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Crowding Induces Complex Ergodic Diffusion and Dynamic Elongation of
Large DNA Molecules
Cole D. Chapman,2 Stephanie Gorczyca,1 and Rae M. Robertson-Anderson1,*
1Department of Physics, University of San Diego, San Diego, California; and 2Department of Physics, University of California San Diego, La
Jolla, California
ABSTRACT Despite the ubiquity of molecular crowding in living cells, the effects of crowding on the dynamics of genome-sized
DNA are poorly understood. Here, we track single, fluorescent-labeled large DNA molecules (11, 115 kbp) diffusing in dextran
solutions that mimic intracellular crowding conditions (0–40%), and determine the effects of crowding on both DNA mobility and
conformation. Both DNAs exhibit ergodic Brownian motion and comparable mobility reduction in all conditions; however, crow-
der size (10 vs. 500 kDa) plays a critical role in the underlying diffusive mechanisms and dependence on crowder concentration.
Surprisingly, in 10-kDa dextran, crowder influence saturates at ~20% with an ~5� drop in DNA diffusion, in stark contrast
to exponentially retarded mobility, coupled to weak anomalous subdiffusion, with increasing concentration of 500-kDa dextran.
Both DNAs elongate into lower-entropy states (compared to random coil conformations) when crowded, with elongation states
that are gamma distributed and fluctuate in time. However, the broadness of the distribution of states and the time-dependence
and length scale of elongation length fluctuations depend on both DNA and crowder size with concentration having surprisingly
little impact. Results collectively show that mobility reduction and coil elongation of large crowded DNAs are due to a complex
interplay between entropic effects and crowder mobility. Although elongation and initial mobility retardation are driven by deple-
tion interactions, subdiffusive dynamics, and the drastic exponential slowing of DNA, up to ~300�, arise from the reduced
mobility of larger crowders. Our results elucidate the highly important and widely debated effects of cellular crowding on
genome-sized DNA.
INTRODUCTION
Biological cells, comprised of a wide range of macromole-
cules of varying sizes and structures, are highly crowded,
with typical concentrations of ~200–400 mg/mL (20–
40% w/v) (1). Crowding has been shown to play a principle
role in a wide array of biological processes, such as gene
expression, protein folding, binding and aggregation, chro-
mosomal compaction, cell volume regulation, and catalytic
enzyme activity (1–6). Drug delivery systems, gene therapy,
and production and manipulation of synthetic cells and
nanomaterials are also highly impacted by cellular crowding
(2,3,7,8). Macromolecular mobility is greatly reduced in
crowded environments, yet despite these extreme condi-
tions, diffusion is the primary mechanism by which the ma-
jority of reactions and interactions occur. Further, crowding
has been shown to alter the conformations and stability
of nucleic acids and proteins, which greatly impact pro-
tein-DNA binding efficiency, transcription, and replication
(3,8). Despite the obvious importance of understanding
molecular diffusion and configuration in crowded environ-
ments, the sheer system complexity, coupled with conflict-
ing experimental and theoretical studies (3,9), leaves this
open problem widely debated by a range of researchers
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Genomic DNA, storing the genetic code for almost all
living things and playing a pivotal role in several other bio-
logical functions (10,11), varies widely in size and confor-
mation among living organisms and is often one of the
largest macromolecules in the cell (with bacterial genomes
ranging from ~10–10,000 kbp). While DNA is often bound
by histones or other DNA-binding proteins, there are a num-
ber of very important biological processes and biomedical
and biotechnology advances that depend on the transport
of naked DNA. Several important examples that have
received much recent attention include nonviral gene deliv-
ery and antisense therapy, transfection and transformation,
and DNA replication and transcription (12–14). Despite
the complexity and significance of large naked DNA, there
is a paucity of studies investigating how cellular crowding
levels impact the mobility and configuration of large DNA
molecules.

Here, we use single-molecule fluorescence microscopy
and particle-tracking techniques to simultaneously charac-
terize the diffusion and conformations of large double-
stranded DNA molecules (11 and 115 kbp) in 0–40%
solutions of dextran (10 and 500 kDa), a widely used inert
crowder comparable in size to small proteins (15). For
each case, we quantify mean squared displacements and
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corresponding diffusion coefficients and ergodicity of DNA
motion. We simultaneously determine the degree of confor-
mational state change of DNA upon crowding, as well as
corresponding probability distributions and time-dependent
fluctuations of states.

Varying experimental and simulation results have been
reported regarding the diffusion of macromolecules within
crowded environments. Diffusion measurements of small
DNA fragments (<4.5 kbp) in up to 40% Ficoll-70 (16)
and the cytoplasm and nucleus of HeLa cells (17), large
(48 kbp) DNA in dilute dextran solutions confined within
a nanochannel (18), and apomyoglobin in RNase and human
serum albumin (19) have all reported normal Brownian mo-
tion where the mean-squared displacement (MSD) can be
used to calculate the diffusion coefficient via MSD ¼ 2Dt.
In contrast, several groups have found evidence of anoma-
lous diffusion in crowded systems, where MSD ~ ta with
typical a-values of 0.7–0.9 (i.e., subdiffusion) (9). Such
anomalous behavior has been reported for aptoferrin in
500-kDa dextran (20), microspheres in cytoplasm (21),
nanoparticles in dextran (22), and micron-sized Cajal bodies
in the nucleus of HeLa cells (23). Small single-stranded
DNA in 10-kDa dextran solutions at cellular concentrations
was also found to be subdiffusive (a R 0.7) (24).

While crowding is known to greatly impact the conforma-
tions of macromolecules, few studies have examined the ef-
fects of crowding on DNA conformation and have reported
varying results. In crowded blends of DNA and polyeth-
ylene glycol, DNA has been shown to undergo compaction
at low DNA concentrations and elongation and phase
separation at high DNA concentrations (25,26). Conversely,
DNA molecules confined within nanogeometries and
crowded by dextran have been shown to swell, elongate,
or compact depending on the confinement geometry, crowd-
ing level, and ionic conditions (6,18,27). The time-depen-
dence and length scale of conformational state fluctuations
within crowded environments remains unknown.

Thus, in comparison to their ubiquity and heavy biolog-
ical significance, the effects of crowding on DNA are poorly
understood. As such, our described experiments address
important unanswered questions by elucidating the molecu-
lar level effects of cellular crowding on both the dynamics
and configurational states of genome-sized DNA and the
connection between center-of-mass mobility and conforma-
tional dynamics.
MATERIALS AND METHODS

Double-stranded 11- and 115-kbp DNA were prepared, as previously

described in Laib et al. (28), by replication of cloned plasmid (11 kbp)

and bacterial artificial chromosome (115 kbp) constructs in Escherichia

coli, followed by extraction, purification, and restriction enzyme treatment

to convert supercoiled constructs to linear form. For measurements, solu-

tions of 10- and 500-kDa dextran (Sigma-Aldrich, St. Louis, MO) at con-

centrations of 0, 10, 20, 30, and 40% w/v were prepared in aqueous

buffer (10 mM Tris-HCl (pH 8), 1 mM EDTA, 10 mM NaCl). Trace
amounts of either 11- or 115-kbp DNA, uniformly labeled with YOYO-1

(Invitrogen, Carlsbad, CA), were mixed into dextran solutions, loaded

into sample chambers, and equilibrated for ~30 min before measurements.

Using a high-speed charge-coupled device QImaging camera on an

Eclipse A1R inverted microscope (Nikon, Melville, NY), videos ranging

from 5 to 60 s of DNA diffusing within dextran solutions were recorded

at 10 frames/s. Approximately 150–300 DNA molecules were recorded

for each case. Custom-written software (done in MATLAB; The Math-

Works, Natick, MA) was implemented to track the 1) center of mass posi-

tion and 2) major axis (Rmax) and minor axis (Rmin) vectors for each

molecule (as described in Results and Discussion). Tracked trajectories

were then used to calculate all presented quantities (Figs. 1, 2, 3, 4, and

5). Error for MSDs and D values were calculated using the bootstrap

method (29).

The zero-shear viscosity of dextran solutions of different concentrations

were measured using optical tweezers microrheology as described previ-

ously in Chapman et al. (30). Briefly, microspheres of radius r ¼
2.25 mm embedded in dextran solutions were trapped and oscillated over

a range of small amplitude frequencies (0.5 mm; 0.05–10.0 Hz) using an op-

tical tweezers and piezoelectric microscope stage. Microspheres were

coated with BSA to prevent nonspecific binding. Oscillation amplitudes

and frequencies were low enough to ensure we were probing the near-equi-

librium properties of the solution such that inhomogeneities in the flow field

and depletion around the bead are negligible (30,31). The force F that the

dextran solution exerts on the oscillating sphere was measured using a po-

sition-sensing detector that measures the deflection of the trapping laser

during oscillation. The measured force on the sphere and speed v of the

piezoelectric stage were used to determine the viscosity via Stokes drag

(F ¼ 6phrv where h is the solution viscosity). Further measurement details

are fully described and justified in Chapman et al. (30) and Chapman and

Robertson-Anderson (31). Some of the higher concentration viscosities

exhibit modest frequency dependence (shear thinning) at higher fre-

quencies, but all solutions reach a low frequency plateau (see Fig. S1 in

the Supporting Material). We determine the zero-shear viscosity from this

low frequency plateau value of viscosity. Measured viscosities are pre-

sented in Fig. S1.
RESULTS AND DISCUSSION

Diffusion

We have imaged single, fluorescent-labeled DNA molecules
diffusing in dextran solutions of concentrations, C, compa-
rable to cellular conditions (C ¼ 0–40 (% w/v)). We tracked
the center-of-mass positions of ~150–300 diffusing DNA in
time to quantify the MSDs for each case (Fig. 1). For each
MSD, we evaluate a, where MSD ~ ta, and, as expected,
for DNA diffusing in the absence of crowders (C ¼ 0), we
find purely linear behavior (i.e., classical Brownian motion)
for all measured timescales (0.1–10 s and 10–50 s). We also
find a ~ 1 for DNA diffusing in 10-kDa dextran (Sd) for all
DNA lengths, crowding concentrations, and timescales.
Conversely, 0.1–10 s MSDs for both DNA constructs in
500-kDa dextran (Ld) solutions exhibit weakly anomalous
mobility with a-values of ~0.66 5 0.05–0.87 5 0.06,
decreasing slightly with increasing C (Fig. 1 A). Our results
suggest that the crowder size, rather than DNA size, plays
the key role in the emergence of subdiffusive dynamics.

Multiple models have been proposed to explain the
source of anomalous subdiffusion within crowded en-
vironments, with the two most widely invoked being the
Biophysical Journal 108(5) 1220–1228
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FIGURE 1 Mean-squared displacements versus time for the 11-kbp (top) and 115-kbp (bottom) DNA diffusing in both 10-kDa (Sd) and 500-kDa (Ld)

dextran from (A) 0.1–10 s and (B) 10–50 s. The concentration, C (% w/v), and crowder size (Sd or Ld) for each MSD is indicated in the legend. (A) All

MSDs are fit to a power law MSD ~ ta. a ¼ 1 scaling (black line), which demonstrates classical Brownian motion, is added for convenience. For cases

that display sublinear scaling, a-values are listed to the right of the MSD in the corresponding color. MSDs without a listed a-value display linear scaling.

(B) For long timescales, a approaches unity for all cases. To see this figure in color, go online.
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continuous time random walk and fractional Brownian mo-
tion (FBM) models (20,32–34). The continuous time ran-
dom walk is built around a non-Gaussian propagator, and
reveals distinctly nonergodic behavior, where time-averaged
MSDs differ from ensemble-averaged MSDs (32). FBM, on
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FIGURE 2 Non-Gaussianity parameter, G versus time for 11-kbp (pur-

ple) and 115-kbp (orange) DNA diffusing in 10-kDa (open squares) and

500-kDa (solid squares) dextran. Note that G tends to zero (dashed line),

indicating an ergodic diffusion process. (Inset) Calculated ergodicity-

breaking term (EB) for each crowding case. EB ¼ 1 (dashed line) indicates

ergodic behavior. See text for definitions of G and EB. To see this figure in

color, go online.
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the other hand, is completely ergodic with diffusion driven
by a stationary Gaussian process (9,32). Thus, to determine
which model describes our weakly anomalous behavior, we
test the ergodicity of the DNA diffusion by evaluating the
two most robust ergodicity-breaking parameters (34),

EBðtÞ ¼
�
d2ðtÞ�
hx2ðtÞi

and the non-Gaussianity parameter,
GðtÞ ¼ 1

2

�
d4ðtÞ�

D
d2ðtÞ

E2
� 1;

where hx2(t)i is the MSD and hd2ðtÞi is the time-averaged

MSD. For a purely Gaussian ergodic process, EB ¼ 1 and
G / 0 for sufficiently long times. For all data sets
measured, we find that G goes to zero and EB ~ 1 (Fig. 2)
(34). Thus our results show that large DNA diffusion is
best modeled by FBM, which is a Gaussian stationary pro-
cess. We note that obstructed diffusion is another potential
ergodic process that has been proposed for crowded envi-
ronments (9), but this model is based on immobile crowders.
Thus, obstructed diffusion should only explain cases in
which the diffusion timescale of the crowders is much
slower than that of the diffusing molecule, whereas in
our experiments the crowders are much more mobile than
the DNA itself. The radii of gyration of Sd and Ld are
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FIGURE 3 (A) Normalized DNA diffusion coefficients, D/D0, and in-

verse normalized dextran solution viscosities, h0/h, versus dextran concen-

tration C (% w/v) for DNA diffusing in dextran solutions. Color and symbol

scheme is as in Fig. 2 (inverse viscosity shown in gray). The reduction in D

from C ¼ 0 (D0) appears independent of DNA length with the crowder

length playing a dominating role. Note the surprising saturating effect for

10-kDa dextran data with negligible change in D/D0 for C > 20 (horizontal

dashed line). Conversely, in 500 kDa, D/D0 displays exponential scaling

with C. From the exponential fit (dotted line), we find a critical crowding

concentration of C* ~7.0. (B) Ratio of dextran versus DNA diffusion coef-

ficients for each crowding case (same color/symbol scheme as in A). To see

this figure in color, go online.

FIGURE 4 Probability distributions for elongation parameter E for

11-kbp DNA in 500-kDa dextran (top), 115-kbp DNA in 10-kDa dextran

(middle), and 115-kbp DNA in 500-kDa dextran (bottom). Distributions

for C ¼ 0 (black), 10 (green), 20 (blue), 30 (orange), and 40 (red) are

shown. Right insets show recorded images ((10 mm)2) of typical DNA con-

formations when crowded. DNA outline and major (Rmax) and minor (Rmin)

axes used to calculate E are shown. (Left insets) Gamma-distribution

width parameter (q) versus C. For 115-kbp DNA, this width is lowest for

C ¼ 0 while for 11-kbp DNA, q at C ¼ 0 is highest. The distribution for

11-kbp DNA in 10-kDa dextran (not shown) is nearly identical to that in

500-kDa dextran (top). The q values for this case are shown (open squares,

top inset). To see this figure in color, go online.

Diffusion and Elongation of Crowded DNA 1223
Rg ¼ 3.5 and 19 nm, respectively (18), as compared to our
DNA, which have Rg ¼ 0.2 and 1.0 mm for the 11- and
115-kbp DNA (35). Using our measured viscosities of the
different dextran solutions, we can calculate the diffusion
coefficients for dextran via D ¼ kbT/6phRg and compare
to those of our DNA (see Fig. 3 B). As seen in Fig. 3 B,
even Ld diffuses ~5� times faster than the 11-kbp DNA,
and in most cases dextran is diffusing ~10–100� times
faster. Thus, dextran behaves as a relatively mobile crowder
compared to the timescale of DNA mobility.

Finally, another possible explanation for our measured
subdiffusion is that the DNA is trapped in minima sur-
rounded by the crowders, which would have to collectively
move before DNA can diffuse (36,37). However, the studies
that have reported this source of subdiffusion also find that
the trapped polymer undergoes compaction. In our confor-
mational analysis (described in Conformation, below), we
see no signs of compaction; instead, we observe polymer
elongation, so we believe that this explanation is likely
not valid for our experimental parameters.
Crowding-induced subdiffusion is predicted to only be
apparent at intermediate timescales and approach normal
diffusion on long timescales (9). Using this prediction,
coupled with the weak nature and ergodicity of the subdif-
fusion, we approximate our MSDs in Ld at long times
(10–50 s; Fig. 1 B) as linear to extract diffusion coefficients
D and compare toD values found in Sd (Fig. 3). Importantly,
a-values determined from these long-time tails of the MSDs
are all indistinguishable from unity within the experimental
error, demonstrating the accuracy of the reported D values
(Fig. 1 B).

We find that the reduction of D from the C ¼ 0 case (D0),
as concentration of either crowder increases, is nearly iden-
tical for both DNA lengths; however, the concentration
dependence of D/D0 is starkly different in Sd versus Ld,
once again demonstrating that DNA mobility is driven by
crowder size rather than DNA size. We note that a reduction
in mobility with increasing concentration is not entirely
Biophysical Journal 108(5) 1220–1228



FIGURE 5 (A) Measured major axis, Rmax

(white line) and minor axis, Rmin (black line) for

a typical 115-kbp DNA molecule diffusing in Ld
(C ¼ 20) with increasing time. The fluctuation

length for the displayed molecule, Li, is noted for

each frame. (B) Ensemble-averaged fluctuation

length, L, versus time for 11-kbp DNA in 10-kDa

dextran (11 Sd), 11-kbp DNA in 500-kDa

dextran (11 Ld), 115-kbp DNA in 10-kDa dextran

(115 Sd), and 115-kbp DNA in 500-kDa dextran

(115 Ld). Color scheme is the same as in Fig. 4.

(Insets) Fluctuation lengths are all fit to single ex-

ponentials with decay rate value b. The decay rate

for C¼ 0 is highest for all cases, as expected; how-

ever, it remains relatively unchanged as C in-

creases beyond 10. Also note that the terminal

fluctuation length, ~0.7 mm for both DNAs at

C ¼ 0, increases ~46% for 115-kbp DNA upon

crowding but actually decreases ~40% for 11-kbp

DNA. To see this figure in color, go online.
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surprising, and could in fact simply be due to the increasing
viscosity of the Ld and Sd solutions with increasing concen-
tration via the Stokes-Einstein relation D ~ h�1. To separate
the effect of increasing viscosity with dextran concentration
from our measured mobility reduction, we compare D/D0 to
h0/h (Fig. 3 A). As seen is Fig. 3 A, we find that crowding-
induced mobility reduction is distinctly different from that
due simply to increasing viscosity.

We find that the DNA mobility is actually enhanced
compared to that expected from Stokes-Einstein dynamics.
This enhanced mobility takes effect immediately at the
onset of crowding (C ¼ 10) with the DNA exhibiting a
mobility ~10� faster than its corresponding Stokes-Einstein
mobility. This effect can also be seen by comparing dextran
diffusion coefficients Ddex to that of DNA (Fig. 3 B). If the
DNA mobility reduction were purely viscosity-dependent,
then Ddex/DDNA would remain constant for all concentra-
tions. However, as seen in Fig. 3 B, this ratio initially drops
an order of magnitude (enhanced DNA mobility) then re-
mains relatively constant, with a modest increase for Ld
solutions and decrease for Sd solutions as C increases. We
can understand this enhanced mobility as arising from the
corresponding conformational change of the DNA that we
observe at the onset of crowding (see Conformation below).
The DNA undergoes a conformational change to facilitate
transport through the crowded solution. Note that both the
relative mobility enhancement and the conformational
change appear at the onset of crowding and remain rela-
tively unchanged as the crowding increases.
Biophysical Journal 108(5) 1220–1228
We find that in Sd, DNA mobility is reduced ~5� from
C ¼ 0–20 compared to the ~20� increase in viscosity; how-
ever, surprisingly, for C> 20, a saturating effect is observed
as D/D0 remains nearly constant for both lengths of
DNAwhile the viscosity increases ~3�more. To our knowl-
edge, this is the first time such a saturating effect has
been reported for diffusion in a crowded system. We note
that this result appears counterintuitive according to the
Stokes-Einstein fluid relation D ~ h�1, and given the error
in our measured D values, it is possible that the mobility
is actually decreasing with increasing C, albeit with a
weak dependence that is immeasurable within our experi-
mental error. As described above, we interpret this result
as arising from the change in conformational dynamics of
the DNA that we observe upon crowding as detailed in
the following Conformation section. The change in DNA
conformation and the associated fluctuations directly impact
the COM diffusion, and could lead to enhanced mobility as
compared to that due to fluid viscosity, as described above.

Conversely, in Ld, we find D/D0 for both DNA constructs
decreases exponentially up to the highest C values, dropping
by ~300, though still significantly enhanced in comparison
to the ~3000� increase in viscosity. By fitting the data to
an exponential of the form D/D0 ~ exp(�C/C*), we find a
critical crowding concentration of C* ¼ 7.0%. Because
the mobility reduction deviates from the viscosity relation
at ~C*, we can interpret our measured critical crowding
concentration as quantifying the concentration at which
crowding induces breakdown of Stokes-Einstein mobility
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of DNA. Further, the concentration at which we begin to
observe weak subdiffusion in Ld is ~2C*, once again demon-
strating that the dependence of diffusion on crowding con-
centration cannot be explained by Stokes-Einstein fluid
effects. Similar results, namely DNA-independent mobility
reduction and exponential dependence on C, have been re-
ported for shorter DNA (<4.5 kbp) in Ficoll-70 (16).

The significant difference in diffusive dynamics of DNA
between Sd and Ld cases can be understood by noting the
significant difference in mobility of the two crowders
(Fig. 3). While highly mobile crowders (i.e., Sd is ~60�
and ~300� more mobile than 11 and 115 kbp DNA)
contribute to reduced mobility, this effect alone cannot
explain the extreme mobility reduction seen with Ld and
in many other crowded systems (16,21,24).

Interestingly, our results are distinctly different from our
previous diffusion results for semidilute and concentrated
solutions of large DNA (38,39), which show power law
dependence on solution concentration as well as a strong
dependence on DNA length in line with classical Doi-Ed-
wards polymer theory (40). Further, we previously found no
evidence of subdiffusion despite the fact that actual D values
were comparable in magnitude to those measured in this
study. This sharp contrast indicates that crowded systems,
comprised of molecules with different sizes and structures,
haveunique and complexdynamics not explainedby classical
theory for concentrated homogenous polymer solutions.
Conformation

To further elucidate the effects of crowding on DNA, we
investigated the conformational changes induced by Sd
and Ld. During measurements, we commonly observed an
unexpected elongation of DNA relative to the dilute case
(C ¼ 0), where DNA assumes a roughly spherical random
coil conformation (Fig. 4, insets; Fig. 5 A). To quantify
this elongation, which was most apparent for 115-kbp
DNA in Ld, we use custom-written software (MATLAB)
to quantify a major (Rmax) and minor (Rmin) axis (Fig. 4, in-
sets) of each DNA molecule for all recorded frames. The
method we use that defines an outline of the molecule is
similar to that of calculating the radius of gyration tensor
for each conformation (41). From our measured major and
minor axes, we define an elongation parameter, E ¼
(Rmax/Rmin) – 1, to quantify the elongation relative to the
random coil state. We find that the probability distribution
of elongation states PE is well fit to a gamma-distribution,

PEðk; qÞ ¼ q�k

GðkÞE
k�1e

�E
q ;

where k is the shape term and q is a measure of the distribu-

tion width (Fig. 4). Gamma-distributions have also recently
been shown to describe the dynamics of several biological
processes dominated by Brownian motion (42,43).
For 115-kbp DNA in Ld, we see an ~67% increase in the
average elongation coupled with a distribution widening of
q z 0.37 for C ¼ 0 to q z 0.62 for all crowding levels.
Similar behavior (C-independent elongation and distribu-
tion widening) is seen for 115-kbp DNA in Sd, although it
is less pronounced. Interestingly, while we find modest elon-
gation for the 11-kbp DNA (similar to 115-kbp DNA in Sd),
the distribution width q actually decreases with the addition
of dextran (Fig. 4, inset). Of note is the saturation effect of
elongation for both DNAs, as the initial addition of dextran
(C ¼ 10) causes an increase in the average elongation and
change in distribution width but this distribution remains
relatively unchanged up to the highest concentration
(Fig. 4). Elongation has only previously been reported for
crowded DNA when confined in nanogeometries (18,27)
or in conjunction with large-scale phase separation (26) at
high salt conditions.

We also sought to determine whether the elongation dis-
tributions arise from an ensemble of individual molecules,
each with relatively fixed elongation states that varied
from molecule to molecule, or from individual molecules
(all in similar states) fluctuating between elongation states
in time. Thus, to evaluate the time dependence of elonga-
tion, we define a fluctuation length,

LðtÞ ¼ hjRmaxð0Þ � RmaxðtÞji;
which quantifies how quickly the conformational state of a
molecule is changing and the length scale of elongation

fluctuations. Fig. 5 A depicts the physical interpretation
of L(t), and demonstrates that for very short times L(t) is
nearly zero because the DNA has not had time to alter
its conformation. As t increases, the conformation changes
more apparently. For long times, L(t) approximately pla-
teaus to a near steady-state terminal value, Lp (Fig. 5 B).
We can understand this terminal value as the length scale
of conformational breathing between different states. By
fitting L(t) to a single exponential we quantify a decay
rate, b, for conformational breathing, or the rate at which
elongation states become decorrelated from one another
(Fig. 5, insets). As expected, the decay rate of fluctuations
is largest for C ¼ 0 for all cases, indicating more rapid
conformational fluctuations, which is then slowed, as
DNA center-of-mass mobility is reduced by the addition
of crowders.

Interestingly, we see once again a saturating effect with b
decreasing upon initial crowding but remaining relatively
unchanged for C ¼ 10–40 for all DNA and crowder sizes,
corroborating our elongation state distribution results. We
are aware of no previously reported direct measure of
the dynamics associated with crowding-induced conforma-
tional change. We note that a more conventional measure
of correlations would be the autocorrelation function of
the major axis in time, i.e., hR(0)R(t)i. While this auto-
correlation can provide the timescale of decorrelation,
Biophysical Journal 108(5) 1220–1228
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similar to our measured decay rate, it does not provide a
straightforward measure of the breathing length scale.
Nonetheless, we calculate the autocorrelation of elonga-
tion states and find a similar decay rate (see Fig. S2),
further validating our defined elongation fluctuation length
parameter.

For the 115-kbp DNA, both in Sd and Ld, we find that the
terminal fluctuation length, Lp, (~0.7 mm for C ¼ 0) in-
creases ~43% to ~1.0 mm for C > 0, indicating that the
crowders are inducing larger, slower fluctuations. This result
is in agreement with our elongation distribution data for
115-kbp DNA, where we indeed see an increased width in
the gamma-distribution for C> 0 relative to C¼ 0. Interest-
ingly, for 11 kbp in both Sd and Ld, Lp actually decreases
~40% upon crowding (from Lp z 0.7 mm at C ¼ 0 to
~0.40 mm for C > 0), corroborated by the reduced width
in elongation distribution upon crowding (Fig. 4). Thus
our findings demonstrate, to our knowledge, a novel crowd-
ing-induced molecular elongation mechanism dominated by
DNA size with crowder size also playing a role.

Naively, crowding-induced DNA elongation is counterin-
tuitive, because the highest entropy state for DNA in
solution is a random coil conformation. However, crowd-
ing-induced ordering of macromolecules is a well-known
entropic effect of the depletion interaction as driven by en-
tropy maximization of the crowders, which are much
greater in number than the diffusing macromolecules of in-
terest. The depletion interaction, whereby the crowders seek
to increase their accessible volume and thus entropy, is
responsible for a wide range of biochemical processes
including enhanced protein folding and increased enzy-
matic reaction rates and DNA melting temperatures.
When in a random coil, the spherical space taken up by
the DNA is excluded from the dextran, which creates an
effective osmotic pressure inward on the coil. While such
pressure could lead to compaction at sufficiently high salt
concentrations, the electrostatic repulsion of neighboring
DNA segments prevents full compaction without high salt,
so the DNA instead elongates to reduce the excluded vol-
ume. For reference, the volume taken up by a 115-kbp
random coil with Rg ¼ 1 mm is ~1 mm3 compared to a vol-
ume of ~1 � 10�4 mm3 (~(2 nm)2 � 30 mm) for fully
extended 115-kbp DNA. We see less pronounced elongation
for Sd as these crowders are small enough that they could
partially penetrate the random coil configuration, thereby
lowering the osmotic pressure difference. While we see
reduced elongation for 11-kbp DNA, we find that the width
of the distribution of states is lowered along with the termi-
nal fluctuation length. Both effects, signatures of increased
order, reflect an alternative entropy minimizing induced in
11-kbp DNA by the crowders. Conversely, for 115-kbp
DNA, because the elongation and corresponding entropy
drop is much more extreme, it compensates partially by
an increased width of distribution states and terminal fluctu-
ation length.
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While crowding-induced changes in molecular conforma-
tion are often explained in terms of entropic effects, as
described above, crowding molecules can also affect the
enthalpic contributions to the free energy change of the
molecule from changing conformation. The most relevant
enthalpic effect in our case would be due to preferential hy-
dration of the crowder (which would modulate the solvent
quality). Two studies have investigated the entropic and en-
thalpic contributions of different crowders on the stability
and aggregation of various proteins and nucleic acids,
with varying and often conflicting results (44,45). However,
the overwhelming majority of studies using dextran as a
crowder have shown that the entropic excluded volume ef-
fect dominates the crowding-induced free energy change
(44–48).

Further, a very recent study examining crowding-induced
protein aggregation (45) has shown that flexible, inert, hy-
drophilic polysaccharides (such as dextran) influence the
conformational free energy solely via excluded volume
interactions. Interestingly, this same study shows that the ef-
fect of dextran-crowding is not proportional to the solution
viscosity, in line with our diffusion results. While one recent
experiment (49) reported that the crowding-induced stabili-
zation of the protein ubiquitin by dextran is largely caused
by enthalpic rather than entropic effects, this enthalpy-
driven stabilization is shown to be independent of the size
of the dextran (comparing polymeric to monomeric dextran)
and to rely solely on the chemical structure (as expected for
an enthalpy-driven process). Conversely, our data show that
the size of the dextran plays an important role in the confor-
mational fluctuations of DNA. As crowder size plays a key
role in entropically driven processes, our results suggest
that entropy rather than enthalpy is indeed the driving force
underlying the crowding-induced conformational change of
DNA, in line with reported results for conformational
changes in proteins.

Surprisingly, despite the initial conformational change
induced by the addition of crowders, we see little change
in elongation, width distribution, or fluctuation time- and
length-scales as the crowder level is increased from C ¼
~10–40. We see a similar saturating effect for DNA diffu-
sion in Sd, which we attribute to the mobility of Sd as
compared to Ld and to the DNA itself. Thus, we can un-
derstand the initial mobility reduction and elongation/
ordering of the DNA induced by the addition of crowders
as driven by entropic depletion effects. However, because
dextran is much more mobile than DNA, the DNA is still
subject to rapid thermal kicks from the crowders and
rapidly changing available space to fluctuate within,
which counteracts the slowing and elongation driven by
entropy maximization of the crowders. Because Ld
is ~6� slower than Sd, the enhanced elongation in Ld
is due to less rapid thermal kicks and rearranging.
This reduced mobility also leads to a greater DNA
mobility reduction, which is coupled with an exponential
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dependence of mobility on crowding level and subdiffu-
sive behavior.
CONCLUSIONS

We have used single-molecule imaging and particle-
tracking techniques to simultaneously track molecular
diffusion and conformation of large genome-sized DNA
in crowded environments that mimic cellular crowding
conditions. Despite the essential role that mobility and
configuration play in DNA function in the cell, relatively
few studies have investigated the effects of crowding on
large DNA and no previous studies have experimentally
measured both center-of-mass mobility and conformational
dynamics to elucidate the connection between the two. We
determine the linearity and ergodicity of DNA MSDs and
quantify both the probability distributions of DNA elonga-
tion states as well as elongation fluctuation time- and
length-scales.

While DNA displays ergodic Brownian motion for all
crowding cases, we find that underlying diffusive mecha-
nisms of large DNA are driven by the size and mobility of
the crowder rather than the DNA itself. For smaller crowders
we find classical linear scaling of the MSD with time, which
is linked to a novel saturation effect whereby increased levels
of crowding beyond ~20% have negligible effect on DNA
diffusion, due to the high crowder mobility counteracting
the entropic depletion effect restricting DNA conformation
and diffusion. Reduced DNA elongation in smaller crowders
coupled with a similar unique saturation effect of elongation
state distributions and fluctuation timescales further supports
this result. In contrast, DNA diffusion in large crowders dis-
plays exponential mobility reduction with crowder concen-
tration up to ~300� at 40%, which is coupled with weak
subdiffusive dynamics, with a z 0.7–0.9, demonstrating
that the fractional Brownian motion model for macromolec-
ular diffusion in crowded environments well explains the
diffusion of large DNA among crowders that are %50�
smaller and more mobile than the DNA itself.

While DNA size plays a minimal role in diffusion, it dom-
inates elongation dynamics. Both DNA constructs exhibit
elongation and slower state fluctuations upon crowding
with elongation probabilities that are gamma-distributed
and show minimal dependence on crowder concentration.
However, 115-kbp DNA displays elongation distribution
widths and fluctuation lengths that increase upon crowding,
in contrast to 11-kbp DNA in which these parameters actu-
ally decrease. Both effects are signatures of the reduced
DNA entropy induced by the depletion effect of the sur-
rounding crowders.

Our collective results, which, to our knowledge, reveal
important new insights into the complex effects of cellular
crowding on large DNA, are critical to a wide range of
open questions and problems debated by researchers in
biology, physics, chemistry, engineering, materials science,
and medicine, including understanding important biological
processes, developing new drug delivery and gene therapy
techniques, fabricating synthetic cells, and designing novel
biomaterials.
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Supplemental Figure 1 
 
 

 
 

 
 
Supplemental Figure 1: Dextran viscosity, η, vs oscillation frequency, ω, for concentrations C = 0 - 
40 for (A) Sd and (B) Ld. Color scheme is the same as in Figure 4, with the additional pink squares 
representing C = 35. Viscosity values are measured via optical tweezers oscillatory microrheology as 
described in Methods and in Refs 30 and 31. Briefly, microspheres embedded in dextran solutions 
are trapped using optical tweezers and oscillated over a range of frequencies, ω, at an amplitude of 
0.5 µm. An approximate frequency-independent plateau can be seen for all concentrations at low ω. 
This low-frequency plateau viscosity provides a reliable estimate of the zero-shear viscosity of each 
solution. This plateau regime is also indicative of the frequency range over which the solution is 
behaving as a purely viscous fluid.  

 
 
 
 
 
 



 
Supplemental Figure 2 

 

Supplemental Figure 2: Normalized Rmax autocorrelation (<Rmax(0)Rmax(t)>/(Rmax(0))2 vs. time for 
11 kbp (top) and 115 kbp (bottom) DNA. Color scheme is the same as in Figures 4 and 5. 
Autocorrelation data for all cases were well fit to an exponential decay, with the corresponding decay 
rates, , vs. dextran concentration C, shown as insets for each plot. Note that the values and trends of 
the decay rates are nearly identical to the corresponding fluctuation length decay rates (see Figure 
5B). 
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