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Colloidal patterning enables the placement of a wide range of materials into prescribed spatial arrange-
ments, as required in a variety of applications, including micro- and nano-electronics, sensing, and
plasmonics. Directed colloidal assembly methods, which exploit external forces to place particles with high
yield and great accuracy, are particularly powerful. However, currently available techniques require special-
ized equipment, which limits their applicability. Here, we present a microfluidic platform to produce versa-
tile colloidal patterns within a microchannel, based on sequential capillarity-assisted particle assembly
(sCAPA). This new microfluidic technology exploits the capillary forces resulting from the controlled motion
of an evaporating droplet inside a microfluidic channel to deposit individual particles in an array of traps
microfabricated onto a substrate. Sequential depositions allow the generation of a desired spatial layout of
colloidal particles of single or multiple types, dictated solely by the geometry of the traps and the filling se-
quence. We show that the platform can be used to create a variety of patterns and that the microfluidic
channel easily allows surface functionalization of trapped particles. By enabling colloidal patterning to be
carried out in a controlled environment, exploiting equipment routinely used in microfluidics, we demon-
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Introduction

Particle assembly as a method for the fabrication of complex
patterns with programmable geometries and compositions
has experienced significant expansion in recent years. This
interest stems from the wide range of applications where
miniaturization plays an important role, including micro- and
nano-electronics,” sensing,® and plasmonics.*” The working
principle consists in using nano- and micro-particles as build-
ing blocks for the construction of more complex structures
across length scales, from the colloidal scale upward. Directly
using particles for pattern formation offers significant advan-
tages compared to top-down patterning techniques. In partic-
ular, progress in the synthesis of functional nano- and micro-
particles offers a vast library of preformed units and their
combination grants greater flexibility compared to patterning
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strate an easy-to-build platform that can be implemented in microfluidics labs.

metallic, oxide or polymeric films, for example via lithogra-
phy. Additionally, colloidal particles can be synthesized out of
diverse materials and easily modified to exhibit specific sur-
face chemistries. Producing colloidal patterns by co-localizing
particles with different bulk or surface properties in pre-
scribed positions offers tantalizing opportunities to create
chemical patterns with selective binding properties, which
can be directly employed in surface-based sensing. In con-
trast, achieving top-down micropatterns encoding different
functionalizations  requires = complex  sequential  or
multiplexing processes,” necessitating sophisticated equip-
ment, delicate alignment and protection procedures.

In the field of particle assembly, several approaches have
been proposed to create heterogeneous patterns, including
self-assembly,”® pick-and-place methods,” and directed
assembly.'®*? In self-assembly techniques, controlled interac-
tions between particles are exploited to create ordered struc-
tures. Their main limitation lies in the fact that efficiency is
strongly dependent on the operating conditions,"® as well as
on the specific properties of the particles, which define their
mutual interactions and the interactions with the substrate.
This sensitivity often precludes the high yield, reproducibil-
ity, and precision required for many applications, such as
micro-electronics. Pick-and-place methods, like optical twee-
zers, enable high precision in particle assembly and the for-
mation of complex structures with great accuracy. However,
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this precision comes with high cost and limited yield. Di-
rected assembly instead exploits the action of one or more ex-
ternal forces to guide the organization of colloidal particles
into complex structures, with high yield and accuracy, yet
rapidly and at limited cost.

Sequential capillarity-assisted particle assembly (SCAPA) is
a promising directed assembly technology developed in re-
cent years, with great potential as a patterning tool to allow
the co-localization of different micro- and nanoparticles in
precisely defined arrangements.""" This technology, derived
from conventional capillary assembly,'®'” exploits the capil-
lary forces exerted by the meniscus of an evaporating droplet
of a colloidal suspension that moves over a patterned tem-
plate, generally made of polydimethylsiloxane (PDMS), to de-
posit and trap single particles inside microfabricated wells.
The evaporation drives the accumulation of particles close to
the meniscus, whereby capillarity enforces their placements
in the prescribed positions. The capillary forces used in the
assembly process™ act on a larger length scale than those
characterizing the interactions between particles, so the suc-
cess of the deposition is largely independent of the material,
dimensions and surface properties of the particles. The yield
of the depositions solely depends on global parameters such
as particle concentration (up to 1% vol), deposition speed (of
the order of few micrometres per second), temperature (be-
tween 10 and 50 K above the dew-point temperature) and sur-
face tension of the suspension (i.e. leading to the formation
of a receding contact angle on the substrate between 30 and
60°).">'” This affords great versatility and allows the fabrica-
tion of complex colloidal structures, whose shape is deter-
mined by the geometry of the traps and whose composition
is defined by the assembly sequence. Virtually any kind of
colloidal particles forming a stable aqueous suspension can
be deposited, comprising different surface charges, and func-
tionality (e.g. magnetic), shape (including anisotropic shapes
such as nanorods,””** nanopolygons>*** and nanowires")
and from a broad range of materials including polymers, ox-
ides, metals semiconductors and biological samples.'® Di-
verse geometries, ranging from linear sequences to planar
clusters such as triangles and L-shaped sequences, can be
obtained by using several sequential depositions, with the
possibility to change the direction of motion of the meniscus
to change the direction of deposition.™

The main disadvantage of current implementations of the
SCAPA technology is that the process is carried out in an
open system. This means that the colloidal suspensions and
the patterned substrate are exposed to the surrounding envi-
ronment, thereby introducing a risk of contamination, which
is particularly detrimental for example in sensing applica-
tions and for biological samples."®2° In addition, a highly
customized setup is currently required: the droplet motion is
driven by a high-precision piezoelectric stage, mounted on a
thermal control module, integrated on a light microscope. In
order to avoid contamination issues and facilitate the imple-
mentation of the technique, we have developed a simple
microfluidic platform to perform sCAPA within a closed
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microchannel. This versatile and robust platform not only al-
lows the colloidal patterning to be carried out in a controlled
environment, but also exploits the same equipment routinely
used in microfluidics, simplifying adoption and expanding
the range of possible applications.

Materials and methods
Colloidal suspensions

Colloidal patterning experiments were performed using fluo-
rescent polystyrene (PS) particles (microParticles GmbH) of
diameter 0.98 um (red; polydispersity <5%), 1.02 um (green;
polydispersity <5%) and 2 pum (green; red; polydispersity
<5%), and polystyrene particles with covalently bound
streptavidin on the surface (Micromer® 01-19-203; Micromod
Partikeltechnologie GmbH) of diameter 2 pm. To wash parti-
cles before use, particle suspensions were diluted with an
aqueous solution of TWEEN 20 (Sigma Aldrich; 0.015% v/v)
to a final concentration of 0.1% v/v and centrifuged at 12 000
rpm for 1 min. The supernatant was then gently removed
with a pipette and replaced with an aqueous solution of
TWEEN 20 (Sigma Aldrich; 0.015% v/v). This procedure was
repeated three times to ensure complete replacement of the
supplier's solvent. All suspensions used for particle assembly
had a particle concentration of 0.1% v/v and TWEEN 20 con-
centration of 0.015% v/v. This surfactant concentration en-
ables an optimal receding contact angle between 30° and 60°
during deposition (ESI;; Fig. S1). As proof of concept for in
situ surface functionalization, polystyrene particles with cova-
lently bound streptavidin on the surface (Micromer® 01-19-
203; Micromod Partikeltechnologie GmbH) were exposed to
fluorescent biotin using a solution of 10 uM biotin dye (Atto
520-Biotin, Merck) in 10 mM PBS buffer (Gibco PBS pH 7.4

(1))

Template fabrication

The PDMS templates, which bear microfabricated traps to
form the template for particle deposition, were fabricated
according to the method introduced by Geissler et al.>® The
silicon master was prepared by conventional lithography*” in
a cleanroom (Binnig and Rohrer Nanotechnology Center,
class 100). Features were designed in the open-source soft-
ware Klayout. A chrome-glass mask with a layer of positive
photoresist (AZ1505, MicroChemicals) was prepared by expos-
ing the designed features with a UV direct laser writer (Hei-
delberg DWL 2000) and developed with a spin developer
(OPTIspin SB20) using AZ400K developer (MicroChemicals) at
1:4 photoresist to water ratio for 15 s, then immersed in
chrome etchant for 50 s (Techni Etch Cr01, Technic France).
A 10 cm silicon wafer (N/Phos <100> 1-10 Q cm, silicon ma-
terials) was plasma treated for 3 min at 600 W (Gigabatch
310 M PVA TePla) and a layer of hexamethyldisilazane was
vapor-deposited and baked at 110 °C to increase the adhe-
sion towards the photoresist. A layer of AZ1505 photoresist
was then deposited at 2000 rpm for 2 min and the features
were exposed to UV through the chrome-glass mask with a

Lab Chip, 2021, 21, 888-895 | 889
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mask aligner (Stiss MA6) at 20 m]J for 2 s and developed with
AZ400K developer as for the mask. To complete the fabrica-
tion of the silicon master, the wafer was etched via deep reac-
tive ion exchange (Alcatel AMS 200SE I-Speeder) adjusting the
etching time (<2 min) to achieve the desired depth (mea-
sured with a profilometer; Veeco Dektak 6 M). To prepare the
particle deposition template, polydimethylsiloxane (PDMS;
Sylgard 184 silicone elastomer kit, Dow Corning, Midland,
MI) was mixed with cross-linker (10% by weight) and
degassed, then 3 g was poured onto the silicon master. To ob-
tain a 400 pm-thick layer, PDMS was spin coated at 500 rpm
for 5 s and at 800 rpm for 10 s, then degassed again to re-
move trapped air bubbles. The silicon wafer was baked at 70
°C for 2 h, after which the PDMS template layer was peeled
off and was ready to be bonded to the PDMS channel. The
templates used for colloidal patterning had dimensions of 10
mm x 5 mm, accommodating ~10° traps. Traps large enough
to accommodate two adjacent particles were 2 um long, 1 pm
wide, and 500 nm deep (Fig. 3A) for the green and red PS par-
ticles of 1.02 um diameter, and 4 pm long, 2 pm wide, and 1
um deep (Fig. 3B) for the green and red particles of 2 um di-
ameter. Traps large enough to accommodate three adjacent
particles (Fig. 3C), or two particles at the extremities of the
traps (Fig. 3D), were 4 um long, 1 um wide, and 500 nm deep,
for the green and red PS particles of 1.02 um diameter. The
separation between the traps is at least twice greater than the
width of the trap along the direction of the moving meniscus,
to ensure that the contact line sequentially dewets traps
within a single row and that different rows are sequentially

View Article Online
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Fig. 2 Working principle of particle deposition in a trap. (A)
Fluorescence image showing a top view of a droplet of a colloidal
suspension moving (right to left) on the PDMS template. The brighter
region is the particle accumulation zone. (B) Schematic of particle
assembly in rectangular traps and magnified view of one trap. The trap
depth d is of the same order as the particle radius r. The meniscus
exerts on the front particle (particle 1) a capillary force Fc that is
oriented perpendicularly to the meniscus itself, thus pushing the
particle into the trap and to the end of the trap towards which the
meniscus is moving (here, the left end). The force Fc is partially
transmitted to the rear particle (particle 2), resulting in an upward
force F¢ that pushes particle 2 out of the trap. As a result, only particle
1 is deposited within the trap.
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Fig. 1 Microfluidic sequential capillarity-assisted particle assembly (microfluidic sCAPA) platform. (A) Schematic of the experimental setup for
microfluidic sSCAPA. The system consists of a thermal control chamber (in black) in which the 23 mm long microfluidic channel is placed, set on
top of an inverted microscope stage (see objective below the chamber). A syringe controlled by a syringe pump (not shown) is first used to inject
the colloidal suspension (from left to right into the channel), and then is operated to withdraw it (from right to left) during the deposition process.
The floor of the microfluidic channel includes a region with the microfabricated traps (i.e. the template), as shown in D. The red shading represents
the colloidal suspension. (B) Magnified side-view of the meniscus moving in the central part of the channel while withdrawn using the syringe
pump. The arrow shows the direction of the meniscus movement. The dashed square indicates the location of the template, as magnified n D. (C)
Cross-section of the PDMS microfluidic channel. The geometry of the ceiling defines three sections: a central one that is 7 mm wide and 500 um
high, and two lateral ones that are each 5 mm wide and 1 mm high. The template is located on the channel's floor, underneath the central section
(represented by a dashed line in the figure). Through suction from the syringe, the colloidal suspension is made to recede in the central section of
the microchannel, eliciting deposition of particles into the traps, while the two lateral sections are filled with air for the entire time, to ensure that
the colloidal suspension does not get in contact with the channel's walls. (D) SEM image of a small portion of the PDMS template showing 36
microfabricated rectangular (2 um x 4 pm) traps. The scale bar is 2 um. The overall size of the template area is 50 mm?.
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Fig. 3 Colloidal arrays assembled with the microfluidic sCAPA. (A and B) Epifluorescence microscopy image of 20 traps showing dimers
assembled from one green and one red polystyrene particles of diameter 2 um (A) and 1 um (B) along with the deposition schematics. Arrows
show the direction of meniscus movement for each deposition step. (C) Epifluorescence microscopy image of 20 traps showing trimers assembled
from two green and one red polystyrene particles of diameter 1 um along with the deposition schematics. (D) Epifluorescence microscopy image
of 20 traps showing the deposition of one green and one red polystyrene particles of diameter 1 um, separated by roughly 2 um, obtained by
alternating the direction of the meniscus movement between the two deposition steps.

dewetted, in order to maintain a well-controlled motion of
the meniscus.

Channel fabrication

PDMS channels were fabricated by pouring PDMS onto an
aluminum mold and curing at 70 °C for 2 h. Fig. 1C shows
the cross-section of the channel. It consists of three 23 mm
long parallel sections. The two side sections are each 5 mm
wide, and 1 mm high, and the central section is 7 mm wide
and 500 pm high. There is no physical barrier between the
three sections. The shallowest part of the microfluidic chan-
nel is located above the template, namely, the region of the
channel floor bearing the microfabricated traps. The two
parts of the microfluidic channel (ceiling and floor) can be
plasma bonded (40 s plasma treatment with a Zepto Plasma
Unit, Diener electronic GmbH), or held together using exter-
nal clamps. Both sealing strategies were successfully tested.

Particle patterning

The experimental setup used for the particle patterning con-
sists of the microfluidic channel, a syringe pump, and a ther-
mal control module (Fig. 1A). The colloidal suspension is
injected into the microfluidic channel, through a hole
punched at the beginning of the middle section, while the
hole at the other end of the channel allows air to escape.
Once the liquid has covered the template region that sits on
the bottom of the channel (see the supporting information
for details of the filling procedure), it is withdrawn and, once
the accumulation zone (as defined later) is formed, particles
start being deposited. The liquid withdrawal speed of the sy-
ringe pump (CETONI Base 120, CETONI GmbH) was set at a
flow rate such that the meniscus moves at a constant speed
of 1-2 um s™' during deposition. The control module, a
heated glass plate equipped with a controller (H601-NIKON-
TS2R-GLASS and H401-T-CONTROLLER, Okolab), is placed
below the microfluidic channel to maintain a temperature of
27-30 °C. The thermal control module allows full optical ac-

This journal is © The Royal Society of Chemistry 2021

cess and the assembly can be visualized in real time with an
inverted microscope (Nikon Eclipse Ti).

Imaging and data analysis

Particles assembled in the traps were imaged by bright field
and fluorescence optical microscopy (Nikon Eclipse Ti).
Image]*® was used to merge the fluorescence images, and to
overlay fluorescence and bright-field images by combining
the red, green, and phase contrast channels. The yield of the
assembly steps was quantified by particle localization and
cluster analysis using a custom-made routine implemented
in Matlab. Microscopy images of a target region of the tem-
plate containing >50000 traps were taken after each deposi-
tion step with fluorescence optical microscopy using either
the red or the green channel to discern particles assembled
during each step. Particles of different fluorescence were then
located in the different images using Matlab code to calculate
the position of centroids of bright spots to sub-pixel accu-
racy.””?® The particle coordinates were then tagged and col-
lated according to the fluorescence channel used to acquire
the image. The Matlab routine rangesearch was used to con-
struct the list of nearest neighbours of each particle based on
a cut-off Euclidean distance of r < 1.40, where ¢ is the diame-
ter of the particles. The list of nearest neighbours was then
used to find and classify clusters of particles separated by
distances less than r.

Results and discussion

The setup for the microfluidic SCAPA consists of a micro-
fluidic channel, in which a colloidal suspension is moved by
a syringe pump and the temperature is controlled by a com-
mercial thermal control module. This simple microfluidic
setup can be mounted on any microscope. The template for
deposition is located below the central section of the micro-
fluidic platform (Fig. 1). An important element of the device
is the shape of the microchannel's cross-section, with the
height of the central section being half that of the lateral sec-
tions (Fig. 1C). In this manner, after being injected, the

Lab Chip, 2021, 21, 888-895 | 891
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liquid is pinned by the sharp edges of the central section of
the channel and consequently confined, leaving air in the lat-
eral sections. This design allows the maintenance of a well-
defined moving droplet with a receding convex-shaped me-
niscus. In particular, the presence of the lateral air pockets
prevents contact of the meniscus with the side walls, which
would generate a concave-shaped meniscus with a non-
reproducible shape.

The colloidal suspension is injected into the microfluidic
device through an inlet located in the upstream part of the
central section, until the solution covers the template region
containing the microfabricated traps. At the downstream end
of the channel, an outlet allows air to escape during the lig-
uid injection process. Thanks to the different height profile
of the channel, the particle suspension remains trapped in
the central, thinner section by surface tension, which pre-
vents it from spreading over into the lateral air reservoirs. Be-
ing pinned in the central section, the suspension proceeds
with a convex-shaped meniscus until it reaches the end of
the channel (ESIf Fig. S2). Once the template has been cov-
ered by the colloidal suspension (see ESI{ for details of the
filling procedure), the syringe pump is used to withdraw the
liquid at a flow rate of 0.07-0.2 pl min™", corresponding to a
meniscus receding speed of 1-2 um s '. The channel's
upstream-downstream symmetry facilitates the inversion of
the patterning direction between patterning steps (inlet be-
comes outlet, and vice-versa).

Throughout the process, the receding liquid evaporates at
a controlled temperature, causing convective currents to carry
the suspended particles towards the air-liquid interface, as
in the classic SCAPA technique.'®'® The region surrounding
the air-liquid interface, called the accumulation zone, is thus
characterized by a high concentration of particles. The parti-
cles concentrated in the accumulation zone, starting from
those at the air-liquid interface in immediate contact with
the template, get deposited into the traps as the liquid re-
cedes (Fig. 2B), owing to the capillary force pushing the parti-
cles into the traps."® Since the accumulation zone is formed
by evaporation, the accumulation rate and consequently the
size of this zone can be controlled by regulating the tempera-
ture within the channel. The higher the temperature, the
greater the size of the accumulation zone and the faster its
formation, due to the higher speed of the convective currents.
Increasing the particle concentration beyond 1% vol may lead
to the formation of a too large, poorly controlled accumula-
tion zone even at moderate heating, causing a drop in the de-
position yield. The temperature in the whole channel must
be maintained above the dew point of water in order to avoid
condensation on the template (ESL} Fig. S2). This can be
achieved by maintaining the temperature in the whole chan-
nel at 27 °C to 30 °C, approximately 15 °C above the dew
point of water. The desired wetting conditions of the tem-
plate (i.e., a receding contact angle’® between 30° and 60°)
can be achieved by modulating the surfactant concentration.
We found that a concentration of 0.015% TWEEN 20 made
for a 46.0 + 3.8° receding contact angle (ESIT Fig. S1C) and

892 | Lab Chip, 2021, 21, 888-895
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allowed the reliable deposition of both 1 um and 2 um diam-
eter fluorescent polystyrene (PS) particles (microParticles
GmbH).

The microfluidic platform can be used to create patterns
of particles with different geometries, depending on the
shape and arrangement of the traps. The number of particles
that are pushed into the traps in each deposition can be con-
trolled by the geometry of the traps and the flow direction.
Here, we demonstrate the assembly of different linear pat-
terns of particles, obtained through sequential deposition
steps within traps having a width close to the particle diame-
ter and different lengths, and oriented such that the motion
of the meniscus occurred along the direction of the long axis
of the traps. This technique achieves a yield up to 95% for
each individual step, where the yield is defined by the per-
centage of the traps on the template where the desired num-
ber of particles is successfully deposited. For each experi-
ment, the yield was quantified by imaging at 40x
magnification, using both bright-field and fluorescence
microscopy, and automatically counting particles with a
custom-written Matlab software. The yields and the flexibility
in the designs reported below are on par with what can be
achieved by conventional sCAPA in an open chip.'***

We started by creating particle dimers by running the
microfluidic sCAPA process twice, sequentially. We first
injected a colloidal suspension of green fluorescent polysty-
rene particles with diameter of 2 um through the inlet into
the central section of the channel, using a manually operated
syringe, until the template was fully covered. We then with-
drew the suspension out of the microchannel's outlet using
the syringe pump, at a flow rate of 0.1 ul min™" to deposit
one particle per trap. Once the suspension reached the end
of the template, we completely withdrew the suspension of
green polystyrene particles, injected a suspension of red fluo-
rescent polystyrene particles with 2 um diameter and re-
peated the same deposition procedure. This resulted in the
formation of green-red (G-R) dimers (Fig. 3A). The desired
G-R dimers formed in 93% of the approximately 55000
analysed traps. This experiment demonstrates that the condi-
tions for a successful SCAPA can be achieved within the
enclosed space of a microfluidic channel. In particular, the
formation of a sufficiently large accumulation zone, with a
width ranging from 100 pm to 300 um, can be realized,
which results in a high yield of particles deposited in the
traps according to a prescribed sequence, as mentioned
above. In a second set of experiments, we demonstrated that
the process works also for smaller particles using red and
green polystyrene particles with diameter of 1 pm to form
green-red (G-R) dimers (Fig. 3B) with similar results. In this
case, G-R dimers were deposited in 89% of the approximately
55000 analysed traps. For both experiments, 1 cm long tem-
plates containing approximately 10° traps can be filled in un-
der 2.5 hours.

More complex patterns can also be achieved, for example
longer, bar-code-like colloidal chains. To illustrate this, we
produced G-R-G chains using a three-step process (Fig. 3C).

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Sequential depositions for the formation of a two-dimensional colloidal array of particle trimers using microfluidic sCAPA. (A) One-step de-
position of fluorescent green polystyrene particles of diameter 1 um, in linear traps like those in Fig. 3C. The yield of single green particles is 75%.
(B) Two-step deposition of fluorescent red polystyrene particles of diameter 1 um in the traps containing the fluorescent green polystyrene parti-
cles from the previous step. The yield of the desired green-red sequence is 74%. (C) Three-step deposition of fluorescent green particles of diame-
ter 1 um in the traps containing the green and the red particles from the previous steps. The yield of the desired green-red-green sequence is
52%. Scale bars in A-C are 4 um. The histograms show the relative frequency of the different particle combinations measured for approximately
55000 traps for each deposition type. In ESIf Table S1, the yield of each deposition step is reported.

Specifically, we added a third deposition step to the process
for the dimer fabrication, thereby demonstrating that this
platform can be used to pattern sequences of several parti-
cles by performing multiple depositions in series. For the
three-particle linear chains, the yield of the deposition of the
first (green) and the second (red) particles were 75% (41240
traps over 55144 filled with a G particle) and 74% (40706
traps over 55 144 filled with a G-R sequence), respectively. Af-
ter the third deposition, G-R-G sequences were present in
52% of the analyzed traps and dimers consisting of a red
and a green particle (R-G) amounted to 36% (Fig. 4). The
overall number of the G-R-G trimers produced over the
55000 traps that we imaged after the three depositions was
greater than 28 000. We again remark that the full 10 mm x 5
mm template accommodates approximately 10° traps, hence,
given a yield of 52%, more than 500 000 trimers can be read-
ily fabricated in parallel using this approach. The deposition
yields of each particle types give analogous results and are
compatible with the outcome of the standard process with
open samples.**

Precise positioning is also possible without contact be-
tween the particles. We demonstrated this by placing two par-
ticles of 1 um diameter (one red, one green) at the opposite
ends of 4 um long linear traps (Fig. 3D). In this case, the two
sequential depositions were performed in opposite direc-
tions, with the green particles deposited while the liquid was
receding in one direction, and the red ones deposited while
the liquid was receding in the opposite direction. By manipu-
lating the trap design and the direction of deposition, this
method therefore allows one to control not only the sequence
of deposition, but also the separation between deposited
particles.

This journal is © The Royal Society of Chemistry 2021

The technique can be also used to selectively apply chemi-

cal patterns to surfaces with micrometric precision,
exploiting the controlled location of the trapped particles. As
a proof of concept, we patterned a surface with biotin dye,
which binds to streptavidinylated molecules. We first depos-
ited non-fluorescent polystyrene particles with covalently
bound streptavidin on their surface (Fig. 5A). After deposi-
tion, we filled the microfluidic channel with a solution of
green fluorescent biotin dye (containing 10 uM Atto 520-
Biotin and 10 mM PBS), to allow it to bind to the
streptavidinylated molecules. The solution was left in the
channel for 10 h and then flushed out with water to image
the template. Before filling the channel with the biotin dye
solution, the particles did not show any fluorescence. After
exposure to the fluorescent biotin-conjugated dye, the selec-
tive binding between fluorescent biotin and streptavidin on
the particles’ surface made them fluorescent (Fig. 5 - see
ESIT Fig. S4 for a control experiment with unfunctionalized
particles). This experiment shows the ability of the technique
to precisely pattern molecules in specific locations defined by
the position of trapped particles presenting given surface

chemistries.

Conclusions

We have developed a microfluidic sCAPA platform that per-
mits the assembly of colloidal particles in a microfluidic
channel and the use of the deposited particles to create a
chemical pattern over a target surface. This constitutes a leap
forward for capillary assembly, in particular for sCAPA,
allowing the approach to retain the original advantages in
terms of yield and patterning flexibility, but to benefit from

Lab Chip, 2021, 21, 888-895 | 893
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Fig. 5 Surface patterning of trapped streptavidin-functionalized particles with a biotin fluorescent dye. (A and B) Bright-field (A) and epi-
fluorescence (B) image of a section of the PDMS template after a single deposition of polystyrene particles (2 um diameter) with covalently bound
streptavidin on the surface. (C and D) Bright-field (C) and epifluorescence (D) image of the same PDMS template section, after filling the micro-
fluidic channel with a biotin fluorescent dye solution. The biotin molecules bind to streptavidin covalently bound to the particles' surface, making

the particles fluorescent.

the use of standard microfluidics operating conditions. Parti-
cle assembly within a closed channel is, in particular, advan-
tageous in reducing the risk of contamination and opens up
a broad range of possibilities to post-functionalize the depos-
ited particle patterns by means of controlled flows in a single
microfluidic device. These advantages overcome the current
limitations of open sCAPA chips, where embedding the de-
posited patterns within closed channels would require diffi-
cult handling of the substrates, e.g. for channel bonding and
sealing. Thanks to the high throughput inherent in the tech-
nique, the ability to position particles on a template with
micrometric precision, and the prevention of contamination,
microfluidic sSCAPA opens new and unexplored possibilities
in the field of surface patterning.
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