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Optical tweezers (OTs) can detect pico-Newton range forces operating on a colloidal particle
trapped in a medium and have been successfully utilized to investigate complex systems with in-
ternal structures. Laponite clay particles in an aqueous medium self-assemble to form microscopic
networks over time as electrostatic interactions between the particles gradually evolve in a physical
aging process. We investigate the forced movements of an optically trapped micron-sized colloidal
probe particle, suspended in an aging Laponite suspension, as the underlying Laponite microstruc-
tures gradually develop. Our OT-based oscillatory active microrheology experiments allow us to
investigate the mechanical responses of the evolving microstructures in aging aqueous clay suspen-
sions of concentrations ranging from 2.5% w/v to 3.0% w/v and at several aging times between 90
and 150 minutes. We repeat such oscillatory measurements for a range of colloidal probe particle
diameters and investigate the effect of probe size on the microrheology of the aging suspensions.
Using cryogenic field emission scanning electron microscopy (cryo-FESEM), we examine the average
pore areas of the Laponite suspension microstructures for various sample concentrations and aging
times. By combining our OT and cryo-FESEM data, we report here for the first time to the best
of our knowledge, an inverse correlation between the crossover modulus and the average pore diam-
eter of the aging suspension microstructures for the different suspension concentrations and probe

particle sizes studied here.

I. INTODUCTION

As a result of the pioneering work of Arthur Ashkin
and coworkers [1], optical tweezers (OTs) have become an
invaluable tool for studying various processes in physical
and biological systems [2-7]. An OT utilizes the forces
exerted by a focused laser beam to confine a micron-
sized dielectric particle suspended in a medium [8]. It
can operate as a non-invasive force transducer, which
can accurately produce and measure pico-Newton (pN)
range forces and nanometer (nm) range displacements
with high temporal resolution (down to a few us) [9, 10].
Their utility as a single molecule manipulation technique
makes OTs an important resource for investigating var-
ious processes, such as in quantifying the kinetics of ki-
nesin motors walking on microtubules [2], in unzipping of
DNA [3], in cell sorting [4], and in measuring the mechan-
ical responses of soft materials, such as colloidal suspen-
sions [11, 12], polymer networks [5, 6] and bio-samples [7].

The study of the flow and deformation of materials
and the determination of their mechanical properties is
known as rheology [13]. Conventional viscometers and
rheometers can measure mechanical properties of a ma-
terial even with sample volumes less than a milliliter [14].
Passive microrheology requires a much smaller sample
volume and can measure linear viscoelastic responses in
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a broad frequency domain by tracking the thermal mo-
tion of a probe particle suspended in a medium [15].
This technique uses the generalized Stokes-Einstein re-
lation to connect the mean square displacement (MSD)
of the probe particle with the viscoelastic properties of
the medium [16, 17]. Video particle tracking microrheol-
ogy [18], dynamic light scattering [19], magnetic tweez-
ers [20] and optical tweezers [21] have been used suc-
cessfully to study the viscoelastic properties of a range
of materials. Passive microrheology provides useful in-
formation on local micro-structures of the material and
has been used to probe spatial heterogeneities and non-
ergodicity in the suspending medium [22].

The measured microrheological properties of viscoelas-
tic materials depend on the size of the trapped probe
particle [23-25]. The surface chemistry of the probe par-
ticle and its interaction with the medium also influence
the measurement [24, 25]. Valentine et al. [24] showed
that in the absence of interactions between the probe and
viscoelastic medium, a probe size larger than the char-
acteristic lengthscale relevant to the viscoelastic medium
is necessary to interpret the results accurately. Interest-
ingly, the authors also noted that elasticity of the vis-
coelastic matrix, which arises due to the presence of sus-
pension microstructures, can be measured using a rela-
tively smaller probe particle in the presence of significant
probe-medium interactions. Owing to the smaller sizes
of the probe particles in this last case, the measurements
are not sensitive to the spatial heterogeneity present in
the viscoelastic medium.

He et al. [25] showed that surface adsorption on a
probe particle embedded in a network of actin filaments
results in an enhanced estimate for the stiffness of the



biopolymer network. An earlier work had proposed a
scheme to study colloidal forces, structure, dynamics and
rheology of attractive colloidal gels by combining mi-
croscopy, OT and rheology [26]. Passive microrheology
becomes less effective with highly viscous or gel-like sam-
ples due to reduced motion of the probe particle, and a
simultaneous reduction in the signal-to-noise ratio [27].
In such cases, active microrheology can be used, wherein
an external force is applied to the probe particle and
its resultant motion is measured to determine the vis-
coelastic properties of the surrounding matrix. Optical
tweezers [21], magnetic tweezers [28] and atomic force
microscopy [29] are the most commonly used active mi-
crorheology techniques. Active microrheology with opti-
cal tweezers can be implemented using two methods, viz.,
oscillatory measurements and creep measurements [5]. In
oscillatory measurements, the sample stage is moved in
an oscillatory fashion, and the resultant force experienced
by the trapped probe particle is computed. The ampli-
tudes of the two signals and the phase difference between
them are analyzed to determine the viscoelastic proper-
ties of the medium [5]. On the other hand, in creep mea-
surements, a constant stress is applied to the medium
by displacing the probe particle, following which the re-
sponse of the material is measured. The oscillatory active
microrheology technique is more closely related to con-
ventional bulk rheology as its output is in the form of the
frequency-dependent storage and loss moduli, G’ and G”
respectively, of the sample [5].

Laponite® clay is used as a rheological modifier in
many industrial products such as coatings, personal care
products and paints. Laponite is a synthetic clay with
disk-shaped particles of diameters in the range 25 - 30
nm and thickness =~ 1 nm. In powder form, Laponite
particles are arranged together in one-dimensional stacks
called tactoids, with NaT ions residing in the inter-gallery
spaces [30]. When Laponite powder is mixed with water,
Na™ ions from the inter-gallery spaces diffuse to the bulk
to reduce osmotic pressure gradients, and the faces of the
Laponite particles acquire negative charges. Laponite
particles in the tactoids therefore repel each other, re-
sulting in tactoid swelling and exfoliation. The parti-
cles in the aqueous suspension acquire positive charges
at the rims due to hydration of the constituent mag-
nesia groups [31]. Due to the exfoliation of Laponite
platelets from the tactoids and the simultaneous leaching
of Nat ions from the particle faces, the electrical double
layer surrounding each Laponite particle shows a grad-
ual and continuous evolution over timescales upto a few
hours [32, 33]. An increase in the number of counter-ions
participating in the electric double layer results in the
gradual reduction of inter-particle electrostatic repulsive
forces. The positive edge of a Laponite particle interacts
with the negatively charged face of another Laponite par-
ticle and initiates the buildup of suspension microstruc-
tures via overlapping coins (OC) and house of cards
(HoC) configurations [34]. As time passes, Laponite
particles self-assemble to form system-wide fragile mi-

crostructures in a physical aging process that enhances
the elasticity of the aqueous Laponite suspension with
time [35-37]. Laponite suspensions between the concen-
trations 1.75% w/v and 3.5% w/v form soft glasses and
exhibit physical aging behavior [38, 39]. An aging time
tw, the time elapsed after preparation of the Laponite
suspension, is used to parameterize the physical aging of
the suspension. The spontaneously evolving structures
constituted by the Laponite particles break or destruc-
ture when shear is applied to the suspension. After the
removal of external shear forces, the networks again re-
assemble or restructure with time.

Aqueous suspensions of Laponite have been widely
used as model systems to probe the properties of non-
ergodic states such as gels and glasses [40]. We have
recently shown that falling ball viscometry can be used
successfully to quantify the shear thinning property of a
freshly prepared Laponite sample in terms of the destruc-
turing rate of the suspension [41]. The time-dependent
aging behaviour of soft colloidal glasses and their de-
pendence on the physicochemical properties of the sus-
pension have been studied extensively using macroscopic
rheology and passive microrheology [11, 12, 23, 42, 43].
There are a few reports on the passive microrheology of
soft glassy clay suspensions that validate the fluctuation-
dissipation theorem in these aging non-equilibrium sys-
tems [11, 12, 42]. Another passive microrheology study
of Laponite suspensions reported that microscopic me-
chanical properties approach those extracted from bulk
rheology measurements as the size of the embedded probe
is increased [23], with the viscoelastic liquid to soft solid
transition occurring earlier on the bulk scale than on the
microscopic scale [43]. However, to the best of our knowl-
edge, oscillatory active microrheology has never been per-
formed to study the length-scale dependent mechanical
response of aging aqueous Laponite clay suspensions.

In this report, we employ oscillatory active microrhe-
ology to investigate the mechanical properties of aque-
ous Laponite suspensions at various aging times t,, and
concentrations C',. We apply sinusoidal oscillations to
the sample cell and measure the force experienced by
an optically trapped probe particle that is physically at-
tached to the suspension microstructure network. The
piezo-controlled stage is oscillated over a range of fre-
quencies to determine the frequency-dependence of the
elastic (G’) and viscous (G”) moduli of Laponite sus-
pensions of different C, and at various t,,. We observe
that G” dominates over G’ at smaller stage oscillation
frequencies, w, while G’ exceeds G” when w is increased
beyond a crossover frequency, w.,. The characteristic re-
laxation time 7 of the suspension varies as the inverse
of the crossover frequency, 7 = 27 /ws,. The crossover
modulus G, is the modulus value where G’ = G”. We
report a systematic increase in G, as the concentration
of the suspension, C, is increased, thereby signaling the
onset of a jamming transition. Furthermore, at a fixed
Cy, we see that G, increases with aging time ¢, for the
range of aging times explored here. We also investigate



the length-scale dependence of G, by varying the size
of the probe particle. Cryogenic field emission scanning
electron microscopy (cryo-FESEM) images of Laponite
suspensions at various t,, and C}, reveal that the average
pore diameters < D,, > of the underlying fragile suspen-
sion microstructures do not change significantly with ¢,
but decrease with increasing Cp,, for the ranges of Cp,
and t,, explored here. Finally, we show using different
Laponite concentrations and probe diameters that the
crossover modulus G, of the suspension is inversely re-
lated to the average diameter of the microscopic pores of
the suspension structures that evolve spontaneously and
gradually due to the physical aging process.

II. MATERIAL AND METHODS

A. Preparation of Aging Laponite Clay
Suspensions:

Laponite® (BYK Additives Inc.) is a synthetic clay
comprising disk-shaped particles (25-30 nm diameter and
1 nm thick). Laponite XLG has been used for all the ex-
periments reported in this work. Hygroscopic Laponite
powder is baked for 16-20 hrs at 120°C to remove mois-
ture. Predetermined amounts of the dried powder is
weighed and added to 50 ml Milli-Q water (Millipore
Corp., Resistivity = 18.2 MQ.cm) with continuous stir-
ring to make a suspension of the desired concentration.
After 40 minutes of mixing, 15 ml of the freshly prepared
suspension is filtered using a syringe filter (pore size 0.45
pm, Sigma Aldrich) into a small glass vial. A dilute aque-
ous suspension of polystyrene (PS) beads is next added
to the freshly prepared suspension and stirred for 10 min-
utes. The resulting Laponite suspension containing sus-
pended polystyrene beads is loaded into a sample cell
and the open end is sealed using UV glue. In our experi-
ment, zero waiting time (¢,, = 0) coincides with the time
at which the stirring of the suspension is stopped. The
sample cell is then kept on the piezo stage of the optical
tweezer to initiate the trapping procedure.

B. Optical Tweezer

We use a Thorlabs optical tweezer (OT) module for
our experiments. The schematic illustration of the OT
setup is shown in Fig. 1. A continuous wave solid-state
fiber laser (YLR-5-1064-LP, IPG Photonics USA) gen-
erates a Gaussian beam profile of wavelength 1064 nm.
The beam is expanded by lenses L1 and L2 and deflected
using dichroic and plane mirrors. The resultant beam is
incident on a high numerical aperture (NA = 1.3) ob-
jective lens (oil immersion) of magnification 100X which
focuses the beam to a diffraction-limited spot inside a
sample cell. The highly focused beam can trap an ob-
ject in three dimensions. The light scattered by the
trapped particle is collected by a condenser lens (Nikon
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Fig. 1. Schematic diagram of the optical tweezer set-up. The
infrared laser beam is indicated in red.

10x), diverted using another dichroic mirror-lens assem-
bly, and imaged on a position sensing quadrant photodi-
ode (QPD - PDQ80A Thorlabs, Fig. 1) to measure the
nanometer scale displacements of the trapped probe par-
ticle and the force exerted on it. The voltage signals from
the QPD are recorded at a sampling frequency of 1000
Hz using a data acquisition card (National Instruments,
USA) and custom software (LabView 2021). A sample
cell containing the Laponite suspension with PS beads is
mounted on the piezoelectric sample stage (TBB1515/M,
Thorlabs), and oscillated at the desired frequency using
a 3-axis XYZ translational stage (NanoMax-TS, Thor-
labs), three piezoelectric actuators (TPZ001, Thorlabs)
and two strain gauges (TSGO001, Thorlabs). The sample
cell is constructed using one glass slide and one #1 cov-
erslip (thickness ~ 150 pm, Blue Star, India) and two #0
coverslips (thickness ~ 100 pum) as spacers, as shown in
Supplementary Fig. S1. All the experiments were per-
formed at 22°C. The calibration of the piezoelectric stage
and QPD are discussed in Supplementary Information
Sections ST2 and ST3 respectively. The trap stiffness,
used for calculating the force experienced by the probe
particle, is evaluated using the power spectral density
(PSD) method. The stiffness calculation of the optical
trap in an aqueous medium for various laser powers is
discussed in Supplementary Information Section ST4.

C. Cryogenic Field Emission Scanning Electron
Microscopy (Cryo-FESEM)

The evolving microstructures of the aging Laponite
suspension, prepared at various aging times ¢, and
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Fig. 2.
Sinusoidal displacement of the sample stage vs. time; Bottom: Force experienced by the trapped probe particle.

Laponite concentrations Cp, using the protocol detailed
in ITA, were imaged using a field emission scanning elec-
tron microscope from Carl Zeiss with an electron beam
strength of 5 kV. The freshly prepared Laponite suspen-
sion was loaded in a capillary tube (Capillary Tube Sup-
plies Ltd, UK) of diameter 1 mm using capillary flow.
The capillary tube was sealed and kept undisturbed at
room temperature for a predetermined aging time. The
tubes loaded with the sample were then vitrified quickly
in liquid nitrogen at -207°C and transferred into a vac-
uum chamber at -150°C (PP3000T Quorum technology).
The sample was cryo-fractured using an in-built knife,
and sublimated at a temperature of -90°C for 20 min-
utes to remove the water content at the upper surface.
Finally, a layer of platinum was coated on the sample
surface for enhanced contrast during scanning electron
microscopy. The surface images of the Laponite sus-
pension were produced by capturing back-scattered sec-
ondary electrons. Laponite networks were detected from
the cryo-FESEM images using ImageJ software (Wayne
Rasband, NIH, US) and pore sizes were calculated. The
mean value of pore diameter was measured by averaging
over 10-50 different pores.

III. RESULTS AND DISCUSSION

An aqueous Laponite suspension shows physical ag-
ing [32, 44], with the suspension viscoelasticity spon-
taneously increasing due to the gradual formation of
medium-spanning self-assembled microstructures [45].
The microstructures can rupture or destructure under
shear forces. When the shear is removed, these structures
heal or restructure spontaneously. For our OT-based ac-
tive microrheology experiments, we study the dynamics
of polystyrene particles trapped in the Laponite medium.
Information about interaction between the probe and
Laponite suspension microstructures is necessary for in-
terpretation of microrheology measurements [24, 25]. We
perform isothermal calorimetry and cryogenic scanning
electron microscopy images to visualize the extent of
probe-Laponite attachment. Isothermal calorimetry in-
dicates an exothermic reaction (= 350-560 mJ/g) which
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Fig. 3. Elastic moduli G’ (solid symbols) and viscous mod-
uli G” (hollow symbols) obtained in microrheological mea-
surements using a probe particle of diameter D = 1 um and
plotted ws. angular frequencies of the sample stage for differ-
ent Laponite suspension concentrations C, at an aging time
tw = 90 min. The vertical dashed lines represent the crossover
frequencies where G’ = G” for data acquired at different
Cr. In the inset, the frequency-dependent complex viscosi-

ties n* = VG2 + G"? /w are plotted for the same Laponite
concentrations.

we attribute to the attachment of PS to Laponite network
strands. This energy release is much higher than that
estimated between Laponite particles due to attractive
interactions (=~ 200 mJ/g [23]) and confirms probe par-
ticle attachment to Laponite networks. Probe-Laponite
attachment is further supported by the cryo-FESEM im-
ages in Fig. 2(a) and Supplementary Fig. S5 and can
be explained by considering attachment of the positive
rim of a Laponite particle to the negatively-charged sur-
face of a probe particle as schematically illustrated in
Supplementary Fig. S6. Since the attachment of the
probe particle with suspension microstructure obstructs
its thermal motion, we choose to implement active mi-
crorheology to probe the Laponite system by applying
an external force larger than the thermally induced fluc-
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tuations of the probe particle.

We perform active oscillatory microrheology [46] using
optical tweezers (OT) to extract the elastic and viscous
moduli, G’ and G” respectively, of an aging Laponite
clay suspension in the presence of a very low volume
fraction (1076 % v/v) of probe particles. The combi-
nation of high-accuracy position sensing of the probe us-
ing a quadrant photodiode (QPD) and highly sensitive
measurements of displacements of the sample stage us-
ing piezoelectric actuators allow us to acquire data with
micrometer precision. While the probe particle is op-
tically trapped in the Laponite suspension, we oscillate
the sample cell sinusoidally (Fig. 2(b) top panel) along
the x-axis (as shown in Supplementary Figure S1) with a
maximum amplitude of 1 um for a range of stage oscilla-
tion frequencies w. The oscillatory movement of the sam-
ple stage results in a net oscillatory force experienced by
the optically trapped probe, which is calculated by mea-
suring its nanometer-scale oscillatory displacement. The
displacement of the probe from the trap center, caused
by the sinusoidal motion of the piezoelectric stage, is con-
verted to the corresponding spring force using the trap
stiffness calculated as discussed in Supplementary Fig.
S4. The microscopic elastic and viscous moduli, G’ and
G" respectively, of the underlying suspension are then
calculated using the relations [46]:

Fmaz

G/ = W COS(A¢), (1)
Fmaw .

G = GaRx, A 2)

where Fj,,q. is the maximum force acting on the trapped
particle, R is the radius of the trapped particle, X, 4z
is the maximum amplitude of stage oscillation, and A¢
is the phase difference between the displacement of the
sample stage and the force experienced by the trapped
particle measured in radians as shown in Fig. 2(b).

We oscillate the sample stage at various frequencies
ranging from ~ 3 rad/s to 24 rad/s, with the maximum

oscillation frequency limited by the speed of data transfer
during a given time interval. Simultaneously, the mini-
mum oscillation frequency is set by the relative contri-
butions of the viscous drag and thermal forces acting on
the trapped probe particle. The force experienced by the
probe at a very small stage oscillation frequency results
in a very low signal to noise ratio as shown in Supplemen-
tary Fig. S7. We ensure an accurate measurement of the
oscillatory force response of the bead by increasing the
stage frequency above a certain threshold value that de-
pends on Laponite concentration Cj, and aging time t,,.
We oscillate the stage with a fixed amplitude and mea-
sure the oscillatory drag force on the probe and phase dif-
ference between stage displacement and measured drag
force at a fixed frequency. We estimate the elastic and
viscous moduli, G’ and G”, of the Laponite suspension
by repeating stage oscillations at each frequency for 12
cycles to ensure adequate statistics. Error bars are calcu-
lated according to the procedure described in Supplemen-
tary Information Section ST6. Two or three independent
repetitions have been performed for selected samples to
confirm data reproducibility. We note here that since all
the measurements were performed for Laponite ages ¢,
ranging from 90 to 150 minutes, the evolution of the vis-
coelastic moduli during the data acquisition interval of
5 minutes is expected to be minimal. The above range
of aging times is chosen to ensure that the viscosity con-
tribution of the underlying medium causes a measurable
displacement of the trapped bead, while still localizing it
within the optical trap. We present below the key results
of our active microrheology experiments.

Strengthening of Laponite networks with increas-
ing Laponite concentration at a fixed aging time:
Figure 3 shows the elastic modulus, G’, and the viscous
modulus, G”, as a function of stage oscillation frequency
w at a predetermined aging time t,, = 90 minutes for
various Laponite suspension concentrations Cp. All the
active microrheology measurements are performed using
an optically trapped probe particle of diameter D = 1



pm. At small w, we note that the G” dominates over
G’ for all Laponite concentrations Cp, indicating vis-
coelastic liquid-like response of the suspension at small
frequencies even 90 minutes after preparation. In com-
parison to our microrheological measurements, represen-
tative bulk frequency response data for a Laponite sus-
pension of concentration 3% w/v at t,, = 90 minutes
(Supplementary Fig. S10) shows solid like behavior over
the entire frequency range explored. It is well-known
that structured soft materials display scale-dependent
heterogeneous rheology at comparatively smaller prob-
ing length scales that cannot be accessed by bulk rhe-
ological approaches [47]. Even though the material is
macroscopically a gel, the trapped probe particle expe-
riences increasingly restricted motion in these fluid re-
gions as the suspension microstructure evolves. Due to
the fractal nature of the percolating Laponite network,
the sizes of these fluid regions vary. We note here that
the microrheological data emphasises the liquid like re-
sponse of the medium as the immediate neighborhood of
the probe particle comprises mostly the water medium.
The heterogeneity in the local surroundings also results
in heterogeneity in the attachment of the probe particle
with the Laponite strands. These factors can account
for the discrepancies in the moduli values estimated for
the rheological measurements at microscopic and macro-
scopic length scales.

We see from Fig. 3 that G’ increases with increasing
w and becomes numerically equal to G” at a crossover
frequency we,, with a corresponding crossover modulus
G- The suspension starts showing viscoelastic solid-like
behaviour when the stage oscillation frequency exceeds
weo- We also calculate the frequency-dependent complex
viscosities, n* = /(G2 + G"2?) /w, for Laponite suspen-
sions of various C, at an aging time t,, of 90 minutes
(inset of Fig. 3). The complex viscosity at low Cp, re-
mains almost unchanged with increasing w, implying that
the suspension structure remains invariant under the ap-
plied external perturbations. The shear exerted by the
probe polystyrene particle is therefore too weak to de-
structure the underlying Laponite microstructures under
these conditions. We note that n* increases with increas-
ing Cp, which is in agreement with a previous report
on passive microrheology experiments with Laponite sus-
pensions [48]. The characteristic relaxation time 7 cor-
responding to each Cp, is obtained from the reciprocal of
the crossover frequency 7 = 27 /wc,. Fig. 4(a) shows that
the crossover modulus G, and relaxation time 7 increase
monotonically with increasing C'r, thereby indicating the
strengthening of the underlying Laponite suspension net-
works with increasing suspension concentration at a fixed
Laponite age.

Strengthening of Laponite network structures
with increasing suspension age at a fixed suspen-
sion concentration: To understand the temporal evo-
lution of the mechanical moduli of a Laponite suspen-
sion of fixed concentration Cp, = 2.75% w/v, we perform

active microrheology experiments at various suspension
aging times, t,,, ranging from 90 to 150 minutes using a
probe particle of diameter D = 1 ym. We observe that
G’ and G” show similar frequency responses with vary-
ing t,, (raw data plotted in Supplementary Fig. S11) as
observed in the earlier experiments in which Cy, was var-
ied at a fixed ¢, (Fig. 3). The crossover modulus G,
and characteristic relaxation time 7 for Laponite suspen-
sions at different ¢,, are shown in Fig. 4(b). G, increases
with aging time t,, and suggests the strengthening of
the suspension networks with time due to enhancement
in the inter-particle electrostatic interactions. Interest-
ingly, we observe that 7 does not change significantly
over the range of t,, explored here. As the probe particle
is attached to the Laponite networks, the relaxation pro-
cess during stage oscillation depends on both the probe
particle size and morphology of the Laponite networks.
The interaction between the probe particle connected to
the network and the solvent is important for understand-
ing the relaxation process observed in experiments. The
approximately constant values of 7 in Fig.4(b) indicate
minimal changes in the suspension dynamics within the
explored t,, range. We note that all the measurements
are performed with Laponite suspensions of ages t,, > 90
minutes and Laponite microstructures are presumably al-
ready well-formed within the suspension. Therefore, even
though the networks continue to strengthen with age, the
data in Fig.4(b) indicates that dynamical changes of the
kinetically arrested medium are minimal at the micro-
scopic scale.

Probe size dependence of measured Laponite vis-
coelasticity: We next explore the lengthscale depen-
dent microrheology of Laponite suspensions by varying
the sizes D of the trapped colloidal probe particles. Ac-
tive microrheology measurements are performed to study
Laponite suspensions of Cr, = 2.5% w/v and ¢,, = 90 min-
utes while trapping probe particles of sizes 1, 1.5 and 3.34
pm. The variations of G’ and G with stage oscillation
frequencies show similar trends (Supplementary Figure
S12) as observed earlier (Fig. 3 and Supplementary Fig-
ure S11). The elastic modulus G’ and viscosity n* of the
underlying Laponite suspension measured using a larger
probe is higher when compared to that measured with
smaller probes. Since the surface area of a bigger bead is
larger, the connectivity between the bead and suspension
microstructure is stronger. The drag on a probe particle
therefore increases as its size becomes larger. We note
that active microrheology with bigger probes results in
estimates of longer characteristic relaxation times 7 and
higher crossover moduli G, of the underlying Laponite
suspension medium, as displayed in Fig. 4(c). Therefore,
active microrheology experiments can reveal the length-
scale dependence of mechanical properties which, in turn,
are directly dependent on the connectivity between the
probe and Laponite particles. Probe size dependent mi-
crorheology of Laponite suspensions was previously in-
vestigated by Oppong et al. [43] where they charac-



€y = 250% w/v
ty = 90 mins

€ =275%w/v |
t, = 90 mins

€, =2.75%w/v .‘ 1Y
£, =150 mins i
—~

€, =3.00%w/v
t,, = 90 mins

Fig. 5. Cryo-FESEM images of Laponite suspensions of different concentrations C1, and aging times ¢, (a) Cr = 2.5 % w/v,
tw = 90 mins, (b) Cr = 2.75 % w/v, tw = 90 mins, (¢) Cr = 2.75 % w/v, t,, = 150 mins, (d) Cr = 3.0 % w/v, t, = 90 mins.
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Fig. 6. Pore size ratio < D, > /D, the ratio of average pore
diameter < D, > and the diameter of the trapped particle
(D=1 um), is plotted vs. crossover modulus G¢, obtained
from OT-based active microrheology for different Laponite
concentrations Cr, at t,, = 90 min. In the inset, the pore size
ratio is plotted for different sizes of probe particles D = 1 um,
1.5 pm, 3.34 pm for Laponite suspension concentration Cr, =
2.5% and age t, = 90 min.

terised the gelation point of Laponite suspensions using
passive micro rheology. They found that the gelation
point, which marks the transition point where the sam-
ple becomes solid-like after initially exhibiting liquid-like
viscoelasticity, decreases with an increase in probe size
following a power law with an exponent of -0.15. How-
ever given the spatial heterogeneity of the Laponite net-
work, and the heterogeneity in attachment of the probe
to the Laponite network strand, extracting such a scaling
relation as in [43] is not possible from our experiments.

Correlating pore sizes of Laponite networks with
suspension dynamics: We note from Fig. 2(a) and
Supplementary Fig. S5 that the sizes of probe particles
are comparable with the characteristic structural length-
scales of the suspension. We directly visualize Laponite
microstructures in suspensions of different Cr, and t,, us-
ing cryo-FESEM. Figures 5(a-b,d) show that microstruc-

tures are denser for suspensions with higher Cp. In
contrast, we see that the network morphology does not
change appreciably when suspensions of fixed concentra-
tion are imaged at different ¢,, (Figures 5(b-c)). We cal-
culate the characteristic lengthscales of the Laponite sus-
pension microstructures by extracting an average pore
diameter, < D, >, measured according to the protocol
discussed in Supplementary Information Section ST10 for
all the network structures imaged using cryo-FESEM. We
observe that < D, > decreases with increasing C, but
remains almost unchanged with increasing t,,. This re-
sult is in agreement with passive microrheology results
reported earlier [49, 50] and implies a correlation between
the sample structure and its mechanical response at mi-
croscopic lengthscales.

Figure 6 consolidates the OT and cryo-FESEM data
analyses to display the variation of the average dimen-
sionless pore diameters, < D, /D > where < D,, > is ob-
tained from cryo-FESEM and normalized by the probe
size D to yield a dimensionless lengthscale, as a func-
tion of the crossover modulus G., extracted from our
active microrheology experiments. We note from Fig.6
that the lower values of G, correspond to data analyzed
from active microrheology measurements performed with
samples of lower C',. We observe a clear inverse correla-
tion between < D,, > /D and the crossover modulus G.,.
This implies that Laponite suspensions having denser mi-
crostructures at larger Cp, show increasingly viscoelastic
solid-like behavior and have larger characteristic relax-
ation times. We also show the correlation between di-
mensionless lengthscale < D, > /D and characteristic
relaxation time 7 in Supplementary Fig. S14. We note
from the inset of Fig. 6 that for a fixed Laponite concen-
tration of 2.75% w/v, < D, > /D decreases with increas-
ing crossover modulus G, for various probe particle sizes
D. This observation clearly shows that active microrhe-
ology measurements are probe size-dependent and soft
glassy Laponite suspensions having finite rigidities ex-
hibit lengthscale dependent mechanical properties. This
observation agrees with a previous report on passive mi-
crorheology of Laponite suspensions [23]. The length-
scale dependent mechanical properties of Laponite sus-
pensions is a direct consequence of the heterogeneous
network structures that evolve in aging Laponite suspen-



sions. Interestingly, a theoretical work that proposed an
elastic model to describe the hierarchical arrest of attrac-
tive colloidal particles demonstrated that it is possible to
distinguish between the microscopic (particle-scale) and
mesoscopic (cluster-scale) contributions to the macro-
scopic shear modulus [51]. OT based active microrhe-
ology studies can therefore serve as an excellent starting
point to quantify such spatiotemporal heterogeneities.

IV. CONCLUSIONS

A Laponite suspension shows physical aging, which is
manifested as a continuous evolution of the mechanical
properties of the suspension with time [44, 45]. While in
passive microrheology, accurate measurements are lim-
ited by the probe-size dependence of the diffusive dynam-
ics, the application of external forces in active microrhe-
ology allows the measurement of mechanical properties
that are inaccessible using the former method. In this
report, we systematically perform oscillatory active mi-
crorheological experiments with aging aqueous Laponite
suspensions using an optical tweezer. The aim of our
work is to uncover correlations between the morpholo-
gies of the aging Laponite suspension structures and the
probe particle dynamics at micrometer lengthscales.

Polystyrene particles interact with Laponite particles
and attach physically to the suspension microstructures.
We visualize this attachment using cryo-FESEM imag-
ing. Typically, the size of the probe used in tweez-
ing experiments should be larger than the characteris-
tic lengthscale of the underlying system [52]. When the
probe particle interacts with the network, microrheolog-
ical responses can be extracted even when the character-
istic lengthscales of the suspension microstructures are
larger in comparison to the probe size [24]. Controlled
sinusoidal oscillations of the sample stage, even as the
probe particle is optically trapped and attached to the
microstructures of the suspension, allow us to extract the
viscoelastic properties of the underlying medium. We
note that the measured complex viscosities of the sus-
pension do not change appreciably over the range of fre-
quencies explored in our experiment, particularly for the
samples of lower concentrations. The Laponite medium
is not therefore destructured by the shear forces exerted
by the trapped probe particle. Our microrheology data
establishes that the suspension networks can strengthen
significantly when either suspension concentration or age
is changed. With increasing suspension age and concen-
tration, the Debye layer surrounding each Laponite par-
ticle shrinks [36], resulting in increased participation of
the particles in the branches of the Laponite gel net-
work due to enhancement in the particle edge-face at-
tractive interactions. While the crossover modulus G,
measures the strengthening of the gel network due to
enhanced Laponite particle self-assembly, the relaxation
time 7 provides an estimate of the dynamics of the probe
particle trapped in the network pore. We show here

that while the network strengthens considerably when
suspension concentration, age and probe particle diame-
ter are increased, the dynamical timescale shows a com-
paratively modest change over the parameter space ex-
plored. Our observations such as enhancement of moduli
with increase in suspension concentration and age resem-
ble the results extracted from bulk rheology experiments
[53] but have never been reported at microscopic length-
scales using active microrheology. It has been predicted
that the macroscopic rheology of arrested states depends
on the ratio of particle cluster size and dimension of an
individual particle [51]. Interestingly, this would result
in lengthscale dependent rheology as demonstrated here
and also previously reported for other soft materials in
the literature in different contexts [23, 54, 55].

We systematically demonstrate that the rheological
properties of soft glassy Laponite suspensions [39, 56],
are correlated with the underlying suspension structure,
viz., the average network pore sizes of the suspension
networks imaged using Cryo-FESEM. We show that over
the range of aging times investigated here for a fixed
Laponite concentration, the underlying dynamics is ap-
proximately invariant. When the Laponite concentra-
tion Cp, increases, the network structure, visualized us-
ing cryo-FESEM, becomes denser. We demonstrate that
the crossover modulus of the suspension, obtained from
active microrheology measurements, is inversely corre-
lated with the average pore size of the Laponite network.
Such a correlation between the lengthscale characterising
the suspension network and the characteristic relaxation
time of the suspension at micrometer scales is shown for
the first time to the best of our knowledge using optical
tweezer based active microrheology.

Bulk and micrometer-scale rheology results are ex-
pected to agree if probe particles are much larger com-
pared to the characteristic length scale of microstruc-
tural features in the suspension [57]. Previous passive
microrheology experiments with polymer gels and asso-
ciating polymer systems observed that the probe particle
size had to be about 20 times larger than the character-
istic structural length scale (pore size) to obtain contin-
uum viscoelastic moduli values [58, 59]. The increasing
G, values with probe radius (Fig. 4(c)) in our experi-
ments indicate the existence of a length scale where the
measured rheology saturates to macrorheological values.
In this regime, the local heterogeneities are expected to
be averaged out, resulting in an approximately homoge-
nous medium over the length scales probed. The in-
consistency in the connectivity of the Laponite networks
with the probes also becomes inconsequential over this
length scale. However, using optical tweezer based active
microrheology, accessing the intermediate regime where
the micrometer-scale estimation meets macro-scale mea-
surements is challenging to probe due to the limited trap
stiffness [60].

Nevertheless, our results can be applied to study the
effects of local sample heterogeneities during transport
of micron-sized particles through complex environments,



for example, in drug delivery [61]. Laponite is utilised
as a rheological modifier [62, 63] in material process-
ing applications, and knowledge of micron-scale local dy-
namics is necessary for achieving the desired outcomes.
A possible extension of the present work could involve
the setting up of multiple traps to precisely study the
short-range suspension-mediated interactions [64, 65], or
to understand the effects of quenched defects in a vis-
coelastic medium [66]. Non-linear vicoelasticity [67] of
aging Laponite suspensions can be explored even at mi-
croscopic lengthscales by applying large amplitude stage
oscillations. These studies could shed additional light
on the dynamics of local relaxations and defects in ki-
netically arrested states of colloidal suspensions. Indeed,
further studies are required to produce quantifiable data,
including microscopically probing Laponite suspensions
of higher aging times and concentrations over a range of
probe sizes. Such investigations would necessitate active
microrheology studies using different techniques such as
magnetic tweezers or atomic force microscopy, which can
exert larger forces locally [68]. We further note that dif-
ferent additives and external fields can be incorporated
in Laponite suspensions to fine-tune the rheological re-
sponse [37]. The present work could therefore be ex-

tended to estimate micron-scale mechanical responses of
suspensions in the presence of a range of additives or due
to the application of various external fields.
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ST1 Schematic diagram of microchannel used in OT experiments
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Supplementary Fig. S1:  Schematic illustration of the glass microchannel used for the OT experiments.

Active microrheology measurements are performed by oscillating the XYZ stage along the x axis.



ST2 Piezoelectric stage calibration: calculation of the voltage-displacement

conversion factor for controlled movement of the sample stage
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Supplementary Fig. S2: Distance traveled by the sample stage is measured as a function of the voltage
applied to the piezo actuator. The calibration factor, computed from the slope of the curve, is 0.251

pm/ V.

The sample stage consists of a slide holder with a 3-axis XYZ translational stage, piezoelectric actu-
ators and strain gauges. Application of a voltage to the piezoelectric actuators results in the desired
oscillation of the sample stage. The strain gauges measure the accurate position of the sample stage
feedback for controlled spatial movement.

The conversion factor for calibrating the voltage applied to the piezoelectric actuators to the net dis-
tance travelled by the sample stage is next computed. We prepare a glass microchannel containing
a tiny amount of polystyrene beads suspended in 0.5 mM NaCl aqueous solution. The beads get at-
tached to the glass coverslip in a high salt environment which allows us to acquire the bead position
using a CMOS camera as we apply a voltage to the piezoelectric actuators. The slope of the plot of

stage displacement versus voltage applied to the piezoelectric actuators gives a voltage to displacement



conversion factor of 0.251 pm/V (Supplementary Fig. S2).

ST3 Quadrant photodiode (QPD) position calibration
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Supplementary Fig. S3: Position calibration of QPD is performed by shifting a bead attached to a
glass coverslip along the x-axis by a predetermined distance from the laser’s beam center. The QPD
signal is acquired during this movement and plotted against the motion of the trapped bead. We
determine the sensitivity of the QPD, 1.51 nm/QPD unit, by fitting the linear region of the curve with

a straight line.

High-frequency position measurement of an optically trapped bead using a quadrant photodiode re-
quires a relation between QPD output voltage and bead position data. To determine this relation, also
called QPD sensitivity, we moved a bead attached to the glass coverslip along the x and y axes such
that the bead passes through the center of the laser spot while QPD output voltages are simultaneosuly
measured. The QPD output voltage is linearly related to the bead position in a narrow trap region
between the two parallel red lines as displayed in Supplementary Fig. S3. The slope of the linear region

yields a QPD sensitivity of 1.51 nm/QPD unit.



ST4 Measurement of trap stiffness using power spectrum method
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Supplementary Fig. S4: (a) Power spectral density (PSD) is plotted for three values of incident laser
power and fitted with Lorentzian functions to determine the trap stiffness. (b) Trap stiffness is plotted

as a function of laser power for displacements along x and y directions.

The trap stiffness depends on incident laser power [?]. We trap a polystyrene bead (1 pm) suspended in
water and measure its movement at a sampling frequency of 50 KHz. The Fourier transform of the bead
position as shown in Supplementary Fig. S4(a) is fitted to the Lorentzian function, PSD = A/(f%+f.2),
where A depends on the surrounding temperature, f is the frequency, f. = k/27y is the corner
frequency and -~y is the coefficient of the viscosity of the medium [?]. The trap stiffness x increases

with laser power as shown in Supplementary Fig. S4(b).



ST5 Cryo-FESEM

Cryo-FESEM images of PS particles of different sizes attached to Laponite networks.

Supplementary Fig. S5: Polystyrene (PS) particles attached to the branches of the Laponite suspension

networks (white connected regions) for particles of diameter (a) 1 gm (b) 1.5 pm and (c) 3.34 pm.
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Supplementary Fig. S6: Schematic illustration showing the temporal evolution of Laponite microstruc-
ture in the presence of a polystyrene probe particle. Top panel: The probe particle attaches to the
Laponite microstructure, with the number of contacts depending on particle size. Bottom panel: Indi-
vidual Laponite particles self-assemble at higher aging times to form network structures through house
of cards and overlapping coin assemblies.



Frequency - 1.048 rad/s

Displacement (m)
o

Force (pN)
o
o

0 10 20 30 40 50 60 70
Time (sec)
Supplementary Fig. S7:  Top: Low frequency (= 1.048 rad/sec) stage oscillation of amplitude 1 pm
and Bottom: the corresponding force experienced by the trapped bead of diameter 1 um. The resultant
force is not oscillatory and cannot be analyzed to determine the mechanical properties of the Laponite

suspension at this frequency.

ST6 Error calculation

For each measurement, 12 sinusoidal oscillations have been implemented and the force on the trapped
bead has been measured. We have excluded the initial and the final oscillations to avoid any artefact
driven by transient signals. To compute error bars in measuring G’ and G”, we have therefore used the
ten intermediate oscillations. The computed values of G’ and G” are seen to be reasonably consistent

and the deviations for these ten different cycles are presented as error bars.

Angular frequency of stage oscillation - 9.92 rad/s
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Supplementary Fig. S8: The blue curve with solid circles indicates the stage position with time. The
peaks in the signal are detected using scipy module in Python. The peaks in the stage oscillation
signals are indicated using yellow squares. The force on the trapped particle is shown by the red curve

with red triangles. The black squares indicate the peaks of the force signal.



Ten peaks, after excluding the first and last oscillations, are used to calculate the time difference
between the peaks of the applied stage displacement and the corresponding force measurement (Sup-
plementary Fig.S8). This results in 10 estimates of time differences which are used to compute the

mean and standard deviation in the measured phase angle using the protocol below,

tairf = mean(ty,ta,. ..., to)
terror = standard deviation(ty,ta, . ..., t10)

Phase angles in degree are estimated computing,

gbdiff = 360° * [ tdiffa Gerror = 360° f *terror

where f = stage oscillation frequency (in Hz)
The mean and standard deviation of the phase angles calculated according to the method as
described above are used to calculate the mean and standard deviation values of the elastic and viscous

moduli using the relations (Eqns. 1 and 2 of the manuscript),

! Fma:c COS(W¢diff )7 AG/ o Fmaa: sin(mbdiff

N = 1
67RXmas 180 onRx, . (T gy ) (T Perror /180)

"_ Fmar Sin(7¢diff )’ AG” _ Fmam Cos(ﬂ¢diff
67 RX max 180 6T RX max 180

) (ngerror / 180)

where A¢ — W?fg({f.

G’ and G” with error bars are plotted in transparent colors in the Supplementary Fig. S9. The
maximum error propagation while computing G, and w,, is estimated by considering the maximum
ranges of errors of these two variables, marked using the dashed lines for both horizontal and vertical

directions. To calculate the errors in crossover modulus G, and relaxation time 7.,, the following

relations have been used:

Geo = (GCO2 + Gcal)/27 AGe = (G002 - G’col>/2

Weo = (wCOQ + wcol)/zv cho = (WCOZ - Wcol)/Q



Teo = 2T [Weoy ATeo = (27r/w20)cho
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Supplementary Fig. S9: G’ (solid blue symbols) and G” (hollow orange symbols) and the corresponding
error bars are shown by the shaded regions of the same colour. The maximum possible ranges of the
crossover values of the moduli and angular frequencies are marked using the dashed horizontal and

vertical lines.



ST7 Bulk rheology measurement of Laponite suspension
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Supplementary Fig. S10:  Macroscopic or bulk elastic (G’, solid symbols) and viscous (G”, hollow
symbols) moduli of a Laponite suspension of concentration Cr, = 3.00% w/v at aging time ty = 90

min as measured using a rheometer.
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ST8 Active microrheology measurements using 1 ym probe particle
for Laponite suspensions of concentration C;, = 2.75% w/v at

various aging times ¢,

121 4 t,-90min i
. i 107! 1
10 —§— ty-120 min : :::
" | < ty-135min
0.8 1 - 150 min
5 CL = 2.75% w/v, D =1u 0 -
: %] : 2 W\
° o
) S
4 \\v—v—"—'—'\~
021 e, =
0.0 4 il e
; . ; L . 102 T T T T T
5 10 15 20 25 5 10 15 20 25
Angular frequency, w (rad/s) w (rad/s)

Supplementary Fig. S11: (a) Elastic and viscous moduli, G’ (solid symbols) and G” (hollow sym-
bols) respectively, are estimated using oscillatory active microrheology for a 2.75% w/v Laponite
suspension at different aging times ¢,. (b) The values of complex viscosity 7n*, estimated using
n* = /(G + G"?) Jw, are plotted vs. angular frequency, w, for suspensions of the same aging times

as in (a).
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ST9 Active microrheology measurements for 2.5% w /v Laponite sus-
pensions at aging time ¢, = 90 minutes using probe particles of

different sizes D
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Supplementary Fig. S12: (a) G’ (solid symbols) and G” (hollow symbols) are estimated for a 2.5%
w/v Laponite suspension at aging time ¢,, = 90 minutes using oscillatory active microrheology with
probe particles of different sizes D. (b) The values of complex viscosity n* are plotted vs. angular

frequency, w, obtained by analyzing the same experiments.

ST10 Pore size estimation from cryo-FESEM images

The acquired cryo-FESEM images (a representative image is displayed in Fig. S13 (a)) are initially
binarized (binary image is displayed in Fig. S13(b)) to emphasise the Laponite networks using an inbuilt
module in the ImageJ software. The area within each pore is measured using ImageJ. The equivalent
pore diameter is then estimated by assuming that the measured pore is circular. The average diameter
< D, > is determined by averaging the diameters of various pores (between ~ 10-50). A dimensionless
characteristic lengthscale < D,/D > is estimated by dividing by the probe particle size. The cryo-

FESEM image and the corresponding binary image are shown below in Fig. S13.
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Supplementary Fig. S13: (a) Cryo-FESEM image of Laponite networks of concentration 2.75% w /v

at 90 min of aging time after converting to gray-scale. (b) Binarized version of image in (a) used to

detect network boundaries.

ST11 Correlation between microstructure and relaxation time
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Supplementary Fig. S14: Pore size ratio < D, > /D, the ratio of average pore diameter < D, > and

the diameter of the trapped particle (D=1 um), is plotted vs. characteristic relaxation time 7.
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