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Abstract—Emerging additive manufacturing (or “three-
dimensional (3D) printing”) strategies offer the potential to vastly
extend the capabilities of established microfluidic technologies.
For example, the operational performance of ‘‘deterministic lat-
eral displacement (DLD)” — a technique in which micro/nanoposts
arrayed inside of a microfluidic channel enable passive transport
of target suspended particles away from their initial flow streams
— is based on geometric design variables, such as the gap spacing
between the arrayed posts (G). For applications that involve
DLD processing of submicron-scale particles (e.g., extracellular
vesicles), however, achieving the requisite geometric control via
conventional microfabrication protocols represents a technically
challenging manufacturing hurdle. To bypass such barriers, here
we explore the use of two-photon ‘“direct laser writing (DLW)”
for additively manufacturing DLD arrays capable of submicron
particle handling. Studies of DLW fabrication conditions revealed
that increasing the laser power from 22.5 mW to 27.5 mW
significantly decreased G from 1.51+0.04 um to 1.02+0.05 pm,
respectively. Experimental microfluidic testing of 860 nm-in-
diameter fluorescent particles within the DLW-printed DLD
system revealed effective hydrodynamic railing of particles along
the angled arrayed microposts, with a lateral displacement
of 15.3+8.6 um over a channel length of 500 um. These results
represent, to our knowledge, the first report of a 3D printed
DLD system capable of processing submicron particles, thereby
offering a promising foundation for DLW-enabled DLD-based
biomedical applications. [2020-0123]

Index Terms—3D printing, additive manufacturing, deter-
ministic lateral displacement, direct laser writing, two-photon
polymerization, microfluidics.

I. INTRODUCTION

ISTORICALLY, researchers have primarily employed

and/or adapted conventional microfabrication protocols
for the production of microfluidic technologies [1]. The asso-
ciated feature resolutions have provided researchers with a
number of scaling-induced benefits (e.g., laminar flow profiles,
low reagent volumes, and rapid reaction times) that have
proven powerful for biomedical applications including organ
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modeling [2], diagnostics [3], and drug delivery [4]. One par-
ticular example of note is “deterministic lateral displacement
(DLD)” — a continuous-flow microfluidic approach for guiding
target suspended particles away from their initial laminar flow
streams [5]. DLD systems are typically comprised of high
numbers of micro/nanoscale posts (or alternatively, pillars) that
are arrayed at a slight angle with respect to the flow direction,
with the key benefit that the size of displaced particles can
be readily customized by modifying basic geometric design
parameters that underlie post placement [6], [7].

Motivated by the advantages of DLD — namely, passive and
label-free particle processing — many groups have developed
DLD arrays to efficiently sort, transport, isolate, and concen-
trate particles covering a wide range of scales (e.g., DNA,
bacteria, and stem cells) [7]-[9]. For designs tailored to submi-
cron particles [10], however, fabricating such DLD devices has
demanded increasingly complex manufacturing protocols. In
particular, Wunsch et al. recently introduced an approach
that combined photolithography, reactive-ion etching, e-beam
lithography, deep-UV lithography, and glass-Si bonding meth-
ods to realize a nanoparticle-based DLD system [11].
Although beneficial for extracellular vesicle [11], [12]
and DNA [13] separations, such fabrication processes can
be exceedingly time, labor, and cost-intensive, while posing
additional training and access-based restrictions associated
with equipment and/or facilities requirements [14]. Thus,
alternative methodologies for producing DLD systems capa-
ble of processing submicron-scale particles are in critical
demand.

Over the past decade, researchers have increasingly explored
the use of submillimeter-scale additive manufacturing (or
colloquially, “three-dimensional (3D) printing”) technologies
for fabricating microfluidic devices [15], [16], such as using
stereolithography [17], [18] and multijet/polyjet printing [19].
Recently, Juskova et al. used stereolithography to demonstrate
the first 3D printed DLD systems [20], [21]. One caveat,
however, is that the minimum size of the target particles was
on the order of 20 um to 120 um due to the resolution limi-
tations of stereolithography — capabilities that are not suitable
for applications that rely on DLD processing of submicron
particles [11]-[13]. Consequently, here we investigate the use
of “direct laser writing (DLW)” — a two-photon polymerization
(2PP)-based additive manufacturing technique with resolutions
in the 100 nm range [22]-[24] — for printing DLD systems that
target submicron-scale particles.
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II. CONCEPT

In this work, we present a novel DLW-based manufacturing
strategy for DLD array fabrication. Previously, we introduced
“in situ DLW (isDLW)” strategies for printing microfluidic
structures directly inside of (and fully sealed to) enclosed
microchannels comprising polydimethylsiloxane (PDMS) [25]
and the thermoplastic, cyclic olefin polymer (COP) [26].
These studies revealed that COP is far superior as a substrate
for direct attachment of DLW-printed features compared to
PDMS [24]-[26]. Unfortunately, the optical properties of a
bottom substrate (e.g., glass or COP) can slightly diminish
the resolution and repeatability of DLW — particularly with
respect to height-based power variations [26] — to a degree
that would compromise the precision required for submicron
particle-based DLD arrays. To bypass such issues, here we
instead utilize an unenclosed COP microchannel, with a
liquid-phase photomaterial dispensed such that it completely
fills the entirety of the microchannel (Fig. 1a).

Using a Dip-in Laser Lithography (DiLL) configuration
in which the objective lens of the laser is immersed in
the photomaterial, the DLD array is defined via selective
photopolymerization events. Specifically, a tightly focused
femtosecond pulsed IR laser is scanned point-by-point, layer-
by-layer to induce localized 2PP in designed locations, first
defining the boundaries to the DLD array (fully sealed to the
COP walls), and then printing the arrayed posts (Fig. 1b).
Due to the precision afforded by the DLW printer, the DLD
microstructures can be fabricated such that the height of the
COP microchannel and the DLD array are effectively identical.
As a result, once the print has been developed, a thin COP
film can be permanently bonded to both the COP microchan-
nel as well as the tops of the DLW-printed microstruc-
tures, thereby completely sealing the microfluidic device
(Fig. 1c).

The fundamental design parameters for DLD arrays include
the gap spacing between the posts (G) and the angle of the
post array with respect to the flow direction (0) [5]. The
critical diameter D¢ — ie., the minimum particle size that
will be passively displaced or ‘“railed” along the arrayed
microposts [27], [28] — can be calculated using an empirical
model [29]:

D¢ = 1.4G x tan(0)** (1)
Although the height of the posts (H) is not included in Eq. 1,
increasing H improves the potential throughput of a given
DLD array design [21]. Unfortunately, larger H can also lead
to stiction-based failure modes for densely packed microposts.
To prevent such issues while setting H to be much larger
than the diamond-shaped posts (3.5 um x 3.5 um) [30],
we leveraged the geometric versatility of DLW to construct
horizontal support structures (i.e., perpendicular to H) that
reinforce the microposts at their midpoints (for H = 22 um)
(Fig. 1d). The support structures (diameter = 2 gm) connect
the microposts along 6 as well as perpendicular to the flow
direction. These conditions are designed to promote a consis-
tent G throughout the array while limiting the potential for the
support structures to interfere with the capacity for the DLD
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Fig. 1. Conceptual illustrations of the “direct laser writing (DLW)”-based
methodology for additively manufacturing “deterministic lateral displacement
(DLD)” arrays. (a) Micropatterned cyclic olefin polymer (COP) with an
expanded view of the unenclosed microchannel filled with a liquid-phase
photomaterial. (b) The DLW process for printing the boundaries of the
DLD fully adhered to the COP channel walls (left), and then the DLD
microstructures (right). (¢) The sealed DLD microfluidic device following
solvent-based bonding of a thin COP film to the micropatterned COP with
embedded DLD array. (d) Under continuous-flow conditions, the DLD system
passively rails target suspended nanoparticles along the posts (arrayed at an
angle with respect to the flow direction), away from their initial flow streams.

system to effectively rail the suspended particles away from
their original flow streams (Fig. 1d).

III. MATERIALS AND METHODS
A. Cyclic Olefin Polymer (COP) Microchannel Fabrication

To manufacture the unenclosed COP microchannel,
we employed a previously reported DLW-based method for
COP-based microreplication [26]. Briefly, the microchannel
molds were modeled using the computer-aided design (CAD)
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software, SolidWorks (Dassault Systemes, France), exported
as STL files, and then imported into the computer-aided man-
ufacturing (CAM) software, DeScribe (Nanoscribe, Karlsruhe,
Germany), for slicing and laser writing path generation. It is
important to note that the microchannel geometry correspond-
ing to the location of the eventual DLD array was designed
with a trapezoidal cross-section to prevent print failures along
the side walls [24]-[26].

A Si substrate (25 mm x 25 mm) was rinsed with acetone
and isopropyl alcohol (IPA), and then dried with N gas
before being place on a 100 °C hot plate for 15 min. A drop
of IP-S photoresist (Nanoscribe) was dispensed onto the Si
substrate, which was then loaded into the Nanoscribe Photonic
Professional GT printer in the DiLL configuration for DLW of
the negative mold using a 25 x objective lens. After the DLW
process, the substrate was developed using propylene glycol
monomethyl ether acetate (PGMEA) and IPA, and then dried
with Ny gas. A 4-mm-thick COP sheet (ZEONOR 1060R,
Zeon Corp., Japan) was rinsed with IPA and dryed with Nj
gas. Using the printed negative master mold, the patterns were
replicated onto the COP sheet via hot embossing for 3 min at
120 °C. Afterward, ports were drilled at inlet/outlet locations.

B. Direct Laser Writing (DLW) of the Deterministic Lateral
Displacement (DLD) Array

Similar to the unenclosed COP microchannel, the DLD
array design was modeled in SolidWorks and imported into
DeScribe for fabrication with the Nanoscribe DLW printer.
An aliquot of IP-Dip photoresist (Nanoscribe) was dispensed
directly onto the unenclosed COP microchannel — i.e., fully
covering the intended location of the DLD array — and then
loaded into the Nanoscribe printer in the DiLL configuration
for DLW of the DLD structures using a 25x objective lens.
The unenclosed DLD array was developed using PGMEA and
IPA, and then dried with N> gas.

C. Solvent-Based COP Bonding

To achieve a fully enclosed microfluidic system,
we employed a solvent-based bonding process [26] using
cyclohexane solvent. A thin COP film (microfluidic ChipShop
GmbH, Germany) was exposed to cyclohexane vapor at 30 °C
for approximately 2 min. Directly after the vapor exposure
process, the exposed surface of the COP film was brought
into contact with the unenclosed surface of the micropatterned
COP (and embedded DLD array) to facilitate a permanent
bond, thereby fluidically sealing the device.

D. Experimental Characterization

Optical  characterizations  via  scanning  electron
microscopy (SEM) were performed using a TM4000 Tabletop
SEM (Hitachi, Tokyo, Japan). Microfluidic experiments
were conducted wusing Fluigent Microfluidic Control
System (MFCS) and flow rate platforms along with
MAESFLO software (Fluigent, France). Two input
solutions/suspensions were prepared for microfluidic testing:
(i) a buffer solution comprised of DI water and 1% (v/v)

s sse

Fig. 2. Fabrication results for DLW-based printing of a DLD array
(800 um in length) in an unenclosed COP microchannel (30 x#m in height).
(a) Computer-aided manufacturing (CAM) simulations and (b) corresponding
micrographs of the DLW printing process. Total print time ~ 9 min; Scale
bar = 50 um.

Tween 20 (MilliporeSigma, St. Louis, USA), and (ii) a
nanoparticle suspension comprised of DI water, 1% (v/v)
Tween 20, and 0.01% (v/v) 860 nm fluorescent polystyrene
particles (Thermo Fisher Scientific, Waltham, USA). The
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distinct fluidic samples were inputted into the microfluidic
chip using fluorinated ethylene propylene tubing (Cole-Parmer,
Vernon Hills, IL) and stainless-steel couplers (20 ga., Instech,
Plymouth Meeting, PA). Fluorescence results were obtained
via an inverted fluorescence microscope (Axio Observer.Z1,
Zeiss, Germany) connected to a charge-coupled device (CCD)
camera (Axiocam 503 Mono, Zeiss). To quantify the
magnitude of lateral displacement, time-lapse fluorescence
micrographs were processed using Image] (NIH, Bethesda,
MD) to measure the mean-to-mean and peak-to-peak shifts
in fluorescence intensity corresponding to the paths of the
flowing suspended fluorescent particles: (i) directly prior to
entering the DLD array, and (ii) directly after exiting the
DLD array. Results in the text are presented as mean =+
standard deviation.

IV. RESULTS AND DISCUSSION
A. DLW-Based DLD Array Fabrication

CAM simulations and corresponding micrographs of the
fabrication results for DLW-based printing of an 800-um-long
DLD array (comprised of four adjacently printed segments)
directly inside of an unenclosed trapezoidal COP microchannel
are presented in Fig. 2a and 2b, respectively. Among the
geometric design variables that govern the size of particles
that can be railed using DLD (Eq. 1), G is particularly
susceptible to unintended variations due to DLW process
conditions. Specifically, the size of the 2PP point (or “voxel”)
can be modified by adjusting either the laser power or the
scanning speed. In this study, we set the scanning speed
to remain constant at 10 mm/s (i.e., to ensure consistency
with prior work [26], [31]) and investigated the effects of
varying laser power on G. Fabrication results for identically
designed DLD arrays (G = 1 um), but varying laser power
revealed that lower laser powers produced smaller microposts,
and thus, significantly larger G (»p < 0.01) (Fig. 3a). For
example, DLD arrays printed with laser powers of 22.5 mW,
25 mW, and 27.5 mW yielded average G of 1.514+0.04 um
(Fig. 3a — i), 1.2140.04 um (Fig. 3a — ii), and 1.02£0.05 um
(Fig. 3a — iii), respectively. These results suggest that a laser
power of 27.5 mW produced DLD arrays that closely matched
those of the original design. With respect to Eq. 1, we found
that applying an incorrect laser power could lead to unintended
alterations of D¢. By selecting a laser power corresponding to
designed DLD geometric parameters, we observed that DLW
could be effectively employed for DLD array manufacturing
(e.g., Fig. 3b).

B. DLD of Submicron Particles

To evaluate the core functionality of the DLW-printed DLD
array, we performed continuous-flow microfluidic experiments
with submicron fluorescent polystyrene particles (860 nm
in diameter) and monitored particle displacement behav-
iors under fluorescence microscopy. For microfluidic testing,
we fabricated a DLD system (180 um in width; 500 um
in length) inside of a 200-um-wide and 30-xm-high COP
microchannel that comprised diamond-shaped microposts
(3.5 um x 3.5 um; h = 22 um) arrayed with G of 2.5 ym and
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Fig. 3. SEM micrographs of DLW fabrication results. (a) Three identically
designed DLD arrays printed using distinct laser powers of: (i) 22.5 mW,
(it) 25 mW, and (iii) 27.5 mW. Scale bars = 20 um; (i-iif) 10 gm. (b) SEM
micrograph of a DLW-printed DLD array (800 xm in length) in an unenclosed
COP microchannel (30 x#m in height). Scale bar = 100 xm.

6 of 0.05 radians (Fig. 4a). These DLD array design parame-
ters correspond to a D¢ of 831 nm (Eq. 1), which satisfies
the condition of being adequately smaller than the size of
the target 860 nm particles. To prevent undesired particle-side
wall interactions (i.e., boundary effects) that can compromise
DLD phenomena [6], we inputted a buffer solution distributed
to both sides of the particle suspension channel, thereby
hydrodynamically focusing the particle stream toward the
center of the microchannel before entering the DLD array
(Fig. 4b).

Fluorescence imaging during microfluidic experimentation
revealed several key results. First, consistent with prior DLD
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Fig. 4. Experimental results for microfluidic DLD of 860 nm fluorescent
polystyrene particles. (a) Brightfield image of the DLW-printed DLD array.
(b) Input microchannels corresponding to the particle suspension (middle) and
buffer solution (left; right). (c) Time-lapse fluorescence micrograph of particle
streams through the DLD array. (d) Sequential fluorescence micrographs
during particle transport through the DLD array. Scale bars = 50 xm.

works [11], [32], we observed a degree of particle clogging at
the entrance of the DLD array, as evidenced by the increased
fluorescence intensities corresponding to the pathway of the

particles flowing into the array (Fig. 4c). One potential basis
for this result is the occurrence of particle agglomeration prior
to microfluidic loading, resulting in adherent sets of particles
with effective diameters that are larger than G. Although the
surfactant, Tween 20, was included in the particle suspension
(as well as the buffer solution) to preclude such issues, it is
possible that some agglomeration persisted. The inclusion of
additional particle filters prior to the DLD entryway could fur-
ther limit such clogging events in the DLD array. Nonetheless,
we found that suspended particles were able to bypass the ini-
tial clogging region, continuously flowing directly through this
area and then the full DLD array (Fig. 4c,d). It is likely that
the larger H contributed to the ability for mobile suspended
particles to circumvent immobilized ones (e.g., entering the
DLD array at different heights to avoid the clogging events).

To evaluate the efficacy of the DLW-printed DLD array in
guiding the target 860 nm particles away from their initial flow
streams, we quantified the changes in fluorescence intensity
characteristics — a measure of the trajectories of suspended par-
ticles (e.g., Fig. 4d) during their transport through the microflu-
idic system — preceding and succeeding the DLD array. The
quantified experimental results for particle flow behavior cor-
responding to the 500-um-long DLD array revealed mean-to-
mean and peak-to-peak shifts suggesting lateral displacements
of 15.3+8.6 xm and 16.3£8.9 xm, respectively. In combina-
tion, the experimental results demonstrate that the presented
DLW-based approach is suitable for fabricating DLD arrays
capable of processing submicron particles.

V. CONCLUSION

State-of-the-art additive manufacturing technologies hold
promise for advancing a diversity of microfluidic systems.
In this work, we explored the use of DLW for 3D printing
DLD arrays at scales that enable hydrodynamic processing of
submicron particles. To do so, we presented a novel manufac-
turing methodology that entailed DLW-printing DLD arrays
in unenclosed COP microchannels and then fluidically sealing
the devices via solvent-bonding processes. DLW fabrication
results revealed a critical role for laser power in controlling G,
with an approximately 22% increase in laser power resulting in
a 48% decrease in G and a demonstrated resolvable G as low
as 1.0240.05 gm. Microfluidic experimentation with 860 nm
particles revealed successful lateral displacements quantified
as 15.3£8.6 ym (mean-to-mean) and 16.3+8.9 um (peak-to-
peak) over a 500-xm-long DLW-printed DLD array. These
results suggest that the presented strategy could be expanded
to mixed suspensions with varying particle size ranges for
sorting, isolation, and/or purification-based DLD applications.

Although the DLD design used for transporting 860 nm par-
ticles included G of 2.5 um and a € of 0.05 radians, these geo-
metric parameters can be readily modified to tailor D¢ (Eq. 1)
for desired applications (e.g., D¢ < 250 nm via the lowest G
demonstrated in this work and # = 0.025 radians). Similarly,
the reported DLD array was designed with H of 22 um;
however, we envision that the presented methodology could
be extended to DLW-print DLD systems with significantly
larger H to yield high throughput capabilities [21] or gravity
driven adaptations [33]. As prior works have reported that
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modifying the shape of monolithic DLD posts can improve
particle sorting efficiencies [30], [34], [35], the architectural
versatility inherent to DLW could be leveraged to support
3D investigations of such concepts. Nonetheless, the present
study serves as a fundamental proof of concept for the use
of DLW for DLD array fabrication, while also marking the
first report of a 3D printed DLD system capable of processing
submicron-scale particles (to our knowledge). Extensions of
this DLW-based strategy offer potential to advance numerous
DLD-based biomedical research and applications that involve
particles at smaller scales.
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