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Abstract

The fabrication of three-dimensional (3D) microscale structures is critical for many applications, including strong and
lightweight material development, medical device fabrication, microrobotics, and photonic applications. While 3D
microfabrication has seen progress over the past decades, complex multicomponent integration with small or
hierarchical feature sizes is still a challenge. In this study, an optical positioning and linking (OPAL) platform based on
optical tweezers is used to precisely fabricate 3D microstructures from two types of micron-scale building blocks linked
by biochemical interactions. A computer-controlled interface with rapid on-the-fly automated recalibration routines
maintains accuracy even after placing many building blocks. OPAL achieves a 60-nm positional accuracy by optimizing
the molecular functionalization and laser power. A two-component structure consisting of 448 1-um building blocks is
assembled, representing the largest number of building blocks used to date in 3D optical tweezer microassembly.
Although optical tweezers have previously been used for microfabrication, those results were generally restricted to
single-material structures composed of a relatively small number of larger-sized building blocks, with little discussion
of critical process parameters. It is anticipated that OPAL will enable the assembly, augmentation, and repair of
microstructures composed of specialty micro/nanomaterial building blocks to be used in new photonic, microfluidic,

and biomedical devices.

Introduction

The miniaturization of existing technology has fre-
quently led to improvements in device performance and
efficiency. However, miniaturizing 3D structures with
multiple material components and micron-scale or
smaller resolution remains a challenge in photonics,
electronics, and fluidics. For example, in photonics,
designs exist for materials and devices that are difficult to
fabricate using existing approaches' ™. Working toward
addressing these challenges, a variety of techniques have
been developed, including grayscale lithography, self-
assembly, direct ink writing, and direct laser writing
techniques such as two-photon polymerization (TPP)*'2,
Grayscale lithography can quickly pattern large areas with
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contoured topography; however, it cannot create complex
3D structures such as overhangs'>'*. The complexity of
structures that can be created by self-assembly has sig-
nificantly increased over the past few decades through
advances in selective functionalization of different regions
of particle surfaces with specific chemical linkers such as
DNA oligomers'>™'°, Nonetheless, it is challenging to
create truly arbitrary (i.e., large aperiodic) 3D geometries
entirely using self-assembly. Direct ink writing is typically
limited to larger (>10 um) building block sizes*>*!. TPP
can pattern a photoresist in 3D geometries with a reso-
lution on the order of 100 s of nanometers?2, but it is not
ideal for multimaterial structures. In both TPP and
grayscale lithography, multiple development and regis-
tration steps and/or special postprocessing techniques are
required for multimaterial integration, such as metal
plating, atomic layer deposition, or chemical vapor
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deposition**~*°, It is also a challenge to use grayscale
lithography or TPP to augment or repair existing 3D
structures, such as hybrid micro/nanophotonic devices"?.
Another common problem in grayscale lithography, direct
ink writing, and TPP is shrinkage of the fabricated
structure during development when a solvent is removed.
While the general structure can shrink by up to 50% in
volume, the base is often prevented from shrinking by
adhesion with the substrate, leading to warping and
deformation of the final structure®*~?®, A further limita-
tion of TPP, grayscale lithography, and direct ink writing
is their inability to span a large range of feature sizes; it is
advantageous to have small (<100 nm) feature sizes for
regions of detail as well as large (>10 um) feature sizes for
rapid filling of volumes. An ideal microfabrication
approach would have the ability to pattern in 3D using
multiple components in a single platform, enabling the
fabrication of structures with spatially varying material
properties.

Optical tweezers (OTs), invented by Ashkin and col-
leagues in 19862°, are an alternative manipulation
approach for the assembly of micro- and nanoscale
structures from building blocks. OTs are noncontact and
biocompatible and can manipulate a broad spectrum of
particle sizes, morphologies, and materials. In biological
applications, they can manipulate living cells and other
sensitive materials, such as biochemically functionalized
microparticles, without damage®. As a result, OTs have
found uses in biomechanics®*? tissue engineering>*>>*,
and cell sorting®®. Beyond biological particles, OTs can
manipulate metallic nanoparticles as small as 18 nm®®,
dielectric particles on the order of 100 pm using coun-
terpropagating beams®’, particles of exotic shapes such as
cubes, stars, or rings”®, high aspect ratio nanowires®, and
composite objects such as core-shell particles*®. This
ability to manipulate preprocessed micro- and nanoma-
terials across a wide range of sizes is advantageous for
fabricating hierarchical 3D structures.

Optical tweezers have received some attention in
microassembly  studies*'’. Small multicomponent
structures, typically consisting of two components and
fewer than 20 building blocks, have been assembled***>*”.
Many studies have also shown the ability to automate the
manipulation of large arrays of particles using multiplexed
optical trapping in conjunction with image processing and
path-planning algorithms*"*"**, In addition, relatively
large-scale, single-component 3D structures consisting of
up to 125 building blocks have been assembled*"”*,
Although there has been great progress in OT-based
microassembly over the past two decades, no existing
large-scale (several hundred building blocks), multi-
component, 3D structure has been assembled using this
approach. In addition, the process efficiency and posi-
tional accuracy of OT assembly platforms are not well
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known. Most OT assembly platforms rely on similar high
numerical aperture objectives to tightly focus a laser
beam, but the linkage mechanism between building
blocks can vary significantly. Different particle linkage
approaches include biochemical binding**~*"*%, photo-
polymerization*>*>**, and engineering of physical inter-
particle colloidal forces*"*°.

In this study, we use our optical positioning and linking
(OPAL) platform, based on OTs with a biochemical
binding mechanism for linking objects, to advance the
capabilities of OT microassembly through a detailed
analysis of the object placement accuracy, yield, and
structure scale. In particular, we investigate the effects of
the laser power and biochemical functionalization on the
positional accuracy, establishing critical process para-
meters for optimal performance, and achieve a positional
accuracy of ~60nm. Using these results, we assemble
structures consisting of multiple components with proof-
of-concept 3D material variation, culminating in the
assembly of the largest 3D, multimaterial microstructure
fabricated by any OT-based assembly platform to date,
with 448 1-pm building blocks. This structure consists of
several hundred 1 pum diameter spheres, which are smaller
building blocks than those that have been used in most
previous OT microassembly studies. Our approach is
robust enough to enable the assembly of such large
structures due to the combination of delivery of building
blocks using a microfluidic chamber and on-the-fly
recalibration to correct for thermal and mechanical
drift. Finally, we discuss future approaches that could lead
to further improvements.

Results

The OPAL platform employed in this study is illustrated
in Fig. la, with the process flow shown in Fig. 1b. The
system components are integrated in a custom LabVIEW
interface (Supplemental Figure S1 and Supplemental
Video 1, sped up 26x), which provides a semiautomated
control platform for the assembly process. The process
flow consists of three main steps: object acquisition,
manipulation, and placement. Object acquisition is per-
formed manually by the user and entails locating and
trapping the desired object. The manipulation and pla-
cement steps are fully automated and involve moving the
trapped object to the assembly location and placing it at
the proper coordinates. During placement, a calibration
algorithm updates the assembly coordinate system to
correct for any positional errors accumulated during prior
movement, ensuring accurate 3D positioning of objects.
After placement and trapping laser beam removal, objects
remain stationary due to biochemical surface interactions.
Neighboring objects have biotin and streptavidin coatings;
although this condition on the biological coatings of
neighboring objects may appear to limit possible
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Fig. 1 OPAL setup and process. a Optical system schematic. Green lines indicate the path of the 1064 nm fiber laser, while yellow lines indicate the
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structural geometries, we note that an intelligently chosen
order of assembly generally lifts any such restrictions. The
order of assembly is typically selected such that sequen-
tially placed objects have complementary functional
coatings and are tangentially located while maintaining
structural rigidity (see Supplemental Figure S2). Biotin
and streptavidin readily form an irreversible and strong
noncovalent bond in most environments, generally inde-
pendent of solvent or pH level. This inability to reconfi-
gure objects after placement necessitates a reliable
calibration algorithm such that objects are positioned
accurately during the placement step. In the future, a
weaker chemical bonding mechanism could be used
instead of biotin—avidin to provide the option for
annealing structures to improve the regularity; however,
this would likely come at the expense of lower bonding
strength and structural rigidity. After each successful
object placement, the process flow cycles back to the first
step (acquisition) to place the subsequent object in the
structure.

The stage calibration procedure that occurs within the
placement step recalibrates both the piezo flexure objec-
tive nanopositioner and the 3-axis slip-stick stage. Cali-
bration is performed using a 1 pm diameter polystyrene
(PS) streptavidin-coated bead that is attached to the bio-
tinylated glass substrate adjacent to the assembly area.
Since the sample chamber is illuminated from the bottom,
the bead acts as a microlens, and as the elevation of the
chamber is varied, there is a position above the sphere
where the light comes to a focus (see Fig. 2a). This axial
position is the reference for performing the axial cali-
bration. Once the axial position is calibrated, the lateral
position is calibrated by cross-correlating the bead with a
two-dimensional (2D) Gaussian function to determine the
current calibration sphere coordinates in the assembly

plane. An initial axial and lateral calibration procedure is
performed prior to structure assembly, and the coordi-
nates determined in this process are saved and used as a
reference to correct accumulated positional offsets in all
subsequent iterations.

Efficiency and accuracy are key process parameters in
3D fabrication. In OT assembly, the efficiency will ulti-
mately be limited by the speed with which objects are
translated within the chamber, corresponding to the
manipulation step of the assembly process. The transla-
tion speed for microscale objects primarily depends on
the power of the optical trapping beam, which we pre-
viously investigated®”. Our object translation speeds are
restricted to ~200um/s due to increasing vibrations
associated with the slip-stick stage mechanism above
this speed.

Using our current microfluidic chip, beads are trans-
lated ~4000 pm, taking ~20's per bead. The geometry of
the microfluidic chip, illustrated in Fig. 3c, d, is chosen
such that building blocks are isolated from the assembly
area and each other and thus do not bind spontaneously
in solution or in the vicinity of the assembled structure.
Particles are held in place for ~2s to allow for binding,
although shorter times may also work. Overall, each full
process cycle for the placement of a single object takes
~90 s (~40 building blocks per hour), currently limited by
the manual acquisition step, which includes translating
the stage and locating a particle. The overall assembly rate
is expected to be similar for a wide range of building block
sizes. The efficiency is also affected by the placement
success rate, or yield. If a biotin—streptavidin bond does
not form as expected, then the placement can fail, and
another attempt is required.

We quantify the dependence of the placement success
rate and positional accuracy on the concentration of
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Fig. 2 System calibration. a Maximum pixel intensity versus stage height during the axial calibration procedure. The inset images show the 1 um PS
calibration sphere at different heights, demonstrating the light-focusing nature of the calibration object. b Lateral calibration shift data obtained

during an assembly process. ¢ For longer fetching and positioning times, the total 3D positional error corrected increases. A longer duration between
placements generally indicates that a longer travel distance was required to find a particle, which is positively correlated with the positional error.
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Fig. 3 Microfluidic setup and chamber design. a Building blocks are loaded into the sample chamber using a microfluidic pressure pump.

b Typical distribution of building blocks in one of the sample loading channels during assembly. The building blocks shown in this case are 1 um
polystyrene spheres. This distribution corresponds to the initial distribution, as at later times, sedimentation leads to a reduction in the population
density. However, in experiments using the microfluidic pressure pump, building blocks can be replenished by flowing additional solution from the
building block suspension reservoirs. € Top view of one of the sample chambers used in this study. The other type of sample chamber, a 5-port
configuration, is illustrated in (a). d Exploded view of the sample chamber illustrated in (c). The chamber consists of three layers that are sealed
together using a UV-curing adhesive. The thickness of each layer is labeled in the diagram.

biotin-polyethylene glycol (PEG)-silane molecules used to  substrate and compare their experimental positions to an
functionalize the substrate. We assemble 3 x 3 grids of idealized grid with uniform spacing, as shown in Fig. 4a, b.
streptavidin-coated 1um polystyrene spheres on the At low biotin coating densities, there may not be a biotin
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Fig. 4 Positional accuracy. a, b Assembled 3 x 3 grids of 1 um PS spheres. The red circles coincide with the centroid locations of the observed
spheres, while the yellow circles correspond to an idealized grid with uniform spacings. The grid in (@) has oyue =43 nm, while the grid in (b) has
Omae = 132 nm. The grid in (a) was fabricated with application of the calibration procedure, while grid (b) was fabricated in the absence of calibration.
c Placement success rate as a function of silane concentration, using the silane molecular weight (MW) of 3.4 kDa. d-f Mean absolute positional error
as a function of (d) silane concentration (MW = 3.4 kDa), (e) silane molecular weight (concentration =25 mg/mL), and (f) trapping laser power
(MW = 34 kDa, concentration = 20 mg/mL). Error bars correspond to the standard error of the mean. d Lower silane concentrations lead to increased
positional errors, as the reduced surface density of binding groups causes objects to shift upon placement. Data shown in blue are obtained using
the calibration process, while the red x data point is obtained without calibration, demonstrating the importance of recalibrating the stage before
object placement. e Molecular weights between 600 Da and 5000 Da do not show any appreciable effect on positional errors. f Reduced laser powers
correspond to large positional errors, as the object has a larger mean displacement due to Brownian motion in the weak optical trap.

molecule at a particular surface location, leading to
reduced placement success rates for functionalization
solutions with less than 0.5mg/mL biotin-PEG-silane
molecules, as shown in Fig. 4c. For higher concentrations
up to 50 mg/mL, the placement success rate is >90%.

Even if the placement is successful, a low surface coat-
ing density can result in positional error (Fig. 4d). This is
quantified for each 3 x 3 grid by the mean absolute posi-
tional error,

N

oAz = A%ZN (w6 — 20) "+ (% = 92)” (1)

L

where N=9 is the number of objects, (x¢,)¢) are the
experimentally measured coordinates of the i sphere,
and (x¢,?) are the optimized grid coordinates of the i
sphere. The experimental coordinates are obtained by
capturing an image of the assembled grid and determining
the centroid location of each sphere. The ideal, or
optimized, grid coordinates are calculated by minimizing

the mean absolute positional error using a 5-parameter

quasi-Newton optimization algorithm in MATLAB. The
fitted parameters include two lateral grid spacings (along
x and ), two coordinates defining the origin of the grid,
and the apparent rotation angle of the grid due to a slight
rotation of the camera relative to the translation stage
axes. The distinction in grid spacings along the orthogo-
nal directions accounts for potential aberrations in the
imaging system. As with the placement success rate,
biotin-PEG-silane concentrations exceeding 0.5 mg/mL
ensure a consistent positional accuracy of 60-70 nm. We
also note the importance of the calibration procedure,
which ensures accurate positioning of objects throughout
the duration of the assembly process. The positional
accuracy is measured in the absence of calibration (shown
in red in Fig. 4d), which leads to an ~1.5x increase in the
mean absolute positional error and an ~5x increase in the
standard error of the mean positional error. We expect
even further degradation of the uncalibrated positional
accuracy when assembling large-scale structures where
mechanical and thermal drift become more significant
over time, in contrast to the relatively small 9-object grids
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Fig. 5 Large-scale microassembly using optical tweezers. a Scanning electron microscope (SEM) image of a 3D periodic 8 x 8 x 7 simple cubic
lattice consisting of alternating biotin-coated and streptavidin-coated 1 um polystyrene spheres. Inset: 3D layout of the two components. b SEM
image from (a) with overlaying spheres in red along the front, side, and top faces of the structure, which are used to estimate a mean absolute 3D
positional error of 180 nm. ¢ High-magnification SEM image of a corner of a 6 x 6 grid of alternating biotin- and streptavidin-coated 1 um spheres.
The streptavidin-coated spheres exhibit a rougher surface. d—f Optical microscope images of the full structure in (c). The biotin-coated spheres are
green-fluorescent, while the streptavidin-coated spheres are red-fluorescent. The brightfield image is shown in (d), and the fluorescence image

obtained using a FITC filter set is shown in (f). A mixed modality image (brightfield 4 fluorescence) is shown in (e).

used for this analysis. This is readily seen in the real-time
calibration data shown in Fig. 2b, ¢, which demonstrate
3D positional errors for a single calibration process of up
to ~2 pm.

We also investigate the effect of the molecular weight of
the biotin-PEG-silane molecules, which corresponds to
the length of the PEG polymer chain. Although we con-
sidered that very long chains could lead to positional error
and short chains may prevent the biotin molecules from
adopting an ideal orientation for binding to streptavidin
molecules on the beads, no effect on positional accuracy is
found for molecular weights ranging from 0.6-5 kDa, as
shown in Fig. 4e. An additional factor affecting the pla-
cement accuracy is the laser power, as the trap power
correlates with the trap strength. A weaker trap allows for
greater object displacements during assembly due to
Brownian motion, which can lead to inaccurate posi-
tioning. For the 1 um PS spheres used here, trap powers
exceeding 5mW ensure good positional accuracy, as
shown in Fig. 4f. In practice, it is best to use optical
powers >50 mW, as this ensures that the trapped sphere
can be translated at high speeds without escaping, max-
imizing the overall efficiency. Although Brownian motion
may play a larger role in the assembly of smaller objects,
the laser power can typically compensate to ensure that it
is not a limiting factor for the placement accuracy. For
instance, the trapping stiffness of 100nm diameter
gold spheres was measured to be x~ 100 fN/nm/W>°,
This translates to a positional accuracy of

(ksT)/(kP) =16 nm for a trapping laser of P=
150 mW, where kg is Boltzmann’s constant and 7 is room

temperature, demonstrating that even nanoparticles
undergoing Brownian motion could be trapped with
precision similar to or better than what we show here.

Using the optimized OPAL process parameters, we
assemble two-component simple cubic lattices, analogous
to the sodium chloride crystal structure. In preparation
for SEM imaging, the structures are dried using a liquid
carbon dioxide critical point dryer (Tousimis, Auto-
samdri-815) to prevent damage that can occur during
conventional drying. One structure is shown in Fig. 5a,
which consists of seven layers of 8 x 8 objects, for a total
of 448 objects. This structure takes ~11h to assemble
using our current platform, highlighting the robust nature
of our approach, as we place objects accurately through-
out long-duration assembly. In Fig. 5b, we show overlaid
circles that are used to estimate the positional error. We
use a 3D coordinate rotation to estimate the 3D positional
accuracy of the lattice from the 2D sphere coordinates in
the SEM image (see Supplemental Information), resulting
in a 3D positional accuracy of 180 nm. While this is
considerably poorer than the 2D positional accuracy
achieved while building 3 x 3 grids, we note that the large
polydispersity (~10%) of our building blocks greatly
influences the 3D positional accuracy when particles are
stacked on top of each other. With this in mind, we would
expect more uniformly distributed building blocks to
achieve better positional accuracy more in line with our
2D results.

Fig. 5¢c—f show images of a single 6 x 6 layer of spheres,
highlighting the differences between the two assembly
components. In Fig. 5c, the streptavidin-coated and
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Fig. 6 Microassembly of multisized building blocks using optical tweezers. a SEM image of a 3D pyramid assembled from streptavidin-coated
1 um polystyrene spheres and biotin-coated 2 um polystyrene spheres. The small spots are defects resulting from metal coating for SEM imaging.
Inset: 3D layout of the structure, with green spheres corresponding to a biotin-functionalized coating and blue spheres corresponding to a
streptavidin-functionalized coating. b Series of bright-field optical microscope images at varying elevations to capture the planes that contain the
2 um PS spheres. ¢ Series of epifluorescence microscope images obtained using a Texas Red filter set, captured for the same field of view and
elevations as shown in b. These images demonstrate the pink-fluorescent nature of the 2 um building blocks.

5um

5um

biotin-coated spheres are easily distinguishable due to the
difference in surface roughness. We note that this surface
roughness distinction is likely not a result of the larger
molecular weight and size of the streptavidin molecules
but instead a result of differing microsphere fabrication
methods among different commercial vendors. In Fig.
5d—f, optical microscope images show the fluorescence of
the biotin-functionalized spheres.

We also assemble a smaller microstructure in the shape
of a 3D pyramid with multiple building block sizes (Fig. 6),
which demonstrates the flexibility of the platform for the
construction of heterogeneous structures. Both building
blocks are composed of polystyrene, with the larger
(2 um) spheres being fluorescent with a biotin coating and
the smaller (1 pm) spheres having a complementary
streptavidin coating to enable object binding. The geo-
metry of this design resembles the cesium chloride crystal
structure, except that half of the larger spheres are
removed to accommodate the geometric restrictions
imposed by the size ratio of the central and corner
“atoms.” This yields a coordination number of 8 for the
2 um spheres and a coordination number of 4 for the
1 pm spheres.

We have shown that an OT assembly platform can
efficiently fabricate large 3D, multicomponent structures
consisting of several hundred building blocks. We have
investigated the effects of the silane concentration and
laser trapping power on the assembly positional accuracy,
establishing minimum desired values of approximately
1mg/mL and 5mW, respectively, for an ~60 nm accu-
racy. In the future, even larger structures can be built at
faster rates with less error by multiplexed optical trapping

and full system automation. We note that even though
our OPAL approach is currently completely serial, the
assembly rate in terms of building blocks per time is the
same order of magnitude as that of state-of-the-art mul-
tiplexed OT systems”*. Multiplexing can provide a further
efficiency boost and can be achieved by incorporating
either a spatial light modulator or a digital micromirror
device into the system. Full automation requires auto-
mating the building block acquisition step, which could be
accomplished using video image processing for micro-
scale particles and/or laser backscatter analysis for
nanoscale particles, which may not provide sufficient
contrast for brightfield visible image processing. The
approach described here only relies on video image pro-
cessing of a single registration landmark, which can be
chosen to be significantly larger than the building blocks
used in the structure. We believe that our OPAL platform
can overcome critical limitations in current micro-
fabrication technologies, enabling new applications in the
fields of photonics and electronics.

Materials and methods
Optical setup

The primary components of the optical system include a
1064 nm 30 watt Nd:YAG fiber laser (Spectra-Physics,
VGEN-C-30) and a 100x/NA1.1 water-immersion objec-
tive (Nikon, MRL07920). The manipulation and posi-
tioning of objects is achieved through the combination of
a 3-axis slip-stick stage (SmarAct, SLC-1740) and a
microscope objective piezo nanopositioner (Piezoconcept,
FOC100). Illumination and imaging of the optical trap is
performed with a halogen lamp (AmScope, HL250-A) and
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a CMOS camera (IDS, UI-3480LE-M-@G). For experiments
requiring laser power measurement (e.g., Fig. 4f), part of
the laser power is picked off by a 90 R/10 T beamsplitter
in the laser beam path using a photodiode sensor
(Thorlabs, S121C) positioned before the objective. By also
measuring the power transmitted through the objective in
one experiment, the relationship between the picked off
power and the laser power after the objective lens is
recorded, permitting calculation of the optical trap power
at any arbitrary laser power during assembly.

Sample chamber preparation, building blocks, and
microfluidics

The sample chamber used for structure assembly con-
sists of three layers (Fig. 3c, d). The bottom layer, which is
also the assembly substrate, is a conventional glass
microscope slide with drilled holes that serve as inlet
ports for flowing in the multiple assembly objects. The
four-port chip shown in Fig. 3c is used for all results,
except for the pyramid assembly shown in Fig. 6, for
which the five-port chip shown in Fig. 3a is used. The
glass substrate layer of the chip is functionalized with a
biotin coating via silanization with biotin-PEG-silane
molecules. The three biotin-PEG-silane molecules used
for the experiments in Fig. 4f have molecular weights of
600 Da (Nanocs, PG2-BNSL-600), 3400 Da (Laysan Bio,
BIO-SIL-3400), and 5000 Da (Laysan Bio, BIO-SIL-5k).
The biotin-PEG-silane molecules are dissolved in dime-
thyl sulfoxide (DMSO) at a standard concentration of
20 mg/mL unless explicitly varied as described in the
main text and Fig. 4 caption. A drop of approximately
5 pL of this solution is deposited on the assembly area for
30 minutes, followed by a rinse with DMSO and deionized
water. The second layer of the chamber is a 5mil
(125 pm) polycarbonate spacer layer that defines the walls
of the microfluidic chip and is patterned using a CO, laser
cutter. The design consists of a central assembly area with
multiple channels connecting to the holes drilled in the
glass slide. The topmost layer is a No. 000 cover glass
(Matsunami). The three layers are sealed together using
an ultraviolet-curing optical adhesive (Norland Optical
Adhesive, NOA72). Immediately prior to assembly, the
chamber is filled with a buffer solution (1X phosphate
buffered saline with 0.5% Tween-20 surfactant).

The stock bead suspensions are diluted in buffer solu-
tion at a ratio of 1:100. The two beads used in the sodium
chloride structure assembly are red-fluorescent strepta-
vidin-coated 1 pum diameter PS spheres (Bangs Labora-
tories, Inc., CFFR004) and green-fluorescent biotin-coated
1 pum diameter PS spheres (Invitrogen, F8768). The one
additional building block used in the pyramid assembly is
a pink-fluorescent biotin-coated 2 pm diameter PS sphere
(Spherotech, Inc., TFP-2058-8).
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Two different microfluidic approaches are used in this
study. For the assembly of the large sodium chloride lat-
tice (Fig. 5), ~1 pL of each bead dilution is flowed into its
respective inlet port and only a couple millimeters into
the chip using a syringe pump. This precise loading
procedure ensures that the components do not pre-
emptively mix and bind in the central chamber. One of
the holes is left open as an outlet during the inflow pro-
cess. Finally, the chamber is sealed using a thin layer of
polydimethylsiloxane (PDMS). Since this chamber is fully
sealed during assembly, no additional building blocks can
be introduced. In the assembly of the pyramid (Fig. 6), we
do not seal the chamber with PDMS but instead connect
microfluidic tubing inlets to the different ports. The
building blocks are introduced into the chamber during
assembly using a microfluidic pressure pump (Elveflow,
OB1 MK3+) while the chamber is in the OPAL setup. By
keeping the chip unsealed, a nearly limitless supply of
building blocks is available.

Acknowledgements

The SEM image appearing in Fig. 5a was collected in the W.M. Keck Center for
Nano-Scale Imaging in the Department of Chemistry and Biochemistry at the
University of Arizona with funding from the W.M. Keck Foundation Grant. We
acknowledge NASA grants #NNX12AL47G, #NNX15AJ22G and #NNX07AI520
and NSF grants #1531243 and #EAR-0841669 for funding of the instrumentation
in the Kuiper Materials Imaging and Characterization Facility at the University of
Arizona (SEM images in Figs. 5¢ and 6a). We also acknowledge the Optical
Sciences Micro/Nano Fabrication Cleanroom at the University of Arizona for use
of the critical point dryer. The authors acknowledge the support of the National
Science Foundation grant ECCS-1807590 and the Defense Threat Reduction
Agency grant HDTRA1-18-1-0044.

Author contributions
JEM. performed the experiments and data analysis. EM. formulated and
supervised the project. JEM. and EM. contributed to writing the manuscript.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541378-021-00272-z.

Received: 17 December 2020 Revised: 19 March 2021 Accepted: 15 April
2021
Published online: 12 June 2021

References

1. Chen, L, Li, C, Liu, Y-M, Su, J. & McLeod, E. Simulating robust far-field coupling
to traveling waves in large three-dimensional nanostructured high-Q micro-
resonators. Photonics Res. 7, 967-976 (2019).

2. Li, C, Chen, L, MclLeod, E. & Su, J. Dark mode plasmonic optical microcavity
biochemical sensor. Photonics Res. 7, 939-947 (2019).

3. Zhang, H, Jiao, Z. & Mcleod, E. Tunable terahertz hyperbolic metamaterial
slabs and super-resolving hyperlenses. Appl. Opt. 59, G64-G70 (2020).

4. Melzer, J. E. & MclLeod, E. 3D Nanophotonic device fabrication using discrete
components. Nanophotonics 9, 13731390 (2020).

5. Hirt, L, Reiser, A, Spolenak, R. & Zambelli, T. Additive manufacturing of metal
structures at the micrometer scale. Adv. Mater. 29, 1604211 (2017).


https://doi.org/10.1038/s41378-021-00272-z

Melzer and McLeod Microsystems & Nanoengineering (2021)7:45

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

Camposeo, A, Persano, L, Farsari, M. & Pisignano, D. Additive manufacturing:
applications and directions in photonics and optoelectronics. Adv. Opt. Mater.
7, 1800419 (2019).

Li, Q, Grojo, D, Alloncle, A-P., Chichkov, B. & Delaporte, P. Digital laser micro-
and nanoprinting. Nanophotonics 8, 27-44 (2019).

Jonusauskas, L, Juodkazis, S. & Malinauskas, M. Optical 3D printing: bridging
the gaps in the mesoscale. J. Opt. 20, 053001 (2018).

Mao, M. et al. The emerging frontiers and applications of high-resolution 3D
printing. Micromachines 8, 113 (2017).

Alam, M. S, Zhan, Q. & Zhao, C. Additive opto-thermomechanical nano-
printing and nanorepairing under ambient conditions. Nano Lett. (2020).
Saha, S. K et al. Scalable submicrometer additive manufacturing. Science 366,
105-109 (2019).

Lin, L. et al. Opto-thermophoretic assembly of colloidal matter. Sci. Adv. 3,
€1700458 (2017).

Rammohan, A. et al. One-step maskless grayscale lithography for the fabri-
cation of 3-dimensional structures in SU-8. Sens. Actuators B Chem. 153,
125-134 (2011).

Rogers, J. D, Kérkkéinen, A. H. O, Tkaczyk, T, Rantala, J. T. & Descour, M. R.
Realization of refractive microoptics through grayscale lithographic patterning
of photosensitive hybrid glass. Opt. Express 12, 1294-1303 (2004).

Sun, L, Lin, H, Kohlstedt, K. L, Schatz, G. C. & Mirkin, C. A. Design principles for
photonic crystals based on plasmonic nanoparticle superlattices. Proc. Natl
Acad. Sci. 115, 7242-7247 (2018).

McLeod, E. & Ozcan, A. Nano-imaging enabled via self-assembly. Nano Today
9, 560-573 (2014).

Grzelczak, M, Vermant, J,, Furst, E. M. & Liz-Marzan, L. M. Directed self-assembly
of nanoparticles. ACS Nano 4, 3591-3605 (2010).

Gorocs, Z, Mcleod, E. & Ozcan, A. Enhanced light collection in fluorescence
microscopy using self-assembled micro-reflectors. Sci. Rep. 5, 10999 (2015).
Ong, L. L et al. Programmable self-assembly of three-dimensional nanos-
tructures from 104 unique components. Nature 552, 72-77 (2017).

Lewis, J. A. Direct ink writing of 3D functional materials. Adv. Funct. Mater. 16,
2193-2204 (2006).

Wuy, L, Dong, Z, Li, F, Zhou, H. & Song, Y. Emerging progress of inkjet
technology in printing optical materials. Adv. Opt. Mater. 4, 1915-1932 (2016).
Sugioka, K & Cheng, Y. Femtosecond laser three-dimensional micro- and
nanofabrication. Appl. Phys. Rev. 1, 041303 (2014).

Mizeikis, V. et al. Fabrication and properties of metalo-dielectric photonic
crystal structures for infrared spectral region. Opt. Express 15, 8454-8464 (2007).
Gansel, J. K et al. Gold helix photonic metamaterial as broadband circular
polarizer. Science 325, 1513-1515 (2009).

Muller, N, Haberko, J, Marichy, C. & Scheffold, F. Silicon hyperuniform dis-
ordered photonic materials with a pronounced gap in the shortwave infrared.
Adv. Opt. Mater. 2, 115-119 (2014).

Guo, Y. et al. Direct ink writing of high performance architectured polyimides
with low dimensional shrinkage. Adv. Eng. Mater. 21, 1801314 (2019).

Meisel, D. C. et al. Shrinkage precompensation of holographic three-
dimensional photonic-crystal templates. Adv. Mater. 18, 2964-2968 (2006).
LaFratta, C. N. & Baldacchini, T. Two-photon polymerization metrology: char-
acterization methods of mechanisms and microstructures. Micromachines 8,
101 (2017).

Ashkin, A, Dziedzic, J. M, Bjorkholm, J. E. & Chu, S. Observation of a single-
beam gradient force optical trap for dielectric particles. Opt. Lett. 11, 288-290
(1986).

Polimeno, P. et al. Optical tweezers and their applications. J. Quant. Spectrosc.
Radiat. Transf. 218, 131-150 (2018).

Svoboda, K- & Block, S. M. Biological applications of optical forces. Annu. Rev.
Biophys. Biomol. Struct. 23, 247-285 (1994).

Simmons, R. M, Finer, J. T, Chu, S. & Spudich, J. A. Quantitative measurements
of force and displacement using an optical trap. Biophys. J. 70, 1813-1822
(1996).

Odde, D. J. & Renn, M. J. Laser-guided direct writing for applications in bio-
technology. Trends Biotechnol. 17, 385-389 (1999).

Mirsaidov, U. et al. Live cell lithography: using optical tweezers to create
synthetic tissue. Lab. Chip 8, 2174-2181 (2008).

35.

36.

37.

38

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Page 9 of 9

Grover, S. C, Skirtach, A. G., Gauthier, R. C. & Grover, C. P. Automated
single-cell sorting system based on optical trapping. J. Biomed. Opt. 6,
14-22 (2001).

Hansen, P. M, Bhatia, V. K, Harrit, N. & Oddershede, L. Expanding the optical
trapping range of gold nanoparticles. Nano Lett. 5, 1937-1942 (2005).

Jess, P. R. T. et al. Dual beam fibre trap for Raman microspectroscopy of single
cells. Opt. Express 14, 5779-5791 (2006).

Simpson, S. H. Inhomogeneous and anisotropic particles in optical traps:
physical behaviour and applications. J. Quant. Spectrosc. Radliat. Transf. 146,
81-99 (2014).

Marago, O. M, Jones, P. H, Gucciardi, P. G, Volpe, G. & Ferrari, A. C. Optical
trapping and manipulation of nanostructures. Nat. Nanotechnol. 8, 807-819
(2013).

Viravathana, P. & Marr, D. W. M. Optical trapping of titania/silica core-shell
colloidal particles. J. Colloid Interface Sci. 221, 301-307 (2000).

Benito, D. C. et al. Constructing 3D crystal templates for photonic band gap
materials using holographic optical tweezers. Opt. Express 16, 13005-13015
(2008).

Shaw, L. A. et al. Holographic optical assembly and photopolymerized joining
of planar microspheres. Opt. Lett. 41, 3571 (2016).

Holmlin, R. E. et al. Light-driven microfabrication: assembly of multi-
component, three-dimensional structures by using optical tweezers. Angew.
Chem. Int. Ed. 39, 3503-3506 (2000).

Castelino, K, Satyanarayana, S. & Sitti, M. Manufacturing of two and three-
dimensional micro/nanostructures by integrating optical tweezers with che-
mical assembly. Robotica 23, 435-439 (2005).

Ghadiri, R, Weigel, T, Esen, C. & Ostendorf, A. Microassembly of complex and
three-dimensional microstructures using holographic optical tweezers. J.
Micromech. Microeng. 22, 065016 (2012).

Melzer, J. E. & Mcleod, E. Optical tweezers for micro- and nano-
assembly. Adv. Fabr. Technol. MicroNano Opt. Photonics Xl 11292,
1129209 (2020).

Kirkham, G. R. et al. Precision assembly of complex cellular microenvironments
using holographic optical tweezers. Sci. Rep. 5, 08577 (2015).

Kim, J-D. & Lee, Y-G. Construction and actuation of a microscopic gear
assembly formed using optical tweezers. J. Micromech. Microeng. 23, 065010
(2013).

Veiga-Gutiérrez, M, Woerdemann, M, Prasetyanto, E, Denz, C. & Cola, L. D.
Optical-tweezers assembly-line for the construction of complex functional
zeolite L structures. Adv. Mater. 24, 5199-5204 (2012).

Chapin, S. C, Germain, V. & Dufresne, E. R. Automated trapping,
assembly, and sorting with holographic optical tweezers. Opt. Express
14, 13095 (2006).

Sinclair, G. et al. Assembly of 3-dimensional structures using programmable
holographic optical tweezers. Opt. Express 12, 5475-5480 (2004).

Dawood, F, Qin, S, Li, L, Lin, E. Y. & Fourkas, J. T. Simultaneous microscale
optical manipulation, fabrication and immobilisation in aqueous media. Chem.
Sci. 3, 2449 (2012).

Gould, O. E. C. et al. Manipulation and deposition of complex, functional block
copolymer nanostructures using optical tweezers. ACS Nano 13, 3858-3866
(2019).

Chizari, S, Lim, M. P, Shaw, L. A, Austin, S. P. & Hopkins, J. B. Automated
optical-tweezers assembly of engineered microgranular crystals. Small 16,
2000314 (2020).

Melville, H. et al. Optical trapping of three-dimensional structures using
dynamic holograms. Opt. Express 11, 3562 (2003).

Barroso, A. et al. Optical assembly of bio-hybrid micro-robots. Biomed. Micro-
devices 17, 26 (2015).

Rodrigo, P. J. et al. Optical microassembly platform for constructing reconfi-
gurable microenvironments for biomedical studies. Opt. Express 17, 6578-6583
(2009).

Park, I-Y, Sung, S-Y, Lee, J-H. & Lee, Y-G. Manufacturing micro-scale structures
by an optical tweezers system controlled by five finger tips. J. Micromech.
Microeng. 17, N82-N89 (2007).

Melzer, J. E. & MclLeod, E. Fundamental limits of optical tweezer nanoparticle
manipulation speeds. ACS Nano 12, 2440-2447 (2018).



	Assembly of multicomponent structures from hundreds of micron-scale building blocks using optical tweezers
	Introduction
	Results
	Materials and methods
	Optical setup
	Sample chamber preparation, building blocks, and microfluidics

	Acknowledgements




