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ABSTRACT: Using fluorescence microscopy and single-particle tracking, we have
directly observed the dynamics of -DNA trapped inside poly(acrylamide-co-acrylate)
hydrogels under an externally applied electric field. Congruent with the recent
discovery of the nondiffusive topologically frustrated dynamical state (TFDS) that
emerges at intermediate confinements between the traditional entropic barrier and
reptation regimes, we observe the immobility of A-DNA in the absence of an electric
field. The electrophoretic mobility of the molecule is triggered upon application of an
electric field with strength above a threshold value E_. The existence of the threshold
value to elicit mobility is attributed to a large entropic barrier, arising from many
entropic traps acting simultaneously on a single molecule. Using the measured E,
which depends on the extent of confinement, we have determined the net entropic
barrier of up to 130 kT, which is responsible for the long-lived metastable TFDS.
The net entropic barrier from multiple entropic traps is nonmonotonic with the
extent of confinement and tends to vanish at the boundaries of the TFDS with the
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single-entropic barrier regime at lower confinements and the reptation regime at higher confinements. We present an estimate of the
mesh size of the hydrogel that switches off the nondiffusive TFDS and releases chin diffusion in the heavily entangled state.

M ovement of macromolecules in restricted environments
is of great significance in every aspect of separation
science and technologies and numerous biological processes
that involve macromolecules.'® Tremendous experimental
and theoretical efforts have been made over the past several
decades to understand this phenomenon.” ** Despite the
richness of the microscopic details of interactions among the
macromolecules and their environment, several key models
have been established to interpret a large body of experimental
data on the dynamics of flexible linear polymers in congested
systems. These models have been broadly classified into three
regimes depending on the extent of confinement arising from
the restrictive environment: (a) Ogston reﬁime10 for weak
confinements, (b) entropic barrier regime 31 for modest
confinements, and (c) reptation regime9 for strong confine-
ments. By characterizing the restrictive environment (such as
gels, porous media, or nanocomposites) with an average mesh
size £ and taking the radius of gyration R, of the
macromolecule to represent its size in the absence of any
confinement, these regimes correspond to the conditions: (a)
R, < £ (Ogston), (b) R, =~ & (entropic barrier), and (c)
R, > & ~ ], (reptation), where /, is the entanglement length
for the macromolecule.

In all of the above regimes, macromolecules undergo
diffusion where their diffusion coefficient D depends on their
chain length N and decreases with an increase in the extent of
confinement. Amidst this classical literature, a nondiffusive
state, called the “topologically frustrated dynamical state”
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(TEDS), was recently discovered*>* at intermediate confine-
ments between the above-mentioned entropic barrier regime
and reptation regime. In the TEDS observed in the system of
large molecules of sodium poly(styrenesulfonate) or --DNA
embedded in a negatively charged poly(acrylamide-co-acrylate)
hydrogel with more than 95% water content at room
temperature, the diffusion coefficient is apparently zero. This
effect has been additionally validated by direct visualization of
A-DNA in the same hydrogel.** Furthermore, since the
macromolecule and the gel are similarly charged, the system
corresponds to athermal conditions, and the nondiffusive effect
arises solely from the conformational entropy of the trapped
macromolecule. Since Einstein’s law of diffusion cannot be
violated at nonzero temperatures, the occurrence of TFDS
with D ~ 0 implies that the chain is localized as an extremely
metastable state with huge entropic barrier U for its escape into
diffusion and mobility. Our earlier single-molecule fluorescence
electrophoresis studies™* showed that the barriers associated
with TFDS are on the order of tens of the thermal energy kyT
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Figure 1. (a)—(c) Cartoon of nonmonotonic dependence of the collective entropic barrier responsible for the nondiffusive TFDS on the extent of
confinement. The TFDS regime is flanked by the boundaries with a diffusive single-entropic barrier regime at lower confinements (a) and the

diffusive entangled regime at higher confinements (d).

(b)

(d)

Figure 2. (a) Schematic of the single-molecule electrophoresis device, which was mounted on the stage of a confocal microscope. (b) Snapshot of
the dye-labeled DNA embedded in a PAM-Acr gel with 5% cross-link density, E = 0. (c) Snapshot of the same sample in (b), with E = 7.5 V/cm.
Inset is an enlargement of one chosen stretched DNA chain. (d) Two representative snapshots of hooked DNA chains. The scale bar is 2 ym.

(where kg is the Boltzmann constant and T is the absolute
temperature).

In the single-entropic barrier regime (Rg ~ &) mentioned
above, the chain diffuses from one mesh into a neighboring
mesh by crossing essentially a single entropic barrier. This
situation and the accompanying free energy landscape
(represented as a sketch of free energy F versus a linear
distance x) are shown in Figure la. As the confinement
increases (i.e., /R, decreases), a single chain occupies multiple
meshes (Figure 1b). If the mesh size is much larger than the
segment length, each mesh acts as an entropic trap. The
diffusion of the chain held by multiple entropic traps requires
simultaneous crossing through all barriers that occur between
any two adjacent traps. This collective motion requires
surmounting a net entropic barrier U that increases with an
increase in the number of traps (i.e., as & decreases from Rg) ,as
sketched in Figure la and b. Upon further decreases in &/R,,
the number of segments in each trap becomes progressively
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smaller, and hence the depth of the entropic traps
(equivalently the barrier height U) becomes smaller.
Eventually, when the mesh size attains a small value /g5, the
entropic traps cease to exist. Once the entropic trap
mechanism is not operative, the chain undergoes diffusion as
in a heavily entangled system where R, is larger than the
entanglement length /, (Figure 1d). Since the nondiffusive
TFDS occurs at intermediate confinements, namely, diffusion
occurs in the single-entropic barrier regime (weak confine-
ment) and the reptation regime (strong confinement), the
barrier U must become insignificant at the weak and strong
confinement boundaries of the TFDS. In other words, the
entropic barrier U that is responsible for localizing the
macromolecule into a metastable state (TFDS) is expected
to be nonmonotonic as &/R; is reduced from the single-
entropic barrier regime toward the reptation regime.
Experimental quantification of the nonmonotonic entropic
barrier with £/R; and observation of the boundary between the
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Figure 3. (a) Time dependence of the displacement in the direction of electrophoresis for all observed trajectories of A-DNA in Figure 2c. The
inset is an enlargement of one specific displacement which exhibits a drift—pause—drift sequence. (b) Displacements of all DNA chains that
undergo pure drifting motion. The dark blue solid line represents the averaged displacement, and the red dashed line is the linear fit to the blue line
with a slope of 0.63. The cross-link density of the gel matrix is 5%, and the strength of the electric field is 7.5 V/m.

TFDS and the reptation regime are the primary objectives of
this Letter.

As schematically shown in Figure 2a, we have monitored the
motion of dye-labeled DNA molecules embedded in poly-
(acrylamide-co-acrylate) (PAM-Acr) hydrogels with 0.1 M
NaCl using fluorescence microscopy in the presence of an
applied electric field. The length of DNA (4-DNA) is 48 502
bp, and the radius of gyration R, is 500 nm in the absence of
the gel. The labeling ratio with YOYO-1 is one per every 10
base pairs. The charge density of the gel is 10%, and the cross-
link density is in the range of 0.2—12 mol % (with the
estimated mesh size in the range of 52—22 nm, as described
below). Details of gel synthesis and sample preparation are
given in the SI. The high signal-to-noise ratio in the
fluorescence measurement allowed us to explore the dynamics
of the embedded DNA even when the gels at higher cross-link
densities are slightly nontransparent to the eye. A typical
example is given in Figure 2b,c, and d, where the cross-link
density is 5%. When there is no external electric field, the
fluorescence spots inside the gel are round and still, as shown
in Figure 2b (see Video 1 in the SI). This is in contrast to the
situation where the gel matrix is replaced by an entangled
poly(ethylene glycol) (PEG) solution (see Video 2 in the SI).
In the latter case, the DNA chains look worm-like and crawl in
the PEG temporal network. The immobility of DNA seen in
Figure 2b is lifted when a sufficiently strong electric field is
applied. For example, the round fluorescence dots in Figure 2b
are transformed into stretched ribbon-like structures when the
electric field strength is 7.5 V/cm, as shown in Figure 2c (see
Video 3 in SI). The contour length of such stretched
conformations (ribbons) can exceed 3 pm, which is much
larger than 2R, (R, ~ 500 nm) of 4-DNA in aqueous solutions.
In addition to these stretched ribbon-like conformations, there
are many curved chains. Such curved chains are absent if the
cross-link density of the gel matrix is low. Closer examination
of the curved conformations reveals that they are hook-shaped
conformations of DNA around obstacles, as seen in several
previous studies on gel electrophoresis.'”'*'* As typical
examples, two snapshots are shown in Figure 2d. The common
feature is that the hook is made of two stretched arms from the
hooking location. In the top and bottom of Figure 2d, the
lengths of the two arms are different and the same,
respectively. The chain is temporarily hung up in the gel.
Subsequently, it slides off the hooking location and moves
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along the direction of electrophoresis before it encounters
another hooking location. Furthermore, there are few events
where one chain is hooked by multiple obstacles. The
occurrence of the hooking state results in a pause in the
electrophoretic drift of the molecule. The occurrence of the
hooking state is closely related to the cross-link density of the
gel matrix. As expected, it occurs more often at higher cross-
link densities.

Analogous to the frames shown in the above observations,
we have secured continuous frames for the various
experimental conditions. Using the single-particle tracking
analysis of the continuous frames, we have tracked the
trajectories of all DNA chains in the system. We have then
subsequently deduced the displacement at time t, r(t), of the
molecules in the direction of electrophoresis as given in Figure
3a (for 5% cross-link density and 7.5 V/cm electric field). The
displacements of the chains in Figure 3a are of three types: (i)
pure drift, which usually occurs in the first 30 s, (ii) pause in
mobility where the chain remains stationary, and (iii)
alternating drift and pause periods. Only the first type is
relevant to the present objective of determining the barrier to
releasing the chain out of the TFDS. The other two types are
related to the hooking events described above and are well
documented in the literature. Since the main goal of the
present Letter is to determine the critical electric field to
trigger the mobility of the embedded DNA molecules, we
focus only on the type (i) pure drift. Figure 3b summarizes all
displacements belonging to this type for 5% cross-linked gel at
the electric field strength of 7.5 V/cm. In this figure, 700
trajectories are displayed. Averaging over all of these
trajectories, the time dependence of the average displacement
is given by the blue line, which is essentially linear. The red
dashed line is the linear fit of the blue line with the slope of
0.63 + 0.014 um/s. This slope is the electrophoretic velocity of
DNA in 5% cross-linked gel at the electric field strength of 7.5
V/cm. The above procedure is repeated at different cross-link
densities and electric field strengths.

We have performed direct observation of the displacement
of DNA molecules in gels with seven different cross-link
densities (4, S, 6,7, 8, 10, and 12 mol %) and different electric
field strengths in the range of 0—8.3 V/cm. The general
features of the data are the same for all these cross-link
densities. Therefore, we present the data for 5% cross-link
density as an illustrative example in Figure 4, and the data for
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Figure 4. (a) Dependence of average displacement of DNA on time under different electric field strengths. The solid lines denote the average
values, and the dashed lines denote fits with a linear dependence on time. (b) Electric field dependence of the average velocity along the direction
of electrophoresis obtained from (a). The solid line is the linear fitting result, and the dashed line is the guide to the eye (v = 0). The threshold
electric field E. = U/QR, is obtained from the intersection of the solid and dashed lines.

(a) ] (b)w R O EC
° S S | Z 2
5 : <}\¢/ ] 120 , {ké/ ] 120}
E .l ‘ | B ~ ool
§ 4 (/? é\é a\? 920 /? é\é J {m 90
= 3l | > )
ut 3 , 6ol 60} I:
2t | /
1t j 1 0 e | ® /I
0 2 4 6 8 10 12 0o 2 4 6 8 10 12 o 1 20 30 40 5 60 70
Cross-link density (mol%) Cross-link density (mol%) £ (nm)

Figure S. (a) Cross-link density dependence of the critical electric field, E,, required for the movement of the trapped DNA chain in the gel matrix.
(b) Dependence of the entropic barrier, U/ksT, on the cross-link density of the gel. (c) Dependence of U/kgT on the mesh size of the gel matrix.
The solid blue line is a guide connecting all experimental data points. The dashed line is an interpolating extension to the data point of the
entangled PEG solution. The data in the region shaded in purple color are from ref 44. The other data are from the presently studied seven gels.

the other gels are presented in the SI (Figures SI and S2). As
shown in Figure 4a, for electric field strengths less than 5 V/
cm, the chains are essentially immobile. At each electric field
strength larger than S V/cm, the chains undergo electro-
phoretic drift with linear dependence of the average displace-
ment with time, analogous to Figure 3b. This behavior of the
transition from immobility at lower electric field strengths to
drift at higher electric field strengths is consistent with our
earlier theory™ of nucleation of the drift process when the
supplied electric energy is sufficient to overcome the entropic
barrier responsible for localization of the macromolecule into
the TFDS. According to this theory, the electrophoretic
velocity v of the macromolecule (characterized by its net
charge Q, radius of gyration R, and diffusion coefficient D, in
dilute solutions) in the gel under the electric field strength E is
given as

a threshold value given by U/QR,. From a plot of v against E,
the barrier height U can be determined from U = QR.E..

The dependence of the electrophoretic velocity (obtained as
the slope of the lines in Figure 4a) on the electric field strength
is given in Figure 4b for the 5% cross-linked gel. Consistent
with the nucleation picture conveyed in eq 1, there exists a flat
region for E < 3.3 V/cm where the velocity is around zero and
a linear region for higher electric field strengths. The
intermediate range of E from 3.3 to 6.3 V/cm corresponds
to the transition from immobilization to drift of the DNA
molecules. As given by eq 1 in the drift region, the threshold
value E_ is obtained by extrapolating the velocity in the strong
electric field region to zero velocity which corresponds to E_ =
U/QR,. From Figure 4b, E. = 5.32 + 0.29 V/cm. The values of
E. for the other cross-link densities were obtained by following
the same procedure, and details of data for 4, 6, 7, 8, 10, and 12
mol % cross-linked gels are provided in the SI (Figures S1 and
S2).

——h, RE<U
VR, 2k, T The dependence of E_ on the cross-link density of the gel is
.~ ar E U given in Figure Sa. The data in the region shaded in purple
0 - —, QRE>U color (up to 2.7% cross-link density) are from our previous
kyT kyT (1) study, and the rest of the data are for the presently studied

where the entropic barrier U is assumed to be larger than kgT.
Therefore, the inference from the theory is that the
electrophoretic velocity is vanishingly small for weak electric
fields and increases linearly with electric field strength beyond
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seven gels. The nonmonotonic dependence of E. on the cross-
link density with a maximum at intermediate cross-link
densities is evident in Figure Sa. This feature is in agreement
with the description of the TFDS with two boundaries (Figure
1). The entropic barrier U responsible for the occurrence of
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the TFDS is evaluated from the experimentally determined E.
using the relation U = QR,E.. Taking the charge Q of A-DNA
as 2Nea (where N = 48,502 is the number of base pairs; e is
the electronic charge; and a = 0.12 is the degree of
ionization®™) and R, as 500 nm, the plot of U versus cross-
link density is given in Figure Sb, corresponding to the values
of E. given in Figure Sa. At intermediate cross-link densities,
the barrier is as high as 137 kzT. Near the lower and higher
boundaries of the cross-link density, U becomes considerably
smaller.

In order to relate the entropic barrier with the mesh size of
the gel, we need to relate the cross-link density of the gel to its
mesh size. For weakly cross-linked gels which are transparent
to the eye, static light scattering can be used to directly
measure the mesh size £. For example, ¢ is 51.5 + 2.2 nm for
0.2% cross-linked PAM-Acr gels with 10% charge density.**
However, light-scattering experiments are not feasible for
PAM-Acr gels at higher cross-link densities, as they are cloudy
or even nontransparent. In view of this, we have estimated the
mesh sizes of the equilibrated gels in the present study using
the classical Flory—Rehner theory™ generalized to polyelec-
trolyte gels."” According to the generalized Flory—Rehner
theory, the swelling ratio 1/¢ of a polyelectrolyte gel
containing sufficiently high monovalent salt concentration c,
to screen electrostatic interactions is given as"’

(% ~ )(eff> 3/5

' @

where S is the cross-link density;*® ¢, is the volume fraction of
the gel if the chains in the gel were to adopt Gaussian chain
statistics; and y ¢ = ¥ — @’z,’/(4cv;) (y is the Flory—Huggins
parameter; « is the degree of ionization; z, is the charge per
Kuhn segment of the strands constituting the gel; and v, is the
volume of a solvent molecule). Apart from these details, the
important result is that the volume of the gel (~1/¢) is
proportional to (—3/5)-th the power of the cross-link density
S. Since the gel volume is proportional to &, we get an
expression for the mesh size of a gel with cross-link density S
(expressed as mol %) as

1.
;=

02 )” S

&= 5042%(?

3)

where &y, is S1.5 + 2.2 nm based on light-scattering
experiments noted above. Using the estimated values of £, the
data in Figure Sb are replotted in Figure Sc, depicting the
dependence of the entropic barrier U (in units of kzT) on the
mesh size. The barrier height first increases from about 24k T
at weak confinements (£ ~ 52 nm) to about 137kzT at
intermediate confinements (£ ~ 28 nm) and then decreases to
about 83kzT at strong confinements (£ =~ 22 nm). This
nonmonotonic behavior provides quantitative details of the
description in Figure 1. The 40% decrement in the entropic
barrier from 137k;T to 83kzT even with a modest reduction in
the mesh size (from 28 to 22 nm) indicates that the
localization effect responsible for the TFDS is rapidly getting
weaker and that it would eventually vanish, enabling the onset
of the reptation regime. This expectation is sketched in Figure
Sc as a dashed curve. It would be desirable to collect data in
the region covered by the dashed line by investigating gels with
cross-link density beyond 12%. However, such gels are too
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cloudy, posing challenges to fluorescence measurements.
Furthermore, due to the extensive structural inhomogeneity
in highly cross-linked gels, the hooking events of DNA
migration are so rampant that it is difficult to accurately
measure the entropic barrier.

In view of this difficulty to investigate gels with smaller mesh
size compared to those described above, we have considered a
highly entangled polyethylene glycol (PEG) solution (of molar
mass 400 kDa at 50 g/L concentration) as the matrix where
the estimated correlation length for PEG monomer concen-
tration is 10.7 nm.>® In this case, even without the external
electric field, the dye-labeled DNA chains are found to crawl
slowly in the solution (see Video 2 in the SI). As expected in
the entangled (reptation) regime, the mean square displace-
ment of the diffusive chain is proportional to time as shown in
Figure S3 at longer time intervals. This provides evidence that
the entropic barrier is zero in the reptation regime. Therefore,
the diamond symbol in Figure Sc corresponding to our data in
the PEG-entangled solution (reptation regime) is the end
point of the dashed curve where the entropic barrier is
interpolated to decrease continuously as the mesh size is
decreased toward 10 nm. In view of this, we estimate the
threshold mesh size /gy to be about 10 nm to switch off the
TEDS in the present 1-DNA/PAM-Acr system.

In conclusion, we have measured the entropic barrier
responsible for the TFDS occurring at intermediate confine-
ments. Its peak value is in the range of more than 100k, T, thus
making the TFDS an extremely long-lived metastable state.
The entropic barrier is nonmonotonic with respect to the
extent of confinement, and we find that it vanishes for mesh
sizes in the range of 10—20 nm and again in the range beyond
60 nm, which set the boundaries of confinement to elicit the
TFDS. The theoretical formulation of the nonmonotonic
entropic barrier profile, exploration of additional enthalpic
contributions, and determination of precise locations of the
boundaries of the TFDS for other polymer—medium systems
are of further interest.
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