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Activity-induced diffusion recovery in crowded colloidal suspensions
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We show that the forces generated by active enzyme molecules are strong enough to influence the dynamics of
their surroundings under artificial crowded environments. We measured the behavior of polymer microparticles
in a quasi-two-dimensional system under aqueous environment, at various area fraction values of particles. In
the presence of enzymatic activity, not only was the diffusion of the suspended particles enhanced at shorter
time-scales, but the system also showed a transition from subdiffusive to diffusive dynamics at longer time-scale
limits. Similar observations were also recorded with enzyme-functionalized microparticles. Brownian dynamics
simulations have been performed to support the experimental observations.
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I. INTRODUCTION

Cellular functions usually involve many enzyme-mediated
catalytic reactions that control the rate of various chemical
transformations [1]. Unlike the biomolecular motors, most
enzymes in nature operate in free states and rather diffuse
to and away from their substrates during catalytic reactions
[2]. For a long time, such molecules were believed neither to
have any energy transduction ability during substrate turnover
nor to influence significantly the dynamics of their surround-
ings. In a series of experiments, enzymes have, however,
been found to generate forces during substrate turnover in
the form of nonthermal active fluctuations, which were sig-
nificant enough to influence their dynamics and that of their
surroundings in aqueous solutions [3–9]. Although the initial
diffusion measurements carried out in this regard using fluo-
rescence correlation spectroscopy [3,4,6,10,11] received some
criticisms [12–17], experiments conducted with techniques
such as total internal reflection fluorescence microscopy [18]
validated the significance of the previous observations and
highlighted the mechanical energy transduction ability of en-
zymes. Over the past decade, many theoretical studies have
also sought to elucidate the mechanism behind force gener-
ation by enzymes in dilute aqueous environments [19–33].
Interestingly, enzymes when immobilized over microscopic
particle surface or macroscopic gold patch led to the devel-
opment of chemically driven micromotor and self-powered
micropumps, rendering these systems mechanically active
[34–41]. While the observations on enhanced enzyme diffu-
sion were still being deliberated, enzymes were also found
to influence the diffusion of nearby passive particles during
catalysis [7,9]. The behavior is analogous to the generation
of randomly fluctuating forces inside cells by the aggrega-
tion and adaptations of molecular motors, which are believed
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to drive diffusivelike, nonthermal motion of cellular compo-
nents, affecting the overall metabolic state of the cell [42–44].
Population of active bacteria has also been observed to con-
siderably affect the dynamics of their surroundings either
by direct interactions (hydrodynamic coupling) [45], colli-
sions [46], or by changing the fluid rheology considerably
[47–50]. The observations however, provide strong motivation
to investigate if enzymes, while catalyzing various chemical
reactions within intracellular crowded environments, could
generate sufficient mechanical forces to influence the mo-
tion of nearby particles. A positive answer to this will refine
our understanding of organelle and small molecules’ motion
in cells and underscore fundamental principles of molecular
transport, assembly, and motility under crowded cytoplasmic
environments [51,52]. Herein, we demonstrate that forces
generated by enzymatic reactions are sufficiently long ranged
and strong enough to influence the dynamics of their sur-
roundings, under artificial crowded environments. This was
demonstrated by using crowded colloidal suspensions of 3 µm
polystyrene particles mixed with solutions of active enzymes
such as urease, where the amount of crowding was controlled
by changing the area fractions of the suspended microparti-
cles. At shorter time-scale regimes, the passive tracers were
found to display diffusive dynamics while at longer time
scales, their behavior was found to be subdiffusive. With
increased amount of crowding, the diffusion coefficient at
shorter time scale and the diffusion exponent at longer time
scale decreased gradually, as observed in previous studies
[53,54]. However, with the onset of enzymatic reactions in the
system (triggered by the addition of calculated amount of sub-
strate solutions from outside), both the diffusion coefficients
at shorter time scale and the diffusion exponents at longer
time scale were found to increase. The recovery of diffusion
values and exponents were likely due to the decrease in ef-
fective viscosity and particle caging effect, respectively, both
facilitated by the enzyme substrate reactions. Experiments
were also conducted with enzyme-coated microparticles, at
sufficiently higher area fraction limits. Even on this occasion,
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substrate turnover was found to generate sufficient mechanical
force to enhance the diffusivity of the particles and influence
their subdiffusive dynamics at longer time scales. We consider
both these observations as significant since from a scientific
standpoint, although the cooperativity between diffusing en-
zymes in various intracellular signaling pathways has been
well documented, the degree to which their activity plays
a role in cellular mechanics has not yet been investigated.
Moreover, although it was hypothesized that localized energy
transduction by enzymes was capable of generating long-
ranged dynamic interactions with their surroundings, even in
crowded conditions [31–33], to date, there have been no ex-
perimental studies validating such propositions. The previous
theoretical work based on Langevin dynamics of active dimers
reported implication of particle conformational changes over
the transport properties of the system [33], which is similar to
the experimental observations recorded with enzyme-coated
microparticles in this study. However, to understand the exper-
imental results obtained with passive microparticles in active
enzyme suspensions, new simulations have been performed.
Our results, therefore, promise a distinct shift in paradigm
in molecular biophysics research, whereby localized energy
transduction by enzymes is expected to play a crucial role
in understanding diffusion-mediated intracellular processes.
The catalysis-induced force generation and recovery of par-
ticle diffusion under artificial crowded environment may also
provide newer insights into the reported stochastic motion of
the cytoplasm [42,43], glass transition of cytoplasmic matrix
during metabolism [55,56], dynamics of nanoswimmers [57],
and convective transport in cells [58,59], opening up new
research opportunities in active biomolecular mechanics [60].

II. RESULTS AND DISCUSSIONS

We studied the dynamics of 3 µm polystyrene tracer par-
ticles in different volume fractions of colloidal suspension.
For the preparation of the experimental solution, 10 µL of
the stock solution was serially diluted with DI water (pH
7, resistivity 18.2 M� cm) in the ratio 1:10 in successive
stages. All measurements were performed at room tempera-
ture (25 ◦C). The prepared colloidal sample was inserted into
a custom-built microscopic chamber for the motion study.
Commercially procured glass slides were treated with piranha
solution followed by a thorough wash and dry. A small cir-
cular plastic chamber was then fixed over the glass slide. We
employed optical video microscopy and single-particle track-
ing technique to trace the colloidal particles over the entire
field of view in a quasi-two-dimensional (quasi-2D) condi-
tion. The schematic of the experimental setup, representative
particle suspension images, and trajectory of a tracked particle
are shown in Fig. 1. Experimental videos were recorded using
a Nikon Eclipse Ti2 Inverted Microscope, with an objective
of 60×, 10 frames per second. Videos were recorded for a
typical period of 10 min for passive cases, and 5 min for active
cases. Before recording each video, we waited for a period
of 30 min so that the experimental sample mounted on the
microscope could reach a steady state and become free from
any external perturbations. All frames from each recorded
video were then analyzed and tracked through particle track-
ing codes developed by Crocker and Grier [61]. Mean-squared

FIG. 1. (a) Schematic of the experimental setup for measuring
particle diffusion in quasi-2D geometry (created using BIORENDER).
(b) The captured image of colloidal microparticles of area fraction
φ = 0.03 (dilute regime). (c) Centroid annotated image of colloidal
microparticles of area fraction φ = 0.35 (crowded regime). (d) Tra-
jectory of a colloidal particle generated through particle tracking
protocol.

displacement (MSD) and diffusion coefficient were estimated
using a self-developed code in MATLAB. The results were
plotted and fitted using the software ORIGINPRO to investigate
the dynamic behavior of the suspended tracer particles.

To introduce nonthermal active fluctuations in the system,
urea urease biochemical reaction was chosen. The reaction is
reported to follow Michaelis-Menten kinetics, with the kinetic
parameter values estimated at pH 7 and temperature 38 ◦C
as follows: kcat = 2.34 × 104 s−1 and KM = 3.28 × 10−3 M
[62]. The enthalpy of the reaction has been reported to be
59.6 kJ mol−1 measured in phosphate buffer, at pH 7.5 and
temperature 25 ◦C [23,63]. Enzyme assay was carried out
using UV-Vis spectroscopy, measuring absorbance of the dye
phenol red at 560 nm. Keeping in mind the available exper-
imental time, the concentrations of enzyme and substrate in
the final experimental sample were taken to be 10 nM and
100 mM, respectively, which gave around 300 s reaction time,
at nearly constant reaction rate.

Enzyme functionalization was performed using biotin-
streptavidin linkage chemistry [35]. EZ-Link-Maleimide-
PEG2-Biotin was used to tag urease where the binding
occurred at a pH between 6.5 and 7.5. For confirmation of
enzyme functionalization over the polymer surface, we used
urease tagged with DyLight 488 Maleimide dye (ex/em:
493/518). Finally, the DyLight tagged urease immobilized
microparticles were imaged under fluorescence microscope.
The particles were found to be highly fluorescent, suggesting
sufficient attachment of enzymes over the bead surfaces.

We measured the MSD of 3 µm polystyrene tracer par-
ticles in deionized water for five different area fractions φ,
typically ranging from 0.02–0.38. Maintaining stable particle
area fraction values during the experiments was challenging,
as the particles were in motion. To ensure that the experi-
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FIG. 2. (a) The MSD profiles of microparticle suspensions with-
out activity for different area fractions. The inset shows the same
plots in the log scale. (b) Diffusion exponents α as a function of
log10(�t ), which helped in identifying the short and long time-scale
regimes. The variation of short time-scale diffusion coefficient and
long time-scale diffusion exponent of passive particles for different
area fraction values are shown in (c) and (d), respectively. The area
fractions corresponding to the different bars are A: 0.03 ± 0.01, B:
0.13 ± 0.02, C: 0.21 ± 0.04, D: 0.28 ± 0.03, E: 0.38 ± 0.05. Par-
ticles with φ = 0.35–0.38 did not show any diffusive motion for
the entire range of the time steps used, and as such it has not been
included in (c). The symbols *, **, *** signify the significance levels
of p < 0.05, p < 0.01, p < 0.001, respectively. NS = not significant.

mental measurements were statistically significant, we tracked
hundreds of particles in each data set, performed analysis
using three independent data sets and conducted necessary
control experiments. For low area fractions, particle motion
remained mostly diffusive, whereas at higher values of φ, the
plots showed subdiffusive behavior with gradually decreasing
slopes with increasing time steps [Fig. 2(a)]. Considering the
MSD changes in the log scale [Fig. 2(a), inset], we observed
that for φ � 0.03, the motion of the particles remained dif-
fusive at all time steps. For higher values of φ, until a time
step of 3 s, the particle motion remained diffusive. However,
at intermediate time steps (20–50 s) the particle dynamics
was dominated by the crowding in the system making their
motion subdiffusive in nature. Interestingly, at the highest
area fraction (φ = 0.35–0.38) limit, the particles did not show
any diffusive motion for the entire range of the time steps
used. At sufficiently longer time steps, the particle motion
became diffusive again. To identify short and long time-scale
diffusion coefficients and intermediate subdiffusion regimes
[64,65], we generated log10(MSD/�t ) vs log10(�t ) plots that
are provided in Appendix A. These observations were further
confirmed by calculating d log10(MSD)/d log10(�t ) (which
yielded the corresponding diffusion exponent α) and plotting
it as a function of log10(�t ) [Fig. 2(b)]. For data analysis,
we considered the time intervals �t = 1–3 s as the short
time-scale regime where the motion remained diffusive. The
intervals �t = 20–50 s were chosen as the long time-scale
regime where the crowding effect dominated. The diffusion
coefficients and subdiffusion exponents were calculated from
three independent sets of MSD measurements, under identi-

cal experimental conditions. In dilute particle concentration
limit, the diffusion coefficient of 3 µm polystyrene particles
was measured to be 0.088 µm2/s. However, from the Stokes-
Einstein relation the diffusion coefficient was estimated to be
0.14 µm2/s for the same particle at room temperature T =
25 ◦C in water (viscosity η = 0.001 Pa s). Therefore, the ex-
perimentally measured diffusion coefficient was nearly 37%
less than the expected value for infinite dilution. This could
be explained by considering the effect of the bottom surface
and corresponding hindrance in particle diffusion [66,67].
The negatively charged microparticles could interact with
the negatively charged surface [68,69], and in the presence
of gravity, it might lead to the restricted diffusion of the
former (see Appendix B). We also estimated the increase
in effective viscosity of the particle suspension given by
η(φ) = η0(1 + 2.5φ) [70] and hypothesized that the observed
decrease in the diffusion coefficient at the shorter time-scale
regime was due to the increase in effective viscosity with
higher area fraction φ [Fig. 2(c)]. The supporting calculations
are given in Appendix C, considering Ddilute and ηdilute as
the diffusion coefficient of tracers and solution viscosity at
dilute concentration limit (φ = 0.03). We also hypothesized
that the increased φ resulted in greater degree of caging effect
[71,72] at longer time-scale regimes, resulting in lowering the
subdiffusive exponent α with φ, as observed [Fig. 2(d)]. From
the above results, it became clear that crowding in a colloidal
system could significantly influence both the short time-scale
diffusion coefficients and long time-scale diffusion exponents
of the suspended particles. Importantly, diffusion of species
in two-dimensional systems under crowded environments are
of immense importance due to their potential implications
in cellular transport under confinement and in the dynamics
of membrane proteins. Although the notion of anomalous
diffusion in cells resulting from macromolecular crowding
has been opposed by some researchers [73], several experi-
mental [53,74–76] and theoretical studies [77–80] have been
conducted in this direction confirming the effect of crowding
in facilitating anomalous diffusion in two dimensions. The
onset of anomalous diffusion and the mechanism behind the
behavior crossover have, however, been not understood very
clearly. Specific experimental investigations such as those
conducted by Horton et al. demonstrated onset of anomalous
diffusion of membrane proteins beyond a protein coverage of
5% [76]. Saxton introduced a minimalist model for transport
in cellular membranes, wherein for mobile obstacles over a
two-dimensional lattice, diffusion was shown to be anomalous
over short distances and normal over long distances. The
anomalous diffusion exponent and the crossover length were
found to increase with the obstacle concentration [78]. To
check if enzymatic catalysis could generate sufficient forces
to counter this subdiffusive behavior and restore the diffu-
sive dynamics of the system under crowded conditions, we
performed experiments both with tracers suspended in active
enzyme solutions and high concentrations of enzyme func-
tionalized microparticles in substrate-rich media. A recent
study has demonstrated enhanced propulsion of catalase pow-
ered motor confined within giant unilamellar vesicles [34],
wherein we showed in this study that similar enhancement in
motion could also be realized for passive particles suspended
in active crowded environment. We selected molecules of
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FIG. 3. (a) The MSD profiles of microparticle suspensions for
different area fractions in the presence (wa) and absence (woa) of
free enzyme activity in the system. The variation of short time-scale
diffusion coefficient and long time-scale diffusion exponent of pas-
sive particles in active urease solution, for different area fraction
values of the particles are shown in (b) and (c), respectively. The
area fractions corresponding to the different bars are A: 0.03 ± 0.01,
B: 0.13 ± 0.02, C: 0.21 ± 0.04, D: 0.28 ± 0.03 (without activity)
and A: 0.02 ± 0.01, B: 0.12 ± 0.02, C: 0.17 ± 0.03, D: 0.26 ± 0.03
(with activity). (d) Subdiffusion coefficients Dα at various area frac-
tion values [corresponding to the MSD plots shown in (a)]. The
symbols *, ** signify the significance levels of p < 0.05, p < 0.01,
respectively. NS = not significant.

active urease as nanomotors in our system owing to their
robustness, and high substrate turnover rate at room temper-
ature. As both ensemble and time averages were considered
for MSD calculations, care was taken to fix the reaction rate
that allowed the catalytic reaction to continue for a significant
duration. Also, the enzyme substrate concentrations were cho-
sen in such a manner that ensured sufficient substrate turnover
and generation of nearly constant mechanical forces during
the entire measurement period. Under crowding conditions,
the MSD showed enhanced tracer dynamics in the presence
of enzymatic activity [Fig. 3(a)]. To observe the change in
the diffusive parameters in presence of substrate turnover, we
measured the particle diffusion coefficients at shorter time
scales (1–3 s), and diffusion exponents at longer time scales
(20–50 s) and compared them with those measured in absence
of catalysis. Figure 3(b) shows the diffusion coefficients mea-
sured at different crowding conditions in the presence and
absence of enzymatic activity. The active fluctuations gener-
ated by free enzymes in solution was found to enhance the
tracer diffusion by nearly 7–27 %. Although the exact mecha-
nism of tracer diffusion enhancement is yet to be understood,
it is expected to be due to the mechanical energy transferred
from the active enzymes to the tracers, facilitated by the
media. At longer time-scale regimes, the diffusion exponents
of the particles showed a nearly 1–4 % enhancement, in the
presence of catalytic activity [Fig. 3(c)]. The corresponding
subdiffusion coefficients [81] are given in Fig. 3(d). Diffu-
sion of particles measured in only enzyme and only substrate
solutions did not show such changes. This indicated that in
the presence of force generated due to substrate catalysis, the

FIG. 4. (a) The MSD profiles of enzyme-immobilized micropar-
ticle suspensions for different area fractions in the presence (wa)
and absence (woa) of substrate solution in the system. The vari-
ation of short time-scale diffusion coefficient and long time-scale
diffusion exponent of passive particles functionalized with active
urease, for different area fraction values of the particles are shown
in (b) and (c), respectively. The area fractions corresponding to the
different bars are A: 0.03 ± 0.01, B: 0.13 ± 0.02, C: 0.21 ± 0.04, D:
0.28 ± 0.03 (without activity) and A: 0.03 ± 0.01, B: 0.11 ± 0.03,
C: 0.18 ± 0.04, D: 0.28 ± 0.01 (with activity). (d) Subdiffusion co-
efficients Dα at various area fraction values [corresponding to the
MSD plots shown in (a)]. The symbols *, ** signify the significance
levels of p < 0.05, p < 0.01, respectively. NS = not significant.

particles were able to get themselves freed from the crowding
effects imposed by their neighbors and displayed enhanced
diffusive dynamics. To confirm that the free enzymes did not
adsorb over the polymer bead surface during experiments and
influenced their propulsion, we also performed experiments
with microparticles coated with a thin layer of bovine serum
albumin (BSA), which also showed similar enhancement in
particle motion during catalysis. It was also noted that upon
complete depletion of the substrate in the experimental cham-
ber, both the tracer diffusion at short time-scale regime and
diffusion exponent in the long time-scale regime decreased
again, like in passive crowded suspensions, indicating that
the particles started feeling the effect of crowding in absence
of the force generated by the enzymes. Like molecules of
free enzymes, microparticles coated with immobilized active
enzymes have also been reported to behave as motors and
display nontrivial collective dynamics [35]. Instead of us-
ing free enzyme molecules as mechanical energy sources to
counter the effect of crowding, we used an assembly of urease
functionalized active microparticles and investigated if dur-
ing substrate turnover, the particles could generate forces to
overcome their mutual crowding effects. Although theoretical
analysis performed earlier suggested such a possibility [33],
to the best of our knowledge, it has not yet been demon-
strated experimentally. Like passive microparticles suspended
in active enzyme solution, the recovery of diffusive dynam-
ics was also observed with active microparticles in different
crowding conditions. The microparticles were functionalized
with active urease enzymes using biotin streptavidin linkage
chemistry. Diffusion studies were performed using different
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area fractions of particles that corresponded to different de-
grees of crowding. Figure 4(a) shows the MSD plots of the
particles while Figs. 4(b) and 4(c) show the short time-scale
diffusion coefficients and long time-scale diffusion exponents
measured at different area fractions. Clearly, like the parti-
cle in active enzyme suspensions, the enzyme functionalized
particles were able to generate sufficient mechanical forces,
overcome the effect of crowding to a significant degree, and
restore their diffusive dynamics. In case of enzyme-coated
particles, the short time-scale diffusion coefficients was found
to get enhanced by approximately 20–40 % in the presence
of substrate catalysis, while the long time-scale diffusion
exponents increased by nearly 2–7 %. The corresponding
subdiffusion coefficients are given in Fig. 4(d). From the
experimental results, we therefore concluded that substrate
catalysis by active enzyme molecules generated sufficiently
large forces that could influence the dynamics of their sur-
roundings under artificial crowded conditions. The effective
viscosity estimated at the short time-scale regime due to
crowding was found to be in the range of cytoplasmic viscos-
ity [51,82]. The enhanced diffusion of particles observed at
this time-scale regime indicated that the force generated due
to catalytic turnover was able to lower the effective viscosity,
thereby enhancing the particle propulsion.

III. NUMERICAL STUDIES

To understand the diffusion enhancement of passive tracers
by the active enzymes as shown in Fig. 3 from the microscopic
viewpoint, we considered a two-dimensional model composed
of disk-shaped tracers surrounded by dumbbell-shaped
particles [Fig. 5(a)]. The catalytic enzymes changed their
shape due to the binding of substrate and returned to the
original configuration after the reaction. As the simplest
approximation for the changes in the enzymes’ conformation,
we modeled them as dumbbells cyclically changing their
shape. Hereafter, the dumbbell-shaped particles are called the
dimers. The mathematical formulation corresponding to the
tracer dynamics in active dimer suspension is as follows. In

FIG. 5. (a) Snapshot of the suspension composed of the tracer
(pink particles) and the dimers (light blue particles connected by
yellow bonds). (b) Trajectories of the tracer particles. A spread out
(compact) trajectory are observed in the case for the lower (higher)
area fraction with (without) activity, which reflects the magnitude of
caging effect. The spatial scales for four panels are common.

our model, the Langevin dynamics of the center positions of
the tracer particles Ri and the beads consisting of the dimer
r(n)

j with excluded volume effect were considered, where
i(= 1, . . . , M ), j(= 1, . . . , N ), and n(= 1, 2) indicated the
indices for a tracer, dimer, and bead consisting the dimer,
respectively. The dynamics of the tracer particles were
governed by the following overdamped Langevin equation:

dRi

dt
= −μt

∂U

∂Ri
+ ξt,i(t ) (1)

where μt was the mobility. The term ξt,i was the thermal
noise, which satisfied 〈ξt,i,α (t )〉 = 0 and 〈ξt,i,α (t )ξt, j,β (s)〉 =
2μt kBT δi jδαβδ(t − s) (α, β = x, y). The function U denoted
the potential reflecting the excluded volume effect of particles

U = 1

2

N∑
i=1

N∑
j( �=i)=1

2∑
m=1

2∑
n=1

u
(∣∣r(m)

i − r(n)
j

∣∣; 2r0
)

+ 1

2

M∑
i=1

M∑
j( �=i)=1

u(|Ri − R j |; 2R0)

+
N∑

i=1

M∑
j=1

2∑
m=1

u
(∣∣r(m)

i − R j

∣∣; r0 + R0
)

(2)

where

u(r; ρ0) =
{

u0(ρ0 − r)2, (r < ρ0)

0, (r > ρ0)
(3)

Here, R0 and r0 were the radii of the tracer and the bead
consisting the dimers, respectively. Thus, the first term in
the right-hand side of Eq. (1) represented the repulsive force
during particle collision. In the same way, the dynamics of
the dimer were given by the following over-damped Langevin
equation:

dr(n)
i

dt
= −μ

∂Ei

∂r(n)
i

− μ
∂U

∂r(n)
i

+ ξ
(n)
i (t ) (4)

where μ was the mobility. The term ξ
(n)
i was the thermal

noise, which satisfied 〈ξ (m)
i,α (t )〉 = 0, 〈ξ (m)

i,α (t )ξ (n)
j,β (s)〉 =

2μkBT δmnδi jδαβδ(t − s). It should be noted that the particle
mobilities hold the relation μ = R0μt/r0 from the Stokes’
law. The first term in the right-hand side of Eq. (4) expressed
the force between the beads composing a dimer, where

Ei(t ) = k

2

(∣∣r(1)
i − r(2)

i

∣∣ − �i(t )
)2

(5)

In the numerical calculations, we compared two cases: one
is that the length of the dimer, �i(t ), changed in time, which
corresponded to the conformation changes in the enzymes.
Specifically, it changed as follows:

�i(t ) = �0 + �1 sin ψi(t ) (6)

dψi

dt
= ω + ζi(t ) (7)

where ζi(t ) was the white Gaussian noise with 〈ζi(t )ζ j (s)〉 =
2ηδi jδ(t − s). The phase ψi had no correlation among
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FIG. 6. (a) Variation of MSD against time interval �t . The MSD
plots recorded in the presence of dimer activity are almost super-
imposed over one another. The straight line (dotted line) indicates
the theoretical estimation for the case without any collision. (b) De-
pendence of diffusion coefficient D on the area fraction and activity.
(c) The derivative of log10(MSD) plotted against log10(�t ). The
cases with the area fraction φ = 0.4 are exemplified. (d) Subdiffusion
exponent α depending on the area fraction φ. In (b) and (d) the area
fractions are A: 0.4, B: 0.4125, C: 0.425, D: 0.4375, E: 0.45.

the dimers, which represented that the catalytic reactions
occurred incoherently.

In our model, a single dumbbell dissipated energy

E = πωk2μ�1
2

k2μ2 + ω2
(8)

during a period of the shape change [33]. As seen in Eq. (8),
the energy dissipation is a monotonically increasing function
of the amplitude �1 of the conformational change, and thus
we considered �1 as the parameter that tuned the activity of
the system.

The spatial scale was normalized by the bead radius
comprising a dimer, r0. The radius of the tracer particle was
R0 = 3, and the dimer’s natural length was �0 = 1.5. The time
was scaled by the damping of the bead consisting of a dimer,
i.e., μ = 1. Other parameters were set to be u0 = 1, k = 1,
ω = 0.1, kBT = 0.01, and η = 0.1. The amplitude of the
oscillation was set to be �1 = 1 and 0, which corresponded
to the active and nonactive cases, respectively. The area
fraction of dimer was fixed to be 0.5, and that of tracer
particles was changed as 0.4, 0.4125, 0.425, 0.4375, and 0.45.
By increasing the area fraction, the trajectory of the tracer
particle became increasingly compact, while the activity made
the trajectory broader, as shown in Fig. 5(b). To elucidate this
further, the MSDs of the tracer particles as a function of time
intervals were obtained by averaging over all tracer particles.
As seen in Fig. 6(a), the MSDs became smaller for larger
area fractions of tracer particles in the absence of any dimer
activity. The diffusion coefficient determined by the MSD at
�t = 1 is shown in Fig. 6(b). Since the diffusion coefficient
should coincide with Dtheory = μt kBT = 10−2/3 for the limit
of �t → 0, the crowding effect already appeared at �t = 1.
To check the subdiffusion regime, the local gradient of MSD,

f (�t ) = d[log10 (MSD(�t ))]/d (log10 �t ) was checked.
The examples of f (�t ) are plotted in Fig. 6(c), which are
qualitatively similar to the experimental results in Fig. 2(b).
The subdiffusion exponent was determined by the gradient of
MSD at �t = 103, since the characteristic time scale at which
the subdiffusion regime appeared was around �t = 103

[Fig. 6(a)]. As shown in Fig. 6(d), the subdiffusion exponent
α estimated in the presence of activity always exceeded that
estimated without dimer activity. Moreover, the subdiffusion
exponent was a decreasing function of the area fraction of
tracer particles for nonactive cases. Such a trend was quali-
tatively similar to the experimental results. The experimental
and simulated subdiffusion regimes were identified from the
log10(MSD/�t ) vs log10(�t ) plots that are shown in Fig. 7,
Appendix A. Simulations were performed over an extended
range of particle area fractions, including those used in exper-
iments, which yielded similar behavior (Fig. 8, Appendix D).
From the numerical results, we asserted that the conformation
changes in the enzymes was essential in deciding the dy-
namics of tracer particles in active crowded suspensions. The
experimentally measured and numerically estimated relative
diffusion parameters are given in Figs. 9–11, Appendix E.

IV. CONCLUSIONS

In summary, we demonstrate that the force generated by
enzymes during substrate turnover is sufficiently strong to
influence the dynamics of their surroundings, under artifi-
cially crowded environments. These observations have several
important implications and offer opportunities to investigate
the consequences of biomolecular activities over transport,
assembly, and organization of components under crowded
intracellular environments.
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APPENDIX A: OBSERVATION OF SUBDIFFUSIVE
DYNAMICS OF PARTICLES AT DIFFERENT AREA

FRACTION VALUES

To observe the subdiffusive dynamics of particles under
crowded conditions, we plot the variation of log10(MSD/�t )
against log10(�t ), for different area fractions as shown in
Fig. 7. The subdiffusive regimes in these plots are char-
acterized by a decreasing slope with increasing time steps,
gradually leveling off to zero [64,65].
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FIG. 7. (a) Variation of log10(MSD/�t ) against log10(�t ) with
different area fractions of the passive tracers in the experimental
system. (b) Numerically estimated plots of log10(MSD/�t ) against
log10(�t ). The area fraction φ of the tracers are shown in the
figure legend. The dimers in the simulations are considered to be
inactive.

APPENDIX B: HINDERED DIFFUSION OF PARTICLES
NEAR THE BOTTOM SURFACE OF THE EXPERIMENTAL

SAMPLE CHAMBER

The experimentally measured diffusion coefficient of
3 µm polystyrene particle was nearly 37% less than that
predicted by the Stokes-Einstein relation. This could be
explained by considering the effect of the bottom surface and
corresponding hindrance in particle diffusion [66,67]. The
negatively charged microparticles interacted with the bottom
surface, which also had a negative surface charge (due to the
dissociation of terminal silanol groups) [68,69]. Therefore,
near the bottom surface of the experimental chamber, the
microparticles were influenced by the combined effects of
gravitational, van der Waals, and Coulomb interactions, which
helped in stabilizing them at a certain height, with a diffusion
coefficient determined by the separation of the microparticles
from the bottom of the chamber h and their radius r.
Faucheux et al. [67] estimated this hindered diffusion using
the dimensionless length scale parameter γ = (h − r)/r.
With h ∼ 5 µm and r = 1.5 µm, this gave the estimated
hindered diffusion value in our case to be 0.093 µm2/s, which
matched well with our experimental results.

APPENDIX C: EFFECTIVE VISCOSITY AND RELATIVE
DIFFUSION OF PARTICLES AT DIFFERENT AREA

FRACTION VALUES

The table below illustrates that as the area fraction (φ) of
particles increases, the effective viscosity of the system also

Area fraction (φ)

Diffusion
coefficient (D)

(µm2s−1)

Relative
diffusion

coefficient
(Ddilute/D)

Ddilute/D =
η/ηdilute =
1 + 2.5φ

0.03 0.088 1 1.08
0.16–0.20 0.065 1.35 1.45
0.21–0.25 0.054 1.63 1.58
0.28–0.33 0.050 1.76 1.75

increases. Here, Ddilute and ηdilute represent the diffusion co-
efficient of tracers and the solution viscosity at dilute particle
concentration limit (φ = 0.03).

APPENDIX D: SIMULATED DEPENDENCE OF DIFFUSION
DYNAMICS OF THE PARTICLES ON THEIR AREA

FRACTIONS AND THE ACTIVITY OF THE SYSTEM

In experiments, the number of the enzymes was relatively
much higher than the number of tracer particles. It was there-
fore challenging to simulate the systems including dimers
(enzymes) and tracer particles with similar number ratios.
However, if the enzymes, by actively changing their shape
exert an exclusive force on a tracer particle by multiple colli-
sions, within a certain short time range, this could be replaced
with a single collision, though it is difficult to estimate the
magnitude of the force involved in such a process. Therefore,
for the numerical simulations, we focused on capturing the
qualitative essence of the anomalous diffusion observed in
the experiments and considered a size ratio of the dimer to
the tracer particle, different than that in the actual system. The
parameters were set so that the effect of activity in enzymes
can be observed clearly. The number density of particles
was also assumed higher in simulations compared to that
in experiments. We, however, confirmed that for the entire
particle density range used, we obtain qualitatively the same
behavior for diffusion coefficients and exponents similar to
that observed in the experiments. The diffusion coefficients
and the subdiffusion exponents were decreasing function of
the area function, the values of which in the presence of
dimer activity always exceeded that for the nonactive cases as
shown in Fig. 8.

FIG. 8. Numerical results for the wide range of the area fraction
of the tracers. (a) The short time-scale diffusion coefficient and
(b) long time-scale diffusion exponent values are shown. In the
results and discussion section above, the data shown in the red boxes
are included. Importantly, diffusion coefficient and exponent values
estimated at lower area fractions of tracers show similar variations as
that observed in experiments.
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FIG. 9. (a) Relative diffusion coefficients at short time-scale
regimes and (b) relative diffusion exponents at long time-scale
regimes of passive tracers in active urease suspension at different
area fraction values. The measured area fractions for passive cases
are A: 0.03 ± 0.01, B: 0.13 ± 0.02, C: 0.21 ± 0.04, D: 0.28 ± 0.03,
and those for the active cases are A: 0.02 ± 0.01, B: 0.12 ± 0.02, C:
0.17 ± 0.03, D: 0.26 ± 0.03.

APPENDIX E: EXPERIMENTALLY MEASURED
AND NUMERICALLY ESTIMATED RELATIVE DIFFUSION

COEFFICIENTS AND SUBDIFFUSION EXPONENTS
OF PARTICLES

Case 1: For passive microparticles in active urease suspen-
sion (Fig. 9).

Case 2: For urease coated microparticle suspension in
substrate-rich media (Fig. 10).

Case 3: For disk-shaped tracers in a population of active
dimers (Fig. 11).

FIG. 10. (a) Relative diffusion coefficients at short time-scale
regimes and (b) relative diffusion exponents at long time-scale
regimes of enzyme functionalized micro particles at different area
fraction values. The measured area fractions for passive cases are
A: 0.03 ± 0.01, B: 0.13 ± 0.02, C: 0.21 ± 0.04, D: 0.28 ± 0.03, and
those for the active cases are A: 0.03 ± 0.01, B: 0.11 ± 0.03, C:
0.18 ± 0.04, D: 0.28 ± 0.01.

FIG. 11. (a) Relative diffusion coefficients at the short time-
scale regimes and (b) relative diffusion exponents at long time-scale
regimes calculated through numerical simulations. The area fractions
corresponding to the different bars are A: 0.4, B: 0.4125, C: 0.425,
D: 0.4375, E: 0.45.
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