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Rheological implications of embedded active matter in colloidal 
gels 
Megan E. Szakasits,*a Keara T. Saud,b  Xiaoming Mao,c  and Michael J. Solomona 

Colloidal gels represent an important class of soft matter, in which networks formed due to strong, short-range 
interactions display solid-like mechanical properties, such as a finite low-frequency elastic modulus. Here we examine the 
effect of embedded active colloids on the linear viscoelastic moduli of fractal cluster colloidal gels. We find that the 
autonomous, out-of-equilibrium dynamics of active colloids incorporated into the colloidal network decreases gel 
elasticity, in contrast to observed stiffening effects of myosin motors in actin networks. Fractal cluster gels are formed by 
the well-known mechanism of aggregating polystyrene colloids through addition of divalent electrolyte.  Active Janus 
particles with a platinum hemisphere are created from the same polystyrene colloids and homogeneously embedded in 
the gels at dilute concentration at the time of aggregation.  Upon addition of hydrogen peroxide – a fuel that drives the 
diffusiophoretic motion of the embedded Janus particles – the microdynamics and mechanical rheology change in 
proportion to the concentration of hydrogen peroxide and the number of active colloids. We propose a theoretical 
explanation of this effect in which the decrease in modulus is mediated by active motion-induced softening of the inter-
particle attraction.  Furthermore, we characterize the failure of the fluctuation-dissipation theorem in the active gels by 
identifying a discrepancy between the frequency-dependent macroscopic viscoelastic moduli and the values predicted by 
microrheology from measurement of the gel microdynamics. These findings support efforts to engineer gels for 
autonomous function by tuning the microscopic dynamics of embedded active particles.  Such reconfigurable gels, with 
multi-state mechanical properties, could find application in materials such as paints and coatings, pharmaceuticals, self-
healing materials, and soft robotics.

Introduction
Active matter is common in nature; examples include the 

flocking of birds, the swarming of bacteria, or the contraction 
of actin filaments in the cytoskeleton1–3. There has been recent 
interest in developing synthetic active particle systems on the 
nano and colloidal scale for applications such as drug delivery, 
sensors, or soft robotics4,5. At a single particle level, active 
motion leads to self-propulsion of the particle6. There are 
several mechanisms for generating active motion, such as 
light, electric fields, or chemical potential gradients4,5,7. A 
frequently used active particle system is the self-
diffusiophoretic transport of platinum coated Janus colloids 
that are activated by hydrogen peroxide6.  Platinum catalyzes 
the decomposition of hydrogen peroxide (H2O2) into H2O and 
O2; the decomposition generates a concentration gradient 
around the particle because of its Janus feature.  This local 
concentration gradient leads to self-propulsion.

When used in self-assembly, active motion can create 
dynamic and reconfigurable structures that are inaccessible to 
purely Brownian suspensions. Active motion has been used to 
make living crystals comprised of dynamic aggregates that can 
be manipulated through light and magnetic fields1,2. 
Combining particle anisotropy with active motion leads to 
more complex assemblies such as the rotating crystalline 
phases formed from rotating gear-like particles8. Furthermore, 
mixtures of active and passive particles have produced 
phenomena such as phase separation9, coherent clustering10,  
and the formation of transient lanes11.  Active motion can also 
be used to alter the equilibrium structures formed by passive 
particles.  For example, it can enhance crystallinity by 
increasing the mobility of particles at grain boundaries, which 
promotes annealing12.

Less work has focused on the effects of active motion on 
the rheology of colloidal suspensions.  The mechanical 
response of active bacterial suspensions has been 
studied3,13,14.  Adding a small fraction of active bacteria (ϕ ~ 10-

3) to water caused no change in the solution viscosity despite 
super-diffusive behavior of the bacteria, as characterized 
through one and two-point microrheology14.  However, 
measurements of higher concentrations of bacteria showed a 
decrease in viscosity due to activity13.  
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In addition, actin gels activated by myosin motors and 
adenosine triphosphate (ATP) have been studied 15,16. In these 
systems, the addition of activity leads to an increase in the 
modulus of the gel network. The explanation for the observed 
behavior is that myosin motors apply an internal, isotropic 
stress (i.e. tension) to the actin network.  This internal tension 
causes the actin network to become more rigid 15. 

Activity is a promising method to alter the rheology of 
colloidal assemblies or to create materials with dynamic or 
reconfigurable mechanical properties17. Here, we investigate 
the effects of active motion on the rheology of colloidal gels. 
Colloidal gels are a state of soft matter characterized by 
attractively bonded particles immobilized in a network18,19. 
Gels have useful rheological properties, such as low-frequency 
linear elasticity and a yield stress20,21. Controlling these 
properties is important to industrial applications of gels 
including their use in food, paints and coatings, as well as in 
pharmaceutical products and agricultural formulations20,22,23.   
The specific type of colloidal gel we study here are fractal 
cluster gels, produced by slow aggregation of dilute 
concentrations of polystyrene latex.  These gels are good 
approximations of commercial materials; well-tested theory 
that relates gel microstructure, dynamics, and macroscopic 
rheology is available for fractal cluster gels19,24,25. 

Active particles embedded within colloidal gels could allow 
for the creation of gels with multi-state mechanical properties 
through addition and depletion of the active component. 
Previous research has shown that active particles embedded 
within colloidal gels increase the microscopic dynamics of the 
gel network26,27.  At least for a fully passive (Brownian) system, 
such an increase in dynamics would induce a decrease in the 
elastic modulus of the gel24.  This connection arises because 
the mean squared displacement of particles in the gel is 
related to its modulus through a generalized Stokes-Einstein 
equation.  However, the use of this equation to relate 
dynamics to mechanical properties assumes that the system 
obeys the fluctuation-dissipation theorem, in which the energy 
imparted to a particle through Brownian fluctuations is 
dissipated through viscous drag forces28. Because active 
motion is out of equilibrium, there is no expectation that 
colloidal gels with active colloids obey the fluctuation 
dissipation theorem; in fact, failure of the fluctuation 
dissipation theorem have been previously reported in active 
actin gels15. 

In this work, we introduce active motion into colloidal gels 
and explore how activity affects the rheology of the gel 
network.  We characterize the microdynamics and rheology of 
passive gels (comprised solely of Brownian particles) and 
active gels (comprised principally of Brownian particles with a 
small fraction of embedded active Janus colloids). We find the 
addition of active motion leads to a decrease in both the 
elastic and viscous modulus of the gel. We characterize the 
change in the modulus as a function of the active energy input, 
which is controlled by the ratio of active to passive particles 
and the concentration of hydrogen peroxide.  We generate 
theoretical understanding of the modulus decrease by 
exploring active-motion induced softening of the spring 

constant of a pair bonds of the network; this spring constant 
controls the gel elastic modulus.  We confirm the failure of the 
fluctuation-dissipation theorem by comparing the measured 
microdynamics to mechanical rheology through the 
generalized Stokes-Einstein equation.

Materials and methods
Preparation of colloidal gels

Gels were self-assembled by addition of 64 mM MgCl2, a 
divalent salt that induces slow aggregation, to an initially 
stable suspension of Janus and polystyrene colloids (1.0 ± 
0.031 μm carboxylate modified polystyrene microspheres, 
purchased from Thermo Fisher Scientific). Janus particles were 
synthesized by spin coating the polystyrene colloids onto 
cleaned glass slides and depositing a 10 nm platinum layer on 
one side of the particle through physical vapor deposition29. 
Particles were removed from the slide and washed with DI 
water three times. Gels were suspended in a density-matched 
solvent of D2O and H2O through bath sonication. Janus colloids 
were activated by addition of hydrogen peroxide (H2O2), which 
was added at the time of self-assembly. We then added MgCl2 
solution to initiate gelation of the polystyrene and Janus 
colloids and vortex mixed the solution to uniformly mix the 
H2O2 and MgCl2. An anti-foam chemical (Xiameter 1410, Dow 
Chemical) was used to suppress formation of oxygen bubbles 
from decomposition of H2O2 

30,31. 
Special care was taken to ensure a uniform distribution of 

Janus colloids within the gel network by balancing 
sedimentation of the Janus colloids and gelation time. To 
minimize the effects of sedimentation, we deposited a thin 
layer of platinum onto the Janus colloids to lower their 
density. We also control the gelation time of the polystyrene 
colloids through the concentration of MgCl2 solution. We 
confirmed uniformity of the Janus colloid distribution in the gel 
by measuring their relative frequency as a function of the axial 
height.

The activity of the Janus colloids was characterized by 
direct measurement of their active dynamics as free particles 
(cf. SI Fig 1a).  The active energies, characterized from the 
magnitude of the free active colloid velocity following the 
formulation of the swim pressure described by Takatori et 
al.32, are listed in SI Fig1b.

Confocal microscopy imaging of gel structure and dynamics

Gel structure and dynamics were imaged with a confocal 
laser-scanning microscope (Nikon A1Rsi, NA = 1.4, 100x 
objective). The imaging device was an 8 well chamber slide 
(purchased from Thermo Fisher Scientific). Two channels were 
used to image the fluorescent polystyrene (561 nm) and 
reflective platinum coatings (488 nm). Dynamic measurements 
were collected at a frame rate of 15 fps at 5 locations within 
the sample spaced 100 μm apart in the shape of a cross. Time 
series were processed using Trackpy, a Python implementation 
of the Crocker and Grier algorithm33,34.  The pixel size was 83 
nm for time series images and 124 nm for 3D volumes; the 

Page 2 of 13Soft Matter



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust marginsSensitivity: Business Internal

image size was 512 x 512 pixels and the number of slices in the 
3D volumes was ~ 200.  Gel structure was characterized in 
three dimensions using a python implementation of a 
watershed image analysis algorithm35.  The uniform spatial 
distribution of Janus colloids in the gels was confirmed by 
calculating the distribution of Janus particles as a function of 
height above the coverslip. The static error in the dynamics 
measurements is 15 nm, as determined by the method of 
Savin and Doyle36.

Rheological characterization of gels

Rheological measurements were performed with an Anton 
Paar MCR 702 rheometer. Passive gel rheology was 
characterized using a 50 mm stainless steel parallel plate with 
Peltier temperature-controlled plate and hood. Samples were 
quickly loaded onto the rheometer after the addition of MgCl2 
solution to allow quiescent gelation of the polystyrene 
colloids. This sample loading time (2-3 minutes) is much 
shorter than the gelation time of the polystyrene colloids (15-
20 minutes). To measure active gel rheology, special care is 
taken to suppress foaming of the suspension due to bubbles 
generated by the platinum-catalyzed decomposition of H2O2, 
SI Fig 2-3.  We address this requirement by attaching 
polydimethylsiloxane (PDMS) films of thickness ~ 1.5 mm to 
the steel plates of the rheometer tooling, SI Fig 2. These PDMS 
films have high oxygen permeability; they were found to 
prevent nucleation and growth of oxygen bubbles during 
active gel measurements37, by acting as a sink for oxygen 
products. 

PDMS films are made by mixing a 10:1 ratio of polymer to 
crosslinker (Dow Sylgard 182 or 184) and cured at 100°C for 4 
hours in a Teflon mold 37. The PDMS is attached with epoxy 
(Devcon 2 ton epoxy) to sandpaper with adhesive backing. To 
ensure the uniform spreading of the PDMS, a 4 kg weight is 
applied during the setting period of the epoxy. The epoxy is 
cured for at least one hour and the PDMS-sandpaper film is 
attached to the steel rheometer fixtures. We compare the 
accuracy of the PDMS coated plates to traditional stainless 
steel plates by measuring a frequency sweep with a solution of 
4.0 wt. % polyethylene oxide (PEO, Polysciences Inc. MW = 
106) in water, SI Figure 4, and find no significant discrepancy 
between the fixtures coated with PDMS film and the standard 
stainless steel fixtures.
 The temperature of all rheological measurements is 20°C.  
The strain amplitude for measurements is 0.003, confirmed to 
be in the linear regime (cf. Figure 2c and Figure 6) for both 
passive and active gels. We characterize the rheology of the 
passive gel with a 50 mm stainless steel fixture at a gap of 500 
μm. We performed a gap study and found there are no 
significant gap effects above 500 μm, SI Figure 5. We chose to 
use a gap of 500 um to conserve sample material. A 
sandblasted (rough) steel fixture was used to confirm the 
absence of slip in the experiments of this study, SI Figure 6. 

We estimate the lower stress limits of the rheometer 
through two methods: 1) experimentally through oscillatory 
strain sweeps and 2) calculated from the lower torque limit of 
the rheometer. We performed oscillatory strain sweeps with 

PEO solutions at 1.0, 2.0, and 4.0 wt. % to determine the lower 
stress/strain limits of the rheometer, SI Figure 7. At the strain 
amplitude used for all rheology measurements (γ = 0.003), the 
lowest resolvable elastic modulus is G’ = 0.01 Pa. We also 
calculate the lowest resolvable modulus from the minimum 

torque of the rheometer,  = 0.02 Pa, where T is the 𝐺 =
2𝑇

𝜋𝑅3𝛾
lower torque limit, R is the radius of the plate, and γ is the 
strain amplitude38. Both methods give similar estimates of the 
lowest resolvable modulus.  All data reported in this 
manuscript are at or above limits calculated from both 
methods. 

Frequency-dependent microrheological characterization

The mean-squared displacement (MSD) of all particles in 
the gel was computed from particle trajectories, as 
determined by Trackpy33.  We use the generalized Stokes-
Einstein equation to compute the linear viscoelastic storage 
and loss moduli, G’(ω) and G”(ω) respectively.  They are 
extracted from a Fourier transform of the MSD following 
methods described in Dasgupta et al39. Microrheological 
measurements were compared to small amplitude oscillatory 
shear measurements performed with mechanical rheology.  
These measurements were performed after the gel had 
equilibrated quiescently in the rheometer for 15 minutes.

Results
Fractal cluster structure of active gels

The gels are self-assembled with a dilute fraction of 
platinum-coated Janus colloids dispersed uniformly in them; 
the Janus particles are activated by the presence of hydrogen 
peroxide (H2O2).  Figure 1 compares a projection of the 3D 
structure of these active gels to gels without incorporated 
Janus particles – what we refer to as passive gels.  The gels are 
imaged with a 10x, 40x, and 100x microscope objective at a t = 
60 minutes after the initiation of gelation. At large 
magnification levels (100x), the fractal structure of the gel is 
present in both the passive and active gels. As the 
magnification is decreased, the gel structure in both cases 
appears progressively more uniform and fluid-like, consistent 
with the transition from fractal to cluster structure in these 
gels at increasing scales40.  

To quantify the gel structure, we calculate the fractal 
dimension, df, and average cluster size, Rc, from 
measurements of the radial distribution function, g(r)41,42. 
Specifically, the fractal dimension of the passive gels is df = 1.8 
± 0.1, and their cluster size is Rc = 19 ± 5 μm.  The fractal 
dimension of the active gels is df = 1.9 ± 0.1 and average 
cluster size is Rc = 21 ± 7 μm. We compare p values obtained 
from 2 sample T-tests and find the differences in df (p = 0.29) 
and Rc (p = 0.71) between active and passive gels are not 
statistically significant.  In both active and passive gels, df is 
approximately 1.8, consistent with previously reported values 
for gels formed through diffusion limited cluster 
aggregation24,25.
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We observe that the introduction of the active Janus 
particles during gelation does not significantly affect the large-
scale microstructure of the gel.  In our experiments, phase 
separation is not observed, as seen in previous studies of 
mixtures of active and passive colloids9. This difference is likely 
due to the attractive forces that drive gelation dominating; 
these strong and short-range interactions drive the formation 
of a frozen microstructure with active particles uniformly 
distributed throughout the cluster structure. Recent work from 
Omar et. al., studied the effects of embedding active colloids 
within a gel while varying the swim force. In their simulations, 
they found that at lower active energies, the embedded active 
particles are unable to alter the gel structure27. 

Macroscopic rheology of passive fractal gels

Figure 2 shows the values of the elastic (G’) and viscous 
(G”) moduli as a function of time, frequency, and strain for a 
fractal cluster gel comprised of purely passive particles. 
Transient measurements were performed at a fixed frequency 
ω = 1.0 rad/s and strain γ = 0.003. We find that G’ and G” 
reach quasi-steady states value of G’ = 0.15 ± .08 Pa and G” = 
0.13 ± 0.06 Pa at t ~ 20 minutes. Colloidal gels of this kind 
undergo aging; however, the time scale for our experiments (t 
= 15-60 min) is shorter than the timescales for aging (t ~ 
several days)43. The strain sweep in Figure 2c shows that the 
linear regime of the gel structure persists until a strain 
amplitude of γ ~ 0.01. The transition from linear to non-linear 
rheological behavior is consistent with previous studies of 
colloidal gels, where the onset of nonlinearity is a 
consequence of bond breaking21,44. 

The addition of H2O2 to the passive gels stiffens the 
network by a factor of about 40% (c.f. SI Fig 8), resulting in G’ = 
0.5 ± 0.2 Pa and G” = 0.3 ± 0.2 Pa.  Such gel stiffening in the 
presence of H2O2, a strong oxidizer, has been previously 
reported and described as the modest consequence of its 
physical chemical effect on the pair potential interaction 
between the colloids26. To account for the effects of H2O2 
stiffening the passive gel network, we compare active gels to 
passive gels with H2O2 included, consistent with previous 
approach26. 

Macroscopic rheology of active fractal gels

Active gel rheology was characterized using the PDMS-
modified rheometer fixtures. Figure 3 shows a) G’ and b) G” as 
a function of time for H2O2 concentrations varying from 5% to 

10% and for a ratio of active to passive particles at  = 0.12.  
𝑁𝑎𝑐𝑡𝑖𝑣𝑒

𝑁𝑡𝑜𝑡𝑎𝑙

We find that the introduction of activity causes a decrease in 
both G’ and G” when compared to gels comprised of purely 
passive particles. The linear viscoelastic moduli furthermore 
decrease with increasing concentration of hydrogen peroxide.  
The amount of decrease is significant, with a factor of 8.5 drop 
in modulus relative to the passive gel observed at the highest 
H2O2 concentration studied.  Measurements in Figure 3c were 
acquired 30 minutes after the initiation of gelation; the full 
range of H2O2 concentrations studied is plotted in SI Figure 10. 
The modulus measured at the highest concentration of 

hydrogen peroxide (G’ ~ 0.04 Pa) is still greater than the lowest 
resolvable modulus determined from instrument sensitivity 
measurements (SI Figure 11).  There is some variability in the 
monotonically decreasing trend apparent at low H2O2 
concentrations.

To observe the effect of Janus particle fraction on the 
modulus change, the concentration of hydrogen peroxide is 
fixed at 2.5% and the active to passive particles ratio varied 
from 0.05 to 0.14, as reported in Figure 4.  Increasing the 
abundance of active particles in the gel also leads to a 
progressively greater decrease in the elastic modulus of the gel 
network; there is one data set that does not follow the 

decreasing trend (  = 0.12).  Although anomalous, this data 
𝑁𝑎𝑐𝑡𝑖𝑣𝑒

𝑁𝑡𝑜𝑡𝑎𝑙

set is included in the subsequent analysis and modelling.
We note that because a chemical fuel (H2O2) drives the 

active motion and modulus decrease, the observed effect of 
activity is expected to decline as that fuel is consumed.  
However, given estimates of H2O2 decomposition kinetics on 
platinum, the number of Janus particles, and the surface area 
of platinum on the particles, the depletion of the fuel should 
occur at times ~ 105 s, 6,45,46 well outside the timescale of the 
measurements reported here.    

Macroscopic rheology as a function of the active energy

To generalize our results to any active particle system – 
and not specifically to one in which the activity is generated by 
platinum-catalyzed decomposition of hydrogen peroxide – we 
plot the modulus as a function of the energy of the active 
colloids, EA. The energy of an active colloid is taken as:  𝐸𝐴 =
ξVl, where ξ is the hydrodynamic drag, V is its velocity, and  is 𝑙
the run length of an active particle, given by . The 𝑙 =  𝜏𝑅𝑉
active particle run length is a function of V and the Brownian 

reorientation time, , where η is the viscosity of the 𝜏𝑅 =
8𝜋𝜂𝑎3

𝑘𝐵𝑇
solvent and a is the particle radius26,32. This energy 
characterizes the energy dissipated during the ballistic motion 
of the particle over the time scale where the particle 
orientation randomly changes.  Over the range of H2O2 
concentrations used in this study, we find that each active 
particle engages in dynamics equivalent to an energy that is 3 
– 9 times greater than the thermal energy (cf. SI Figure 1b). 
This approach has been previously applied to characterize the 
microdynamics of active gel networks26. 

To account for the joint effects of the ratio of active 
colloids and the H2O2 concentration, we plot G’ and G” as a 
function of , where  are the number (𝑋𝐴𝐸𝐴 + 𝑋𝑃𝐸𝑃)/𝐸𝑃 𝑋𝐴, 𝑋𝑃

fraction of particles which are active or passive ( ), 𝑋𝐴 + 𝑋𝑃 = 1
and  is the thermal energy which characterizes 𝐸𝑃 = 𝑘𝐵𝑇
fluctuations of the passive particles.  The combination (𝑋𝐴𝐸𝐴

 represents a weighted average of energy scales + 𝑋𝑃𝐸𝑃)/𝐸𝑃

of fluctuations of the colloidal particles, normalized by the 
thermal energy.  This weight-averaged energy acts as an 
“effective temperature” to the gel and controls the pair 
potential, as we discuss below.

Figure 6 shows the ratio of the active to passive gel 

viscoelastic moduli, , as a function of . The 
𝐺𝐴

𝐺𝑃
(𝑋𝐴𝐸𝐴 + 𝑋𝑃𝐸𝑃)/𝐸𝑃

rheology data from both varying the ratio of active to passive 
particles and varying the concentration of H2O2 collapse on to 
a single curve, and the modulus of the gel network decreases 
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with increasing energy provided by the active colloids.  This 
collapse indicates that the weight-averaged energy correlates 
the rheology of the active gels; this collapse will be applied in 
the next section to model the results.

Towards a mechanism for activity induced modulus decrease

The following potential explanations of the measurements 
were evaluated and found to be inconsistent with the 
observed decrease in the moduli: first, since the fractal cluster 
gelation process occurs with active particles present, the 
activity of the Janus particles could generate a different fractal 
cluster structure, with a weaker, lower modulus gel formed in 
the presence of Janus particles relative to the passive gel in 
which Janus particles were absent.  This possibility is 
inconsistent with the observation that the active and passive 
gel fractal cluster structures are similar, as apparent in Figure 
1, and the differences in df and Rc for the passive and active 
gels are also not statistically significant.

A second possible explanation is accelerated gel 
aging/syneresis induced by the embedded active colloids; this 
aging could, for example, be generated by the enhanced 
vibrational dynamics of the active colloids 26. Previous work 
has shown that syneresis leads to the formation of a more 
compact gel structure with slower dynamics43,47. However, 
such behavior would most likely lead to an increase in the 
modulus (as is, for example, observed previously for passive 
gels48), which is the opposite of what is observed in the active 
gel rheological measurements.  

Finally, an active-motion induced change in the linear 
region of the gels’ response to small amplitude oscillatory 
shear could explain the measurements.  All linear 
measurements in this study are at fixed strain amplitude, γ = 
0.003; if active motion reduced the linear region below this 
value, a lower apparent modulus might be found for the active 
gels. Figure 5 shows there is only a modest shift in the onset of 
non-linearity for an active gel (5% H2O2) when compared to 
the passive gel (  vs. ); 𝛾𝑁𝐿, 𝑝𝑎𝑠𝑠𝑖𝑣𝑒~ 0.07 𝛾𝑁𝐿, 𝑎𝑐𝑡𝑖𝑣𝑒 ~ 0.03
however the strain used for our measurements (γ = 0.003) 
remains well below the strain amplitude for nonlinearity of the 
active gel.  

Active motion induced changes in the spring constant

Having found that active motion does not significantly 
affect measures of the gel network structure, we examine how 
dynamical changes in the gel network induced by active 
motion could affect the viscoelastic moduli.  The increase in 
gel dynamics due to activity can lead to stretched bonds 
between pairs of particles; in this case the interaction 
potential would be softened. As we discuss below, this leads to 
a decrease in the spring constant of bonds in the gel network, 
which controls the elastic moduli24.

The pairwise interaction potential between the colloidal 
particles is not a simple harmonic potential with the spring 
constant being a “constant”.  Instead, as a sum of the Van der 
Waals attraction and the screened electrostatic repulsion, it is 
a potential that softens as the inter-particle distance  𝑟
increases.  This effect can be shown by calculating the effective 

spring constant of the potential, which is a function of the 
energy level of the fluctuation between this pair.  
For a pair of passive particles, this effective spring constant is 
extracted from the potential through:

(1)𝑘𝑝𝑎𝑠𝑠𝑖𝑣𝑒 =
𝑘𝐵𝑇

〈𝑟2〉𝑡ℎ ― 〈𝑟〉𝑡ℎ
2

where

 〈𝐴〉𝑡ℎ = ∫∞
0 𝑑𝑟 𝐴 𝑒 ―𝑉(𝑟)/𝑘𝐵𝑇/∫∞

0 𝑑𝑟 𝑒 ―𝑉(𝑟)/𝑘𝐵𝑇

(2)

represents the canonical ensemble average over thermal 
fluctuations, and  is a sum of the screened electrostatic 𝑉(𝑟)
repulsion and the van der Waals attraction between the 
colloids, see Supplemental Information.  The rationale behind 
this spring constant calculation is that with thermal 
fluctuations, the particle-pair explores a finite range of  𝑟
instead of just staying at the minimum, and the effective 
spring constant should describe the fluctuation of the inter-
particle distance in a way that equipartition, 𝑘𝑝𝑎𝑠𝑠𝑖𝑣𝑒〈(𝛿𝑟)2〉𝑡ℎ~

, is satisfied.  This can also be more rigorously shown by 𝑘𝐵𝑇
calculating the linear response of a pair under fluctuations to 
external force, as discussed in Rocklin et. al.49. For this 
particular potential, this calculation yields 𝑘𝑝𝑎𝑠𝑠𝑖𝑣𝑒

.  This value is smaller than the curvature at the = 0.008 𝑁/𝑚
minimum of the potential, which gives , but at 𝑘0 = 0.016 𝑁/𝑚
the same order of magnitude.  A way to understand this is that 
the potential well is the steepest near the minimum and 
becomes weaker as  increases.𝑟

When active energy is injected into the system, fluctuation 
of the pair distance  increases.  Inspired by the scaling 𝑟
collapse using the parameter of , we (𝑋𝐴𝐸𝐴 + 𝑋𝑃𝐸𝑃)/𝐸𝑃

describe this effect through the mean-field picture of an 
effective temperature 

(3)𝑇𝑒𝑓𝑓 = (𝑋𝐴𝐸𝐴 + 𝑋𝑝𝐸𝑝)/𝑘𝐵

where  is the Boltzmann constant.  The idea behind this 𝑘𝐵

effective temperature is that the active Janus particles are 
bonded to passive particles, so their active motion causes an 
active strain field, which drags the passive particles to also 
fluctuate more26.  This effect can be captured in a mean-field 
way through this effective temperature.

This definition of the effective temperature is particular to 
colloidal particles bonded in a gel network, where the particle-
position fluctuations are much smaller than the run length of a 
free particle.  In this case,  represents the active 𝐸𝐴 = 𝜉𝑉𝑙
energy that drives the particle from its equilibrium positions.  
Other ways to define the effective temperature, such as 
through the diffusivity50, has been used in the literature to 
describe free active particles. The resulting effective 
temperature is of the same order of magnitude but with a 
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different geometric factor.  In all cases the active energy leads 
to a smaller effective spring constant

(4)𝑘𝑒𝑓𝑓 =
𝑘𝐵𝑇𝑒𝑓𝑓

〈𝑟2〉𝑒𝑓𝑓 ― 〈𝑟〉𝑒𝑓𝑓
2

where  represents the canonical ensemble average at 〈 ∙ 〉𝑒𝑓𝑓

temperature 𝑇𝑒𝑓𝑓

 〈𝐴〉𝑒𝑓𝑓 = ∫∞
0 𝑑𝑟 𝐴 𝑒 ―𝑉(𝑟)/𝑘𝐵𝑇𝑒𝑓𝑓/∫∞

0 𝑑𝑟 𝑒 ―𝑉(𝑟)/𝑘𝐵𝑇𝑒𝑓𝑓

(5)

This spring constant is smaller than  due to the 𝑘𝑝𝑎𝑠𝑠𝑖𝑣𝑒

anharmonicity of the interaction potential, as illustrated in Fig. 
6.  This is an approximate way to estimate the effective spring 
constant using equilibrium statistical ensembles.  

The macroscopic shear moduli G’ and G’’ are then 
proportional to this effective spring constant  which is a 𝑘𝑒𝑓𝑓

function of the ratio .  Fig. 6 shows the 
𝑋𝐴𝐸𝐴 + 𝑋𝑃𝐸𝑃

𝐸𝑃
=

𝑇𝑒𝑓𝑓

𝑇

normalized effective spring constant  as a function 𝑘𝑒𝑓𝑓/𝑘𝑝𝑎𝑠𝑠𝑖𝑣𝑒

of , calculated using Eqs. (1-2), and the result agrees 𝑇𝑒𝑓𝑓/𝑇
very well with the rheological measurement in the same plot.  
Experimental data shown in Fig 6 were collected 30 minutes 
after initiation of gelation. For completeness, comparison 
between the experimental data at 15, 30 and 60 minutes after 
initiation of gelation and the effective spring constant are 
shown in Figure S12. The calculations of the effective spring 
constant correlate best with the experimental data at 15 and 
30 minutes, with higher deviations apparent at longer times.  

Connecting microscopic dynamics to macroscopic rheology

We compare the measured decrease in active gel elastic 
modulus with the increased microscopic displacement of 
colloids in the gel network, by means of a generalized Stokes-
Einstein equation  

(6)𝐺 ∗ (𝜔) =
𝑘𝐵𝑇

𝜋𝑎𝑖𝜔ℑ{ < 𝑥2(𝜏) > } 

where  is the complex shear modulus,  is the particle 𝐺 ∗ (𝜔) 𝑎
radius, and  is the ensemble averaged mean < 𝑥2(𝜏) >
squared displacement (MSD) 39. This approach has been used 
to characterize the viscoelastic properties of colloidal gels51. 
Specifically, the model developed by Krall and Weitz is based 
on measurements of the gel’s microdynamics as determined 
by dynamic light scattering24. 

We compute the MSD of the gel network, , at 0, < 𝑥2(𝜏) >
15, 30, and 60 minutes after addition of salt to induce particle 
gelation, as shown in Figure S13. The MSD of the gel network 
increases with an increase in the H2O2 concentration, 
consistent with previous reports26. The frequency-dependent 
elastic modulus determined from the MSD through the 
generalized Stokes-Einstein equation (hereafter referred to as 
microrheology), are reported in Figure 7. 

We focus on values of G’(ω) and G”(ω) obtained from 
microrheology and macroscopic rheological measurements at 

15 minutes after the addition of salt, and in the low frequency 
limit (the full data set is reported in SI).  The frequency-
dependent viscoelastic moduli, as characterized through 
mechanical rheology, show that the decrease in the 
viscoelastic moduli due to activity holds over a wide frequency 
range. We calculate the power law scaling exponent (α) from 
the macroscopic frequency sweeps, . We find α is 𝐺 ~ 𝜔𝛼

independent of the H2O2 concentration. The invariance of α 
between passive and active gels further suggests that the 
active motion does not affect the microstructure of the gel52. 

To compare the microdynamics with mechanical rheology, 
we chose the low-frequency range of the measurements to 
accommodate the fact that most theory connecting 
microdynamics and mechanical rheology has been developed 
in this limit 49. Comparison of Figure S15 shows that the 
generalized Stokes-Einstein equation appears to hold for the 
passive gels at low-frequency.  (The situation is less clear at 
higher frequency, as shown in the SI.) 

Figure 7 shows G’ and G” as a function of H2O2 
concentration at a fixed frequency (0.5 s-1), obtained from 
micro and macro rheology. The mechanical rheology 
measurements show a greater decrease in the modulus with 
increasing H2O2 concentration.  That is, the microdynamics 
yield an overestimate of the linear viscoelastic moduli relative 
to that obtained from mechanical rheology.  This situation 
holds at all H2O2 concentrations. Therefore, in the low-
frequency range addressed here, the generalized-Stokes 
Einstein equation fails to connect the low-frequency 
microdynamics of the active gel to the elastic moduli from 
mechanical rheology, contrary to the measurements for the 
passive gels.  That is, although activity causes microscopic 
fluctuations of the colloids to increase, the softening of the 
elastic modulus due to activity occurs to a greater extent than 
the fluctuation magnitude would lead one to expect, as 
predicted by the fluctuation dissipation theorem.

Conclusions
Embedded active colloids decrease the linear viscoelastic 

moduli of fractal cluster colloidal gels. The amount of decrease 
is a function of the total active energy input, which is itself 
dependent on the ratio of active to passive colloids and the 
energy of the active Janus particles.  The active energy of the 
Janus particles is set by the concentration of H2O2. The 
magnitude of the moduli decrease due to the embedded 
active colloids is significant:  At an active particle 
concentration of ~ 14%, the moduli decrease by a factor of 8.5.

We compared the low-frequency moduli of the gels, as 
measured by microrheology and mechanical rheometry and as 
connected by the generalized Stokes-Einstein equation. The 
two sets of measurements agree well for passive gels at low 
frequencies, consistent with the generalized Stokes-Einstein 
equation; however, there is a discrepancy as large as a factor 
of four between the microrheology and mechanical rheology. 
That is, the mechanical rheometry records a lower elastic 
modulus than microrheology predicts from the microdynamics 
measurements and application of the generalized Stokes-
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Einstein equation.  This comparison confirms that the 
generalized Stokes-Einstein equation does not hold in fractal 
cluster gels with embedded active matter, a clear indication 
that the fluctuation – dissipation theorem fails in this system 
53.  The nature of this breakdown is a fruitful avenue for future 
research; this work provides data that specifies the out-of-
equilibrium relationship between the microscopic fluctuations 
in the active gel system to the measured rheology.

In previous work, active actin gels were shown to violate 
the fluctuation dissipation theorem due to contractile forces 
the myosin motors apply to the actin network15. In these gels, 
myosin motors act as active crosslinks; they make the gels 
more rigid15,16. Studies of active gels concluded that the 
activity of the myosin motors leads to contraction and 
stiffening of the active actin gels – an outcome equivalent to 
modulus enhancement.  On the other hand, in this study, we 
find that fractal cluster gels with embedded active particles 
display a softened, rather than stiffened, rheological response. 
The opposite behavior in the two systems (modulus decrease 
vs increase) is likely due to both the nature of the active 
motion in the two as well as differences in how the active 
matter interacts with the passive network structure. 
Specifically, myosin motors are able to translate along the 
actin filaments, altering the structure of the actin gels, and 
they have a “stall force” to lock the network in the stressed 
state. In the active gels studied in this article, the active 
particle is bound to the gel network through attractive forces 
that are stronger than the active energy.  The active particles 
furthermore can undergo random reorientation as the 
network structure fluctuates, thereby affecting the direction of 
the active force.  Thus, the effect of activity in the gels works 
to enhance, rather than suppress, random fluctuations.  This 
enhancement serves to soften the gel, rather than the 
alternative, in which fluctuations are suppressed through the 
generation of a static tension, which serves to stiffen the gel.

We explored several potential mechanisms to describe the 
origin of the decrease in the moduli in the active fractal cluster 
gels.  We conceptualize possible effects of active motion into 
two primary categories: one in which the active motion 
changes the gel network structure itself and the other in which 
active motion acts to change dynamical features of the gel 
network. As discussed in the results, changes in the structure 
of the gel network, including variations in the fractal structure 
and accelerated syneresis, were not observed in our 
experiments. In the current study, we compared the fractal 
structure through measurements of the fractal dimension and 
average cluster size. Future work could probe for subtle effects 
of active motion on the microstructure of colloidal gels 
through other measures such as connectivity. Future 
modelling efforts designed to incorporate collective or rigidity 
effects would benefit from such additional microstructural 
characterization54–57. We observe an (at most) modest shift in 
the onset of non-linear rheological behavior in the active gels. 
However, all measurements were performed at low enough 
strain amplitudes (γ = 0.003) to afford high confidence that 
linear rheological behavior was probed.  

The scaling collapse and the quantitative agreement 
between theory and experiment of Figure 6 support the 
second scenario, wherein the active motion increases the 
fluctuations of the active colloids.  These fluctuations couple to 
surrounding colloids and soften the inter-particle potential in 
the gel network, and thereby function to lower the elastic 
moduli.  Future work can address: (1) the specific coupling 
mechanism between the dynamics of the active and passive 
particles in the gel.  This work has applied a mean-field 
approach; however, other approaches are possible [24] and 
measurements of correlated microdynamics could resolve the 
specifics of the mechanism.  (2) The relationship between 
microscopic fluctuations and macroscopic response in active 
gels.  The work has demonstrated that the fluctuation-
dissipation theorem fails for active fractal cluster gels.  The 
macroscopic rheological response is impacted by the active 
colloids to a much greater degree than the microscopic 
dynamics and the generalized Stokes-Einstein equation would 
predict. Particle-level simulation of active gels could identify 
the governing physics in this case.
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Figure 1. Passive and active gel structure across multiple length scales, imaged 60 minutes after initiation of gelation. Scale bar for 10x objective is 200 μm, 40x objective is 50 μm, 
and 100x objective is 25 μm.
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Figure 2. Passive gel storage and loss moduli (G’, G”) as a function of a) time at γ= 0.003 and ω = 1 s-1; b) frequency at γ = 0.003 and t = 1 hour, and c) strain at ω = 1.0 s-1 t = 1.5 
hours.
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Figure 3. Active gel rheology at a fixed ratio of active to passive particles (  as a function of the concentration of H2O2. a) Elastic and b) viscous moduli as a function of time 𝑿𝑨 = .𝟏𝟐)

at each H2O2 concentration. c) G’, G” as a function of the H2O2 concentration at t = 1800 s. Measurements were performed at a fixed strain amplitude (γ = 0.003) and frequency (ω 
= 1.0 s-1).
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Figure 4. Transient linear rheological response of active gels at fixed concentration of hydrogen peroxide (2.5%) and a function of the ratio of active to passive particles. a) Elastic 
and b) viscous moduli are plotted as a function of time at a fixed strain (γ= 0.003) and frequency (ω = 1.0 s-1).

Figure 5. Strain amplitude sweep of passive and active gels, with 5% H2O2 and active to passive colloid ratio, XA = 0.12; a) G’ and G” and b) tan δ as a function of strain amplitude at 
ω = 1 s-1.
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Figure 6. a) Pair potential for colloidal particles - based on van der Waals and charge interactions - as a function of the center-to-center separation, r, normalized by the particle 
diameter (blue curve). The red dashed line shows the level of thermal fluctuations, , from the potential minimum, and the red solid line shows the level of fluctuations of the 𝒌𝑩𝑻

active energy at  = 2. Anharmonicity of the pair potential leads to the softening of the effective spring constant as fluctuation increases. b) Ratio of passive to active gel 
𝑻𝒆𝒇𝒇

𝑻
viscoelastic moduli and spring constant as a function of the active energy.
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