PHYSICAL REVIEW LETTERS 126, 057802 (2021)

Electrostatically Driven Topological Freezing of Polymer
Diffusion at Intermediate Confinements
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Breaking the paradigm that polymers in crowded aqueous media obey Einstein’s law of diffusion, we
report a localized nondiffusive hierarchical metastable state at intermediate confinements. Combining
electrostatic and topological effects, we can tune the propensity of this new universality class in a
quasicoacervate gel system consisting of guest polyamino acid chains inside an oppositely charged host
hydrogel. Our observations offer strategies for controlled release and retention of macromolecules in
aqueous crowded media, while opening a new direction for understanding topologically frustrated

dynamics in polymers and other soft matter systems.
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Imagine long polymer chains trapped inside very
crowded environments created by other interpenetrating
macromolecules in aqueous electrolyte solutions at room
temperature. We expect the chains to wiggle around and
their centers of mass to diffuse, consistent with Einstein’s
law of diffusion at nonzero temperatures. Indeed, dif-
fusion of polymer chains in their solutions, melts, and
under confinement in restrictive porous and gel-like
media is the well-established law, with the diffusion
coefficient D decreasing monotonically as the extent of
crowding and confinement increases [1-29]. Here, we
report a breakdown of this paradigm. Using electrostatics
and topological confinement, chains are elicited into a
locked dynamical state at intermediate confinements,
where they do not diffuse for practically very long times,
but alive with their internal chain dynamics and endowed
functional properties. The propensity of the locked state
is also tunable with electrostatic screening. In this
Letter, we exhibit this phenomenon from experiments on
uniformly charged polypeptide chains confined inside an
oppositely charged gel with more than 95% water
content at room temperature. Realization of such a dyna-
mically frozen state, for polymers such as DNA and
intrinsically disordered proteins in crowded Coulomb-
soup-like aqueous media, would enable molecular
engines to efficiently search their encoded targets
(instead of chasing the constantly moving targets)
and to manipulate the movement of polymers using
external triggers and macromolecular memory [30-45].
Furthermore, the present “quasicoacervate” system,
where one component is an immobile scaffold, is
significant in the context of membraneless organelles
and mimicry of living matter [30,36,38].

Consider a guest macromolecule trapped inside a host
gel (Fig. 1). Its movement is governed by its topological
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correlation due to its chain connectivity and intrachain and
guest-host interactions characterized by three length scales:
radius of gyration R, of the guest, mesh size £ of the host
gel, and segment length £ (parametrizing local chemical
details of polymer). In isolation, R, ~ N*, where N is the
degree of polymerization and v is the size exponent. The
vast phenomenology secured over the past several decades
can be summarized as three major regimes: (1) Ogston
regime [6] for R, < & > ¢ [Fig. 1(a)], (2) entropic barrier
regime [11,14] for R, ~ & > ¢ [Fig. 1(b)], and (3) reptation
regime [1,2,5,7] for R,> ¢ <7 [Fig. 1(d)]. D~N7,
where y = 1, 2-3, and 2, respectively, in the three regimes
[1-4.9,11,16,17] [Fig. 1(e)]. However, in the fourth regime
of intermediate confinement, R, > £> ¢ [Fig. 1(c)], a
guest chain is partitioned among multiple free energy traps,
which arise from electrostatic complexation and entropic
confinement, so that it can move only by simultaneously
negotiating these traps. This results in a new state
of nondiffusive frustrated dynamics at intermediate
confinements.

Theory.—In view of the complexity of the problem, we
present only a mean field theory and scaling arguments. Let
the linear charge density on the hydrogel be o at salt
concentration c,. Representing the gel as a 3D assembly of
spherical chambers of diameter £, consider a chain of N
segments, partitioned among n, contiguous chambers with
m; segments in the ith chamber (1 <i < n.) [Fig. 2(a)].
Ignoring revisits of chain conformations to chambers, the
chain has two “tail” conformations (i = 1 and i = n.) and
(n. —2) “tie” conformations for 1 <i<n,. The free
energy of tail and tie conformations with m segments
confined inside a chamber can be calculated [46] using field
theory and Flory’s mean field assumption of adding
contributions from confinement entropy, excluded volume,
and electrostatic interactions, as
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FIG. 1.

Dependence of D on N. Nondiffusive frustrated dynamical regime R, > &> £ (c) is flanked by three diffusive regimes

corresponding to the Ogston regime (a), entropic barrier regime (b) and reptation regime (d). (e) A summary of the dependence of D on

N for all regimes.
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where kpT is the Boltzmann constant times the temper-
ature. The first two terms on the right-hand side are from
confinement entropy, the third term is from excluded
volume and electrostatic interactions among guest polymer
segments, and the fourth term is from electrostatic attrac-
tion between the guest and host. v is the intersegment
excluded volume interaction strength, £ is the Bjerrum
length at which intercharge interaction energy is kg7, and k
is the inverse Debye length ~,/c;. The minimization of
free energy of a conformation depicted in Fig. 2(a),
F = Fya(my) + 315" Fae(my) + Fii(m,, ), with respect
to m; and n, gives

and

FIG. 2.

(a) Partitioning of a chain into meshes. (b) An elemen-
tary move to diffuse in the intermediate regime. (c) Complexation
between the guest and host hydrogel.

The number of segments m in a particular chamber
fluctuates around 7.

We estimate the effective barrier F' and the disengage-
ment time 7, (required for a chain to move a distance
comparable to its size) as follows. Consider the end
chamber with a tail, which jumps into one of the empty
neighboring chambers [Fig. 2(b)]. The jump involving m
(> 1) monomers can occur in many ways. However, prior
experiments [21] show that the jump occurs primarily
through a taut conformation (ii) in Fig. 2(b) for the jump
from (i) to (iii). We assume in (ii) that guest-host pairs are
uncomplexed and the tie chain is taut to length &. In
addition, for the tail end in state (i) to enter the next
chamber, there is a loss of translational entropy of chain end
proportional to the volume of the chamber [46]. Using
Egs. (1)-(3), and accounting for the loss of translational
entropy of chain end, and with justifiable approximation

vl/E < 1, the free energy barrier F' = Fiiyy — Fiy 1s (see
Supplemental Material [47])
Ff 1 &8 Cy
—~In | —= e 4
kT~ " (96f8> Fos e “)

exhibiting the interplay between electrostatic and entropic
contributions.

The friction coefficient (., of the chain to move
through n, — 1 such steps, each involving /m monomers, is

(5)

where ¢ is the monomer friction coefficient. Assuming
that the chain disengages from its conformation as a
one-dimensional random walk (reptation) [1,2,5,7],
(n.&)? = 2(kgT/{chain)Ta» Where 7, is the disengagement
time. Therefore, 7, follows from Egs. (3)—(5) as

Ty~ % vN? (;) ' exp [afi;e"‘f] ,

é:chain = (nc - l)ﬁlCeXp(FT/kBT)?

(6)

where logarithmic corrections are suppressed (see
Supplemental Material [47]). Since &> ¢, the time
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required by the chain to diffuse over its size can become
impractically long. Note that the electrostatic complexation
elongates the lifetime of the frustrated state.

Therefore, arrest of polymer diffusion into a very long-
lived metastable state can occur in the intermediate regime.
Nevertheless, since &> ¢, the subchain dynamics inside
each mesh is fully allowed. The dynamics of subchains
depends on polymer concentration. As is well known [2],
dilute solutions with hydrodynamics, semidilute solutions,
and concentrated solutions are described by the polymer
models of Zimm, Rouse, and reptation, respectively
[2,47,55-57]. The fluctuations of the end-to-end distance
of the subchain P(7) = [R(m, t) — R(0, t)], proportional to
fluctuations in the displacement vector of the host gel, can
be measured using dynamic light scattering (DLS) and
theory of gel elasticity [58—60]. The scattered intensity
correlation from the guest polymer is related to
(P(m,t)-P(m,0)), which is given for m > 1 by

(Pl ) Pl 0) = exp(~ L),

x=31,2,3 (Zimm, Rouse, reptation), (7)
where v is the size exponent and 7, is the segment
relaxation time [2].

Since the numbers of monomers in meshes fluctuate
around 71, the dynamics of the localized chain is a super-
position of relaxation rates 1/(zom*) for each m, resulting
in a hierarchy of relaxations. The probability p(m) of
having m segments inside a mesh follows from the free
energy of confinement F,,; given in Egs. (1) and (2) as
[1,46]

ZBY ,—xi
p(m) ~ exp(=F oni/ksT) ~ ¢ exp(=Bm), (8)

where B = (222/3)(¢/&)? denotes the entropic contribu-
tion to confinement free energy. The quadratic term in m for
F.onr is weak due to vZ/& < 1; the attractive electrostatic
contribution [—6££ g exp(—«k¢)/£] is independent of m and
appears only to control the propensity of the nondiffusive
mode. Thus, Fy/kgT ~Bm (B ~ &2 is universal), in-
dependent of whether there are electrostatic interactions
between the guest and host.

The electric field correlation function g, () measured in
DLS is the superposition of Egs. (7) and (8) (see
Supplemental Material [47]),

91(1) = (E(z) - E(0)) N/dmp(m)<P(mJ) -P(m,0))
~e"5(f73)ekf/dme_(3m+m#). 9)

Performing the integral using the saddle point approxima-
tion,

’BY ,—kt Y 1 2x
() e P e e ()7L (10)

where f is the stretched exponent, 7 is the characteristic
time for the hierarchical dynamics, and x = 3v, 2, and 3 for
Zimm, Rouse, and reptation modes, respectively (v = 0.6
in good solvent and 0.5 for Gaussian chains). The values
of f represent hierarchical dynamics of the localized
chain at g~ 1, unrelated to the segmental dynamics
[2,29,47,55-57], and also unrelated to the dynamics
of dense polymer glasses at low temperatures [61].
Simultaneously, the characteristic time 7 is stretched far
beyond those for segments and subchains, due to the factor
(&/¢)*. The amplitude of this frustrated mode increases
with lowering ¢, (k ~+/c,) as given in Eq. (10).
Experiments.—The two key aspects in designing experi-
ments to elicit the new tunable polymer dynamics are (i) the
confinement condition R, > &> ¢ and (ii) tunability of
electrostatics in free energy traps. Cognizant of this, we
synthesized a negatively charged gel [poly(acrylamide-
co-acrylate gel)] in aqueous solutions containing sodium
bromide (NaBr) salt. By judicious control of cross-link
density (0.2%), we selected the gel with average mesh
size £=452+3.1nm and gel diffusion coefficient
D = (478 £ 0.16) x 1077 cm?/s (which is related to gel
elasticity [59]) in 1.2M NaBr. Oppositely charged
poly(L-lysine) (PLL), with its hydrodynamic radius
96 +3.2 nm in pregel solution, was chosen as the guest
polymer (Supplemental Material [47]). Since the monomer
length £ <1 nm, our experimental design satisfies the
condition R, > &> 7. To avoid irreversible sticking of
PLL to the gel, and to tune the guest dynamics in a
reasonable range of salt concentration c¢,, we chose 10%
charge density on the gel. Furthermore, to avoid inhomo-
geneities inside the gel arising from complexation with the
guest, the gel was first synthesized with PLL chains
embedded inside at high salt concentration (with no
complexation), so that PLL can be uniformly distributed
in the host gel. Then, the gel composites were dialyzed for
3 weeks to reach zero-salt limit enabling uniform complex-
ation of PLL with gel. The resultant gel composites were
then fully characterized by swelling equilibrium and static
and dynamic light scattering. Details of synthesis and
characterization are in the Supplemental Material [47].
The key experimental handles are ¢, and c,. We have
chosen ¢, = 0-1.2M to tune the electrostatics and ¢, = 1,
2, 10, 20, and 100 mg/mL to tune the guest subchain
dynamics inside meshes. Also these ¢, values correspond
to the molar charge ratio (charges on PLL/charged mono-
mers on the gel) r = 0.1, 0.2, 1, 2, and 10, respectively,
when the charge density of the gel is 10%. All experiments
were carried out at 25°C and neutral pH. The range of
scattering wave vector g [= (4z/A) sin(6/2), 0 is scattering
angle, 1 =514.5 nm], 8.3 < ¢ < 18.5 ym‘l, used here is
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FIG. 3. (a),(b) Normalized field correlation function g, (z) at

scattering angle 30° for » = 0.1 and ¢; = 0 and 1.2M (red lines
are the best fits and blue triangles are residuals). (c),(d) Corre-
sponding ¢> dependence of relaxation rates I'. (e) Stretched
exponent f and the fraction of frustrated PLL for r = 0.1
(c, = 1 mg/mL) at different salt concentrations.

suitable to monitor dynamics of subchains trapped inside
meshes of average size 45 nm.

First consider the role of ¢, from 0 to 1.2M, which allows
exploration from complete electrostatic dominance to the
electrostatics-screened athermal limit (only the residual
entropic effect). As examples, the field correlation function
g1(q, t) from DLS at @ = 30° is given in Figs. 3(a) and 3(b)
versus correlation time ¢ for the electrostatic limit ¢, = 0
and the athermal limit ¢, = 1.2M, respectively. g;(q, t) is
proportional to PLL concentration correlations and also to
displacement correlations of the gel [58,59]. For both cases,
the dynamical mode is diffusive if its relaxation rate I" is
proportional to ¢>, " = Dg?, and from the slope of I" versus
g?, diffusion coefficient D can be obtained. The curve in
Fig. 3(a) can be uniquely fitted with two modes: expo-
nential and stretched exponential decays in ¢, as evident
from the red fitting curve to the data and the zero residuals
between the fit and raw data. Note the emergence of
stretched exponential over three decades in 7. Performing
the experiment at five different scattering angles, we
established that the exponential mode 1is diffusive
where the decay rate T'j(q) = D;g*> [Fig. 3(c)] with
D, = (4.34 £0.13) x 1077 cm?/s. Since this value is
close to that for the pure host gel [62,63], D; corresponds
to gel elasticity. The stretched exponential mode was found
as exp[—(I,1)%3*], where ', ~ ¢° (Supplemental Material
[47]), associated with nondiffusive hierarchical dynamics
of guest PLL. In this salt-free electrostatically controlled

condition, there is only one polymer mode that is non-
diffusive. The characteristic time 1/T", for this mode is
much longer (~77 ms) than that for the center of mass
diffusion (zj ~ 1 ms) of guest chain in solutions [2].
Contrary to expectation that oppositely charged guest
polymer will permanently stick to the host with f~0,
the particular design of the system allows dynamical
activity at intermediate length scales comparable to ¢,
but yet prohibiting center of mass diffusion inside the gel.

On the other hand, for ¢, = 1.2M, ¢,(q, t) [Fig. 3(b)]
can be uniquely fitted only by a combination of two
exponential decays and one stretched exponential.
Measurement of g, (q, t) at five different scattering angles
showed that the two exponential decays are diffusive with
diffusion coefficients D, = (4.88 +-0.13) x 1077 cm?/s
(similar to D of the gel without PLL) and D, =
(4.54 £0.26) x 1078 cm?/s [Fig. 3(d)], corresponding,
respectively, to gel dynamics and diffusion of PLL. The
stretched exponential mode is nondiffusive (with rate
I'; ~¢") and hierarchical (= 0.38). At high ¢, with
electrostatic screening, the amplitudes of the two guest
modes show that the guest dynamics is partitioned into 21%
diffusive mode and 79% nondiffusive frustrated dynamical
mode (averaged over all scattering angles). The emergence
of a pair of diffusional and localized modes at higher c,
from a single localized mode at zero salt signals a pathway
to control retention and release of electrostatically captured
guest macromolecules inside host media. This effect is
shown in Fig. 3(e), where the fraction of frustrated mode
decreases monotonically from 100% at ¢, = 0 to 79% at
¢, = 1.2M, with the accompanying change in f from
0.34 + 0.04 to 0.38 £ 0.05. When electrostatic screening
releases the guest partially into diffusion, the free energy
barriers are progressively reduced, leaving behind only the
entropic contribution to the barriers. For the hierarchical
dynamics, # shows a transition from electrostatics-driven
localization with Rouse subchain dynamics to entropy-
driven localization with Zimm subchain dynamics, con-
sistent with theoretical predictions [Eq. (10)] on f and the
extent of retention and release.

The role of ¢, (¢, ~ r) is summarized in Fig. 4 for the
two limits ¢, = 0 and 1.2M. At 1.2M NaBr [Fig. 4(a)], as r
increases by increasing ¢, the gel mode (D)) is insensitive
to r if r is low, but is slightly higher at » = 10 due to the
expected higher guest polymer content inside the matrix.
The diffusion coefficient D, of PLL continuously decreases
with ¢, [Fig. 4(b)]. The exponent f for the frustrated guest
mode decreases from 0.38 to 0.31, consistent with the
expected transition from Zimm to Rouse subchain dynam-
ics. On the other hand, for ¢, = 0 and r < 10, there are only
the gel mode (with diffusion coefficient insensitive to r)
and the stretched exponential mode. For r = 10, where
much more guest molecules are present beyond saturation
of complexation with the gel, an additional diffusive mode
for extra uncomplexed PLL was observed [Fig. 4(c)].
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concentration) in 1.2M NaBr. (a) gel mode and (b) PLL mode.
(c) Diffusion coefficients for ¢, = 0. (d) f versus r for ¢, = 0 and
1.2M.

In such severely congested situation of strong complex-
ation, extensive interpenetration of guest molecules arises
with contributions from entanglements. The experimental
value, # = 0.26 & 0.03, is consistent with the prediction of
1/4 from Eq. (10). As seen in Fig. 4(d), averaged p
decreases from 0.34 to 0.26 as charge ratio r increases
from 0.1 to 10, showing the transition from Rouse subchain
dynamics to reptation subchain dynamics contributing to
the frustrated hierarchical dynamics. All experimental
findings are consistent with theory.

Summary—We report a new nondiffusive frustrated
dynamics at intermediate confinements in a quasicoacervate
system, originating from multiple correlated free energy
traps for each chain. Buttressed by theory, we show that the
associated hierarchy of chain dynamics is determined by
both electrostatics and topological confinements, which can
be tuned by electrostatic screening. We observe the hierar-
chical dynamics to be universal from the strong electrostatics
limit to the entropy-dominated athermal limit, with the
stretched exponent in a narrow range around 1/3 at all
levels of electrostatic screening. The observed phenomenon,
being general for both synthetic and biological contexts,
opens new avenues for a fundamental understanding of
topologically correlated polymer dynamics in soft matter
systems. It also provides new opportunities in designing
scaffolds for controlled retention and release of charged
macromolecular cargos in crowded aqueous media.
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