it is less clear what
is an appropriate crowder model system; indeed, it is likely that
there is no universal “better” model for describing crowding
effects, but that different systems have different appropriate
crowders, depending on which nonspecific interactions are
dominant within a particular cellular microenvironment.48 For
example, bacterial cell lysates may be a good crowder for a
protein in a bacterial cell, while a more complex combination
of enzymatic crowders and confinement might be necessary to
mimic crowding in the extracellular matrix.49

■ MATERIALS AND METHODS
Sample Preparation. Ficoll-400 and Ficoll-70 (with molecular

weights of 400 and 70 kDa, respectively) were purchased from Sigma-
Aldrich. In each experiment, the required amount of Ficoll, mF, is first
weighed and then dispersed in D2O of mass mD O2

using a Fisherbrand
homogenizer. The sample is stirred using a 7 mm homogenizer probe
for 3 min at 11 000 rpm. This procedure is repeated five times with an
interval of 1 min between each stirring. The weight fraction of the
suspensions is

c
m

m m
100F

F

F D O2

=
+

×
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ (10)

as a concentration in wt % or in w/w as a fraction between 0 and 1.
Nuclear Magnetic Resonance Diffusion and Relaxation. The

samples for NMR measurements were filled in a capillary tube that fits
into a 5 mm NMR tube to remove the effects of convection.
Experiments were conducted at 298 K using a Bruker Avance II NMR
spectrometer at a 1H resonant frequency of 600 MHz. Details of
diffusion and nuclear magnetic relaxation experimental probe
parameters and methods are described in the Supporting Information.
Small-Angle Neutron Scattering. The SANS experiments were

performed on the NGB-30m beamline at the Center for Neutron
Research at the National Institute of Standards and Technology.50 We
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reduced the 2-D neutron scattering intensity by following the
methods outlined by Klein and co-workers,.51 Details of the reduction
of neutron scattering intensity are provided in the Supporting
Information, section Reduction of SANS scattering intensity from raw
data.
Computational Model. The static structure factor S(q) of the

simple model described in the Results was determined using Monte
Carlo simulations. Particles interacting with the potential function
V(r) (see Results and Figure 6(c)) were placed in a cubic simulation
cell with side L = 10Rcore and periodic boundary conditions enforced.
The calculated S(0) was taken to be S(qmin), where qmin = L

2 is the
magnitude of the smallest possible scattering vector consistent with
the periodic boundary conditions.52 Statistical errors on S(qmin),
estimated by carrying out independent runs at one high-ϕ system and
one low-ϕ system, are smaller than the plot symbols in Figure 6(c)
and not reported.
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