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Abstract | The past decade has seen intriguing reports and heated debates concerning the
chemically-driven enhanced motion of objects ranging from small molecules to
millimetre-size synthetic robots. These objects, in solutions in which chemical reactions were
occurring, were observed to diffuse (spread non-directionally) or swim (move directionally) at
rates exceeding those expected from Brownian motion alone. The debates have focused on
whether observed enhancement is an experimental artefact or a real phenomenon. If the latter
were true, then we would also need to explain how the chemical energy is converted into
mechanical work. In this Perspective, we summarize and discuss recent observations and
theories of active diffusion and swimming. Notably, the chemo-mechanical coupling and
magnitude of diffusion enhancement are strongly size-dependent and should vanish as the size
of the swimmers approaches the molecular scale. We evaluate the reliability of common
techniques to measure diffusion coefficients and finish by considering the potential
applications and chemical-to-mechanical energy conversion efficiencies of typical nano- and
microswimmers.

[H1] Introduction

Developing microscopic or nanoscopic machines that convert chemical energy into
mechanical work or kinetic energy is an appealing but challenging task that lies at the
intersection of synthetic chemistry, synthetic biology and nanotechnology.'* The
tiny/minuscule machines that perform work such as dragging,’ drilling,® stirring’ and
delivering cargo® are also referred to as nanomotors or micromotors, depending on their sizes.
Nature has evolved multiple sophisticated protein-based motors such as myosins, kinesins,
dynein, ATP synthase, the ribosome and the flagellar motor. However, the elaborate protein
folding, subtle interactions, and highly-ordered architectures of these motors are yet to be
fully understood, which prevents the de novo fabrication of synthetic mimics with the same
performance. Alternatively, scientists have tried to fabricate motors with similar functions
through one of two approaches: synthesizing special molecules with rotatable chemical or
mechanical bonds or repurposing biological building blocks (protein motors, enzymes,
biological assemblies or even cells) for new applications.” Examples of the first approach
include alkene-based rotary motors'® and catenane- or rotaxane-based linear motors'', the
discoveries of which were honored with the 2016 Nobel Prize in Chemistry. The second
approach can feature Fi-ATPase enabling rotation of actin filaments'? or inorganic nanorods'?,
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kinesin propelling molecular shuttles or sperm cells driving microrobots'¢, to name but a

few examples. Recently, a series of investigations suggested that common small-molecule
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reactants, as well as enzymes and enzyme-coated nano- or microstructures, can
also be considered motors because their diffusion (and in some cases, the diffusion of the
surrounding solvent molecules as well) is enhanced as a consequence of associated chemical
reactions. However, the origin, magnitude and potential applications of this phenomenon have

been hotly debated over the past five years.

Despite their structural and functional diversity, microscopic and nanoscopic motors
encounter a common challenge of propelling themselves in the laminar flow regime and in the
presence of strong thermal fluctuations. Purcell’s scallop theorem suggests that a micromotor
in laminar flow cannot gain any net displacement when undergoing reciprocal motion.**%’
Furthermore, on the microscale, inertia becomes negligible while viscous forces dominate,
such that a swimmer comes to a complete stop soon after propulsion ceases — within
microseconds for a 1 um particle and picoseconds for a 1 nm particle. As the size of a motor
decreases, Brownian motion introduces increasingly large fluctuations in position and
orientation, which can break the reciprocity of flapping motions® but also randomizes
directed propulsion. A spherical particle in solution simultaneously undergoes translational
and rotational diffusion, and its translational (D, Fig. 1a) and rotational diffusion coefficients
(Dy) can be described by the Einstein relations (eqs 1,2):
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where kg is the Boltzmann constant, 7 is temperature (such that k7T represents thermal
energy), # is the viscosity of the solution, R is the effective hydrodynamic radius of the
particle and 7, is the characteristic rotational relaxation time. When motion is projected into
two dimensions, the mean-squared displacement (<x>>, MSD) over a time period At is (eq.
3):27
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When At <<z,, this simplifies to (eq. 4):
< x% > = 4DyAt + v2At? 4)

In the opposite case of At >> 7,, we instead get (eq. 5):
lZ
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where / = vt is the average persistence length of the ballistic motion. By defining the
diffusion enhancement AD = [/4z, this also simplifies to (eq. 6):
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We see that the MSD of a self-propelled particle scales linearly with Af at the very beginning,
then scales quadratically and finally scales linearly again as the observation time Af greatly
exceeds 7. Scaling the MSD by the particle diameter 2R, At by 7., and the swimming velocity
v by V' = 2R/z, gives a dimensionless description of MSD (Fig. 1b)*. For a particle to be
considered a motor, it must exhibit substantial movement beyond Brownian motion, which is
the case when the velocity v resulting from self-propulsion exceeds the ratio of swimmer

radius and rotational relaxation time.
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Fig. 1 | Passive and active motion of a particle. a | An asymmetric particle can exhibit
boosted diffusion in the form of translational diffusion with diffusion coefficient D,
rotational diffusion with diffusion coefficient D,, and concurrent active motion with velocity v.
b | The dimensionless mean-square displacement <(x/2R)*>> (displacement scaled by the
swimmer diameter 2R) as a function of the dimensionless time A#z. (time scaled to the
rotational relaxation time 7,) for different dimensionless velocities v' = vr,/2R (velocity scaled
by the quotient of 7, to diameter 2R), as given by Equation 3.

If we consider a particle of size 2R = 10 um, for which 7= 10 min in H,O at room
temperature would be typical, it is best to describe MSD over the course of seconds because
observations over this timescale will capture ballistic velocity (eq. 4). For a much smaller
particle (2R < 10 nm) with z.< 1 ps, directional motion is quickly randomized by particle
tumbling, such that the particle exhibits apparently enhanced diffusion (eqs 5,6). The diffusive
behaviour of a particle of size in between these two regimes depends on complex factors
including particle shape and the frequency and magnitude of the propulsive force, leading to a



complicated time-dependent MSD. In practice, a nonlinear dependence may be found as <x*>

~ At?, where 1 < a < 2. We now depict some representative chemically-driven microscopic or

nanoscopic particles categorized by the above two regimes of MSD (Table 1).

Table 1 | Experimental observations of self-propelled particles quantified by Equation 4
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“Spherical particles are described by their diameters and cylindrical particles by their
diameterxlength. Units are nm unless otherwise stated.

D’ ax is the maximum diffusion coefficient observed in the corresponding references.
“Estimated based on swimmer size.

At the air-H,O interface.

BOD, bilirubin oxidase; cyt, cytochrome; GOx, glucose oxidase; HRP, horseradish peroxidase;
NP, nanoparticle.

In this Perspective, we focus on chemically-powered swimming or diffusion of microscopic
objects in aqueous solution. Based on the sizes of the swimmers, we categorize recent
observations into three groups: microparticles ranging in size from hundreds of nanometres to
several micrometres, nanoparticles or enzymes ranging in size from a few to tens of
nanometres, and small molecules of subnano- to nanoscale dimensions. We review the origins
of enhanced motion as well as the controversies associated with it, and also the occasionally
observed enhanced transport of tracer particles surrounding active swimmers. The
controversies often relate to the accuracy and precision with which one measures diffusion
coefficients, so we discuss the reliability of common methods including particle tracking,
fluorescence correlation spectroscopy (FCS), dynamic light scattering (DLS) and diffusion
nuclear magnetic resonance (NMR) spectroscopy. The potential applications and the
chemical-to-mechanical energy conversion efficiency of active swimmers are also surveyed.

[H1] Self-propelled microswimmers
Bimetallic rods can be considered the original systems for self-propelled motion on the
microscale.’” These were followed by Janus particles and enzyme-coated microbeads that are



in the range of hundreds of nanometres to a few micrometres in size. Such microswimmers
are most commonly actuated by electrophoresis, diffusiophoresis and bubble ejection.

[H2] Electrophoretic mechanism

Bimetallic microswimmers that directionally locomote in H,O» solutions are primarily driven
by electrophoresis in a self-generated electric field.**° The oxidation of H,O; at the anode
produces protons (H.O, — O, + 2H" + 2¢), while reduction of H,O, at the cathode
consumes protons (H>O, + 2H" + 2e- — 2H,0), establishing around the bimetallic swimmer
a local electric field that points from the cathode to the anode (Fig. 2a). In turn, this
self-generated electric field drives electrophoretic migration of the charged swimmer at a
velocity typically in the range of several to hundreds of pms™'. Such a self-electrophoretic
mechanism can also propel 2 um polypyrrole-Au rods with the two ends decorated with
different haem enzymes for H,O, decomposition,*' or in an inverted configuration to establish
a bimetallic membrane.** The principal problem with this propulsion mechanism is that the H"
current and the attendant fluid flow are confined to a space a few nanometres from the surface,
such that extremely high shear is established near the no-slip surface, leading to high
frictional losses.
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Fig. 2 | Self-propulsion mechanisms of enhanced diffusion. a | Electrophoresis of a Janus
particle driven by a self-produced [H'] gradient, for example from concomitant reduction and
oxidation of H»O, at the blue and yellow hemispheres, respectively. b | Diffusiophoresis of a
non-reactive particle in response to an imposed concentration gradient of solute molecules
(drawn in red). ¢ | Diffusiophoresis of a catalytic particle that produces an anisotropic
distribution of products. d | Bubbles can propel a particle in the opposite direction to bubble
travel.

[H2] Diffusiophoretic mechanisms

Diffusiophoresis of microparticles is caused by a concentration gradient of solutes or solvents
— a chemical potential gradient.** The motion is driven by a diffusioosmotic slip flow at the
particle—fluid interface (Fig. 2b) and the typical migration velocity is on the order of 0.1-10



ums '.** For example, solutions with NaCl concentration gradients can see polystyrene
particles diffuse at up to 1 ums™', in proportion to the gradient of the logarithm of electrolyte
concentration. The concentration gradients can be externally imposed or can result from salt
dissolution, solute crystallization, diffusive mixing or even chemical reactions.***> Among
these, reaction-induced self-diffusiophoresis is of particular interest as it enables
micro-/nanoscale objects to autonomously swim by generating local concentration gradients
in the environment (Fig. 2¢).*

A crude estimate of the particle motion resulting from the production of a molecule near the
catalytic site (Fig. 2c) can be made by considering the osmotic pressure of the molecule on
the particle while the molecule is still on one side and near the particle. If the volume
occupied by the molecule ‘on one side and near the particle’ is taken to be similar to that of
the particle, the osmotic pressure is given by p = kzT/V = kzT/(2R)*. The resulting force F =
prR? on the particle over time ¢ = 4R*/D, = 24mnaR*/ksT is limited by the diffusive motion of
the molecule away from that side. This force is opposed by the viscous drag on the particle
= 6znRv, which moves a distance v¢ = (7/2)a = a. This estimate indicates that each reaction
event that consumes or produces a molecule (occurring at frequency k) can lead to a
displacement similar to the size of the substrate (or product) molecule, yielding a swimming
velocity v = ak independent of the size of the particle or the viscosity of the solution if the
molecules are generated at a specific active site. For a 1 um particle with a characteristic
rotational relaxation time of 1 s, a turnover frequency of 10° s™' could propel the particle to
migrate a distance comparable to that caused by Brownian motion. Indeed, using a faster
reaction or incorporating a higher spatial density of catalytic active sites aids active diffusion
in experiments. However, the rapid rotational diffusion of small particles such as enzymes of
size ~10 nm requires a turnover frequency exceeding 10" s™' to manifest enhanced diffusion.
This value of k exceeds the catalytic capacity of most enzymes. Immobilising enzymes (or
other catalytic components) on microparticles is a proven strategy to fabricate self-propelled
micromotors because it maximizes the turnover events by employing multiple ‘engines’. At
the same time, having a larger, pm-scale ‘body’ leads to the desired reasonably slow rotational
diffusion. As has been demonstrated experimentally, only micromotors coated with fast
enzymes, such as urease and acetylcholinesterase, show diffusion enhancement.*’ Having an
asymmetrical distribution of active sites on a particle is also crucial to the effectiveness of this
type of micromotors.**

[H2] Bubble propulsion

Pioneering work has described how a millimeter-size polydimethylsiloxane ‘boat’ performs
Pt-catalysed H»O, decomposition to power its swimming at a liquid—air interface.* Later
efforts include the construction of differently-shaped motors (such as rods,* tubules,”' Janus
spheres®* and hollow particles with openings®) and the exploitation of new propellants (such
as bimetallic alloys, catalytic metal or metal oxide particles,>* metals that evolve H, from H,O

> enzymes®® or enzyme cascades®*’

or acids, ). We classify diverse micromotors into three
categories based on the fuels that they consume: H»O,, metals and biomolecules such as
glucose. H,O»-fueled motors have been extensively studied and a relatively high

concentration of H»O, is required to sustain a reasonable swimming speed, which severely



limits their biomedical applications. The first metal-fueled motors were Janus microspheres
partially coated with an Al-Ga alloy that reacts with HO and produces H,.” Later came
Zn-based and Mg-based counterparts that could self-propel in the stomach or gastrointestinal
tract, greatly advancing their application in drug delivery.®*** These motors have a limited
supply of metal on board and do not need to harvest fuel from their surroundings. Lastly,
biomolecule-fueled reactions can enable micromotors to operate by harvesting fuel molecules
(such as glucose, ATP and O) under physiological conditions. For example, bowl-shaped
nanoreactors with compartmentalized cascade enzyme systems consume glucose and
phosphoenolpyruvate and exhibit enhanced motion as a result.***’ Using enzyme cascade
reactions greatly expands the scope of fuel molecules and will help in vivo applications of
synthetic micromotors. Modifying the surface of a swimmer to allow for bubbles to form and
detach faster can effectively increase the propulsion speed,’” which typically is in the range
1-1000 pms %" This is entirely plausible based on a back-of-the-envelope calculation of
swimming speed. Assuming, as is often observed,’'** that bubbles are roughly equal in radius
to the swimmer and each bubble propels the swimmer by 2R, the swimming velocity v is
given by v = kksT/2R*p, where k is the rate of production of gas molecules and p is the
pressure in the bubble (approximately equal to atmospheric pressure). Note that the
displacement per gas molecule produced kz7/2R?p multiplied by the Stokes drag of the
particle 6zxR yields the work done per reaction, which can reach a substantial fraction of the
chemical energy consumed for particles smaller than 1 pm. Unfortunately, bubble formation
competes against dissolution of gas molecules into the surrounding solvent, a process which
prevents the formation of bubbles at the slow reaction rates typical for smaller swimmers.

[H1] Enhanced diffusion of enzymes and nanoparticles

If we move from microscale particles to smaller swimmers (diameter < 100 nm), we now find
that ballistic motion is quickly randomized by rotation, resulting in Brownian-type diffusion
with greater diffusion coefficients (Fig. 1b). A variety of enzymes and nanoparticles have
been reported to diffuse faster when a reaction is occurring but the underlying mechanisms
and even the observations themselves are still under discussion. In this section, we consider
catalysis-induced enhanced diffusion as well as the non-catalytic case.

[H2] Catalysis-induced enhanced diffusion of enzymes and nanoparticles

Proteins and nanoparticles from several to tens of nanometres in size play a crucial role in
converting molecular events into macroscopic functionalities. For instance, highly-evolved
protein motors such as kinesin and ATP synthase efficiently perform mechanical work by
coupling a catalytic cycle to a cycle of mechanical motion. It is natural to ask whether other
enzymes could also use a portion of free energy from their catalytic reactions to power their
locomotion (Fig. 3a). Measurements by Sen’s group first indicated that the diffusion
coefficient of urease increased by 16-28% in the presence of its substrate urea.'” Such an
increase seemed to follow a Michaelis—Menten-like dependence on [urea]. Following this

! ! acetylcholinesterase,”

example, other enzymes, including catalase,”' alkaline phosphatase,’
hexokinase® and even the endothermic aldolase,* were examined by different groups and
shown to have similar magnitudes of diffusion enhancement. These results quickly sparked

hot debates, which initially focused on the origin of enhancement but ended up with mounting



contradictory claims that are difficult to reconcile.***" Theoretical calculations suggested
that the effect of diffusion enhancement should be much smaller than had been measured
using FCS. Indeed, to increase the diffusion coefficient by 30%, the stroke size of an enzyme
would have to be an order of magnitude larger than its hydrodynamic radius.”' Moreover, the
energy released from common enzymatic reactions is insufficient to sustain the diffusion
enhancement.’ Although conformational changes of an enzyme can lower its hydrodynamic
radius and lead to higher diffusivity without the need of additional energy consumption, the
corresponding shrinkage is typically less than 5%, which is far from what is necessary for the
apparent 30% enhancement.”

(a) Catalysis-induced enhanced diffusion (b) Gradient-induced enhanced diffusion
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Fig. 3 | Enhanced diffusion of a particle under catalytic and non-catalytic conditions. a |
Catalysis-induced enhanced diffusion was thought to originate from ballistic leaps driven by
chemical reactions, independent of a concentration gradient of solutes. b | Enhanced diffusion
occurs in the presence of a concentration gradient of substrates or products, relying on
interactions between swimmers and solutes rather than any reactions directly.

Aside from FCS measurements, there are other independent methods to test the effect of
enhanced diffusion. For example, DLS has been used to determine the diffusion coefficient of
an aldolase in the presence and absence of its fructose-1,6-bisphosphate substrate,” a
measurement that was also carried out using pulsed-field gradient nuclear magnetic resonance
(PFG-NMR) spectroscopy.”” Both experiments did not indicate any diffusion enhancement for
aldolase. By wusing anti-Brownian electrokinetic (ABEL) trap-based single-molecule
diffusometry, even alkaline phosphatase, a fast enzyme with a high typical turnover frequency
of 10* s™', showed no diffusion enhancement during catalysis.”® A comprehensive summary
and discussion of the inconsistent experimental observations can be found in a recent critical
review.”’

A very recent investigation reiterated the claims regarding enhanced diffusion of seven
enzymes that catalyzing exergonic reactions, including urease, phosphoglucoisomerase,
acetylcholinesterase, hexokinase and others.”® The magnitude of enhanced diffusion has a
clear linear dependence on the Gibbs free energy release (AG) rate rather than the enthalpy
change (AH), allowing for enhanced diffusion of enzyme such as aldolase, which mediates an
endothermic (AH > 0) but exergonic (AG < 0) reaction. However, the detailed mechanism of
how free energy changes drive enhanced diffusion remains unknown. We must not forget that



when the enzymatic reaction approaches equilibrium (AG = 0), the enzymes are still
catalysing the forward and reverse reactions at equal rates. As Astumian has repeatedly
pointed out,”**! individual enzymes have no awareness of the bulk reaction conditions, so for
the enhanced diffusion to cease at equilibrium, the reverse reaction would have to precisely
undo the movement of the forward reaction. The diffusive rotation between the reaction

events makes this difficult to conceive.

The above contradictions implied the necessity to investigate the accuracy of fluorescence
correlation measurements. A detailed experimental study described the potential sources of
artefacts in FCS measurements of protein diffusion, revealing that the apparent diffusion of
alkaline phosphatase originated from fluorescence quenching.*> Another group found that the
FCS artefacts were mainly from 4-nitrophenylphosphate-induced fluorescence quenching and
blinking.” Dissociation of multimeric enzymes during catalysis has also been considered a
possible origin of the observed enhanced diffusion of enzymes.”>** This hypothesis has been
tested with urease, hexokinase, acetylcholinesterase and aldolase using four independent
measurements: static light scattering, size-exclusion chromatography (SEC), DLS and FCS.*
Each enzyme dissociates into its subunits at substrate concentration regimes exceeding the
enzyme’s Michaelis—Menten constant K. Although it is intuitive that substrate binding and
the associated conformational changes can destabilize a multimeric enzyme complex, it is
unclear why this would occur only when [substrate] > K. In comparison, molecular tracking
with total internal reflection fluorescence (TIRF) microscopy showed the presence of multiple
oligomeric states of urease as well as a threefold increase in its diffusion coefficient, although
the authors concluded that the enhanced diffusion was not caused by enzyme dissociation.®
This molecular tracking was conducted in a highly viscous solution (0.6% 88 kDa
methylcellulose was added to slow diffusion and aid visualization) and it is unclear whether
the conclusion can be generalized to common aqueous systems. Most importantly, the
reliability of MSD analysis itself has recently been questioned,* which we will return to in a
later section.

The present principles are not unique to enzymes. Nanoparticles that are tens of nanometres in
diameter are subject to the same limits in sustaining the accelerated diffusion by chemical
reactions unless the nanoparticles undergo diffusiophoresis or chemotaxis in a concentration
gradient.”

[H2] Chemotaxis of enzymes and nanoparticles

Similar to microparticles, nanoparticles and macromolecules (especially enzymes) also
exhibit migration in a solute or solvent concentration gradient. This is called chemotaxis when
migration is toward regions of higher [solute] and antichemotaxis®* when migration is toward
lower [solute] (Fig. 3b). This phenomenon is generally observed in microfluidic devices and
has been proposed as a principle for separation.® The mechanism responsible for this
behaviour has been proposed to be diffusiophoresis arising from nonspecific interactions
between particles and solutes®’ or specific active-site—substrate binding.***® The chemotactic
migration of enzymes, which is regulated by the local [substrate] and the substrate—enzyme
binding constant, has been used to rationalize the formation of metabolons from glycolytic



enzymes — enzyme complexes in which the product of one enzyme is passed to the next
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[H1] Diffusion of small molecules in chemical reactions

The size of a small molecule is comparable to that of the surrounding solvent molecules,
so any self-propelled motion of the molecule in question is rapidly randomized by the
frequent collisions with solvent (D, = 10°-10'2 s7").”° In the absence of chemical
reactions, the translational diffusion coefficient is given by the classic Einstein equation
with a proper assessment of the effective radius of gyration of the diffusing entity in its
environment.”’ The large ratio between drag and mass implies that any kinetic energy
imparted on the swimmer during a reaction is quickly dissipated into heat through
viscous friction, resulting in only a small displacement and negligible diffusion
enhancement. For example, a 100 Da molecule with a 1 nm radius and 10 kT kinetic
energy travels only 6 pm in H,O before the kinetic energy has dissipated into the
environment. Boosts of 10 kzT kinetic energy repeating at a frequency of 10* s™' would
therefore increase the diffusion coefficient relative to the “unboosted” molecule only by a
fraction of 10~ . Only by implicitly and inexplicably assuming a solution viscosity as
low as that of air can nm-scale displacements be generated.’ For this reason,
observations of enhanced diffusion of small molecules such as Grubb’s 2nd generation
catalyst should come as a surprise'’ because they cannot be explained by the changes in
molecular radii during the reaction nor the presence of a chemical gradient. This was
followed by an equally puzzling finding that both the passive tracer molecules and the
catalyst exhibited enhanced diffusion in a reaction-velocity-dependent manner.”> These
observations raise the fundamental questions of how the enhanced diffusion is powered
by the catalytic reaction and how the energy and momentum is transferred from the
reactive species to the environment.”> Molecular dynamics simulations suggested that
chemical reactions could cause a significant enhancement in diffusion coefficients for
A-scale catalysts in an “argon-like solvent”,” but the argon-like solvent has a viscosity
which is more than thousand-fold lower than the viscosity of H>O or organic solvents. Of
course, an increase in viscosity increases energy dissipation, decreases the displacement
per catalytic event and decreases the diffusion enhancement. More generally, the study of
intramolecular vibrational energy redistribution (IVR) has shown that even if specific
vibrational modes of a molecule are excited, the excitation spreads among the accessible
vibrational modes on a femtosecond to picosecond timescale. This makes it difficult to
channel the energy released from a reaction into a single degree of freedom, as would be

necessary for propulsion.®°

The diffusion coefficient measurements of Grubbs’ 2nd generation catalyst, first measured
using diffusion NMR, have since been replicated at higher temporal resolution.”” The

apparent diffusion coefficient increased in the first 25 min and then fell back to normal while

the reaction rate decreased monotonically over time. No diffusion enhancement was found for
reactions carried out in a narrow NMR tube. Collectively, these findings suggested that the

observed enhanced diffusion of small molecules was caused by convection in the bulk

solution.



The above discovery has not put an end to the debate regarding enhanced diffusion. Also
using diffusion NMR, Wang et al. recently observed enhanced diffusion (by 2-20%) of
reactants and catalysts and even solvents in common reactions including catalysed
bimolecular reactions, azide—alkyne cycloaddition, ring-opening metathesis polymerization
and Sonogashira coupling'®. In contrast, no enhancement was observed for Sx1 and Sx2
nucleophilic substitution reactions (Fig. 4). Convection suppression pulses were applied to
counteract reaction-induced convection. In parallel to the claims of enhanced enzyme
diffusion during catalysis, it was claimed that the magnitude of diffusion enhancement was
related to the free energy release rate. Shortly thereafter, another team showed that the
apparent boost in mobility may originate from experimental artefacts caused by changes in
signal intensities over time during the NMR measurements’®. Such an effect could introduce
systematic errors in the regression. When repeating the cycloaddition described by Wang et al.,
the team demonstrated that apparently faster or slower diffusion can be had simply by
applying a monotonically increasing or decreasing magnetic field gradient. Wang et al.
responded with experiments showing that the diffusion coefficients measured in randomized
magnetic field gradients were identical to those measured in linearly changing gradients.”’
Furthermore, Wang et al. argued that the failure to reproduce the diffusion enhancement might
be due to the different reaction rates.
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Fig. 4 | A reported example of boosted molecular diffusion during an azide-alkyne
cycloaddition. a | The Cu-catalyzed reaction between propargyl alcohol and azidoacetic acid
in H2O/D,O was monitored over time. b | The apparent enhancement in diffusion ADqpp,
normalized with respect to the diffusion coefficient Dy, of H,O/D,O solvent decreases over
the course of the reaction. The respective reaction rates are pictured in the inset. ¢ | The
change in temperature during the reaction follows a similar trend. Parts b and ¢ adapted with
permission from Ref. 18, AAAS.

Independent of the argument whether boosted molecular diffusion is observable in diffusion
NMR there appear to be other inconsistencies in Wang et al.'s paper. For the click reaction,
the diffusion coefficient of the solvent gradually decreased to a normal value within 60



minutes while the reaction rate was constant over almost 80 minutes (Fig. 4b). This suggests
that the reaction caused enhanced diffusion in the beginning of the reaction, but not towards
the end. It is unclear why this should be the case. Curiously, the time course of the change in
the diffusion coefficient was similar to the time course of the change in the temperature,
which started 1.5 K above room temperature and dropped to room temperature within 60 min
(Fig. 4c). Temperature changes can affect the observed diffusion coefficient because they
greatly affect the viscosity of the aqueous solvent and can create convection artefacts. In
ring-opening metathesis polymerization with the Grubbs 2™ generation catalyst, the diffusion
of species over the course of the reaction must also be substantially affected by changes in
composition and concentration of reactants that are present at high initial concentrations
(hundreds of mM to 1 M). However, this factor has not been quantitatively accounted for
when the observed changes in diffusion coefficients are assigned wholly to enhanced
diffusion. We look forward to seeing more detailed discussion of this intriguing but
controversial report.

[H1] Enhanced transport of passive tracers

Tracer particles are traditionally used to visualize the flow field in fluid dynamics. Ideally, the
tracer particles are inert and provide high contrast to facilitate observation, while being small
and of sufficiently low molar mass to follow the path of the surrounding fluid. In the study of
microswimmers, tracers can be smaller, of similar size or substantially larger than the
microswimmers themselves. The tracers move not only because they interact with the
microswimmers but also because of their own Brownian motion and other flow fields such as
convection.

(a) Entrainment (b) Convection

d : 4

Small backward displacement
for distant tracers after

: | VAR
: loop-like trajecto
: < ! P Jectory K«/"-‘\»/}

d=d, \© .
""""""" l/\ Reaction at bottom
$_ Lo a
0 > Reaction at interface

e
Swimmer path : Reactant influx

Diverging forward displacement Vri gl i ‘4
for tracers closer to the swimmer B v voov Y

than the critical distance d.
{ 2 }n

-d

Fig. 5 | Enhanced transport of tracers. a | Typical trajectories of a sheet of tracer particles
as a microswimmer moves from left to right. The initial positions of tracer particles are shown
as a gray dotted line and the envelope of their final positions is shown in blue curves. Three
trajectories of tracers (red curves) start from the open circles and end at the asterisks. The
initial distance between the tracer and the swimmer path is denoted d. b | Tracer particles can
be transported by convective flows induced by asymmetrically distributed reactions. These



flows can be established by, for example, surfaces decorated with immobilised enzymes or
the introduction of reactants such as O, at the interface of a fluid layer. Part a adapted with
permission from Ref. 100, Cambridge University Press.

[H2] Tracer transport due to flows produced by microswimmers

Microswimmers translate and rotate, exerting pressure and torque on surrounding fluid and
establishing flow fields that could substantially affect the motion of passive tracer particles.
The particles can be entrained forward if they are near the moving swimmer, and tend to
move in closed loops if they are further from the swimmer (Fig. 5a).'” The tracer trajectories
are governed by factors that include the: geometry and size of the swimmer, swimming path
length and velocity, distance between the swimmer and tracer, and boundary conditions.
These can be further complicated by the Brownian motion of the tracer.'”’ The increased
mobility of tracers caused by active swimmers is of chemical and biological importance. For
example, tracers in dilute suspensions of swimming bacteria exhibit enhanced diffusion.'*
Synthetic microswimmers have also shown an ability to agitate tracers. This enhanced
diffusivity has been observed for 1-2 um tracers in the presence of bimetallic Au—Pt rods (1.2
um long x 0.4 um diameter) swimming close to a surface through bipolar electrochemical
propulsion.'®"'* The diffusion coefficient of the 2 um tracer increased linearly from 0.15-0.3
pum’s~' as the swimmer density and velocity were increased. This observation fits well with a
back-of-the-envelope calculation of the diffusion coefficient enhancement, which assumes
that each tracer—swimmer encounter displaces the tracer by roughly the diameter of the
swimmer. Tracer diffusion enhancement of 20-50% has also been measured in different
enzymatic reactions for tracers ranging from the small molecule rhodamine B to 50 nm and
100 nm polystyrene particles, lending support to enzyme propulsion.'” Puzzlingly, the tracer
diffusion enhancement was the same for the fast enzyme urease and the 10°x slower enzyme
aldolase at the same enzyme concentration. This seems counterintuitive because the swimmer
activity determines the frequency of encounters between swimmers and tracers, and thereby
the tracer diffusion enhancement. Tracer motion in the presence of bubble-propelled
micromotors was further amplified by the gravity-driven motion of the generated bubbles.'*

[H2] Reaction-induced convection

The concentration gradients produced by chemical reactions can give rise to convective flows
that pump tracer particles (Fig. 5b). For example, surface-immobilised enzymes such as
glucose oxidase, urease, lipase, catalase and DNA polymerase can pump fluids and particles
in the presence of their substrates through convective flow.'”'® The resulting flow velocity is
on the order of ums™ and often increases with increasing reaction rates. Similarly, enzymatic
reactions at the air-liquid interface of a homogenous solution can also drive
Rayleigh—Bénard-type convection if the reaction increases the solutal density, leading to flow
velocities of up to 1 mms'.'” Because Rayleigh-Bénard-type convection occurs only above
a critical barrier governed by the Rayleigh number (proportional to the cube of solution
depth), the solution must typically be at least 1 mm deep. The contribution of thermal
buoyancy in such systems is usually negligible''® but the gradient in surface tension may play
a more important role especially when the system dimensions become smaller.'"" The

requirements for reaction-induced convection are frequently met in experiments aimed at



finding enhanced diffusion, and convection has to be carefully ruled out as a mechanism
responsible for the observations.

[H1] Reliability of diffusion coefficient measurements
Many papers report diffusion enhancements as small as 20%, such that the accuracy and
precision of measurements is crucial. MSD analysis has been widely used as a standard

2112 and even

measurement to determine diffusion coefficients of micro-/nanoswimmers
single enzymes.* A recent test on the reproducibility of MSD analysis has alerted the
community to possible misinterpretations.®® The test was conducted by tracing size-standard
100 nm spherical colloidal particles using a Nanosight NS300 (Malvern) instrument. Based
on 244 particle tracks, the analysis afforded a precise and accurate diffusion coefficient, with
errors smaller than 1%. However, using a subset of only 24 tracks can lead results with 30%
deviations. Although the errors should be non-directional, biased selection further widened
the uncertainty from —55.5% to +68.0%. The experimental uncertainty also comes from the
2D projection of the 3D Brownian paths but can be lowered by increasing the size of the
dataset. The strikingly large inaccuracy indicated that MSD analysis with less than 50 tracks
is unreliable for claiming a diffusion enhancement of 20% or less. Unfortunately, few
investigations in the past decade used the desired sample size, rendering the measured
enhancements potentially not statistically significant. A critical examination of the
experimental error estimates is important when using these enhancements to claim statistical
significance of observed enhanced diffusion. For example, estimates of experimental errors
are likely too small if statistically significant variations in the diffusion enhancement are
observed at different saturating substrate concentrations.*

FCS can be applied to measure absolute diffusion coefficients of molecular and nanoscale
swimmers by analyzing fluctuations in emission from a few molecules freely diffusing in and
out of the observation volume.'® The standard deviation of autocorrelation functions has been
studied analytically and experimentally''*"'® but the highly nonlinear relationship between the
diffusion coefficient and the autocorrelation function makes it hard to estimate the errors. A
statistical analysis of diffusion coefficients extracted from FCS measurements suggested that
their accuracy was sensitive to a molecule’s brightness and concentration, as well as the
measurement time.""” To achieve a given accuracy, experimental conditions have to be
carefully optimized otherwise FCS can be extremely error-prone. A satisfactory accuracy for
the diffusion coefficient from FCS measurements is 10%'"® and according to an IUPAC
technical report, dual-focus FCS, a more accurate modification of FCS, can further improve
the accuracy to 4%."" However, FCS measurements are prone to artefacts caused by protein
dissociation and aggregation, concentration changes due to surface adsorption, fluorophore
quenching and the presence of freely-diffusing dyes, often resulting in enhanced diffusion
coefficients.®” Granick and colleagues defended the robustness of FCS, arguing that the
influence of quenching is manageable if the timescales of diffusion can be well separated
from the timescales of photophysical processes.'?® However, their experiments on dye-labeled
bovine serum albumin in the presence still showed changes in the measured diffusion
coefficient of ~15% and >50% in the presence of 0.5 mM and 1 mM tryptophan (a

fluorescence quencher), respectively, even though albumin does not catalyze any reactions. '’



In principle, stimulated emission depletion (STED) FCS facilitates diffusion measurements
but in practice the method introduces new complexities, such as sensitivity to optical
aberrations and potential interactions between the diffusing molecule and the powerful

infrared laser,'?""'??

In addition to the above methods targeting one or a few objects, DLS can assess the ensemble
diffusivity of objects with sizes from several nanometres to micrometres. Most commercial
DLS instruments are claimed to have a measurement accuracy of 2% according to the
International Standard ISO13321. Of course, this specification is achievable when using
standard samples under optimized conditions. However, the R® dependence of scattering
intensity makes the measurement extremely sensitive to particle aggregation and the presence
of adventitious larger particles like dust. Especially for proteins several nanometres in
diameter, the weak scattering signal, the ease of aggregation, and the structural and thermal
instability easily lower the accuracy. In practice, the uncalibrated viscosity of solutions
containing different concentrations of reagents can also cause systematic inaccuracies of up to
5%. Variations in concentration, labware cleanliness and temperature will result in additional
random uncertainties. It is common to expect an experimental error of at least 10% for protein
samples unless special care has been taken during the measurement.

Diffusion NMR is a powerful technique to determine translational diffusion coefficients of
molecules and can resolve different compounds with different diffusivities in a mixture
according to their characteristic chemical shifts. The measurement makes use of NMR signal
attenuation, which depends on both molecular diffusion and the applied magnetic field
gradient pulses.'” Although an accuracy of 2% is possible, achieving this demands
high-quality data without spectral overlap and ideal experimental conditions.'** Systematic
artefacts mainly come from inherent non-uniformity of the field gradient based on the
gradient coil design, convection triggered by temperature gradients, and eddy currents caused
by sudden gradient switching.'**'* To achieve high-quality diffusion data, the gradient

126 the convection needs to

non-uniformity needs to be compensated for by pulse calibration,
be avoided with a convection-compensated pulse sequence'** and the eddy currents need to be
reduced by using a shielded gradient system and/or a smoothly changing pulse.'** If the
experiments are not carefully carried out under optimized conditions, the measured diffusion

coefficient can appear larger.

Overall, there exists a variety of common techniques to measure diffusion, all of which have
their associated errors. Given the typical accuracy and precision of these techniques, reported
diffusion enhancements within 20% are on the edge of being statistically significant,
especially for enzymes and synthetic swimmers at the nanoscale.

[H1] Applications and efficiencies of nano- and microswimmers

The accelerated diffusion or locomotion of nano- and microswimmers, tracers and solvents
has inspired applications in bioseparation, environmental remediation, detection, drug
delivery and precision surgery, among others. Taking advantage of the enhanced diffusion of
enzymes in their corresponding substrate concentration gradient, chemotactic separation of



active enzymes (catalase and urease) from the inactive ones has been demonstrated in a
microfluidic device,'?’ while anti-chemotactic migration of urease has also been proposed.®*
In addition, active swimmers can agitate the surrounding fluid, sense environmental changes,
navigate living tissues and penetrate cell membranes.'?® In light of these properties, a series of
creative and intriguing demonstrations has shown a broad range of applications including the

7129 acid neutralization in vivo,'°

detection and decontamination of nerve agents,
biodetoxification of pathogenic bacteria and toxins'*' and intracellular delivery of siRNA or
drugs®"**'33. For example, self-propelled polymer—Pt composite micromotors can accelerate
the oxidative detoxification of organophosphorus compounds,’ and enzyme-powered
chemotactic polymersomes can cross the blood—brain barrier, an important property in
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neuromedicine. These and other efforts have been discussed in detail in recent

reviews, 24140

Although the ability of some synthetic swimmers to harvest energy from their surroundings
greatly broadens their possible applications, their energy conversion efficiency (the quotient
of mechanical energy produced to chemical energy consumed) is far below that of biological
counterparts (Fig. 6). For example, the motor protein kinesin catalyzes exothermic ATP
hydrolysis as it walks along a microtubule and can do mechanical work on an external load in
excess of 50% of the chemical energy consumed.'*! More strikingly, the free energy
transduction efficiency of the rotary motor Fi-ATPase has been reported to be nearly 100%,'**
although the irreversible heat dissipation by torque-induced mechanical slip would lower it to
40—80%.'** The bacterium Escherichia coli, a microscale natural swimmer that propels itself
with rotating flagellar filaments, has an efficiency of 2%.'*" In comparison, synthetic
swimmers are several orders of magnitude less efficient. For example, the energy conversion
efficiency of Au—Pt nanorods (2 pm in length and 370 nm in diameter and swimming at a
speed of 10 ums™") propelled by the decomposition of H,O, has been estimated to be 10~°,*
and the typical efficiency of self-electrophoretic bimetallic particles is on the order of
10%-107°." After optimizing morphology and catalytic activity, the highest efficiency
observed for a diffusiophoretic motor is 107 for a Ag-based Janus spherical particle.'*
Microswimmers propelled by bubble generation have so far exhibited an even lower
efficiency of ~107'°. It is possible to prepare helical nanobelts that mimic bacterial flagella
and obtain an efficiency of 102-107, but the mimics are powered by an external rotating

magnetic field rather than being self-propelled.*-'’
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Fig. 6 | The efficiencies of typical microscopic motors. Kinesin'*', Fi-ATPase'”, E. coli'",
alkene-based molecular motors'*®, helical nanobelts'?’, Ag Janus particlesl46, Au-Pt
nanorods**'*, Pt-coated Janus particles® and rolled-up microtubes'*’ have diverse propulsion
mechanisms. Their efficiencies, several estimates of which were obtained from Ref. 145, span
several orders of magnitude. The alkene-based molecular motor is driven by light irradiation
and helical nanobelts are powered by external magnetic fields instead of chemical reactions.

The extremely low efficiency of synthetic nano- and microswimmers (or motors) severely
limits their application'® because performing even small amounts of work requires enormous
amounts of chemical fuel (for example, 1 M H,0,). This can cause toxicity and insolubility,
but also leads to ambiguity — is the observed effect due to work or the vastly larger heat
generated as a byproduct by the motor? One of the mechanistic origins is a mismatch between
the large forces that can be generated during the cleavage and formation of bonds and the
small resistance offered by the fluid environment. Motor proteins are only efficient if they
have a loaded cytoskeletal filament to pull against, and similarly the flagellar motor needs the
flagellum as a transducer. In the examples discussed above, the catalytic particles ‘swim’
when they need to ‘row” — they push locally against small loads whereas a gearing
mechanism such as an oar would enable a flow field with smaller velocity gradients (implying
smaller frictional losses) and a better matching of force generation and load. Improving the
efficiency will be crucial for developing the next generation of synthetic motors that can work
in physiological environments with reasonable concentrations of potential fuels (such as
glucose, O, and H"). To realize a high-performance propulsion system, we require an efficient
chemical-mechanical coupling mechanism as prime mover, a suitable power transmission
system and a well-designed actuator to work in concert.

[H1] Summary

Chemically powered molecular and nano-/microswimmers that exhibit enhanced diffusion or
swimming relative to the expected Brownian diffusion are attractive because they can convert
chemical energy to potentially useful mechanical work. Molecular, nanoscale and microscale
systems exhibiting diffusion enhancement have been intensively studied and hotly debated in
the past decade. The debates have mainly focused on the underlying propulsion mechanisms
and the size of the effect which may vary from case-to-case as the swimmers differ in size and



architectures. In this Perspective, we have systematically categorized reported observations of
enhanced diffusion according to the sizes of the swimmers. Microscale (or larger) swimmers
can exhibit ballistic motion while nanoscale or molecular scale swimmers exhibit ‘active’
diffusion with the observed diffusion enhancement typically being near the limits of
experimental reproducibility and statistical significance. Rigorous analysis is thus desired to
clarify the reliability, origin and achievable magnitude of diffusion enhancement.

The study of active diffusion on molecular, nano- and microscales opens an avenue to the
design of synthetic machines that perform work in the presence of comparatively large
thermal fluctuations. The implementation of these microscopic machines would enable us to
steer chemical reactions and biological processes, and would consequently lead to
revolutionary developments in diverse areas including but not limited to reaction regulation,
cell manipulation and precision medicine. Although evolution has provided sophisticated
examples such as motor proteins and transcriptional machineries, the construction of synthetic
microscopic machines is challenging. The previously reported synthetic swimmers with
enhanced diffusivity, regardless of their validation, are still much simpler and less efficient
compared to their biological counterparts. Future efforts should focus on understanding
chemo-mechanical coupling and the structure—function relationship of these microscopic
machines, so that we can gain fundamental insights for the construction of more sophisticated
machines that may perform complex tasks beyond speeding up diffusion and mixing. For
example, the latest advance in this field is a computational design of millimetre-size gears
driven by enzymatic reaction-induced convections,"! putting us a step closer to constructing
chemically-powered functional machines. We expect to see breakthroughs such as de novo
designed protein motors and bio-inorganic hybrid components and machines that can directly
convert chemical energy into mechanical work. These efforts will greatly expand our toolbox
on the molecular, subcellular and even macroscopic scales.
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