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We study quasi-2D gels made of a colloidal network doped with Janus particles activated by light.

Following the gel formation, we monitor both the structure and dynamics before, during, and after the

activation period. Before activity is switched on, the gel is slowly aging. During the activation, the mobility

of the passive particles exhibits a characteristic scale-dependent response, while the colloidal network

remains connected, and the gel maintains its structural integrity. Once activity is switched off, the gel stops

aging and keeps the memory of the structure inherited from the active phase. Remarkably, the motility

remains larger than that of the gel, before the active period. The system has turned into a genuinely softer

gel, with frozen dynamics, but with more space for thermal fluctuations. The above conclusions remain

valid long after the activity period.
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Programmable self-assembling is a widely used bottom-
up approach for achieving materials with desired properties
[I-4]. A common route for self-assembly consists of
engineering the intercolloid potential such that the struc-
ture, be it equilibrium or kinetically arrested, matches the
expected design. The advent of active Janus colloids offers
the opportunity to engineer at the local scale, not only the
interactions, but also the dynamics of the self-assembling
process. Such active doping has been shown both exper-
imentally and numerically to be a realistic strategy for
either driving the system toward its thermodynamically
favored crystalline target structure [5—7], or modulating the
structure of isotropic colloidal gels and glasses [8—12].

The case of gels is of particular interest. First, there are
strong experimental evidences of anomalous mechanical
responses and original dynamics in biological and recon-
stituted biopolymer networks [13—16]. These observations
have in turn driven a large amount of theoretical work
aiming at deciphering the specific microscopic mechanisms
and formulating an effective medium theory [17-21].
Second, from a more fundamental perspective, gels can
be seen as a prototype of slowly aging disordered out of
equilibrium system, with a plethora of metastable configu-
rations. This offers new opportunities for exploring the
configuration landscape and equilibration dynamics in the
presence of active dopants. As compared to glasses, gels
have the advantage of presenting a structure, the descriptors
of which, such as strand width, hole size, etc., are partly
identified and can be monitored.

We concentrate on the simple case of colloidal gels, for
which a few results have been obtained so far. It was shown
experimentally that a fractal cluster colloidal gel with
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embedded active Janus colloids displays enhanced dynamics
and a reduction in linear viscoelastic moduli in proportion to
activity, while its yield stress decreases significantly even for
avery small fraction of dopant [22-24]. The numerical study
of the coarsening dynamics of a model colloidal gel former,
including active particles, leads to the prediction of a phase
diagram parametrized by the intensity and the directional
persistence of the active forces [10]. When the active forces
are smaller, but comparable to the interparticle attractive
forces, the coarsening dynamics accelerates as activity helps
drive the coalescence of the gel strands, with a strong
amplification of the effect with increasing persistence.
When the active forces are larger than the adhesion ones,
the active colloids are no longer bound to other particles and
start mediating new effective interactions among the passive
particles. In the above studies the active doping is present
from the early stage of gelation and therefore biases the
whole gelation process, leaving aside two important ques-
tions: (i) what is the response of a passive gel with embedded
Janus, yet not activated, particles to a stepwise switch of the
activity? (ii) what is the fate of the gel, once the activity is
switched off, after a given period of activity? This last
question is of particular interest if one is to imprint permanent
properties in a gel using active doping.

In this Letter, we design and study an active quasi 2D
colloidal gel composed of a mixture of passive polystyrene
and active Janus particles. The activity is switched on using
light once the gel is formed and kept constant for a while
before it is switched off. The activity level is tuned by the
light intensity and kept such that the active colloids remain
bounded to the gel. We monitor both the structure and
dynamics before, during, and after the illumination period.
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Before the activation, the gel is slowly aging. During the
active phase, the mobility of the passive particles not only
increases with activity, but also exhibits a characteristic
scale-dependent response to activity. Our main findings
concern the reconfigured gel, once activity is turned off.
First, the aging is interrupted. Second, the gel keeps the
memory of the structure inherited from the active phase.
Third, it exhibits a larger mobility than that of the gel
before the active period. This increase of the dynamics
correlates well with the increase of softness and structural
heterogeneities in the gel. Altogether, the gel has turned
into a genuine different gel, the softness and mobility of
which is controlled by the level of activation, and remains
unaltered during several weeks.

The quasi-2D colloidal gel of thickness i = 2.6+
1.15 pm and effective 2D packing fraction of 20% is
obtained by the sedimentation of a mixture of passive
o =2 pm diameter polystyrene particles and active
1.5 pm diameter particles, a hematite a-Fe, O cube partially
protruding outside a shell of 3-methacryloxypropyltrime-
thoxysilane (TPM) [25-28], in the presence of polyethylene
glycol (PEO with gyration ratio R, ~ 25 nm) acting as a
depletant agent [29]. All experimental parameters are
provided in Supplemental Material [30]. The resulting
interaction potential, estimated from the addition of the
Asakura-Oosawa [31,32] and Derjaguin-Landau-Verwey-
Overbeek [33-35] potentials, is displayed in Fig. 1(a).
The mobility of the active particles in the presence of blue
light (1 = 494 /40 nm) is characterized by their mean square
displacements (MSD) [Fig. 1(b)], measured in a dilute
suspension. Describing the active particles as active
Brownian particles [36-38], we find a persistent time
7, =165+ 7.5 s, independently of the light intensity,
and a swimming speed Uy, which increases up
to 0.57 £0.13 pm/s when the light intensity P reaches
154 mW/mm? (see also Fig. S1, Supplemental Material
[30]). A significant contribution of our work is the design of
this first of its kind photoswitchable model system, which
successfully compromises between the need for screening
the electrostatic repulsion between the colloids, while keep-
ing a strong enough motility for the active particles.

After sedimentation, the deposited gel is left to relax for
24 h before observation. A typical illumination protocol
[Fig. 2(a)] consists of 30 min recording of the gel in the
absence of blue light, followed by 60 min of blue light
illumination, the intensity P of which can be varied, and yet
30 min in the absence of blue light. The gel is monitored
under red light (1 = 647 nm) using a confocal microscope
equipped with a 40x oil objective and a scientific CMOS
camera, resulting in images of size 249 x 173 um?, with a
spatial resolution of 0.1625 pum/pixel, acquired at 1 frame
per second (see Supplemental Material [30], Movie 1).
Note that the active particles do not depart from the gel
during activation. Using standard image processing tech-
niques, we track the trajectories r;(f) of the passive
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FIG. 1. Experimental system: (a) Attraction potential between
the colloids composing the gel, as obtained by depletion mediated
by PEO polymer. (b) Mean square displacement (MSD) of the
janus particles suspended at very low density in the actual solvent
used when preparing the gel, activated with different blue light
intensities P, up to 154 mW/mm?. (c) Quasi-2D gel obtained
from the joint sedimentation of polystyrene colloids and janus
particles in the depleting and swimming buffer: 2D projection and
3D reconstruction, color coded by height, obtained using the
algorithm introduced in [39]. (d) Confocal image of the quasi-2D
gel, with the janus particles marked with red crosses.

particles, from which we compute the displacement field
Ar;(t,7) =r;(t+7) —1;(1), the overlap Q(r), and the square
displacement averaged over the passive particles A2 (¢):

IS0

- %ZAI‘%(L 1+7), (2)

where N ~ 2500 is the number of tracked passive particles
and a = ¢/3 is a characteristic scale of motion.

During the first passive period, the gel exhibits a slow
dynamics with A%, ~ 2 x 1073 pm?, together with a slow
aging, attested by the decay of Q(¢) [Fig. 2(b)]. When
light activation is switched on (P = 118 mW/mm?), a
fast response of the dynamics, followed by a rapid
relaxation, leads to a peak of A%y, ~150x 1073 pm?,
before the dynamlcs settles to weaker values of

A%, =20 x 1073 um?, still significantly larger than in
the absence of light. Associated with this dynamical
response, the gel reorganizes, as demonstrated by the
sharp decay of Q and illustrated in Fig. 2(b), with the
displacement field Ar;(#, 100), computed around the peak
of A%y, (see also Supplemental Material, Movie 2 [30],
where bursts of correlated displacements can be observed).
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FIG. 2. Gel reconfiguration during activation: (a) Illumination
protocole: 24 h after the end of sedimentation, we start recording
30 min of the dynamics of the gel, followed by 60 min of
activation with blue light of various intensities and 30 min of
relaxation in the absence of blue light. (b) The overlap Q(7)
between the gel configuration at time 7 and that at time t = 0
[see Eq. (1)]. (¢) A%OO(I), square displacements computed over
7 = 100 s, averaged over the passive colloids [see Eq. (2)]. (d),
(f) Gel configurations before (d) and after (f) light illumination
(skeleton overlaid in blue). (e) Displacement field of the passive
colloids computed over z = 100 s, around the peak of A%y, as
indicated by the black circle in panel (c), color coded by their
magnitude. P = 118 mW/mm?.

When activation is switched off, we observe that (i) Q
remains constant: the activation has suppressed the slow
pace reorganizations, that were taking place in the passive
gel. This nontrivial effect leads to a frozen gel, which thus
keeps memory of the reorganization that took place during
activation; and (ii) A%y, ~5x 107> pm? is larger than
before activation: the gel is more motile. Figures 2(d)
and 2(f) display typical gel configurations before and after
illumination. The structure of the gel is certainly modified,
but retains its overall integrity (see overlaid skeleton
Fig. S3 in Supplemental Material [30]).

The dynamics of the gel strongly depend on the time-
scale 7 on which it is probed [Fig. 3(a)]. While on long
timescales, 7 = 100, the response takes the form of a sharp
peak immediately following the activation, on short time-
scales, 7 = 1, the displacements essentially increase con-
tinuously during the whole activation period. As a result,
the MSD, (A2)5,, averaged over successive time windows
of duration 300 s also strongly depends on the time ¢ at
which it is probed. Before activation [Fig. 3(b), blue curve],
the mean dynamics is strongly subdiffusive as expected for
a slowly aging gel. Just after activation [Fig. 3(b), black
curve] the mean dynamics is diffusive. Later during the
activation period, the gel recovers a subdiffusive dynamics
although with a significantly larger amplitude [Fig. 3(b),
gray curves]. The dynamical response therefore exhibits a
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FIG. 3. Averaged dynamics: (a) Averaged square displacements
A%(1), A%(1), Al (1); (b) MSD (A2) 4, computed at successive
times indicated in panel (a) before (blue), during (gray levels),
and after (red) activation; the numerous curves in red correspond
to the same measurement repeated every two hours after
activation, during 30 hours (P = 118 mW/mm?); (c) Susp.
the relative increase of the short time (r = 10 s) MSD after
activation, as a function of the light intensity during the activation
period P.

characteristic crossover for a timescale 7* ~ 10 s, corre-
sponding to displacements of the order of A* ~ 10~! pm.
This crossover suggests that the large scale displacements
||Ar;|| > A* triggered just after activation, contribute to a
reorganization of the gel allowing for increasingly larger
small scale displacements ||Ar;|| < A* at all times. The gel
after activation keeps memory of this reorganization for a
long time as demonstrated by the amplitude of (A2)5, after
activation, which remains larger than that before activation
for whatever time we waited [30 h in Fig. 3(b), red curves;
11 days in Fig. S5, Supplemental Material [30] ]. We also
stress that (A2)5, after activation is flat, indicating a frozen
system with fully caged particles.

Altogether the activation interrupted the slow aging of
the gel and rapidly drove it into a new frozen state, which
exhibits larger thermal fluctuations. This unexpected result
has been confirmed, repeating the experiment over more
than 80 gels, prepared in the same way, and activated with
varying light intensities. The relative increase of the MSD
dmsp = (<Ar>> - <Ar><)/<Ar><’ where <Ar>< and <Ar>>’
respectively, denote the mean square displacement com-
puted before and after activation, is a clear growing
function of the light intensity [Fig. 3(c)]. We have also
checked that the above phenomenology does not rely on an
alteration of the substrate nor of the PEO by the illumi-
nation (see Supplemental Material, Figs. S4, S5 [30]).
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FIG. 4. Local dynamics: (a) Probability distribution of the
individual square displacements Ar?(t,10) before and after
activation. Continuous lines indicate Gaussian distributions for
comparison. (b) Spatial distribution of Jygp. (c),(d) Spatial
distribution of Ar%(t, 100), respectively, before and after activa-
tion. The color bar ranges are scaled to 2 times the average value.

Figure 4 demonstrates that the above phenomenology
homogeneously takes place in the gel. The probability
distributions of Ar?(z,10) [Fig. 4(a)], before and after
activation are very similar and essentially simply shifted to
larger values. Their spatial distribution is homogeneous,
both before and after activation, even a bit more homo-
geneous following activation [Figs. 4(c) and 4(d)]. Finally,
Omsp, when computed for individual particles is also
homogeneously distributed in space [Fig. 4(b)].

As stated above, there is no obvious direct visual
evidence of a modification of the structure, which could
simply explain the observed dynamical changes. The pair
correlation functions before and after activation are essen-
tially identical (see Fig. S2, Supplemental Material [30]).
We thus further characterize the gel structure by performing
a morphological image analysis, which consists of approxi-
mating the instantaneous density field by a binary image,
from which we extract a set X¢g of structural parameters: the
width of the gel strands, X1 = W, and the size of the gel
pores, X2 = D. We further skeletonize the binary image
[40], to extract the strands lengths, X3 = L [Fig. 5(a) and
Supplemental Material, Fig. S3(a) [30] ]. We then compute
their spatiotemporal average Xq and standard deviation
Xqgq before (() and after ()) activation, for each gel. We
denote 6Xq = (Xq. — Xq.)/Xq. and 6Xqgq = (Xqga >~
Xqgq.<)/Xqqq < the variation of these statistical descriptors
of the gel structure across activation. The average strand
width and the pore size increase by a few percent, the
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FIG.5. Gel structure: (a) Top: Binary density field and a sample
of chord lengths defining the strands width W and the pores size
D. Bottom: Gel skeleton as obtained by morphological analysis
of the binary density field (see Supplemental Material [30]); the
green arrow indicates the length L of a gel strand. (b) Relative
variation of the standard deviation of the pores size 6Dgy, the
strand width 6W 4, and the link length 6Ly with increasing light
activation. (c¢) Correlation between the relative increase of the
short time mean square displacement Sysp and the structural
change 6S. (d) Correlation between the relative decrease of the
effective stiffness of the strand 6 and the structural change 4S.

variation being larger with stronger activation, while the
strand length remains essentially unchanged [see
Supplemental Material, Fig. S3(b) [30] ]. These admittedly
small variations suggest a weak coarsening of the gel
structure. The evolution of the gel structure appears more
clearly on the standard deviations, which increase more
systematically, indicating a more heterogeneous structure
after activation [Fig. 5(b)]. Defining 58 = (3, 6Xq2,)"/?,
a parameter quantifying the overall relative variation of the
structure heterogeneity induced by the activation, we
observe that the dynamical change correlates very well
with it [Fig. 5(c)]: the more the structure heterogeneity has
increased, the more the short time mean square displace-
ment has increased. Associated with this increase of
structural heterogeneity, we also observe in Fig. 5(d) a
decreased effective stiffness K of the strands. The latter is
estimated from the thermal fluctuations of the pair distance
as the quadratic interpolation of the logarithm of their
steady state distribution [41] (see also Supplemental
Material [30]). Note that in the absence of activation,
Ok > 0, the effective stiffness actually increases.

In discussing the above results, it is useful, following
[10], to compute the strength of the swim force F; = (U,
relative to the attractive force scale F, = E;/2R,,, where E,,

g9’
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is the depth of the attractive potential and R, is the
interaction range given by the gyration radius of the
PEO. We find that for the maximal light intensity F;/F, ~
1072 confirming that the active particles cannot individu-
ally break bonds. However, there are also two active energy
scales to consider: E; = F0 ~10kgT and E, = Fl, ~
100kgT, where 1, = Uyt,, is the active persistence length.
These energy scales are comparable to or larger than
Ey ~25kgT, indicating that the collective contribution of
a few active particles can easily produce local rearrange-
ments. Note that activity not only acts as an effective hot
temperature; it can also activate elasticity driven relaxation,
which are central to the complex time-dependence signa-
ture of aging in gels [42].

Our observations during the activation period compare
well, and extend to a higher level of activity, those of
Solomon and collaborators [22-24]: activity increases the
dynamics and decreases the gel stiffness, while hardly
modifying the structure of the gel. An important difference,
though, is that we prepare the gel in a passive state, before
the response to activity is studied. From that point of view,
it is of interest to compare our result to that of the response
to a global shear [43—-45], in the spirit of the theoretical link
made between both [46]. In both cases the gel becomes
more heterogeneous, with larger voids, locally compacted
regions, and rather small changes in the short range
structure. The gel also becomes softer. This last observation
supports recent claims about the role of structural hetero-
geneities in the softness of gels [47-50].

Altogether, we present a new pathway, using switchable
local activation, toward a fast synthesis of stable colloidal
gels with tunable softness. The present system has a
number of tunable parameters such as the packing fraction
or the depletion attraction, opening room for optimization.
Extending the present work to 3D gels is an interesting
route, which will, however, pose a material science chal-
lenge for adapting this heterogenous system for confocal
microscopy (see Supplemental Material [30]). On the
theoretical side, one would like to identify the type of
state the gel has reached, and understand if and how they
differ from their equilibrium counterparts.
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