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� Shape anisotropic colloidal particles
produced via 2-photon
polymerization.

� Particle dimension and shape can be
controlled down to a minimum
dimension of 1 mm.

� Experimental diffusivity of disk
colloids agrees with the analytical
model.

� Shape anisotropy deviates diffusivity
from the model for disks of given
aspect ratio.
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Hypothesis: Our ability to dictate the colloid geometry is intimately related to self-assembly. The synthe-
sis of anisotropic colloidal particles is currently dominated by wet chemistry and lithographic techniques.
The wet chemical synthesis offers limited particle geometries at bulk quantities. Lithographic techniques,
on the other hand, provide precise control over the particle shape, although at lower yields. In this
respect, two-photon polymerization (2PP)1 has attracted growing attention due to its ability to automat-
ically fabricate complex micro/nano structures with high resolution.
Experiments: We manufacture precisely designed colloids with sizes ranging from 1 mm to 10 mm with
2PP and optimize the process parameters for each dimension. Moreover, we study the shape dependent
Brownian motion of these particles with video microscopy and estimate their diffusion coefficients.
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3D printing
Colloidal particles
Particle tracking
Two photon lithography
2 CAD – computer aided design.
3 UV – Ultraviolet.
4 2PA – 2 photon absorption.
Findings: We observe that increasing the geometrical anisotropy leads to a pronounced deviation from
the analytically predicted diffusion coefficient for disks with a given aspect ratio. The deviation is attrib-
uted to stronger hydrodynamic coupling with increasing anisotropy. We demonstrate, for the first time,
2PP manufacturing of colloids with tailored geometry. This study opens synthesis of colloidal building
blocks to a broader audience with limited access to cleanrooms or wet-chemistry know-how.
� 2019 The Authors. Published by Elsevier Inc. This is anopenaccess article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The shape of a colloidal particle plays a fundamental role in reg-
ulating its entropic interaction with other colloidal particles [1] as
well as its hydrodynamic interactions [2]. Depending on the nature
of these interactions, anisotropic particles can serve as simple
building blocks for self-assembled structures and dictate their
functionality [3,4]. Cubic crystals [5], complex polyhedra [6],
degenerate crystals [7] are few examples which illustrate the
importance of particle shape in forming self-assembled structures.
Particle shape can facilitate particle recognition [8–10], guided par-
ticle packings [11,12] and phase transitions [13,14]. A broad vari-
ety of applications like photonics [15], biomimetics [16],
diagnostics [17], drug delivery systems [10,18–21] and tissue engi-
neering [22] can potentially benefit from the development of such
building blocks.

Multiple techniques have been reported in the literature to fab-
ricate colloidal particles with unique geometries and high produc-
tion yields [23,24]. These include wet chemical methods [25–28],
template assisted synthesis [29–32], controlled deformation of
spherical particles [33–35], swelling and phase separation tech-
niques [36–38], electro spraying [18] and mould stretching [39].
Apart from these techniques, considerable research has been car-
ried out in the use of lithographic techniques such as photolithog-
raphy [40,41], holographic lithography [42], interference
lithography [43] and novel microfluidic processes [22,44–47] to
realize complex geometries and particle morphologies. In fact,
the freedom to realize complex three-dimensional (3D) geome-
tries, high particle throughput and ease of fabrication form the
desired combination for a fabrication technique.

Recently, additive manufacturing has emerged as a powerful
tool for producing objects with user-defined geometry [48]. 3D
printing allows fabrication of objects in a layer-by-layer fashion
based on a computer-aided design2 (CAD). The object is fabricated
either by melting and depositing a thermoplastic polymer (known
as fused deposition modelling) [49] or by locally curing a photopoly-
mer using ultraviolet3 (UV) light (called stereolithography) [50].
These are the conventionally used 3D printing techniques. However,
the spatial resolution in both the techniques is too low for realizing
colloidal particles.

An emerging 3D printing technology is the two photon poly-
merization (2PP) technique, based on the two-photon absorption
(2PA)4 process [51]. In this technique, a femto-second infrared laser
is focused on a photosensitive material to cure the photopolymer
and build 3D microstructures. The high resolution (lower than
200 lm) of this technique is due to the non-linear interaction of light
with matter which confines the polymerization process to the focal
volume (called voxel) of the laser [52]. The use of 2PP has grown
constantly in the past few years in the fields of photonics [53,54], cell
scaffolds and tissue engineering [55], microfluidics [56] and
mechanical micro-structures [57].
In this paper, we demonstrate for the first time, that two-
photon polymerization can be used for the fabrication of colloidal
particles with a custom 3D shape. The printing parameters in the
fabrication process were optimized to produce particles with rect-
angular, triangular and circular cross-sections and dimensions
ranging between 1 mm and 10 mm with high fidelity. By releasing
the particles in an aqueous dispersion, we measured their Brown-
ian trajectories using video microscopy and calculated their mean
squared displacement5 (MSD). From the MSDs we calculated the in-
plane diffusion coefficient for various particle geometries. We
observed that the calculated diffusion coefficients for rectangular
and triangular cross sections deviate from the analytically predicted
diffusion coefficient for disks with a matching aspect ratio. This devi-
ation is attributed to hydrodynamic coupling between the particle
shape and the surrounding fluid. Moreover, this finding highlights
the relevance of geometrical anisotropy on the diffusion coefficient
of colloidal particles.

The goal of this paper is to introduce a new application of 2PP
i.e. fabrication of shape anisotropic colloids. The 2PP fabricated col-
loidal particles may not only serve as colloidal building blocks for
self-assembly but also for applications in diagnostics, biomedicine
and drug delivery. Moreover, the ease of automatically producing
precisely shaped 3D particles with 2PP can open new alleys of
investigations in diffusive behaviour of particles with complex
shapes and their self-assembly kinetics.
2. Materials and methods

2.1. Particle fabrication and imaging

2.1.1. Fabrication of colloidal particles via 2-photon polymerization
A glass coverslip (30 mm in diameter) with a thickness of

0.17 mm (±0.01 mm) was cleaned with oxygen plasma at 60 W
for 1 min. A 3% solution of polyvinyl alcohol, PVA6 (Sigma-
Aldrich) in water was spin-coated at 5000 rpm for 60 s, to produce
a thin film with a thickness of 120 nm (see Supplementary informa-
tion). The film was then dried at room temperature overnight.
(Fig. 1a). A custom design for the colloidal particles was created with
Solidworks and printed via two-photon polymerization (Photonic
Professional GT, Nanoscribe) on the multilayer substrate. The parti-
cles were printed in the conventional (oil immersion) mode using
the IPL-780 resin (Nanoscribe) and a 63x objective (Fig. 1b). After-
wards the coverslip, with the printed structure on top of it, was
immersed for 25 min in propylene glycol monomethyl ether
acetate,7 PGMEA, (�99.5%, ReagentPlus R, Sigma-Aldrich), followed
by 5 min in 2-propanol to remove the uncured resist (Fig. 1c). Then,
the substrate was dried with an air gun. The particles adhere on the
PVA film and can be easily stored in a dry environment (Fig. 1d).
Despite the fact that acrylate chemistry is the most commonly used
material, 2PP offers flexibility in material choice as it can produce
particles with any UV cross linkable chemistry including biocompat-
ible materials for cell culture and tissue engineering.
5 MSD – mean squared displacement.
6 PVA – polyvinyl alcohol.
7 PGMEA - Propylene glycol monomethyl ether acetate.
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Fig. 1. Manufacturing process of 2PP colloidal particles: (a) Spin coating the sacrificial layer of PVA, (b) automated 2PP process, (c) Development of the polymerized 2PP
particles, (d) Cleaning and drying of the particles, (e) Preparation of observation chamber (f) Particle release process by eroding the sacrificial layer in an ultrasonic bath.

8 FITC – Fluorescent.
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2.1.2. Characterization of the particles
Particle imaging was performed using scanning electron micro-

scopy (Jeol JSM-6010LA), white light interferometry (Bruker) and
3D optical microscopy (Keyence).

2.1.3. Release of the particle
A 40 lL water droplet was placed on the printed structures to

release the particles in an aqueous dispersion and a second cover-
slip was attached by means of a double-sided tape to seal the sys-
tem and prevent evaporation (Fig. 1e). The dimensions of the liquid
cell were 0.9*1.5 cm with a thickness of 120 mm. The particles were
released by dissolving the PVA layer with a 10 s immersion in an
ultrasonic bath (Fig. 1f).

2.1.4. Imaging
The motion of the colloidal particles was recorded using an

inverted microscope (Nikon Eclipse Ti-E equipped with a Zyla
camera in the fluorescent (FITC)8 mode). Movies were recorded at
the rate of 40 frames per second with an exposure time of 20 ms
to minimize the dynamic error [58].

2.2. Video microscopy analysis

The RGB images were converted into grayscale format and their
contrast was improved. The adjusted grayscale images were bina-
rized based on a threshold. This threshold was chosen such that
particle features were clearly visible, and they retained their orig-
inal shape and size. Once the image was binarized, the leftover
salt-and-pepper noise was eliminated using a median filter. The
external boundaries of the particles were traced based on the
Moore-neighbour tracing algorithm modified by Jacob’s stopping
criteria [59]. The same method can be used to trace the internal



Table 3-1
Dimensions of disk shaped particles with circular cross-section (r - Particle radius, h -
Particle thickness).

Type 2r (lm) h (lm)
Circular C1 1 1

C3 3 1
C5 5 1
C10 10 1
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boundaries in the object however, since there were no holes or pat-
terns in the particles of interest, internal boundaries were not
traced. Once all the desired particles were identified, their centroid
was estimated. It was assumed that the particles had uniform den-
sity and so the centroid of a particle was same as its centre of mass.
The centre of mass of a particle served as its location in an image. A
position list was generated to tabulate the location (X-Y centroid)
of the identified particles in successive images. A trajectory was
generated, based on the algorithm developed by Crocker and Grier
[60], by tracking the centre of mass of the objects over the subse-
quent images. The trajectory was then used to calculate the MSD of
the objects over different lag times.

The slope of the MSD vs lag time curve was used to calculate of
the in-plane diffusion coefficient of the particle.

MSD ¼ 4Dt

where MSD is the mean squared displacement, D is the diffusion
coefficient and t is the lag time.

It is important to note that the as the lag time increases the
number of particle displacements decreases and this consequently
increases the statistical uncertainty. Hence, slope is estimated
based on the points for which the statistical uncertainty is less than
2%.

3. Results & discussion

3.1. Optimization of the colloidal particle fabrication

In this paper, two photon polymerization was used to fabricate
colloidal particles with custom shape geometry. We selected 3 par-
ticle geometries for analysis (circular, rectangular and triangular)
with dimensions ranging from 1 lm to 10 lm. All the geometries
and dimensions are listed in Table 3-1–3-3.

The first step in the production of colloidal particles via
2-photon polymerization is the design of the 3D shape using the
CAD software. This CAD model is then sliced horizontally, and each
Table 3–2
Dimensions of particles with triangular cross-section (L - Base of the triangle, H – Lateral

Type L
Triangular T1 1

T3 3
T5 5
T10 10

Table 3–3
Dimensions of particles with rectangular cross-section (L1 – Particle breadth, L2 – Particle

Type L
Rectangular R1 1

R3 3
R5 5
R10 1
slice is divided into lines as shown in Table 3-4. The slicing dis-
tance corresponds to the thickness of each printed layer. The
hatching distance corresponds to the width of each line. This is
the way the particles are also produced by the 2PP printer. In fact,
the movement of the laser follows the lines and layer by layer (one
slice after the other) builds the 3D object. Ideally the slicing and
hatching distance are tuned in such a way to produce a solid object.
This means that the lines printed sequentially are touching each
other both in XY and Z direction. If those distances are too high,
adjacent lines and/or slices (or layers) cannot bond together and
are not connected, thereby losing the integrity of the printed
object.

As previously mentioned, the laser used for 2PP is an infrared
laser. One important parameter is the tuning of the laser power
(Laser Power Output [mW] = Laser Power [%]� (Power Scaling� 50
[mW]) / 100). This is tightly coupled with the scan speed, which is
the speed at which the laser moves to produce the object. Usually
the faster the printing; the higher the laser power required. In fact,
the 2PA process has an energy threshold above which the polymer-
ization of the uncured (liquid) resin starts. The laser dose needs to
be high enough to overcome this threshold.

To produce particles via 2PP, it is necessary to optimize all the
parameters that have been described: slicing and hatching dis-
tance, laser power and scan speed. For this reason, we printed a
matrix for each particle geometry and dimension and examined
the effect of the printing parameters described above (see Supple-
mentary information). If the slicing and hatching distance were
small and the laser power was high (high dose) the polymer
started to boil, and the printed structures were deformed. On the
other hand, if the slicing and hatching distance were small and
the laser power was low (low dose), then the presence of a
threshold energy prevented polymerization and consequently the
particles were not printed. The optimal parameters, listed in
Table 3-4, were chosen to maximize the printing accuracy with
respect to the original CAD design for each particle dimension.

We observed that the shape of the particle did not influence the
printing parameters. This may be because the printing process was
independent of the particle geometry. However, the parameters
depend on the particle dimension due to the higher resolution
required for smaller particles. This is reflected in the need of reduc-
ing the hatching and slicing distance, which directly improves the
printing quality, allowing fabrication of small particles.

Fig. 2a, b, c shows the images of typical printed particles
acquired using scanning electron microscopy (SEM). Particles of
those types were used in the tracking experiment. Other images
of the particles can be found in the Supplementary Information.
height, h - Particle thickness).

(lm) H (lm) h (lm)
1 1

3 1
5 1
10 1

length, h – Particle thickness).

1 (lm) L2 (lm) h (lm)
2 1

6 1
10 1

0 20 1



9 Mean squared displacement.
10 Lag time.
11 Translational diffusion coefficient at position i.

Table 3–4
List of all optimized parameters for fabrication of particles using 2PP.

Particle type Laser power (%) Scan speed (mm/s) Slicing distance (mm) Hatching distance (mm)

C1, R1, T1 40 10,000 0.05 0.07
C3, R3, T3 50 20,000 0.1 0.07
C5, R5, T5 50 30,000 0.1 0.1
C10, R10, T10 50 30,000 0.1 0.1
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3D optical images were acquired, using a white-light interfer-
ometer, to evaluate the lateral dimension and the thickness of
the particles (see Supplementary information). The dimensions of
the printed particles matched the design dimensions with a print-
ing accuracy of ±10–15% defined as the difference between the
printed dimension, dprint and the design dimension, ddesign normal-
ized by ddesign. Fig. 2e, f, g shows the comparison between the CAD
design and the printed dimension for each type of particle. The line
represents the 1:1 match. The error bars for determining the parti-
cle dimensions are based on repeating the experiment at least
three times and the standard deviation is given as error bar. All
the points with error bars lie on the line demonstrating the high
accuracy of the printing process in producing custom designed fea-
tures up to a minimum dimension of 1 mm. The thickness of the
particles was 1 lm (±4%).

Since the particles are printed one at the time, the printing time
can be very long depending on the chosen printing parameters. For
instance, it was observed that decreasing the slicing distance or the
hatching distance, increased the printing time. By using the opti-
mal printing parameters based on the highest printing accuracy,
it was possible to produce up to 4000 particles (disk of 1 mm diam-
eter and height, C1) in one hour (for other particle dimensions see
supplementary information). Compared to lithographic techniques
producing as many as 180 million particles in one iteration lever-
aging clean room equipment (stepper, mask aligner) [40], the num-
ber of particles produced in 2PP is not very high (~4000/h).
However, this comparison does not take into account the flexibility
and automation 2PP offers for the realization of custom 3D shapes.
Moreover, 2PP can operate automatically repeating particle fabri-
cation continuously once the process parameters are optimized.
So, in conclusion, the lower yield of the 2PP process is compen-
sated by the flexibility it offers in defining the particle geometry
and automated operation. We present 2PP technique as a comple-
mentary approach to the lithographic ones with distinct advan-
tages in flexibility and operation.

Once printing was completed and the uncured resin was
removed, the sample was dried. It was observed that the particles
adhered to the PVA layer and the sample could be stored for at
least 1 month in a dry environment. This permitted convenient
handling of the particles. Sacrificial layer of PVA can be dissolved
in water enabling the release of colloidal particles produced via
2PP. PVA is a water-soluble polymer commonly used in micro-
fabrication, hence PVA was chosen as the sacrificial layer. It is cru-
cial to avoid the use of solvents that may affect the shape of the
printed particles. We found no evident shrinkage of the particles
in water.
3.2. Particle Brownian motion

Colloidal particles exhibit random walk when suspended in a
Newtonian fluid, for example in water. One way to characterize
this motion is by estimating the mean squared displacement
(<r2 > )9 of the particles. The particle trajectories are used to calcu-
late their MSD as shown in Eq. (3.1).

< r2 sð Þ >¼< ððr tþ sð Þ � r tð ÞÞ2 > ð3:1Þ
The mean squared displacement (MSD) of the particles diffusing

in a plane (2D) increases linearly with lag time (s)10.

< r2 sð Þ >¼ 4Dis ð3:2Þ
where Di

11 is the translational diffusion coefficient in bulk (i = 1) or
close to the surface (i = 0).

A 40 mL water droplet was placed on the printed structures and
a second coverslip was attached by means of a double-sided tape in
order to seal the system and prevent evaporation. The particles
were released from the surface by sonicating the sample for 10 s
in an ultrasonic bath, consequently dissolving the PVA layer. The
Brownian motion of the auto-fluorescent particles was captured
in the fluorescence mode using video microscopy (see supplemen-
tary information). Images were taken at a distance of at least 15 mm
from the surface of the bottom glass slide.

The MSD is plotted as a function of the lag times in Fig. 3a, b, c
for circular, rectangular and triangular particles respectively. The
MSD reported in Fig. 3 is the arithmetic mean of mean square dis-
placements in x and y directions. We observed slight deviation (2–
8%) between MSD values in x and y directions. A larger deviation
(15–30%) is observed for 10 mm particles. We attribute observed
deviations to non-systematic drift and imperfections in particle
geometry. The static error was estimated (see Supplementary
information) by measuring the MSD of the printed particles stuck
to the glass slide and not released in water.

A linear fit of the graphs in Fig. 3a, b, c, using Eq. (3.2), provides
an estimate of the diffusion coefficient for each particle dimension
and shape (R2 � 0.99). The experiment to determine diffusion coef-
ficient was performed only once yet at least 2000 time lag points
were used for each particle. The result is shown in Fig. 3d where
the diffusion coefficient is plotted in function of the volume of
the particle. As expected, the diffusion coefficient decreased as
the particle volume increased.



Fig. 2. Optimization of 2PP polymerization: Scanning electron microscope images of printed particles of (a) 1 lm (b) 3 lm (c) 5 lm (d) 10 lm. Comparison between the CAD
design dimension and the printed dimension measured from SEM images for particles with (e) circular shape (f) rectangular shape (g) triangular shape.
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The translational diffusion coefficient of a sphere (Dsph
12) is

dependent on its radius (rsph13), by the Stokes-Einstein-Sutherland
equation [61] as shown in Eq. (3.3).

Dsph ¼ kT
6pgrsph

ð3:3Þ

where,
k – Boltzmann constant
T – Temperature of the fluid
12 Translational diffusion coefficient of sphere.
13 Radius of sphere.
g – fluid viscosity
For thin circular disks, the diffusion coefficient is a function of

its aspect ratio14 (p), which is defined as

p ¼ h
2r

ð3:4Þ

where,
h – height of the circular disk
r – radius of the circular disk
14 Particle aspect ratio.



Fig. 3. MSD plotted as a function of the lag time for different dimensions of the particles with (a) circular cross section (b) rectangular cross section (c) triangular cross section
(d) Diffusion coefficient is plotted in function of particle volume.
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An empirical model, developed by Hansen [62] was used to pre-
dict the diffusion coefficient of the disk shaped particles. The
model is based on Monte Carlo simulations and provides a correla-
tion between the bulk diffusivity, D1

15 and the aspect ratio p.16

Ds

D1
¼ 1:0304þ 0:0193 ln pþ 0:0623ðlnpÞ2 þ 0:048ðlnpÞ3

þ 0:0017ðln pÞ4 ð3:5Þ

where Ds
17 is the bulk diffusion coefficient of a sphere with the same

volume as the disk.
The model in Eq. (3.5) denoted by the solid line in Fig. 3d fits

well with the measured diffusion coefficient (±9–13%) of the disk
particles with a given aspect ratio. However, a significant deviation
is observed for triangular and rectangular particles. This was
expected due to the coupling between the particle shape and
hydrodynamics. A second significant deviation from expectations
appears for rectangular particles. The largest rectangular particle
(L1 = 10 lm, L2 = 20 lm) shows faster dynamics than the second
15 Bulk diffusivity.
16 Particle aspect ratio.
17 Bulk diffusivity of sphere with same volume as volume of disk.
largest rectangular particle (L1 = 5 lm, L2 = 10 lm). This is unex-
pected. We attribute this discrepancy to uncertainty in determin-
ing observation height and drift introduced due to a change in
experimental procedure for these particles. The largest rectangular
particles sediment considerably faster than other particles inside
the chamber. In order to get good statistics, these experiments
were repeated by turning the glass chamber upside down. Each
time the glass slide was turned, the observation depth was read-
justed. This leads to human error in determining the observation
height. Moreover, we believe turning the glass chamber upside
down gave rise to convection currents within the glass chamber.
These convection currents might have introduced drift, thereby
artificially increasing the measured diffusion coefficient. Another
issue that is worth addressing is the potential water adsorption
by 2PP particles. As these particles are crosslinked polymer net-
works, water adsorption can lead to swelling and increase in their
size. If this was a significant effect, the theoretical prediction for
disks to be consistently above the experimental values. This is
not the case. Consequently, we conclude that swelling might occur
however it is not the most pronounced effect explaining the devi-
ation observed in Fig. 3d. Although, the development of an analyt-
ical model, which describes the diffusion behaviour of complex
particle geometries, is beyond the scope of this paper, our study
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demonstrates that the detailed geometry must be taken into
account while considering the diffusion of shape anisotropic parti-
cles [63].

An experimental issue worth discussing is the influence of poly
(vinly alchol) that remains in solution upon release of particles. The
residual PVA can influence the Brownian motion of particles either
by increasing the viscosity of solution, or by increasing the hydro-
dynamic radius by adsorption. Given the cell dimensions, PVA
layer thickness and assuming all the PVA dissolves in water, we
estimate the weight fraction of PVA as 0.04% or 0.004 g/dL. At this
weight fraction, residual PVA cannot change the viscosity of the
water significantly [67]. PVA adsorption is a more likely scenario
as PVA is commonly used as a stabilizing agent for various colloidal
systems. The radius of gyration of PVA dissolved in water at the
molecular weight used in this study has been measured as approx-
imately 2–3 nm [66]. Even if we assume that adsorbed PVA
increases the dimensions of colloids by its radius of gyration, the
smallest dimension will not be increased more than 0.3%. This
value is well within our accuracy for calculating diffusion
coefficients.

The shape dependent diffusion coefficients dictate the time
scale for self-assembly. For instance, a self-assembled structure
can be kinetically arrested if the time scale associated with its for-
mation is significantly larger than experimental time scale [64]. In
essence, measuring the diffusion coefficient at low concentrations
(/18 < 0.1%) allows us to test theoretical predictions from finite ele-
ment simulations based on calculating the hydrodynamic drag and
resistance tensor [65–67]. Our results contribute to the experimental
literature [63] to test simulation results [64].

Moreover, how the shape influences the interparticle hydrody-
namic coupling and consequently the diffusion coefficient at mod-
erate and high concentrations (0.1 < / < 10%) (/ > 10%) is still a
topic attracting wider interest, for instance, in rheological flows
of concentrated suspensions essential in material manufacturing
and multi-phase flows. Our 2PP technique can contribute to
addressing critical questions in these fields.
4. Conclusions and recommendations

In conclusion, shape anisotropic colloidal particles were fabri-
cated by 2-photon polymerization, an additive manufacturing
technique [48,51,54–56]. The process was optimized to obtain high
printing accuracy i.e. minimum deviation of the printed dimen-
sions from the CAD design (±10–15%) for in-plane and out-of plane
dimensions. Particles with rectangular, triangular and circular
geometries were produced down to a minimum dimension of
1 mm. We demonstrated that the fabricated particles can be easily
released by dissolving the sacrificial PVA layer in water and their
motion can be tracked to generate particle trajectories by video
microscopy [60]. The particle trajectories were used to estimate
their diffusion coefficient in aqueous medium. The diffusion coeffi-
cient of disk shaped particles fitted well with the values predicted
using existing models [62]. However, increased anisotropy, in rect-
angular and triangular geometries, led to pronounced deviation
from the predicted values. This deviation is attributed to stronger
hydrodynamic coupling between the particle shape and the sur-
rounding fluid with increasing anisotropy [63]. The observed devi-
ation emphasizes the relevance of particle geometry on accurately
predicting diffusion coefficient. Our study highlights 2PP as a com-
plementary method for manufacturing colloidal building blocks.
Currently, it has limited yield (4000 particle per hour for disks of
1 mm diameter and height) compared to wet-chemistry [25–27]
and lithographic methods [40–43]. However, 2PP can be used with
18 Particle volume fraction.
limited knowledge of colloidal chemistry and it does not require
access to cleanrooms equipment. Moreover, it offers automated
operation and easy alterations in particle geometry with CAD soft-
ware. We believe the design flexibility, automated nature, printing
accuracy, convenient handling of the sample and easy up-
scalability of the 2PP fabrication of colloidal building blocks will
open new alleys of investigation in colloid science [3,68], drug
delivery [18,21], bottom-up tissue engineering [55], diagnostics
[17] and beyond.
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