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CONSPECTUS: Enzymes have been recently proposed to
have mechanical activity associated with their chemical
activity. In a number of recent studies, it has been reported
that enzymes undergo enhanced diffusion in the presence of
their corresponding substrate when this substrate is uniformly
distributed in solution. Moreover, if the concentration of the
substrate is nonuniform, enzymes and other small molecules
have been reported to show chemotaxis (biased stochastic
movement in the direction of the substrate gradient), typically
toward higher concentrations of this substrate, with a few exceptions. The underlying physical mechanisms responsible for
enhanced diffusion and chemotaxis at the nanoscale, however, are still not well understood. Understanding these processes is
important both for fundamental biological research, for example, in the context of spatial organization of enzymes in metabolic
pathways (metabolon formation), as well as for engineering applications, such as in the design of new vehicles for targeted drug
delivery.
In this Account, we will review the available experimental observations of both enhanced diffusion and chemotaxis, and we will
discuss critically the different theories that have been proposed to explain the two. We first focus on enhanced diffusion,
beginning with an overview of the experimental results. We then discuss the two main types of mechanisms that have been
proposed, namely, active mechanisms relying on the catalytic step of the enzymatic reaction and equilibrium mechanisms, which
consider the reversible binding and unbinding of the substrate to the enzyme. We put particular emphasis on an equilibrium
model recently introduced by us, which describes how the diffusion of dumbbell-like modular enzymes can be enhanced in the
presence of substrate thanks to a binding-induced reduction of the internal fluctuations of the enzyme.
We then turn to chemotaxis, beginning with an overview of the experimental evidence for the chemotaxis of enzymes and small
molecules, followed by a description of a number of shortcomings and pitfalls in the thermodynamic and phenomenological
models for chemotaxis introduced in those and other works in the literature. We then discuss a microscopic model for
chemotaxis including both noncontact interactions and specific binding between enzyme and substrate recently developed by
us, which overcomes many of these shortcomings and is consistent with the experimental observations of chemotaxis. Finally,
we show that the results of this model may be used to engineer chemically active macromolecules that are directed in space via
patterning of the concentrations of their substrates.

1. INTRODUCTION

Nature has evolved to develop sophisticated mechanisms for
microorganisms to propel themselves in low Reynolds number
conditions and follow gradients of chemicals by coupling a
sensing circuit to the motility machinery. In recent years,
mimicking such capabilities in synthetic systems has been an
important goal for nanotechnology. In particular, it is desirable
to be able to make biocompatible nanoscale systems that can
sense chemical gradients and move in response to them so that
they can be used for targeted drug delivery.1 Enzymes have
been recently studied in this context, as they show great
promise for such capabilities. Moreover, the motion of
enzymes in response to chemical gradients may underly

complex biochemical processes involving self-organization at
the molecular scale, such as metabolon formation.2,3 A deeper
understanding of the motion of enzymes may thus shed light
on naturally occurring metabolic pathways such as the Krebs
cycle,4 as well as on ways to improve the design of synthetic
metabolic pathways such as the crotonyl−coenzyme A (CoA)/
ethylmalonyl−CoA/hydroxybutyryl−CoA (CETCH) cycle.5

In this context, a number of recent studies have reported two
types of behavior that appear to be universal, in the sense that
they occur for a wide range of enzymes with very different
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characteristics: enhanced dif fusion6−11 and chemotaxis.3,7,8,11−14

Enhanced diffusion refers to the observation that the diffusion
coefficient of enzymes in a uniform solution of their substrate
appears to increase with increasing concentration of this
substrate. The diffusion coefficient can typically increase by a
fraction of order unity, and this increase has been observed for
all kinds of enzymes ranging from very fast, highly exothermic
enzymes9 to very slow, endothermic enzymes.10 Chemotaxis,
on the other hand, occurs when the concentration of the
substrate is nonuniform, that is, in the presence of a substrate
gradient. In this case, many different types of enzymes have
been reported to move toward higher concentrations of their
substrate.3,7,8,11,12 In one study, however, enzymes have been
reported to move toward lower concentrations of the
substrate.14 Moreover, nanoscale chemotaxis has been
observed not only for enzymes but also for very small
molecules such as molecular dyes.13

There have been many recent developments toward a
theoretical understanding of the physical mechanisms behind
enhanced diffusion and chemotaxis. Here, we will review and
critically discuss the theories that have been proposed for both
enhanced diffusion and chemotaxis in light of the available
experimental evidence, making particular emphasis on a set of
related models recently introduced by us.10,15,16

2. ENHANCED DIFFUSION OF ENZYMES

2.1. Experimental Observations

In a pioneering work, Muddana et al. studied the diffusivity of
enzyme molecules in vitro and in dilute conditions using
fluorescence correlation spectroscopy (FCS) and revealed that
the diffusion coefficient of enzymes was enhanced when they
were placed in the presence of substrate molecules.6 This first
set of experiments was performed using urease, an enzyme
known to catalyze an exothermic reaction (with a reaction
enthalpy of ∼20kBT) with a fast turnover rate (∼104 reactions
per second at substrate saturation). This phenomenon was
reproduced with other enzyme molecules, such as catalase7 or
DNA polymerase.8 In all these measurements, the relative
diffusion increase compared with the base value measured in
the absence of substrate molecules could typically reach a few
tens percent. Further studies have also shown how this
intriguing phenomenon could play a role in biological self-
organization, for instance, in the Krebs cycle metabolon
formation.4

In a first attempt to provide a physical mechanism to
account for this phenomenon, Riedel et al. compared the
diffusivity of different enzyme molecules and suggested that
the relative diffusion enhancement could be correlated to the
enthalpy of the reaction catalyzed by the enzyme.9

Later on, a study involving the enzyme aldolase, which is
known to catalyze an endothermic reaction and to have a very
low turnover rate (at most 5 reactions per second at substrate
saturation) revealed that, in spite of its singular kinetic and
thermodynamic properties, it still displays enhanced diffu-
sion.10 More surprisingly, enhanced diffusion was also
observed when this enzyme is placed in the presence of an
inhibitor that will only bind and unbind reversibly to the
enzyme, suggesting that the catalytic step may not be necessary
to observe enhanced diffusion.
2.2. Models of Enhanced Diffusion

In the light of these experimental results, the physical
mechanism responsible for enhanced diffusion was to be

elucidated. When placed in the presence of their substrate,
enzymes explore a complex mechanochemical cycle, during
which substrate molecules reversibly bind to the active site of
the enzyme and are subsequently transformed into product
molecules that are eventually released in the solution. These
steps are associated with conformational changes of the
enzyme. Although a typical enzyme cycle may involve
numerous steps and reaction intermediates, it can be reduced
to a minimal description. We present in Figure 1 the simplest

Michaelis−Menten description of enzyme kinetics: binding
and unbinding of the substrate to the enzyme occur with rates
kon and koff, and the catalytic step, which occurs with rate kcat, is
typically associated with a heat transfer Q.
Relying on the initial experimental observations that were

associated with fast and exothermic enzymes, different physical
mechanisms relying on the nonequilibrium or catalytic part of
the chemical cycle were put forward. First, Riedel et al.
proposed a mechanism that relies on the idea that the heat
released at each catalytic turnover is converted into an
anisotropic compression of the enzyme and a translational
boost.9 This model was later criticized, as it relies on an
underestimate of the friction coefficient of the enzyme and
assumes that the released energy is partitioned over a small
number of degrees of freedom.17 The effect of collective
heating of the reaction sample due to heat release at each
catalytic turnover was also investigated, and found capable of
contributing significantly to enhanced diffusion for enzymes
that are sufficiently fast or exothermic,17 although no evidence
of collective heating was found in experiments with urease.18

Enzymes were also described as nanoscale swimmers, and the
effect of stochastic conformational changes triggered by
catalytic events was investigated and shown to contribute to
enhanced diffusion with a typical change in diffusivity of the
order of ΔD ≈ R2kcatc/(K + c), where R is the amplitude of the
conformational changes.17,19 More recently, relying on
experimental evidence for the existence of ballistic steps in
enzyme trajectories, Jee et al. have put forward a run-and-
tumble description of the enzyme dynamics and proposed an
estimate of the resulting diffusion enhancement in relation
with the catalytic rate kcat.

14 For all of these mechanisms, the
typical diffusion coefficient of the enzyme in the presence of
substrate molecules can be shown to take the generic form

= +
+

D c D k
c

K c
( ) 0

2
cat (1)

where is a characteristic length scale of the active process and
K is the Michaelis constant.
We must also note that collective effects were considered by

Mikhailov and Kapral, who described the enzyme solution as a
collection of force dipoles, which have random amplitudes with
non-Gaussian fluctuations coming from the nonequilibrium

Figure 1. Simplified Michaelis−Menten description of the chemical
cycle: a substrate molecule reversibly binds to the active site of the
enzyme with rates kon and koff and is converted into a product
molecule with rate kcat. The product is eventually released in the
environment.
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nature of catalysis and which are coupled through hydro-
dynamic interactions.20 The resulting fluctuations of the
velocity field in the solvent can then yield enhanced diffusion
of any object present in the solution. However, such an effect is
controlled by the volume fraction of enzymes in the solution,
which is typically very small in the FCS experiments.
The experiments performed on the slow and endothermic

enzyme aldolase constituted a strong indication that the
catalytic step of the cycle may not be necessary to observe
enhanced diffusion and led to the introduction of a new
paradigm.10,15 Considering that binding and unbinding of
substrate molecules may occur at rates much higher than
catalysis (kon,koff ≫ kcat), we recently proposed a two-state
model, where the enzyme is either free or bound and where the
catalytic events where substrate molecules are converted into
product molecules occur at rates sufficiently small to be
neglected. Within this new picture, the typical diffusion
coefficient of the enzyme takes the form

= + Δ
+

D c D D
c

K c
( ) 0 (2)

where ΔD is the difference of diffusion coefficients in the free
and the bound state. In order to understand the change in
diffusivity induced by substrate binding and by the resulting
changes in conformational fluctuations, we also proposed a
simplified description of the internal degrees of freedom of the
enzyme using a generalized dumbbell model that accounts for
hydrodynamic interactions and that reveals how the internal
fluctuations of the enzyme affect its overall diffusivity. We
describe this model in detail in the following section.
In summary, the physical mechanisms that have been

deduced from and related to the experimental observations can
be sorted into two main categories: (i) enhanced diffusion can
be related to the nonequilibrium step of the chemical cycle and
is controlled by the catalytic rate or the amount of heat
released during a turnover or both; (ii) enhanced diffusion can
be explained within an equilibrium picture and originates from
the fact that enzymes could diffuse significantly faster when
they are bound rather than free. These two classes of models
are in no way incompatible and could jointly contribute to
diffusion enhancement with different relative importance,
depending on the kinetic, thermodynamic, and structural
properties of the enzymes studied experimentally.

2.3. Equilibrium Model of Enhanced Diffusion

Enzymes perform their function under conditions dominated
by thermal fluctuations and viscous hydrodynamics and are
known to undergo conformational fluctuations during the
catalytic cycle that affect their transport properties. The
diffusion coefficient measured in FCS experiments6−10 is an
average over these conformations. In this section, we describe
the dumbbell model for enhanced diffusion, with which we have
studied10,15 the effect of conformational fluctuations and of
hydrodynamic interactions on the diffusion properties of
modular macromolecules such as enzymes.
A generic macromolecule is represented by an asymmetric

dumbbell, so as to capture with a minimal number of
ingredients the modularity, complex shape, and fluctuating
internal degrees of freedom of real macromolecules, see Figure
2. The generalized dumbbell consists of a pair of asymmetric
Brownian particles whose positions and orientations undergo
thermal fluctuations and that are coupled through hydro-
dynamic interactions and an interaction potential. Within this

framework, we find that thermal fluctuations lead to an
interplay between the internal and external degrees of freedom,
resulting in negative fluctuation-induced corrections to the
diffusion coefficient of the dumbbell. The effective diffusion
coefficient has the generic form

δ= −D D Deff avg fluc (3)

where the first term is the thermal average of contributions
from translational modes, and the second term with δDfluc > 0
is due to internal compressional and rotational fluctuations.
The fluctuation-induced correction is controlled by the
asymmetry of the dumbbell, vanishing precisely for a
symmetric dumbbell.15 There is a crossover time between
Davg and Deff, which is the time it takes for the compressional
mode to relax to equilibrium.15

In an enzyme, the presence of substrate molecules activates
the catalytic cycle, during which an enzyme is either free or
bound to a substrate or product molecule and hence undergoes
conformational fluctuations about different equilibrium states,
see Figure 1. Assuming that the nonequilibrium catalytic step is
substantially slower than the conformation changes,21 there is a
separation of time scales, which allows us to neglect the
nonequilibrium step of the reaction, leaving an equilibrium
description, involving just the binding and unbinding
events.10,15 The effective diffusion coefficient of an enzyme
will be affected by binding and unbinding through changes in
the fluctuations of the internal degrees of freedom.
In the bound state, the enzyme is expected to have reduced

fluctuations, which results in a decrease of the fluctuation-
induced contribution, δDfluc, to the effective diffusion
coefficient (eq 3) and consequently in an enhancement of
this effective diffusion coefficient. There are many possible
mechanisms that could result in a reduction of fluctuations in
the bound state. For example, in aldolase, binding brings the
molecular structure closer together by a few angstroms,21

which is equivalent to reducing the equilibrium separation of
the subunits in the dumbbell. It is also likely that the
compressional fluctuations of the enzyme are reduced, as the
interaction potential between the subunits becomes stiffer on
binding, due to the presence of a substrate or product
molecule. Binding will also affect the fluctuations in the
orientations of the subunits, for example, through the closing
of a hinged “flap” that is associated with the binding site.22

These possible contributions to the change in the diffusion
coefficient are estimated in ref 15.
After taking an appropriate average of the free and bound

conformations, we finally find that the diffusion coefficient of
the enzyme shows a Michaelis−Menten-like dependence on

Figure 2. A generalized dumbbell, made of two geometrically different
subparts joined by an interaction potential (as represented by a
spring), is used as a minimal model to capture the modularity and
internal degrees of freedom of a real enzyme. The dumbbell can
fluctuate around its equilibrium conformation (a), undergoing
compressional (b) and orientational (c) fluctuations.
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the substrate concentration as in eq 2. The change in diffusion
coefficient is positive, ΔD > 0, representing the increased
diffusion coefficient of the bound state with respect to the free
state, due to the reduction of the negative fluctuation-induced
corrections to the diffusion coefficient in the bound state. In ref
10, we applied this theory to the enhanced diffusion of aldolase
in the presence of its substrate. A fit of eq 2 to the experimental
measurements is shown in Figure 3.

3. CHEMOTAXIS OF ENZYMES AND SMALL
MOLECULES

3.1. Experimental Observations

The chemotactic behavior of catalytic enzymes has only been
reported quite recently.3,7,8,11,12,14,18,23 Experiments are
typically performed using microfluidic devices with two or
more inlets such as the one shown in Figure 4. In such an
experiment, a gradient of substrate is generated by introducing
the substrate in only one of the inlets. By comparing the
concentration profile of the enzyme a certain distance
downstream in the presence of the substrate against the
control experiment in the absence of it, one can elucidate
whether a chemotactic shift of the enzyme concentration
toward (or away from) the substrate takes place. Typical shifts
observed in such microfluidic experiments imply chemotactic
velocities of up to several micrometers per second.7

Most experimental observations so far have shown chemo-
taxis toward higher concentrations of the substrate: this
includes RNA polymerase,11 catalase and urease,7,18 DNA
polymerase,8 and polymersomes encapsulating glucose oxi-
dase,23 as well as hexokinase, phosphoglucose isomerase,
phosphofructokinase, and aldolase.3 However, a recent
publication reports chemotaxis away from higher concen-
trations of the substrate for urease and acetylcholinesterase.14

These new results, at least in the particular case of urease, are
in apparent conflict with the older results in the literature. We

will show below that this contradiction may be explained by
the presence of two competing mechanisms that dominate at
different substrate concentrations. Chemotactic behavior has
also been observed for molecular dyes toward a polymer to
which they bind reversibly,13 suggesting that binding−
unbinding alone (without catalysis) may be sufficient to
induce chemotaxis.
3.2. Thermodynamic and Phenomenological Models

A thermodynamic theory describing chemotaxis as a
consequence of specific binding to a solute was recently
introduced by Schurr et al.,24 and has been used as support in
several experimental studies.3,13 However, some points of
concern regarding the use of this theory should be noted: (i) it
is based on purely thermodynamic considerations, without
consideration of thermal fluctuations or the hydrodynamics in
the interfacial region (an approach known to be deficient25);
(ii) it is derived for colloids with a large number of binding
sites N ≫ 1 and, therefore, should not apply to enzymes or
molecules with N ≃ 1; (iii) the predicted strength of
chemotaxis is much weaker than experimentally observed;3

(iv) it provides no link between enhanced diffusion and
chemotaxis, while experimental evidence suggests they may be
related;3,7,8,11,12,14,18,26,27 (v) it predicts that chemotaxis is
always directed toward the substrate, in disagreement with
recent experimental observations.14

Other works7,12,14,26,28 in the literature have tried to
understand the chemotaxis of enzymes (or other “active”
particles) by phenomenologically linking the enhancement in
diffusion as a function of substrate (or “fuel”) concentration
observed experimentally to the chemotactic behavior in
response to gradients of this substrate. More precisely, suppose
that the dependence of the diffusion coefficient of an enzyme
on the concentration of its substrate D(cs) is known from
experiments at uniform substrate concentration. If the
substrate concentration is now made position-dependent,
cs(R), it is then tempting to try to describe the motion of
the enzyme by considering a position-dependent diffusion
coefficient D(R) ≡ D(cs(R)). One should, however, be
extremely careful when dealing with such a model, because
the diffusion equation (or more generally, the Fokker−Planck
equation) for a system with position-dependent diffusion

Figure 3. Enhanced diffusion of the slow endothermic enzyme
aldolase in the presence of its substrate FBP. The experimental results
(open circles) are well fitted (red line) to the equilibrium model given
by eq 2, with the Michaelis constant K extracted from the fit being
comparable to that obtained from independent measurements.
Reproduced with permission from ref 10. Copyright 2017 American
Chemical Society.

Figure 4. Typical experimental observation of chemotaxis. (left) The
enzyme is introduced in one channel, whereas the substrate may or
may not be introduced in the other channel. (right) The fluorescence
intensity of the enzymes is observed a certain distance down the
channel. Compared with the control case with only buffer, the
fluorescence profile shifts further to the left in the presence of
substrate, indicating chemotactic behavior. Adapted with permission
from ref 7. Copyright 2013 American Chemical Society.
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coefficient is not uniquely defined, due to the presence of
multiplicative noise.29

The problem of multiplicative noise is related to the
following simple issue: given a position-dependent diffusion
coefficient D(R), how should we write the diffusion equation?
Two possibilities that may come to mind are ∂tce = ∇2[D(R)ce]
and ∂tce = ∇[D(R)∇ce]. Notice that, while both forms are
identical in the case of a constant D, they are different from
each other if the diffusion coefficient is position-dependent! In
fact, careful analysis29 shows that a whole family of diffusion
equations can be derived from the same underlying Langevin
dynamics, namely, the family ∂tce = ∇[D(R)(∇ce) + (1 −
α)(∇D(R))ce], with 0 ≤ α ≤ 1. A given value of α corresponds
to a different choice for the treatment of the multiplicative
noise. In particular, the two simple forms of the diffusion
equation quoted before correspond to α = 0 (Itô choice) and α
= 1 (anti-Itô choice), respectively. The choice α = 1/2
corresponds to the Stratonovich treatment of the noise. The
main problem faced by such phenomenological models is then:
which diffusion equation is the correct one for a particular
physical system? Unfortunately, there is no simple answer: the
ambiguity can only be resolved by including more physical
details into the model.30,31 Below, we present a microscopic
model of chemotaxis for which enhanced diffusion and a
correct form of the diffusion equation arise naturally.

3.3. A Microscopic Model of Molecular Chemotaxis

Recently, we introduced a microscopic, first-principles model
that is consistent with all the experimental observations of
chemotaxis at the nanoscale described above.16 Starting from
the fundamental properties of the enzyme (or small molecule),
we take into account noncontact (e.g., van der Waals,
electrostatic, etc.) and hydrodynamic interactions between
the enzyme and the substrate, as well as the possibility of
complex formation through specific binding at a well-defined
binding pocket of the enzyme. The noncontact interactions
lead to a diffusiophoretic mechanism for chemotaxis, whereas
binding leads to a novel type of chemotactic mechanism
intimately related to enhanced diffusion.
Consider an enzyme in a bath of substrate molecules with a

concentration profile cs(R), see Figure 5. The enzyme can bind
one-to-one to a substrate molecule to form an enzyme−
substrate complex, with binding rate kon and unbinding rate
koff, but also interacts with all other substrate molecules
through a noncontact potential ϕ(h) given by ϕes(h) in the
free state and ϕcs(h) in the bound state, where h is the distance
between the surface of the enzyme and the substrate. The
concentrations of free enzyme and of enzyme−substrate

complex are denoted by ce and cc, respectively. Starting from
a microscopic description involving the Smoluchowski
equation for all particles in the system, we showed16 that the
total concentration of enzyme ce

tot = ce + cc, both free and
bound, is governed by the evolution equation

∂ = ∇·{ ·∇ − [ + ] }c t D c cR R V R V R( ; ) ( ) ( ) ( )t e
tot

e
tot

ph bi e
tot

(4)

The first term on the right-hand side of eq 4 is a diffusive
term with a position-dependent diffusion coefficient given by

= + −
+

D D D D
c

K c
R

R
R

( ) ( )
( )

( )e c e
s

s (5)

where De and Dc are the (constant) diffusion coefficients of the
free enzyme and the complex, and K ≡ koff/kon. This diffusion
coefficient displays the same Michaelis−Menten-like depend-
ence on the substrate concentration as the equilibrium model
for enhanced diffusion described above.
The second term on the right-hand side of eq 4 represents

the chemotactic drift and involves two distinct contributions to
chemotaxis. The first contribution corresponds to the phoretic
velocity, Vph(R), due to noncontact interactions, given by

= + [ − ]
+
c

K c
V R v R v R v R

R
R

( ) ( ) ( ) ( )
( )

( )ph ph,e ph,c ph,e
s

s
(6)

where vph,e(R) and vph,c(R) correspond to the usual phoretic
velocities25,32 of the free enzyme and the complex with

∫
η

λ

λ

= ∇

≡ −ϕ
∞

−

k T
c

hh

v R R( ) ( ) with

d (e 1)

i i

i
h k T

ph,
B 2

s

2

0

( )/( )is
B

(7)

where kB is Boltzmann’s constant, T is the temperature, η is the
viscosity of the solution, and λi is known as the Derjaguin
length,32,33 which encodes the details of the noncontact
interactions and is typically on the order of a few angstroms.
Overall attractive (respectively, repulsive) interactions lead to
λi
2 > 0 (λi

2 < 0) and motion toward (away from) the substrate.
Two cases of particular interest are the following: (i) If
noncontact interactions with the substrate are dominated by
the nonspecific interactions that are present everywhere on the
surface of the enzyme, we expect the phoretic responses of the
free enzyme and the complex to be similar, with λe = λc = λ and
vph,e = vph,c, and the total phoretic velocity will simply be given

by λ= ∇
η

cV k T
ph

2
s

B . (ii) If, on the other hand, the noncontact

Figure 5. Microscopic model for chemotaxis. The free enzyme (yellow) is in a gradient of substrate molecules (purple), with concentration cs(R).
The enzyme can bind one-on-one to a substrate molecule to form a complex (red), with binding rate kon and unbinding rate koff and also interacts
with all other substrate molecules around it through a noncontact potential given by ϕes(h) in the free state and ϕcs(h) in the bound state.
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interactions are dominated by the attractive interactions near
the binding pocket when the latter is free, we expect the free
enzyme to show a much stronger phoretic response than the
complex, with |λe| ≫ |λc| and |vph,e| ≫ |vph,c|. In this case, the

total phoretic velocity is given by λ≃ ∇
η + cV k T K

K cph e
2

s
B

s
. It is

interesting to note that the latter velocity has the same
dependence on substrate concentration as the velocity that is
derived from the thermodynamic theory in ref 24.
The second contribution to chemotaxis is due to binding-

induced changes in the diffusion coefficient of the enzyme,
with a velocity given by

= − −
[ + ]

∇
R

RD D
K

K c
cV R( ) ( )

( )
( )bi c e

s
2 s

(8)

The velocity in eq 8 is nonzero only if there is a gradient of
substrate concentration and the diffusion coefficient of the
enzyme−substrate complex is different from the diffusion
coefficient of the free enzyme. For substrates that enhance
diffusion, that is, with Dc > De, the velocity of eq 8 points away
from increasing substrate concentrations and thus leads to
chemotaxis of the enzymes away from higher concentrations of
substrate. For substrates that inhibit diffusion, that is, with Dc <
De, the velocity of eq 8 points toward increasing substrate
concentrations and thus leads to chemotaxis of the enzymes
toward higher concentrations of substrate. This behavior is
even more apparent when we notice that, in the absence of
phoresis, Vph(R) ≡ 0, eq 4 can be written as

∂ = ∇ [ ]c t D cR R( ; ) ( )t e
tot 2

e
tot

(9)

which implies that in the absence of enzyme sources and sinks,
the enzyme concentration will reach a zero-flux stationary
profile ce

tot ∝ 1/D(R), that is, will tend to concentrate in
regions where its diffusion is slowest. The form of the diffusion
equation in eq 9 also implies that a phenomenological
derivation of the correct diffusion equation would have only
worked by using the Itô treatment of the multiplicative noise,
see section 3.2. However, such a derivation would be
neglecting the phoretic contribution to chemotaxis, which
turns out to be very important.
Indeed, for a typical enzyme, the noncontact interactions are

expected to be attractive, leading to a phoretic velocity with λ2

> 0. On the other hand, typical enzymes show enhanced
diffusion, with Dc > De. As a consequence, phoresis typically
points toward higher concentrations of substrate, whereas the
contribution due to binding-induced enhanced diffusion points
away from the substrate. Both contributions therefore compete
against each other. Importantly, because the magnitude of the
former decreases more slowly with increasing substrate
concentration than the magnitude of the latter, imposing |
Vph| = |Vbi| we find a critical substrate concentration, cs*, above
and below which phoresis and binding-induced enhanced
diffusion dominate, respectively. For the particular case in
which the Derjaguin lengths of the free enzyme and complex
are similar, with λe = λc = λ, we find

α
π λ

* = | |
| |

−
i

k
jjjjjj

y

{
zzzzzzc K

R K6
1s

e
2

(10)

where we have defined the dimensionless change in diffusion,
α ≡ (Dc − De)/De, and used the Stokes−Einstein relation
kBT/η = 6πDeRe, where Re is the hydrodynamic radius of the
enzyme. In ref 16, we showed that this competition can explain

the conflicting experimental observations regarding whether
urease chemotaxes toward7 or away from14 urea, the former
experiments being dominated by phoresis, the latter by
binding-induced enhanced diffusion. Furthermore, we verified
that the rest of experimental observations of chemotaxis of
enzymes toward their respective substrate are consistent with
domination of the phoretic contribution and showed that the
observations of chemotaxis of molecular dyes toward a
polymer to which they bind13 are consistent with domination
of binding-induced inhibited diffusion.
3.4. Designing Nanomachines with Desirable Response

In principle, it should be possible to engineer enzyme-like
nanomachines that show attractive or repulsive noncontact
interactions with a substrate (e.g., by tuning their surface
chemistry) and that show enhanced or inhibited diffusion
when specifically binding to the same substrate (e.g., by tuning
the mechanical properties of a modular nanomachine with
internal degrees of freedom15). When placed in a substrate
gradient, a nanomachine displaying attractive phoresis (λ2 > 0)
combined with enhanced diffusion (α > 0), such as a typical
enzyme, will move toward higher substrate concentrations in
regions with cs > cs* (phoresis dominates) or toward lower
substrate concentration in regions with cs < cs* (enhanced
diffusion dominates). As a consequence, such a nanomachine
will effectively be repelled from regions with the critical
substrate concentration cs*, see Figure 6a. Alternatively, a

nanomachine displaying repulsive phoresis (λ2 < 0) together
with inhibited diffusion (α < 0) will move toward lower
substrate concentrations in regions with cs > cs* (phoresis
dominates) or toward higher substrate concentration in
regions with cs < cs* (inhibited diffusion dominates) and as a
consequence will be attracted to regions with cs = cs*, see Figure
6b.

4. SUMMARY AND OUTLOOK
Although great progress has been achieved in recent years in
order to understand the enhanced diffusion and chemotaxis of
nanoscale enzymes and small molecules, much work remains to
be done. In the case of enhanced diffusion, experimental
evidence suggests that two different kinds of underlying
mechanisms might be at play: on the one hand, there are active
mechanisms that rely on the nonequilibrium catalytic step of
the enzymatic reaction; on the other hand, there are

Figure 6. Designing nanomachines that exploit the competition
between phoresis and binding-induced changes in diffusion in an
externally imposed substrate gradient. (a) Competition between
attractive phoresis and enhanced diffusion leads to repulsion from
regions with the critical substrate concentration cs*. (b) Competition
between repulsive phoresis and inhibited diffusion leads to
accumulation in regions with the critical substrate concentration cs*.
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equilibrium mechanisms caused by the binding and unbinding
of substrate molecules to the enzyme. Whereas the equilibrium
mechanisms are now relatively well identified,10,15 which
precise active mechanisms are responsible for catalysis-induced
enhanced diffusion is still unclear. Stochastic swimming or
collective heating by the enzymes are possible candidates.17

More work, both experimental and theoretical, is needed to
elucidate which type of mechanism will be important for a
given enzyme.
Regarding enzyme chemotaxis, we have shown that many of

the theoretical approaches put forward so far have short-
comings, due to relying on phenomenological approaches that
link enhanced diffusion to chemotaxis without sufficient
microscopic detail or an inaccurate implementation of
hydrodynamics. We have introduced a microscopically detailed
theory of chemotaxis,16 which includes both noncontact
interactions and specific binding between enzyme and
substrate. The theory predicts two distinct contributions to
chemotaxis, a competition between which can explain
conflicting observations regarding the direction of enzyme
chemotaxis at different substrate concentrations. We note that
this theory does not depend on the catalytic activity or
exothermicity of the enzyme. As in the case of enhanced
diffusion, it is possible that active mechanisms may also play a
role in chemotaxis under particular experimental conditions or
for certain enzymes, but no clear candidates for such an active
mechanism have been proposed so far.
The chemotactic capability of enzymes may be harnessed to

construct drug delivery vehicles directed toward specific
targets. Indeed, microparticles18 and vesicles23 decorated
with enzymes have already been shown to exhibit directed
motion in response to chemical gradients. The theory
described above further implies that the existence of two
competing chemotactic mechanisms may be exploited to
construct nanomachines that are directed not just toward
regions of highest or lowest concentration of a certain chemical
but toward or away from regions with a specif ic chemical
composition.
We note that we have focused here on theories valid for a

single enzyme, owing to the fact that experiments are typically
performed at dilute enzyme concentrations. At higher
concentrations, however, collective effects arising from the
interaction between many enzymes, both through their
substrate and product concentration fields, as well as through
hydrodynamic interactions, are expected to become important.
Such a situation, particularly in cases where the product of one
enzyme is the substrate of another (thus forming an enzymatic
cascade) should be directly relevant to metabolon formation in
metabolic pathways.3,4 In ref 34, the collective effects that arise
when many catalytic colloidal swimmers interact with each
other were studied in detail. Complex patterns including
cluster and aster formation, as well as collective oscillations
were found. It is an exciting prospect to think that such
collective behavior might arise for nanoscale enzymes as well.
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