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Abstract

Self-assembly of colloidal particles is a promising avenue to control the shape and dynam-
ics of larger aggregates. However, achieving the necessary fine control over the dynamics and
specificity of the bonds between such particles remains a challenge. Here we demonstrate
such control in bonds mediated by depletion interactions between anisotropic colloids that
we 3D-print in the shape of half disks with sub-micron resolution. When brought together by
diffusion, the particles interact in different configurations but the interaction through the flat
faces is by far the longest-lasting. All bonds are flexible and transient, and we demonstrate
control over their life time through the depletant concentration in quantitative agreement
with a simple physical model. This basic design could be extended to manufacture particles
with multiple binding sites to engineer directional assembly with multiple particles

1 Introduction

Colloidal self-assembly, leading to the formation of complex hierarchical end products is key to
understand fundamental processes such as glass transition1,2, crystallization3–5, polymerization6,7

etc. It also possesses application prospects in various scenarios such as preparation of photonic
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crystals8, chemical sensing9, biological applications10 and many more11,12. At the heart of design-
ing and organizing complex structures through self-assembly, lies the control on individual colloidal
design and the mastery on their interactions. In various experimental attempts, researchers have
demonstrated capability to tailor colloidal units that spontaneously self-assemble into intended
structures based on chemical13, geometrical14–16, or physical cues17–19. Highly anisotropic col-
loidal interactions leading to the formation of directional bonds are achieved through altering
the geometry, roughness and/or surface properties of colloids20. However, good control over the
formation, transient nature, life-time and dissociation of such bonds and their quantitative corre-
spondence to theoretical predictions are still elusive.

To build predictable aggregates from scratch, utilizing the principles of self-assembly, the build-
ing blocks and interactions should be carefully crafted to render the bonds (i) selective; that favor
one type of assembly over another, (ii) reversible; that allow reorganizations of the structure, which
helps to avoid energetically unfavorable energetic traps and (iii) flexible; to allow for compensation
of any defect in the manufacture of the individual particles. Our goal in this work is to achieve
a good control over these aspects of colloidal self-assembly by micro-printing simple half-disk like
particle and inducing short-ranged attractive interaction through depletion of polymers.

Depletion interactions are ideally suited to induce colloidal self-assembly. They can indeed be
controlled independently of the colloid fabrication process and have been used to assemble lock-
and-key particles through shape complementarity21,15. Depletion interactions take place between
colloids in presence of non-adsorbing polymer: As colloids come into contact, the volume between
them becomes inaccessible to the polymer and it is favorable in terms of entropy to push the
colloids into close contact.22. For two colloids in contact over an area A, the binding free energy
is proportional to cAδ, with c being the depletant concentration and δ the range of interaction,
which is proportional to the radius of gyration of the polymer. Better fitting colloids with a larger
area A benefit from stronger interaction, which accounts for the efficient binding of lock-and-key
colloidal designs. The magnitude of depletion interactions has been experimentally verified for
small colloids and non-ionic polymers through surface force apparatus measurements23,24, optical
trapping25 and total internal reflection microscopy26,27. One promising avenue to manufacture
colloids with designed shapes, in addition to chemical synthesis and DNA origami28, consists of
3D printing them on a substrate29–33. Two photon laser printing has recently been used to fabricate
self-assembling colloids16,34, offering a large design flexibility at the price of a lower throughput
as compared to chemical routes. While the self-assembly of such laser-printed colloids through
depletion interactions has previously been demonstrated35, the transient, re-configurable bonds
required for faithful large-scale complex self-assembly have not yet been achieved in this setting.

Here we demonstrate such properties in Brownian colloids produced through direct laser writing
based on two-photon polymerization. As described in Sec. 2, we print colloids on a sacrificial
polymer layer and observe the interactions between the particles locally36–38. Their shape is semi-
circular, which implies a stronger interaction through their flat faces than their curved faces.
Depletion interactions are induced through the addition of polyethylene glycol chains. In Sec. 3,
we characterize the formation of these bonds, their selectivity and fluctuation dynamics as well as
their eventual rupture under the influence of thermal fluctuations as a function of the depletant
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Figure 1: Electron microscopy image showing the printed colloids, captured at an accelerating
voltage of 15 kV. Inset: tilted image.

concentration. We anticipate that our approach will constitute a versatile platform to further
engineer complex self-assembling systems.

2 Methods

To obtain Brownian colloids with controlled shapes and number density, we 3D print the colloidal
particles on a sacrificial layer of poly acrylic acid(PAA) (Sec.2.1). Once printed, we liberate the
colloids by dissolving the layer, which allows them to diffuse and interact in situ, and control their
interactions with depletion forces (Sec.2.2 ).

2.1 3D-printing of colloids

Colloidal particles of half-disk shape are fabricated using 3D printing technique based on two-
photon polymerization. To fabricate colloidal particles a sketch of the desired particle geometry
is first made using a 3D designing software, Autodesk Inventor professional. Our colloids are
designed to be semi-circular in shape with a diameter of 5µm and a height of 1µm. The particles
are designed to be flat, in order to keep them parallel to the substrate during self-assembly, and to
minimize particle flipping. The design is then loaded into the nanowrite software linked to the 3D
printer, Photonic professional GT from Nanoscribe, Germany. The 3D design is vertically sliced
into parallel planes at fixed distances using the nanowrite software. Since the approximate height
and diameter of a single voxel resulting from the tight focusing of laser onto the resist is 0.8 µm
and 0.3 µm respectively, we maintain the vertical slicing and horizontal hatching distances at 0.2
µm during particle printing. This ensures optimal overlap between the neighboring voxels

Colloids are printed in the conventional mode of direct-laser writing where the laser is focused
through a thin glass substrate onto a photosensitive material (photo-resist). A circular cover glass
of 30 mm diameter and 1.5 mm thickness is used as the substrate. After thorough oxygen plasma
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cleaning, we first coat the glass substrate with a thin layer of PAA using a 20mg/ml solution
at 3000rpm for 30 seconds. A drop of IP-L photo-resist (from Nanoscribe GmbH, Germany) is
placed on top of the PAA layer. The substrate is then loaded onto the 3D printer and the laser
is focused onto the resist from underneath the glass substrate using a 63x oil-immersion objective
(see Supporting Information Fig. S1 for a schematic). The laser then writes the 3D structures
onto the photoresist which reticulates and solidifies. The unreacted photoresist is washed off using
propylene glycol methyl ether acetate (Sigma Aldrich) leaving the printed colloidal particles on
the substrate as the sacrificial PAA layer is insoluble in the developer solvent. A scanning electron
microscopy (SEM) image of the printed particles is shown in Fig. 1. The printed semi-circular
particles have a diameter of 4.60±0.05µm as measured on SEM images and a height of 0.82
±0.06µm as inferred from optical microscopy measurements (detailed in the supporting informa-
tion (see Supporting Information Fig. S2)). The hole in the middle of the colloids enables their
easy detection and analysis in particular to measure the centroid and orientation (see Supporting
Information Fig. S3).

2.2 Detachment of the particles from the printing substrate

The printed particles are liberated from the substrate by dissolving the PAA sacrificial layer
in a depletant solution that contains different chemicals dissolved in water: To induce depletion
interactions and shape-selective binding between the printed colloids, we introduce polyethylene
glycol (PEG) (MW 600 kDa, from Sigma Aldrich) as the depletant. To prevent unfavorable and
irreversible binding between colloids we use a non-ionic surfactant, tergitol at 20 ppm (from Sigma
Aldrich), and salt at 50 mM (NaCl) to screen electrostatic repulsion between the printed colloids
by decreasing the Debye screening length of the system.

Before dissolving the PAA layer to release the particles, we make a small chamber around the
printed colloids to contain the solution and prevent fluid flow. A rubber ‘O-ring’ is first fixed to
the glass substrate around the printed colloids by using a thin layer of silicon oil. About 20µl of
depletant solution is carefully placed inside the chamber, which is then sealed with a glass cover
slip to avoid evaporation (see Supporting Information Fig. S4 for a schematic). The colloids are
observed using an optical microscope from Carl Zeiss in bright field mode under 100x magnification
using an oil-immersion objective. Time-lapse movies are acquired through a Michrome 6 CMOS
camera (Keyence, France).

3 Results

After dissolution of the sacrificial layer, the colloids start to diffuse (Sec. 3.1) and upon contacting
one another form bound pairs due to depletion interaction whose lifetimes (Sec. 3.2), fluctuations
(Sec. 3.3) and breaking behaviour (Sec. 3.4) we characterize below alongside their dependence on
the depletant concentration (Sec. 3.5).
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3.1 Diffusion of individual particles

As the depletant solution is administered into the chamber, the PAA sacrificial layer dissolves,
setting the printed particles free to diffuse along the glass surface. Gently placing the depletant
solution liberates the colloids without flipping them. The liberated particles remain close to the
bottom of the chamber due to their higher density compared to water. As we show below, bonds
form between the colloids and detach. In our movies that are acquired at least ten minutes after
dissolution of the PAA layer, we can safely consider that the initial orientational order is completely
randomized by thermal fluctuations (see Supporting Information figure S5). The geometric center
of diffusing particles is tracked over time, to monitor their trajectories. By calculating the mean
square displacement of the diffusing particles, we calculate the diffusion coefficient of the individual
colloidal particles to be equal to 0.044± 0.002µm2/s (see Supporting Information Fig. S6). This
diffusion is sufficient to cause several contacting events between neighboring colloids in the typical
course of our experiments.

3.2 Direct observation of transient bond formation and breakage

Two colloids coming into contact can do so in three different configurations: their respective flat
faces may come together, or their round ones, or they may incur a mixed flat-round contact.
Fig. 2(A) shows the formation, temporal evolution, and breaking of the three types of bonds
observed in our system at a depletant concentration of 0.01mg/ml. The time at which bond
formation takes place is denoted as t=0. In all three cases, individual colloids fluctuate with
respect to each other. The flat-flat bonds are longest-lived, indicating that the bonds between
colloids are shape-selective.

To further establish the shape specificity of depletion interaction in our system, we observe
several bound pairs of each category over 60 seconds and identify the time of bond breakage.
Fig. 2 (B) shows the survival probability of each of the three types of bonds at 0.01mg/ml PEG.
Flat-flat bonds have a considerably higher survival probability compared to flat-round or round-
round configurations, confirming that our design allows bond specificity through colloid shape to
be programmed.

3.3 Bond fluctuations

To investigate the fluctuations of a single flat-flat bond, we plot the offset ∆x between the adjacent
edges of the two colloids as a function of time in Fig. 3(A). For each micrograph in our time series,
we obtain the value of this offset by projecting the centroid of one of the ellipses to the major
axis of the second ellipse, and then calculating the distance between the point of projection and
the centroid of the second ellipse. When the flat faces of the two colloids are perfectly aligned
with each other, the offset value is zero. The offset takes positive or negative values depending
on the relative positions of two colloids while they fluctuate. The pair of colloids represented in
Fig. 3(A) explores a range of ∆x values ranging from −2µm to +2µm within the observation time
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Figure 2: The life time of a bond depends on its geometry. (A) Time lapse of bond
formation, evolution and breaking between a pair of colloids in (i) flat-flat (ii) flat-round and (iii)
round-round configuration. Note that the timescales (time is indicated on every image) vary a lot
between the first row and the two others. (B) Survival probability of the three different types of
bonds formed in the system, at a depletant concentration of 0.01 mg/ml PEG. The measurement
is carried-out for a minimum of 30 pairs in each configuration.

of 60 seconds, and we show snapshots of the state of the bond at the times indicated by black
dots. Despite this highly flexible nature, the bound pair spends most of its time in configurations
close to ∆x = 0, which have the lowest depletion free energy

To determine whether the fluctuations of the bond are consistent with our simplified picture
of two perfectly flat faces constrained solely by depletion interactions, we follow 42 flat-flat bonds
over 1 minute with a frame rate of 1 per second and plot the probability density function of |∆x|.
Equilibrium thermodynamics predicts that this probability distribution should take the form of
a Boltzmann distribution e−∆F/kBT , with ∆F ∝ |∆x| the loss of depletion free energy. The data
shown in Fig. 3(B) is consistent with this prediction. We fit the data with an exponential of the
form p(∆x) = λ−1e−|∆x|/λ, and obtain an estimate of λ = 0.80± 0.04µm. Estimating the change
in excluded volume as ∆V = 2hδ|∆x|, where δ is the thickness of the depletion layer, we obtain a
theoretical prediction of λth = 2hδc = 0.96± 0.07µm, close to the measured value. The difference
between prediction and measurement may be due to the friction between the two surfaces, which is
unaccounted for here. This model thus suggests that bonds are mostly observed in configurations
whose depletion free energy is within kBT of its minimum value. Consistent with this expectation,
our bonds rarely display very large values for |∆x| despite remaining dynamic.

3.4 Bond breaking

While bond configurations with large values of |∆x|, are rare, we expect that they would be the
most likely to break apart due to the small overlap of the half-disks. To assess the kinetic pathway
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Figure 3: Bond fluctuations are consistent with those of an equilibrium steady
state.(A) Temporal evolution of the offset ∆x schematized in the inset between the adjacent
edges of colloids showing the fluctuation of a bond in flat-flat configuration. (B) Probability den-
sity function corresponding to the occurrence of |∆x| values during fluctuation of bonds in flat-flat
configuration formed by the depletion-assisted association of semi-circular colloids at a depletant
concentration of 0.01mg/ml, with exponential fit (red dotted line) superimposed.

leading to bond breakage, we measure the angle θ between the major axes of the elliptical fits of
the two particles. When the particles are bound, the two flat faces stay parallel to each other,
making an angle between the two ellipses close to 0◦. However, sometimes the angle between the
major axes abruptly increases (see Supporting Information Fig. S7) and the particles separate. In
this case, we record the corresponding bond breaking time, and |∆x| value.

We show the time evolution of the offset |∆x| for 7 flat-flat bonds in Fig. 4(A), with time 0
indicating their breakage. We observe that breakage tends to occurs for relatively high offsets. To
confirm this observation, we summarize the behavior of 42 flat-flat pairs in Fig. 4(B). In this figure,
each column shows the different values of |∆x| (black dots) explored by a pair during the course
of an experiment (one minute). The value at which the pair breaks, if it exists, is represented
by a red circle. The pairs are ranked horizontally based on their highest |∆x| value. The first
observation of this figure reveals that a pair can explore offset values greater than the one at which
it - or the others - breaks, reminding us that the phenomenon we are studying is stochastic because
it is induced by thermal fluctuations. Second, three different regions corresponding to different
offset ranges are visible. Although all pairs visit the low offset region (I), no bond breakages are
observed there, which is consistent with an associated binding free energy that is large relative to
the thermal energy (in excess of 3kBT ) leading to a very favorable binding. All observed breakage
events occur in region II, which corresponds to a binding free energy comprised between 1.2 and
3kBT , low enough to be overcome by thermal fluctuations over the time scale of our observations.
Finally none of our bonds explores the high-offset region III, which would correspond to very weak
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Figure 4: Bond breaking dynamics of flat-flat pairs: (A) Temporal evolution of |∆x| recorded
from 20 seconds prior to breakage of the bond till the breaking time, tbreaking corresponding to 7
different flat-flat pairs formed at a depletant concentration of 0.01 mg/ml (left Y-axis) and the
corresponding bond energies in units of kBT (right Y-axis). The |∆x| at tbreaking is denoted by
filled circles for each pair. (B) Bond energy values explored by various pairs of colloids in flat-flat
configuration at 0.01 mg/ml depletant concentration. The bond energies at breaking is indicated
by red open circles. Out of the 42 bonds represented here, 14 bond breaking events are observed.

bonds. In the next section, we investigate how these behaviours are affected as we alter the bond
energy by changing the concentration of depletant.

3.5 Influence of the depletant concentration

We investigate the effect of depletant concentration on the decay and breaking behaviour of various
bonds formed in our system. Firstly, we assess the survival probability of colloidal pairs in the three
different bond configurations viz flat-flat, flat-round, round-round formed at various depletant
concentrations (0.02 mg/ml, 0.015 mg/ml, 0.01 mg/ml and 0.008 mg/ml PEG) (see Fig. 5). To
obtain a quantitative estimation of the bond lifetime τ , we fit the survival probablities with a
decreasing exponential as a function of time (p = e−t/τ ). The survival probability decreases for
each type of bonds as the strength of depletion interaction is lowered systematically. Consequently,
with decrease in depletant concentration of depletant, the decay rate of bonds increases, indicating
declining bond stability with decrease in the depletant concentration. This is true for all the
three types of bonds observed in our system. Fig. 5 also re-emphasises the specificity of colloidal
bindings, a feature already evidenced from Fig. 2 (B). At each depletant concentration, flat-round
and round-round bonds exhibited relatively shorter life times compared to the corresponding flat-
flat bonds, which are long lived and stable.

In a first approach, we assimilate bond breakage to the escape from a single potential well
of depth ∆F , where ∆F denotes the depletion free energy associated with a bond configuration.
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Figure 5: Dependence of survival probability of the three types of bonds in (i) flat-flat (ii)flat-round
and (iii) round-round configurations for four different concentration of PEG depletant. Dashed
lines: fit to obtain the survival times.

According to Kramers theory, the survival probability of the bond should then follow the type
of exponential decay described above with a mean detachment time given by the Arrhenius law
τ = τ0e

∆F/kBT , where τ0 is a constant typical diffusion time scale for the problem. ∆F is given
by the product of the osmotic pressure and the change in excluded volume ∆V yielding ∆F =
kBTc∆V . We thus obtain a simple prediction for the survival probability ln(τ) = ln(τ0) + c∆V .
We then fit the three curves of τ as a function of concentration with four parameters, ∆V for
each configuration (flat-flat, flat-round and round-round) and the same pre-exponential constant
τ0. These values are very close to a geometric estimate of the excluded volume change for each of
the bond configurations (see Table 1 and supplementary data for calculation).

Despite this good agreement, we speculate that the deviations of our fitted values from our
geometrical estimates could stem from the flexibility of the flat-flat bonds. Indeed, as the flat sur-
faces of two bound colloids randomly slide off of a perfect alignment due to thermal fluctuations,
they reduce the overlap of their excluded volume. This increases the rate of their detachment,
and potentially offers a fast, “slide-then-break” kinetic pathway towards bond breakage. This
hypothesis is supported by the observation of the flat-flat detachment scenario showing sliding at
the 4 different depletant concentrations studied (SI Fig. S9). Although detachment occurs at all
offsets at the lower depletant concentration and is not observed at the highest concentration, at
intermediate concentrations, detachment occurs only for the highest offsets. Plotting the detach-
ment scenario with the calculated bond energy instead of the offset, a qualitative agreement is
obtained with (SI Fig. S9), where all flat-flat pair separations occurs between an energy of −4kT
to −1kT .

Beyond this qualitative observation, we aim to validate our slide-then-break hypothesis by

9



Figure 6: Survival time as a function of depletant concentration for the flat-flat, flat-round and
round-round configurations, with associated fits of Arrhenius law, modified in the flat-flat case for
reduced survival associated with sliding.

flat-flat flat-round round-round

∆V from geometry (µm3) 0.426± 0.032 0.089± 0.007 0.063± 0.005
∆V from Arhenius (µm3) 0.338 0.118 0.109

∆V from Arhenius with sliding (µm3) 0.462 0.106 0.097

Table 1: Excluded volume change when two particles contact, calculated from the geometry of
the particle and compared with estimates derived from fits of the survival time as a function of
concentration.

modeling it quantitatively. For a shift ∆x, the binding free energy between the colloids is reduced
by an amount 2kBTchδ|∆x|. By assuming a simple Arrhenius kinetics for their detachment, we
thus predict a detachment rate k(∆x) = τ−1

0 exp[cV (∆x)], where the overlap between the colloids’
depletion volumes is given by ∆V = 2hδ(R − |∆x|). Using the probability p(∆x) derived in
Sec. 3.3, we compute the mean colloid detachment rate K =

∫
p(∆x)k(∆x) d∆x. Defining the

effective overlap ∆Veff between the two colloids through K = τ−1
0 exp(c∆Veff), our calculation

yields

c∆Veff = cVM + ln

(
1− e−c∆VM

c∆VM

)
, (1)

where the maximum overlap is given by ∆VM = ∆V (∆x = 0). We then fit again (see Fig. 6) using
this modified model the ensemble of the three variations of tau as a function of concentration, to
obtain an estimation of ∆VM for flat-flat, and a new estimate of ∆V for flat-round and round-
round configuration.The results are shown in Table1 and show a much better agreement with the
geometric estimates. This better agreement supports our slide-then-break kinetic model, and thus
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demonstrates that depletion forces can adequately explain the dynamics of aggregation of these
micro-fabricated colloids and that other attractive forces, such as van der Waals interaction, only
plays a minor role.

4 Discussion

Successfully self-assembling particles into a predetermined structure involves two challenges.
On the one hand, the target structure should be more stable than its competitors. On the other,
it must be kinetically accessible. While 3D-printed microparticles offer a remarkable flexibility
in achieving complex stable structures, kinetic accessibility is potentially problematic at their
relatively large scale, where diffusion is much slower than in, e.g., DNA origami. This difficulty
can however be offset by a fine control over the interactions between the particles, e.g., allowing
off-target bonds to quickly detach, while even favorable ones are allowed to occasionally come off
to allow the particles to optimize their large-scale arrangement.

In this study, we have demonstrated an experimental strategy to achieve such control. We
implement reversible bonding with a life time directly controlled by the particles’ shapes, demon-
strating that 3D printing can be used to not only control an aggregate’s morphology, but also
its dynamics. Since the strength of our bonds is controlled both through the depletant concen-
tration and the contact area between the colloids, our design can straightfowardly be generalized
to generate a system where different bonds have different lifetimes. This potentially opens the
possibility to use 3D printing to design structures based on hierarchical self-assembly, which take
advantage of the existence of several scales of bond life time and strength to reliably assemble
complex structures. We also demonstrate that the spatial control afforded by 3D printing can be
harnessed to generate flexible aggregates whose rigidity is controlled by easily controlled depletion
interactions. While such sliding of flat colloid surfaces in the presence of depletion attraction have
previously been observed with silica cubes39, ours is to our knowledge the first implementation of
this effect in a 3D-printed self-assembled system. On larger scales, this sliding can in principle
be controlled through the size of the depletant, an effect that has previously been used to select
between different lattice organisations14.

In addition to allow for the implementation of non-rigid self-assembled structures, we demon-
strate that the flexibility of a bond has a direct influence over its lifetime through a slide-then-break
mechanism, allowing one more lever to control the dynamics of colloidal self-assembly by taking
advantage of the spatial control afforded by 3D-printing. While our study concentrates on the
dynamics of a single inter-colloid bond, we anticipate that our design can easily be scaled up
to generate particles with multiple binding sites. As this strategy opens the way to much more
complex designs, flexibility could prove an asset in yet another way. Specifically, in such a context
bond flexibility could compensate for imperfections in the colloids’ shapes, by allowing, e.g., a
ring of particles each carrying two bonds at an angle to one another to close even in cases where
these angles are not exactly adjusted. We thus anticipate that the tool box developed here could
dramatically open the range of possible designs for the self-assembly of 3D-printed objects, both
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in the quasi-two-dimensional setting considered here and in future 3-dimensional situations.
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3D printing of colloids

Figure S1: Schematic representation of the arrangement of the objective lens, the substrate and the
resin droplet in conventional mode of direct laser writing

Figure S1 represents the arrangement of the microscope objective, glass cover slip substrate, and
photoresist in the conventional mode of direct laser writing used in our experiments. It may be noted
that the lower working distance of the 63x objective used here necessitates the use of a thin cover
slip as substrate for colloidal fabrication. The photoresist is placed above the cover slip and an oil
droplet is used between the substrate and the objective of the microscope to increase the numerical
aperture of the objective lens. After laser exposure, during the development stage, both the oil
and the unreacted resin are washed away by the developer solvent, leaving behind only the printed
structures on the substrate.
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Figure S2: Gray scale profile (black dots) and its derivative along a line drawn across the width of a
printed particle obtained from an optical microscopy image, with the particle lying on the substrate
with its edge facing down. The image used for analysis is shown in the inset. The inflexion points,
denoted by the maxima and minima of the derivative of gray scale profile represents the particle’s
edges. The distance between the two points gives the width of particle in pixels. In this picture, 20.8
pixels corresponds to 1µm.

Measurement of particle height using optical microscopy

For measuring the height of the printed particles, we employ image analysis using ImageJ software.
Image frames are collected from samples printed at different trials. During the assembly of particles,
some particles may turn side-wise, enabling the measurement of their height. In the inset of figure S2,
an image of a half-disk colloid at a similar instance, with its flat edge parallel to the substrate is shown.
Using ImageJ, the gray scale profile along a line drawn across the particle’s height is generated (see
fig. S2 black dotted curve). The points of inflexion of the line profile are identified from its derivative.
The distance between the two inflexion points on the two sides is measured, as the height of half-disk
particle. The distances measured in pixels are converted to micrometer based on available calibration
for the combination of objective, camera and microscope used. Several measurements were done on
particles printed in various attempts and the average of all the measurements is found to be 0.82
±0.06µm. The error is the standard deviation in the average particle height between 5 independent
printing trials. The average height of particles at each of the 5 printing trials are calculated from at
least 10 different particles from each trial.

Detection of colloids using ImageJ

Image analysis software ImageJ is used for detecting the position and alignment of the semi-circular
colloids. A hole is incorporated at the center of the printed colloids to enable easy detection using
ImageJ. A microscopy image of the printed colloid and the elliptical fit performed using ImageJ to
the colloidal particle is shown is figure S2. The elliptical fit is carried out to obtain the position of
the center of the ellipse(the colloid) and the length of the major axis of the ellipse and the orientation
of the major axis with the horizontal axis. These parameters are used to calculate the x-offset values
for bonds formed in flat-flat configuration.
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Figure S3: Microscopy image of the semi-circular colloid superimposed with the elliptical fit, and the
center of ellipses (C1 and C2) obtained through ImageJ corresponding to two different configurations
of the flat-flat bond.

Experimental chamber design

In order to enable in-situ observation of the formation of depletion mediated bonds and their time
evolution under 100x magnification, using an oil-immersion objective, a simple experimental chamber
is made on the glass substrate containing the printed colloids as shown in figure S3. A rubber O-ring
is fixed on the cover slip with the help of a layer of silicon oil underneath the ring. Aqueous depletant
solution of required concentration is administrated gently from the top of the chamber, after which
it is sealed with a thin glass cover slip of 1 cm diameter. The top glass cover slip assists in avoiding
evaporation of the depletant solution during observation.

Figure S4: Schematics showing the experimental chamber used for observing the self-assembly of
printed colloids. The schematic is not to scale: the glass cover slip is of 30mm diameter, the O-ring
is roughly 5mm in diameter while the printed zone is typically of the order of 200µm x 200µm.

Diffusion of colloidal particles

As the printed particles are released from their initial position by dissolving the sacrificial layer,
they start diffusing along the glass surface. The pre-positioning of the particles is lost soon after
the introduction of the depletant solution. The angle of orientation of all the particle in the image
frame with the positive x axis is plotted at different times. Before placing the depletant, at t = 0, all
the particles are aligned in the same direction. Soon after the introduction of the depletant solution
followed by the dissolution of PAA layer, the initial particle arrangement is completely lost leading
to random orientation of particles as evident from figure S5.

Using an optical microscope equipped with a 100x objective and a MIchrome 6 camera with
CMOS sensor, movies of the particles are captured at a frame rate of 1 per second. Using ImageJ,
the movie frames are analysed to deduce the x and y co-ordinates of the centroid of the particles.
The trajectories of the particles are created from the time series images of the particles fluctuating
under thermal agitation and analysed to obtain the mean square displacement(MSD) as a function of
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Figure S5: Angle of orientation of the particles with the positive x axis, at different instances during
the self-assembly process.

delay time t according to eq.1. From the slope of MSD Vs. delay time plot, the diffusion co-efficient,
D of the particles is deduced, assuming that the diffusion is taking place in a 2 dimensional space
(see Fig.S6).

MSD =< [r(t+ τ)− r(t)]2 >= 4Dt (1)

Analysis of bond breaking

In-order to identify the time at which the bonds between two colloids in flat-flat configuration break
apart, we measure the angle θ between the major axes of the two elliptical fits to the colloidal
particles. When the colloids are bound, θ remains close to 0◦. A sudden jump in the angle between
the ellipses indicate a breaking event. In figure 4, the colloids are bound between time 0-36sec and
abruptly breaks apart at 36sec, which is indicated by a sudden increase in θ.

Calculation of change in excluded volume

The half-disk colloids harbour an exclusion layer of thickness δ around their surface. When two
half-disks are in contact through their flat faces, the gain in excluded volume is simply V = 2Rδh
for each half disk of radius R and height h, for a total of

∆Vf−f = 4Rδh.
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Figure S6: (a) Trajectories of printed particles along the glass surface soon after the introduction of
depletant solution inside the experimental chamber. (b) Mean Square Displacement Vs. delay time
plot of the particles for a total duration of 1 minute. The data is fitted with a straight line (shown
in green) at the initial times (highlighted in yellow).

Figure S7: Time evolution of the angle θ between the major axes of two elliptical fits to the half
circle colloids in the bound stage. θ remains close to zero while the colloids are in bound state.
Bond breaking is characterized by abrupt jump in θ. The inset shows the elliptical fits to two bound
colloids and the major axes of the two ellipses.

For two round sides in contact, one must calculate the area of the circular segment of radius R+δ
and sagitta δ. This can be done by calculating the circular sector and subtracting the triangular
portion

S1 = (R+ δ)2θ1 −R((R+ δ)2 −R2)1/2

with θ1 = acos( R
R+δ ). The excluded volume gain for each half-disks is hS1, for a total of

∆Vr−r = 2hS1.
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Figure S8: Schematics showing the excluded volume around the half-disk colloids and the change in
excluded volume on Round-Round close contact.

For a round side in contact with a flat face, the projection of the excluded volume difference will
be a circular segment of radius R+ δ and sagitta 2δ. Its surface is

S2 = (R+ δ)2θ2 − (R− δ)((R+ δ)2 − (R− δ)2)1/2

with θ2 = acos(R−δ
R+δ ). The excluded volume gain is in this case

∆Vf−r = hS2.

The depletant exclusion thickness was taken as δ =
2Rg√

π
1, with Rg the radius of gyration of the

polymer. We took Rg = 50.2± 1.5nm for PEG 600kDa2.
From the relative errors of R (1%), h (7%) and δ (3%), we computed an error 8.3% for Vf−r and

Vr−r and 7.6% for Vf−f .
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Fluctuations and bonds breaking at different concentrations

Figure S9: Spectrum of |∆x| values (top panel) and the corresponding bond energies (bottom panel)
explored by the colloidal pairs in flat-flat configuration. The |∆x| and bond energy values explored
by each pair of colloids during its temporal evolution is plotted vertically on the respective panels.
The pairs are indexed in the ascending order of highest value of |∆x| among the various values they
explore. Four different shades of blue represent |∆x| values and bond energies extracted from the
systems with four different concentrations of depletants, viz 0.008 mg/ml, 0.01 mg/ml, 0.015mg/ml
and 0.02mg/ml in order from left to right. The corresponding minimum of the potential wells are at
−3.43kBT , −4.29kBT , −6.44kBT , and −8.59kBT respectively. The red open circles corresponds to
the point at which bond breaking takes place.
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