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We study the dynamics and conformation of polymers composed by active monomers. By means of
Brownian dynamics simulations we show that, when the direction of the self-propulsion of each monomer
is aligned with the backbone, the polymer undergoes a coil-to-globulelike transition, highlighted by a
marked change of the scaling exponent of the gyration radius. Concurrently, the diffusion coefficient of the
center of mass of the polymer becomes essentially independent of the polymer size for sufficiently long
polymers or large magnitudes of the self-propulsion. These effects are reduced when the self-propulsion
of the monomers is not bound to be tangent to the backbone of the polymer. Our results, rationalized by a
minimal stochastic model, open new routes for activity-controlled polymers and, possibly, for a new

generation of polymer-based drug carriers.

DOI: 10.1103/PhysRevLett.121.217802

Diverse biological systems feature chemical reactions
and energy conversion occurring on the backbone of
polymers, often involving active components. For example,
DNA is duplicated by DNA-polymerase actively displacing
on it [1]; ribosomes synthesize proteins by actively sliding
along RNA strands [1,2]. Synthetic realizations of such
processes hint at intriguing applications for microdevices
and nanomedicine [3—6]. The current state-of-the-art syn-
thesis techniques are already able to mimic biological
active filaments with linear chains, composed by active
colloidal particles [7—10], often named “active polymers.”
From a theoretical perspective, while many works on the
topic have focused on the collective dynamics of active
polar gels [11], actin filaments [12,13], and microtubules
[14], recently, single-polymer dynamics has received more
attention in diverse scenarios spanning from polymers
embedded in a bath of active particles [15-20], flagellated
microswimmers [21], and polymers composed of active
monomers [22-29]. These works have shown that the
details of the coupling between the local active stresses
and the conformation of the polymer backbone are crucial
for determining the overall dynamics of the polymer.
This occurs, for example, in biological processes like
DNA-RNA duplication or translation and protein synthesis,
where a region of the backbone is under the action of
tangential forces induced by active displacement of
enzymes.

In this Letter, we characterize the structure and dynamics
of a self-avoiding linear polymer composed by axisym-
metric active spherical monomers connected by linear
springs. In order to highlight the relevance of the
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orientation of the activity of the monomers with respect
to the local conformation of the polymer, we perform
Brownian dynamics simulations for different couplings
between the local orientation of the active monomers and
the conformation of the polymer backbone (Fig. 1). Our
results show that, when the direction of the axis of the
active monomers is tangent to the local instantaneous
conformation of the chain, as it happens for ribosomes
and DNA-RNA polymerase or for Janus self-propelled
necklaces [9], the activity of the monomers reduces the
gyration radius of the polymer that enters in a globularlike
state. At the same time, the activity of the monomers
promotes the effective diffusion of the polymer, inducing
an enhanced diffusion coefficient that eventually becomes
essentially independent of the polymer length. These
effects are due to the tangential action of the active
monomers and disappear when the axis of the active

FIG. 1. Schematic sketch of the active polymer. (Left) Polymer
regarded as beads connected by linear springs. For each bead i the
active force £2“' diffuses in a cone around the vector r;, |, 1. The
amplitude of the cone is 2a. (Right) Continuum representation
of the polymer, for a = 0, with the local self-propulsive force
(green arrows) and its components parallel (blue arrows) and
perpendicular (orange arrows) to the end-to-end vector Rp.
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(a) Rg as function of Pe for different polymer sizes N. Solid lines are fit of the numerical data with Eq. (3), with

ag, = 0.615 £0.003, hg, = 0.0265 £ 0.0007, cg, = 0.162 £ 0.003, and 5z, = 0.0005 £ 0.0002. (b) Probability distribution P(R;)
of the radius of gyration for a polymer N = 300, for different values of Pe. Snapshots of representative polymer conformations at
different Pe are shown above the curves. (c) Exponent v of the gyration radius R, for different values of Pe. Continuous line is a power-
law fit of v for the case a = 0, given by Eq. (2). Similar power-law scaling holds also for 0 < a < z (and for the Gaussian case for
Pe > 1). Dashed lines show the value of v for self-avoiding and Gaussian polymers for Pe = 0.

monomers is uncorrelated from the conformation of the
polymer. In this latter case, it has been shown that the
activity of the monomers acts as an “effective higher
temperature” [24]. In order to rationalize our results, we
set up a minimal stochastic model that, supported by
numerical data, quantitatively captures the dependence of
the diffusion coefficient on the controlling parameters.

We model the polymer as a bead-spring self-avoiding
chain of N monomers in three dimensions, suspended in
an homogeneous fluid. The activity of each monomer i is
accounted by a force £, with constant magnitude f*“* that
can be made dimensionless by introducing the Péclet
number (Pe) [30]

(1)

where b is the monomer diameter, kp is the Boltzmann
constant, and 7 is the absolute temperature. We constrain
the direction of f' inside a cone with aperture 2a, whose
main axis is parallel tor;,; ;. =r; | —r,_y, i.e., the vector
connecting the first neighbors of monomer i along the
polymer backbone (Fig. 1). Such construction does not
apply to the first and last monomers of the chain, which are
passive. In particular, when a = 0, the vector fi“—in a
continuous description of the polymer—is bound to be
tangent to the polymer backbone, inducing a strong
correlation between the local stresses induced by the
activity of the monomers and the local conformation of
the chain. In contrast, for @ =z, each force i is
independent of the local conformation of the polymer.
Neighboring monomers along the polymer backbone

are held together via a harmonic potential VI'P)(r)=

Zj:l-_l,m(K<SP)/2)(ri.j — b)?, where r,; is the distance
between the monomers i and j. Non-neighboring mono-

mers that are closer then the monomer size b repel each

other through a purely repulsive harmonic potential
vim(r) = Zj;éi—l,iJrl(K(Sp)/z)(ri,j - b)z- We fix K0P =
100 k5T /b to avoid crossing events. We perform Brownian
dynamics simulations neglecting hydrodynamic inter-
actions among monomers; i.e., we investigate the
“Rouse” regime (see Supplemental Material [31]).

First, we consider the effect of the activity on the global
conformation of the chain. In this regard, we compute the
radius of gyration R as function of the Péclet number and
the polymer size N. Interestingly, for ¢ = 0, we observe a
dramatic decrease of the average value of R [Fig. 2(a)]; at
the same time, the distribution of R; becomes more peaked
[Fig. 2(b)], indicating that the chain gets trapped in a
crumpled, collapsed state. This behavior, reminiscent of a
coil-to-globule transition, can be understood in the limit of
Pe < K (P)p, i.e., when the external force is small
compared to the interaction among subsequent monomers
on the backbone. Looking at the bottom panel of Fig. 1, we
notice that the local force perpendicular to the end-to-end
vector Rg changes sign depending on the curvature of the
polymer backbone with respect to the end-to-end vector
(orange arrows in the bottom panel of Fig. 1). Hence, for a
polymer with almost fixed length, as it is when
Pe < fKP)p, the net effect of the local force is to promote
configurations with larger loops about the end-to-end
vector, hence reducing both Ry and R;. Such a dynamics
is visible in the in the Supplemental Videos, where the
polymer makes large, smooth curves, which result in a
loose bundle, reminiscent of a common yarn ball [34]. In
addition, Fig. 2(c) shows that for Pe > 1072 the depend-
ence of the scaling exponent on Pe can be captured by

v(Pe) = 0.52 Pe0922; (2)

i.e., v diminishes upon increasing Pe. Using this relation,
we have fitted the dependence of R; on Pe via a relatively
simple function
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FIG. 3. Mean square displacement (Ar*(¢)) of the center of

mass of the polymer as function of time, for different values of Pe
and N = 100. Symbols are numerical data, lines are the pre-
diction of the model, Eq. (5).
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where ag, + hg, In(, /5%6 + Pe?) captures the dependence

at small Pe, whereas 1/(Pe + 1) encodes the decay of R
for larger values of Pe. We remark that ag _, hg , ¢, and 6g,,
are parameters that are independent of N and Pe; further,
Eq. (3), as Eq. (2), is valid only for Pe > 1072,
Remarkably, we observe that a similar phenomenology
holds in the case of a Gaussian polymer [black triangles in
Fig. 2(c)]. This hints that the activity-induced collapse is
not strictly related to self-avoidance. The reduction of Ry
upon increasing the activity is surprising, since the activity
has often been suggested to affect the dynamics as an
effective warmer temperature [18,24]. In contrast, our
results show the opposite behavior, as the activity leads
the polymer towards a globular state, which typically
happens upon cooling self-attractive polymers.
Decoupling the direction of the activity from the
conformation of the backbone—i.e., considering values
a > O—mitigates the collapse of the chain, as captured
by the reduction of the scaling exponent of R; shown in
Fig. 2(c) and Supplemental Material Fig. S1 [31]. The
decreasing trend in v as function of Pe, previously discussed
for @ = 0, still holds for 0 < a < 7z, although with a milder
slope as a increases. In particular, for @ = 7 we recover the
conventional scaling exponent v ~ 0.60 + 0.02 for all the
values of Pe, similar to what is shown in Ref. [24]. Hence, for
a = & the activity does not lead to dramatic changes in the
polymer conformation, in contrast to the cases o # 7. Next,
we consider the effect of the activity on the dynamics,
focusing on the mean square displacement of the center of
mass of the polymer ([r ,, (1) — rem (0)]?) = Ar?(¢). When
a = 0, three different regimes in the mean square displace-
ment can be identified (Fig. 3). At very short times, 7 < Ty,
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FIG. 4. (a) Time correlation function C() of the end-to-end
vector for Pe = 0.02 and different values of N. Black solid lines
highlight the exponential decay for lower values of N. (Inset)
C(r) for N = 160 and different values of Pe. (b) Translational
long-time diffusion coefficient Dy, as function of the polymer
length N, for different values of the Péclet numbers Pe. Data refer
to a = 0. The lines mark the theoretical predictions according to
Eq. (6) where ag, = 1.46 = 0.02, hp, = 0.058 = 0.004, cg, =
0.201 £0.007, and &g, = 0.0005 & 0.0002 have been deter-
mined by fitting the dependence of Ry on Pe and N. (¢) Doy
as function of Pe, for different polymer sizes N. The lines mark
the theoretical prediction given by Eq. (6).

a passive diffusive regime (Ar? (1)) o< Dghort With Dgor =
Dy /N takes place. At intermediate times, Tgor <7 <Tjong, @
transient superdiffusive regime, typical of active systems
[35], is observed. Last, at long times, 7 > 7}y, the diffusive
regime is recovered, (Ar?(f)) «Djopet, characterized by an
enhanced diffusion coefficient Diong > Dgpory-

Surprisingly, as shown in Figs. 4(b) and 4(c), Digpe
becomes independent of the polymer size upon increasing
Pe. To rationalize the dependence of D),,, on N and Pe we
regard the center of mass of the polymer as a pointlike
particle under the action of an external force F*'=
SN, fi given by the sum of all the contributions
stemming from the monomers. For a = 0, F*' is propor-
tional to the end-to-end vector Ry = ry — r;. Accordingly,
F?! can be regarded as a random force acting on the center
of mass with zero average and whose time correlations C(¢)
are captured by the time correlation of Rg

C(1) = (Re(1) - Rg(0)). (4)

For a passive polymer (Pe = 0) the function C(¢) decays
exponentially [36], with a characteristic relaxation time z.
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In contrast, for Pe # 0, Fig. 4(a) shows that the exponential
decay holds reasonably well within the range of explored
values of N and Pe, although for large values of N and Pe a
deviation from such a behavior is observed [red circles in
Fig. 4(a) and orange triangles in the inset]. The behavior
of C(r) in such regimes is consistent with a compressed
exponential decay, similar to what has been observed in
soft-glass and out-of-equilibrium materials [37], where it is
due to a long-range persistent Gaussian noise [38]. This
phenomenon goes beyond the scope of the present Letter
and will be discussed in future works. The model proposed
provides an analytical solution for the mean square dis-
placement of the center of mass of the polymer is (see
Supplemental Material for a detailed derivation [31])

(. (1)) g

2
hg, 1 (, /52 + P 2)}
-9 Dy Pe [aRE + g I R, T € N2v(Pe)-1

= bz (Pe -+ ])ZCRE

D
X Dy(t +7e™/7* — 1) +2dﬁot, (5)

where ag,, hg,, cg,, and O, are fitting parameters that
are independent of N and Pe [see Fig. S8(b) and Eq. (6) of
the Supplemental Material [31]], d is the dimensionality
of the system, and v(Pe) is the scaling exponent of Ry
[Fig. S8(a)]. The first (second) term in Eq. (5) represents
the contribution to the diffusion of the center of mass due to
activity (thermal fluctuations). Remarkably, Eq. (5) quan-
titatively agrees with the numerical data with no additional
fitting parameters [39]. The super- and active-diffusive
regimes can be identified as the short- and long-time limits
of the “active” contribution in Eq. (5). The crossover times
Tehort and Tjon, are predicted by comparing the leading
contributions at short and long times, respectively (see
Supplemental Material [31]). These predictions agree
relatively well with the numerical data [see Figs. S7(a)
and S7(b)]. In particular, 7oy, & N/Pe, i.e., 7jon, scales as
the decorrelation time of the end-to-end vector and 7,
Pe~' (from numerical data 7y, o« Pe™!d); ie., Tgoy iS
predicted to be independent of the polymer size. From
Eg. (5), the long-time diffusion coefficient D),,, can be

calculated
2
b ) Dyzo Pe [(IRE +hRE 1[1(1/5%E —l—Pez)}
long — ~0 b2 d (Pe + ])ZCRE
1
X N2y(Pe)—1 +N ) (6)

In particular, Eq. (6) shows that for large values of Pe or
N the thermal contribution (second term in the brackets)
can be disregarded and D, becomes essentially

FIG. 5. Normalized diffusion coefficient D = Dy, (N, Pe)/
D)gng (40, Pe) (color coded) as function of N and Pe. The solid
line represents the locus where the two contributions in Eq. (6)
are equal.

independent of N since 2v(Pe)—1<1 [40]. Interestingly,
as shown in Figs. 4(b) and 4(c), our model captures
quantitatively the asymptotic growth of D),,, upon increas-
ing Pe, whereas it predicts a smoother transition to the
passive regime with respect to the numerical results.
Equating the two contributions on the rhs of Eq. (6)
allows us to identify two regions in a Pe-N phase diagram,
namely, a region where Dy, & 1/N and a region in which
Dy is almost N independent. Figure 5 shows the diffusion
coefficient D)o, (N, Pe) normalized by the value obtained
for N = 40, for each value of Pe. Accordingly, the color
code in Fig. 5 indicates the region where D,,, decreases
with the polymer size (blue region) and the region where
Do is almost independent of N (red region). The
transition between the two regions, marked by the solid
line in Fig. 5, is properly captured by our theoretical model.
Moving from the lower to the upper region of the Pe-N
phase diagram (Fig. 5), the radius of gyration and its
fluctuations decrease [Fig. 2(a)], and the continuous
coil-to-globulelike transition described before can be
observed. For 0 < a <z, a similar phenomenology is
observed (Fig. S5), with a reduced dependence of Dy,
on Pe. In the limiting case a = z, for which the local
activity of the monomer is uncorrelated from the structure
of the polymer, a passivelike behavior is recovered,
Digng ~ EDo/N, where & > 1 is a prefactor that depends
on Pe and marks the active nature of the system. In order to
address the role of self-avoidance in the aforementioned
dynamics, we have performed similar numerical simu-
lations for Gaussian polymers (Fig. S6). We found
qualitatively similar results, although with a weaker
dependence of Dy, upon N and Pe. Such a reduced
sensitivity is expected since F*' o« R that, for a Gaussian
polymer, scales with a smaller exponent as compared with a
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self-avoiding one [Fig. 2(b)]. In conclusion, we have
studied the dynamics of an active polymer in three
dimensions. We have shown that both the conformation
and the diffusion of the polymer are strongly affected by
the activity of the monomers. In particular, the effect of the
activity is strongest when it is bound to be tangent to the
backbone of the polymer (¢ = 0) and it smoothly reduces
upon releasing such a constraint (i.e., increasing o).
Concerning the polymer conformation, we found that, when
the activity dominates over the thermal motion, the polymer
undergoes a coil-to-globulelike transition as captured by the
decrease of the scaling exponent of the gyration radius
(Fig. 2); i.e., increasing the activity is analogous to reducing
the temperature for self-attracting polymers. At the same
time, the diffusion coefficient of the polymer becomes
independent of its size and it becomes, possibly, several
orders of magnitude larger than the corresponding equilib-
rium value. In this latter respect, the activity acts as a higher
temperature that enhances the diffusion. These results might
inspire the realization of highly mobile drug delivery
carriers, where the drugs are embedded along the backbone
of active polymers, whose active monomers have their axis
of motion aligned with the polymer backbone. Interestingly,
current state-of-the-art techniques may open up the possibil-
ity to synthesize active polymers by means of surface-shell
functionalization of single colloids [41-43].
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