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Nanomotor-enhanced transport of passive Brownian
particles in porous media
Anni Shi1, Haichao Wu2, Daniel K. Schwartz1*

Artificial micro/nanomotors are expected to perform tasks in interface-rich and species-rich environments for
biomedical and environmental applications. In these highly confined and interconnected pore spaces, active
species may influence the motion of coexisting passive participants in unexpected ways. Using three-dimen-
sional super-resolution single-nanoparticle tracking, we observed enhanced motion of passive nanoparticles
due to the presence of dilute well-separated nanomotors in an interconnected pore space. This enhancement
acted at distances that are large compared to the sizes of the particles and cavities, in contrast with the insig-
nificant effect on the passive particles with the same dilute concentration of nanomotors in an unconfined
liquid. Experiments and simulations suggested an amplification of hydrodynamic coupling between self-pro-
pelled and passive nanoparticles in the interconnected confined environment, which enhanced the effective
energy for passive particles to escape cavities through small holes. This finding represents an emergent behav-
ior of confined nanomotors and suggests new strategies for the development of antifouling membranes and
drug delivery systems.
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INTRODUCTION
Self-propulsion and active matter have emerged as intriguing fields
of basic research. Beyond biological examples such as bacteria and
molecular motors, artificial micro- and nanomotors have drawn ex-
tensive attention due to the fundamental interest in their emergent
collective behaviors and broad potential applications [e.g., environ-
mental remediation (1) and drug delivery (2, 3)]. The study of active
particles in bulk and pseudo–two-dimensional (2D) environments
is well established (4–9), and there is growing interest in their be-
havior in 3D complex interface-rich and species-rich environments,
where unexpected phenomena have been observed (10–12). For
example, Bhattacharjee and Datta (10) observed trap-and-hop tra-
jectories of bacteria in 3D porous media with barriers in contrast
with the expected run-and-tumble behavior. Furthermore, Wu
et al. (11) reported a unique surface-searching transport mechanism
of artificial nanomotors in interconnected porous media, where
confined nanomotors moved along interior walls and efficiently
found exits to translocate to neighboring cavities, in contrast with
the prolonged trapping of passive Brownian particles by strong elec-
trostatic repulsion (13–15). These findings demonstrate the ability
of micro/nanomotors to effectively explore their surroundings, sug-
gesting potential applications in crowded, complex, and porous
environments.

Many proposed applications of nanomotors, including thera-
peutic delivery agents (16–18), catalysts (19, 20), and sorbents (21,
22), involve complex biological, industrial, and geological environ-
ments. While less frequently described, active particles can also po-
tentially act as promoters, enhancing the transport and
performance of coexisting passive participants. Such uses are par-
ticularly attractive because of the possibility that active species could
be used in low concentrations to enhance existing technologies. The
general concept has precedent. For example, active biological matter

often coexists with inactive obstacles, and the mixing of two species
can affect both active swimming and passive diffusion (23), which
has become a core interest in the field. Self-propulsion of artificial
active colloids is reported to control self-assembly (24, 25) and di-
rectional transport (26–28) of passive particles based on hydrody-
namic interactions (29). For example, researchers observed
demixing of active-passive mixtures in a confined 2D environment
and leveraged this phenomenon to separate two types of colloids
into different chambers (30).

Notably, such effects generally require crowded systems (5, 31,
32). This necessitates large concentrations of active particles,
which may be inappropriate for many applications. Moreover, for
the confined and complex environments relevant to applications
like membrane separations and tissue culture, enhanced transport
of passive participants would require communication between
active and passive particles across interfaces and at distances that
are large relative to the characteristic particle sizes. We speculated
that such amplified long-range effects might be present in the highly
confined and interconnected void space of 3D porousmaterials, due
to the anomalously efficient and rapid translocation of active parti-
cles from confined cavities, which may influence passive species
separated by interfaces and distance.

To address this question, we used super-resolution single-parti-
cle 3D tracking to investigate how a dilute concentration of nano-
motors influences the confined transport of passive nanoparticles in
a porous medium. Contrary to the insignificant interactions in an
unconfined dilute particle solution, we observed a 4× increase in the
motility and a 2× enhancement in the cavity escape efficiency of
passive particles when nanomotors were present in the porous
medium, even at dilute concentrations such that the average parti-
cle-particle separation was many cavity diameters and the probabil-
ity of colocalization in the same cavity was negligible. The
quantitative analysis of particle trajectories combined with compu-
tational simulations indicated that hydrodynamic effects from
nanomotors may enhance the effective energy of passive particles
to escape cavities along streamlines by the order of kBT (where kB
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is the Boltzmann constant), which can be tuned by fuel concentra-
tion and nanomotor density. These findings suggest that hydrody-
namic effects from nanomotors are magnified and spatially
extended within narrow and interconnected pore spaces, inviting
theoretical studies on the impact of active particles in confined en-
vironments. Moreover, the improved motility of confined passive
species by nanomotors suggests potential applications for active col-
loids, including new principles for the design of antifouling
technologies.

RESULTS
Tracking fluorescent passive particles with 3D imaging
As model porous media, silica inverse opal films were synthesized
by evaporative coassembly of sacrificial template polystyrene parti-
cles (d = 500 nm) with a hydrolyzed silicate sol-gel precursor solu-
tion (see the Supplementary Materials for details) (33). Inverse
opals comprise a hexagonally close-packed array of spherical cavi-
ties with 12 holes connecting each cavity to neighboring cavities,
allowing confined tracer particles to explore individual cavity struc-
tures and to translocate between adjacent cavities. Tracer particles
comprised passive fluorophore-labeled polystyrene nanoparticles (d
= 40 nm), mixtures of nonfluorescent passive nanoparticles and
active fluorescent Pt-polystyrene Janus particles of the same size,
or mixtures of fluorescent passive and nonfluorescent active parti-
cles. Unless otherwise specified, passive and active particles with a
mixing ratio of 1:5 were dispersed in a refractive index-matched
glycerol/water (w/w = 70%) solution with a total concentration
ranging from 10−16 to 10−15 M, ensuring that the particles were
well separated in the inverse opal film (fig. S1).

Hydrogen peroxide was introduced into the inverse opal 1 min
before the onset of video acquisition, acting as fuel to power Pt-
polystyrene Janus nanomotors through self-diffusiophoresis initiat-
ed by H2O2 decomposition. On the basis of a standard Stokes-Ein-
stein calculation, the diffusion coefficient of the H2O2 molecules in
the refractive index-matching solution was estimated to be ~50
μm2/s, facilitating rapid diffusion into the entire inverse opal film
(thickness, 5 to 10 μm). The structure of the inverse opal comprised
cavities with a diameter of 530 ± 48 nm, linked by 12 holes with a
diameter of 136 ± 10 nm, as detailed in fig. S2, and the approximate
time required for H2O2 to diffuse a distance corresponding to a
cavity diameter was on the order of 10 ms. With additional
mixing due to advection from the nanomotors, it is likely that the
fuel concentration maintained a relatively uniform distribution in
the porous film with only minor spatial variation. Consistent with
this, individual nanomotors exhibited consistent motion through-
out their trajectories.

To quantitatively study the influence of nanomotors on the
cavity-escape process of passive Brownian particles, we performed
3D single-particle tracking and acquired over 70 particle trajectories
in order to perform a robust statistical analysis on the fluorescent
passive particles in the presence of Janus nanomotors within the in-
terconnected pore space of an inverse opal (Fig. 1A). 3D tracking
was achieved by combining variable-angle illumination epifluores-
cence microscopy with double-helix point spread function imaging
using a SPINDLE module (Double Helix Optics Inc.) (Fig. 1B). In
this approach, the axial (depth) position is encoded into the shape
of the function, specifically the orientation of the high intensity
lobes (34). 3D trajectories and spatiotemporal coordinates revealed

the cavity exploration process of Brownian particles and nanomo-
tors in the inverse opal. Consistent with a previous report (11),
nanomotors moved along the internal cavity surfaces and escaped
from exits efficiently (Fig. 1, C and D). The motion of a given nano-
motor did not change measurably over the course of an experiment,
either in bulk solution or in inverse opals, suggesting that fuel con-
centration gradients were much too small to result in substantial
local diffusioophoretic effects. Passive particles, on the other
hand, typically explored the entire 3D volume of a cavity before es-
caping to a neighboring cavity (Fig. 1, E and F). In the presence of
nanomotors, however, the exploration time of passive particles in a
given cavity was significantly reduced (Fig. 1, G and H). This phe-
nomenon qualitatively demonstrated that the presence of nanomo-
tors, even at dilute concentrations, activated (i.e., enhanced) the
transport and cavity-escape efficiency of passive particles in a con-
fined environment.

Nanomotor-enhanced transport of passive Brownian
particles in confinement
The time evolution of transport was quantitively analyzed using the
time- and ensemble-averaged mean squared displacement (MSD),
<Δr(τ)2> = <|r(t + τ) − r(t)|2>, where t represents elapsed time
within a trajectory, τ represents the lag time, r denotes the 3D po-
sition, and <…> represents averaging over all time intervals within
all trajectories (Fig. 2A). Diffusion coefficients were calculated by
fitting the 3D MSD to the expression MSD = 6Dτ, over the relevant
short- and long-time lag-time ranges. For particles in a bulk glycer-
ol/water solution, the apparent diffusion coefficient of nanomotors
(due to rapid rotational diffusion that randomized the direction of
the activemotion) was 0.63 ± 0.01 μm2/s in the presence of 3%H2O2
fuel. The MSD of passive particles grew linearly with τ, as expected
for Fickian diffusion, yielding a modestly smaller diffusion coeffi-
cient of 0.50 ± 0.01 μm2/s. With a small concentration of nanomo-
tors, the diffusion coefficient of passive particles (0.51 ± 0.01 μm2/s)
was unchanged in solution within experimental error. Thus, in the
absence of a confining environment, the presence of a dilute con-
centration of nanomotors had a negligible impact on the mobility of
passive nanoparticles. This was expected because the typical dis-
tance between nanomotors and passive particles was much
greater than the characteristic particle size.

In an inverse opal with 500-nm-diameter cavities and 136-nm
holes (figs. S2 and S3), the motion of all particles was suppressed
by confinement effects, e.g., hydrodynamic drag associated with
vicinal surfaces (35, 36). Thus, at short lag times (t ≤ 100 ms),
both types of particles exhibited slower but approximate Fickian dif-
fusion associated with intracavity motion (before encountering re-
pulsion from cavity walls). Isolated Brownian particles (in the
absence of nanomotors) moved with an apparent short-time diffu-
sion coefficient of Dpassive = 0.038 ± 0.005 μm2/s. The short-time
motion of nanomotors, assisted by self-propulsion, was not sup-
pressed as much compared to unconfined motion and exhibited a
short-time diffusion coefficient, Dnanomotor = 0.082 ± 0.007 μm2/s,
that was 2.5× higher than that of passive particles. Notably, although
unchanged by the presence of nanomotors in bulk (unconfined)
liquid, the apparent diffusion of confined activated Brownian par-
ticles was enhanced by 47% (D3% activated = 0.055 ± 0.005 μm2/s) in
the presence of nanomotors. This suggested that long-range hydro-
dynamic coupling between self-propelled nanomotors and passive
particles, while negligible in unconfined liquid, was amplified and
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extended in the strongly confined and interconnected porous void
space, perhaps due to the disturbance of the surrounding liquid
environment.

Following the early exploration stage at short lag times, Brown-
ian particles in the absence of nanomotors exhibited severely sub-
diffusive motion, visible in the downward curvature and nearly
horizontal slope of the MSD at intermediate lag times (13–15);
this is associated with confining effects within cavities, where par-
ticles must search diffusively for holes and also encounter electro-
static barriers to translocation through holes. As shown previously
(37), at longer lag times (7 to 10 s), Brownian passive particles
passed through the transient trapping phase and reestablished an
effective diffusive motion at long time scales that was associated
with hopping from cavity to cavity. In contrast, nanomotors did
not exhibit these severe caging effects due to their unique ability
to escape cavities efficiently. Nanomotors found holes rapidly by
searching along cavity surfaces and passed through electrostatic bar-
riers easily due to self-propulsion forces (13–15). For activated
passive particles (in the presence of nanomotors), the subdiffusive
caging effects were not as marked as for passive particles, and the
activated particles also exhibited 4× faster apparent long-time

diffusion than passive particles, as shown by the asymptotic behav-
ior of the MSD plots.

In previous work, we demonstrated a direct relationship between
the macroscopic long-time diffusion coefficient in a porous
medium and a key parameter of microscopic cavity escape kinetics,
the so-called sojourn time (tsoj) (14, 38) (i.e., the first passage time
through a cavity). To determine individual values of tsoj, we used a
maximum allowed displacement algorithm, analyzing 3D positional
fluctuations (Fig. 1, D, F, and H) around a central point (i.e., the
cavity center) with a particular characteristic distance (i.e., cavity
radius) (15). We analyzed complementary cumulative distributions
of hundreds of tsoj values in inverse opals for nanomotors, passive
Brownian particles, and activated Brownian particles (Fig. 2B). The
distributions were fitted to a double decaying exponential function
P(t) = A exp(−t/T1) + (1 − A) exp(−t/T2), enabling accurate calcu-
lation of the mean sojourn time <tsoj> = AT1 + (1 − A)T2. Notably,
the <tsoj> of activated passive particles was reduced significantly,
from 9.4 to 4.4 s (compared to passive particles), in the presence
of nanomotors powered by 3% H2O2. Consistent with previous
findings, the <tsoj> of the nanomotors themselves was reduced by
~20× compared to that of passive particles (11). These results

Fig. 1. Experimental schematic and representative trajectories. (A) Representative scanning electron microscope image of an inverse opal film structure. (B) A mi-
croscope was equipped with a phase mask and relay optics that enabled double-helix point spread function imaging. NA, numerical aperture. (C) A representative 3D
trajectory of a Pt-polystyrene Janus nanomotor with 3% H2O2 in an inverse opal. (D) Corresponding Cartesian coordinates versus time of a nanomotor in an inverse opal.
The highlighted blocks represent time intervals within cavities. (E) A representative 3D trajectory of a passive Brownian particle in an inverse opal. (F) Corresponding
Cartesian coordinates versus time of a passive Brownian particle in an inverse opal. (G) A representative 3D trajectory of an activated passive particle in an inverse opal
with 3% H2O2-fueled nanomotors within the connected pore space. (H) Corresponding particle Cartesian coordinates versus time of an activated particle in an inverse
opal. Inverse opals used for these three representative trajectories had 500-nm cavities with 136 ± 10–nm–diameter connecting holes.
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Fig. 2. Statistical analysis of experimental results of nanomotors and passive particles. Nanomotors and passive particles were at a 1:5 ratio in glycerol/water
solution (70% by weight). The overall concentration of nanoparticles was approximately 10−15 M. (A) Mean square displacement of catalytic Janus particle and activated
passive particles with 3% H2O2 (v/v), as well as passive particles without fuel in bulk solution and in inverse opal films (IO). (B) Complementary cumulative probability
distributions of cavity sojourn times for different types of nanoparticles.

Fig. 3. Observations of nanomotor and activated passive particles in an inverse opal with 1 and 3% H2O2 (v/v). Nonfluorescent nanomotors and fluorescent
passive nanoparticles were mixed at a 1:5 ratio in glycerol/water solution (70% by weight). (A) Diffusion coefficients (columns) and velocities (solid circles) of nanomotors
in the inverse opal calculated from short-time diffusion. (B) Representative 5-s trajectories of nanomotors activated by 1% (left) and 3% (right) H2O2 (v/v). Nanomotors
with 3% H2O2 explored larger areas in a given time. (C) Mean square displacement of catalytic Janus particles, activated passive particles, and passive particles in the
inverse opal. (D) Complementary cumulative probability distributions of cavity sojourn times for nanoparticles under different conditions. <tsoj> values for nanomotors
and activated particles with 1% fuel were 0.8 and 7.7 s, respectively.
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explicitly indicate that the presence of nanomotors in the intercon-
nected pore space significantly accelerated the cavity escape of
Brownian particles, although not to the same degree as the nanomo-
tors themselves.

Considering the very dilute concentrations of passive particles
and nanomotors, the activating effect of self-propelled particles ap-
parently produced an unexpected long-distance enhancement of
passive particle transport within the interconnected porous void
space. In an open system, the strength of far-field hydrodynamic in-
teractions, typically presented as attraction, between identical-sized
active and passive particles decays by approximately an order of
magnitude over a distance corresponding to twice the particle’s di-
ameter (39). Thus, the range of this hydrodynamic attraction is gen-
erally confined to a spatial extent of 1 to 2 body lengths from the
active particles (27, 40). Therefore, as expected, significant enhance-
ment of themotion of passive particles was not observed in the pres-
ence of dilute nanomotors in unconfined bulk liquid. It was
intriguing to observe that confinement within narrow interconnec-
ted pore spaces apparently magnified and extended such hydrody-
namic interactions, leading to a substantial enhancement of passive
particle motility by nanomotors, even when separated by distance
and by the internal interfaces of inverse opals.

Transport enhancement depends on the strength of
convection from nanomotors
In general, it is expected that the magnitude of hydrodynamic
effects among nanomotors depends on their velocities (25). For

example, in crowded solutions, fast and slow active particles resulted
in different phase segregation of coexisting passive particles (24, 25,
40, 41). Therefore, we hypothesized that there would be a correla-
tion between the velocities of nanomotors and confinement-ampli-
fied hydrodynamic activation of passive particles. The apparent
long-time diffusion of nanomotors is influenced by their swimming
speeds. In particular, at times that are long compared to the charac-
teristic rotational diffusion time (τR), the apparent diffusion coeffi-
cient includes a contribution from thermal Brownian diffusion (DT)
and enhancement from self-propulsion, resulting in Dapparent = DT
+ 6 v2τR in 3D space, where v is the nanomotor velocity (42–44).
Thus, with an increase of fuel concentration from 1 to 3%, the
short-time diffusion of confined nanomotors was increased by
25% (Fig. 3A), enlarging the exploration area of nanomotors in a
given time (Fig. 3B). As we hypothesized, this enhanced motility
of nanomotors was passed on to the activated passive particles
within confined pore spaces. Specifically, the increased apparent
diffusion (and velocity) of nanomotors resulted in a similar increase
in the short-time apparent diffusion of activated passive particles
(Fig. 3C). Moreover, the increased motility of nanomotors in the
presence of higher fuel concentration resulted in a greater hydrody-
namic impact on the cavity escape of passive particles, specifically
<tsoj> of the passive particles was reduced from 9.4 s for nonactivat-
ed particles to 7.7 and 4.4 s in the presence of 1 and 3% H2O2-
powered nanomotors, respectively (Fig. 3D). This trend provided
further support for the conjecture that the enhanced translocation
of activated particles originated from confinement-amplified

Fig. 4. Influence of nanomotor concentration on the magnitude of activation effect. (A) Schematic of a mixture of nanomotors and passive particles in the inverse
opal film. The overall concentrations were controlled to be dilute, with much fewer than one particle per cavity. (B) Illustration of improved escape efficiency of activated
particles with an increasing ratio of nanomotor/passive particle. (C) Mean squared displacement (MSD) of activated particles with nanomotor/passive particle ratios of 1:2,
1:5, 1:25, and passive particles only. (D) Complementary cumulative probability distributions of cavity sojourn times of activated particles under different conditions. The
concentration of activated passive particles was fixed at 10−15 M. All particle compositions were dispersed in glycerol/water solution (70%, w/w) with 3% H2O2.
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hydrodynamic coupling between nanomotors and passive species.
Given the velocity dependence of the enhancement, the hydrody-
namics may be associated with the flow field generated by
nanomotors.

Interparticle distance affects nanomotor-enhanced
transport
Hydrodynamic effects depend on the distance between two particles
in an open solution. Because of the small size of nanoparticles (40-
nm diameter) and dilute concentration (~10−15 M), nanomotors
did not induce noticeable effects on passive particles in bulk solu-
tion (Fig. 2A). However, because the convection generated by self-
propulsion is amplified and extended by confinement, its influence
on surrounding particles apparently extends to much greater dis-
tances. To study the impact of the distance between nanomotors
and passive particles on the strength of activation, we varied the
concentration of nanomotors with a fixed concentration of
passive particles while remaining in the dilute regime overall. Con-
sistent with expectations, a large nanomotor/passive particle ratio
induced strong enhancement on the cavity escape of activated par-
ticles, resulting in a <tsoj> of 2.5 s (Fig. 4). In contrast, activation was
gradually reduced with a decreased nanomotor concentration. The
cavity escape efficiency of activated passive particles became indis-
tinguishable within experimental error (<tsoj> = 9.2 s) from that of
passive particles alone when the nanomotor concentration was
reduced to a 1:25 active/passive ratio, although the short-time dif-
fusion of the passive particles remained slightly enhanced. Of
course, the concentrated regime is more frequently studied and re-
quires large amounts of active particles that may not be accessible
for some applications; thus, the novelty of the current results is, in
many ways, related to the unexpectedly large effects at low
concentrations.

Nanomotors enhance the effective energy of passive
particles for hole translocation
Our previous study showed that the enhanced cavity escape of
nanomotors relied on efficient surface-mediated searching (11),
which converted the barrier-limited escape of passive particles to
a search-limited process. However, despite the fact that activated
passive particles exhibited enhanced cavity escape in the presence
of nanomotors, surface-mediated searching was not observed for
these passive particles. For example, the distribution of passive par-
ticle positions declined sharply near the wall (Fig. 5A), presumably
due to electrostatic repulsion, while the distribution of nanomotor
positions remained high approaching the cavity wall, consistent
with the fact that nanomotors preferentially move along the wall,
as reported previously (45–47).

In addition to the benefits of surface-mediated searching, nano-
motors convert external energy into thrust, experiencing a transient
velocity spike at pore exits, creating an amplified flow field as dem-
onstrated in simulations (4). We hypothesize that this amplified ve-
locity field may also exert an increased hydrodynamic force on
vicinal moieties (48), including passive particles within the connect-
ed pore space. It is intuitively helpful to think of this nanomotor-
induced activation as an apparent “effective energy” of passive par-
ticles. The enhanced effective energy due to increased advection fa-
cilitates the ability of passive particles to overcome energy barriers
along streamlines (e.g., translocation between cavities) but is not

expected to help passive particles cross streamlines to approach
cavity walls that exert strong electrostatic repulsion.

To estimate the enhanced effective energy, we related this metric
to an increase in the “effective hole size,” an approximation to de-
scribe the apparent hole size for a passive particle exiting a cavity in
the presence of an electrostatic barrier associated with like-charged
walls. In particular, we related an experimentally measured value of
<tsoj> in the presence of electrostatic repulsion and salt, to an effec-
tive hole size determined using a Monte Carlo simulation (15). The
addition of salt has been shown to screen the electrostatic repulsion
between passive particles and cavity walls, thereby enhancing their
cavity escape efficiency (15, 49, 50). For example, the <tsoj> of
passive particles with 1 mM NaCl was 7.4 s, which was shorter
than the value of 9.4 s for passive particles without added salt
(Fig. 5B). The cavity escape of activated particles was also enhanced
in 1mM salt solution, for example, <tsoj> decreased by 13% from 4.4
to 3.8 s. While it has been reported that salt can decrease the activity
of micrometer-scale micromotors (51), we did not notice a signifi-
cant slowing of the much smaller nanomotors (d = 40 nm) under
the highly confined conditions of our experiments (fig. S4). The
suppression of swimming velocity of micromotors in salt solutions
is reported to be sensitive to the surface charges of colloids and di-
electric of solvents. Because of the small total charge carried by the
individual nanomotors, the confined environment, and the lower
permittivity of glycerol/water solution used in our experiments,
the suppressing effects of low ionic strength salt solutions were ap-
parently negligible.

Here, we used aMonte Carlo simulation to calculate the effective
hole sizes associated with various sojourn times and specifically de-
termined the effective hole sizes for the sojourn times of activated (d
= 90 nm) and passive particles (d = 77 nm) in the presence of 1 mM
salt (Fig. 5C). This means, for example, that the mean sojourn time
of a negatively charged passive particle through a negatively charged
hole with a physical diameter of 136 nm corresponds to the escape
of the same size uncharged particle through a 77-nm uncharged
hole. According to Derjagin-Landau-Verwey-Overbeek (DLVO)
theory, the superposition of electrostatic repulsion and van der
Waals attraction defines the interactions between a charged particle
and a like charged surface. To specifically estimate the enhancement
of the effective energy due to activation, the form of the DLVO po-
tential was visualized in the context of the effective hole sizes (see
the Supplementary Materials for details). The dimensionless poten-
tial energy (normalized by the thermal energy kBT ) for a 40-nm
nanoparticle at the entrance of 136-nm hole is shown in Fig. 5D.
As indicated on the figure, a particle with thermal energy of kBT
has sufficient energy to pass through a hole with an effective
width of 72 nm. Because activated particles do not move across
the streamline, the widened apparent effective hole size, 90 nm,
was contributed by enhanced effective energy (ΔE), which was ap-
proximated as 0.8 kBT in the presence of dilute nanomotors.

DISCUSSION
We speculate that the long-range hydrodynamic coupling described
above may lead to interactions that boost the effective energy of
passive particles, thereby facilitating efficient translocation in
porous media. Previous work has demonstrated that phoretic flow
can transmit attractive hydrodynamic drag forces to surrounding
particles in bulk solution (48, 52). Because confinement apparently
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amplifies and extends the hydrodynamic effects of nanomotors in
porous void spaces, long-range hydrodynamic effects may enhance
the apparent effective energy of coexisting passive Brownian parti-
cles that are separated by interfaces and distance, helping them to
overcome energy barriers associated with cavity escape along
streamlines. Further theoretical studies are required to fully under-
stand the details of the magnified hydrodynamic interactions of
nanomotors with passive species in confined environments.
While the transport efficiency of activated passive particles contin-
ued to increase over the range of concentrations studied (up to a 1:2
active/passive ratio), we anticipate that more complicated behavior
would eventually be observed at very high nanomotor concentra-
tions due to short-range interactions (steric effects, collisions, and
electrostatic and hydrodynamic interactions). It is expected that the
enhancement of transport will require careful tuning of nanomotor
concentration to adjust long- and short-range interactions associat-
ed with particle-particle distances. Overall, confinement-amplified
effects can enhance the apparent effective energy significantly for
passive species to translocate through pore constrictions, and the
magnitude of the apparent energy boost can be tuned by the activity
and concentration of nanomotors.

Self-propelled nanoparticles exhibit unique swimming and
transport behaviors, and their hydrodynamic effects are known to
influence surrounding passive species within short distances on the
order of the particle size. Here, we studied the impacts of dilute well-

separated nanomotors on passive nanoparticles in an interface-con-
fined environment. In contrast to the negligible coupling effects ob-
served in unconfined solutions with dilute nanoparticles, the
convection caused by nanomotors in interconnected narrow pore
spaces was magnified and extended, activating passive Brownian
particles and enhancing their short-time diffusion and cavity
escape efficiency despite the fact that the nanomotors and passive
nanoparticles were separated by interfaces and distances that are
much larger than the particle sizes. The long-range of the nanomo-
tors’ impact indicated that confined environments can amplify hy-
drodynamic effects of self-propulsion. Moreover, the magnitude of
this influence was related to the activity and concentration of the
nanomotors.

Because activated passive particles were repelled by the cavity
surface, in contrast to the trajectories of nanomotors themselves,
the activation by nanomotors did not change the intrinsic searching
mechanism of passive particles. In particular, the activated passive
particles pursued a 3D search for exit holes throughout the cavity
volume, in contrast with self-propelled nanomotors, which search
along cavity walls. However, by comparing trajectories and compu-
tational simulations, we found that the presence of nanomotors en-
hanced the effective energy of confined passive species for
translocation. For example, in one particular experimental realiza-
tion, we found an apparent 0.8-kBT increase of the effective energy
of passive particles. Our current results suggest that nanomotors

Fig. 5. Effective energy boost for hole translocation of passive particles. (A) Distribution of wall-particle distances of 40-nm-diameter nanoparticles inside one
spherical cavity (d = 500 nm). (B) Distribution of cavity sojourn times of activated and passive particles in different solutions. (C) Dependency of effective pore sizes
and <tsoj> from Monte Carlo simulations. (D) Dimensionless potential energy of a negatively charged nanoparticle in the entrance plane of a negatively charged
hole with a diameter of 136 nm connecting to a cavity 500 nm in diameter. The horizontal axis represents the lateral position of the center of the nanoparticle. (E)
Schematic illustrating that adjacent nanomotors enhance the effective energy of passive particles in a separated cavity, assisting in overcoming the energy barrier
along streamlines.
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have the potential to mobilize passive particles in confined pore
spaces or even break down aggregates of passive moieties in
complex media, such as membranes. This intriguing result suggests
that a small amount of nanomotors can have important impacts in
complex environments andmay provide a general strategy for trans-
port enhancement in complex environments.

MATERIALS AND METHODS
Experimental design
Synthesis of inverse opal
Monodispersed polystyrene particles (500-nm diameter) were pur-
chased fromMilliporeSigma (MA) and used as received. A 10% (w/
w) stock particle suspension (0.25ml) was diluted by adding 9.75ml
of high-performance liquid chromatography–grade water (≥99.9%;
Thermo Fisher Scientific, MA) followed by 20-min sonication.
Meanwhile, 1 ml of tetraethyl orthosilicate (TEOS; Sigma-
Aldrich, MA) solution was mixed with 1.5 ml of anhydrous
ethanol (Decon Laboratories Inc., PA) and hydrolyzed by 1 ml of
0.1 M HCl (Thermo Fisher Scientific, MA), and the hydrolyzation
process required approximately 1 hour under vigorous stirring.
Then, 90 or 110 μl of hydrolyzed TEOS solution was added to the
diluted particle solution, keeping the TEOS concentration in the
range of 10−15 mM. A 25-mm-diameter microscope glass slide
was used as a substrate, and it was vertically suspended in a
beaker containing the colloidal beads and standard TEOS solution.
The solution was evaporated in a 65°C oven for 48 hours to form a
thin film of opal structure on the glass slide. The resulting inverse
opal film was then pyrolyzed in a furnace at 450°C for 2 hours to
remove the templating polystyrene particles and to form a solid
silica inverse opal film.
Synthesis of nanomotors
Nanomotors with diameter of 40 nm were prepared from fluoro-
phore-labeled polystyrene nanoparticles (Invitrogen, MA). The
aqueous nanoparticle solution (w/w = 2.5%) as purchased was
10× diluted by ethanol and then spin-coated on 18 cm–by–18 cm
slides to form nanoparticle submonolayers. The immobilized parti-
cles were sputter coated with a ~1-nm layer of Pt on the exposed
particle hemisphere. The coating was performed using a Cressing-
ton 108 Auto sputter coater, with a pure Pt sputter target (57-mm
diameter; purity, 99.95%; Ted Pella). The metal layer thickness for
each sample was monitored via a Cressington Thickness Monitor.
After metal deposition, the particles were liberated from the glass
slide to water by sonication (90 s per slide).
Confined nanoparticles in the inverse opal film
Nanomotors and passive particles were mixed in certain ratios (1:5,
1:2, or 1:25) in bulk glycerol/water solutions. Then, 400 μl of a
mixed nanoparticle solution was added onto the silica inverse
opal film grown on a glass slide and incubated for 24 hours. To
power the nanomotors, H2O2 solution was slowly added to the
inverse opal film to avoid bubbles. Imaging was carried out 1 min
later after the addition of H2O2.
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