QDCh Reviews Angewandte

. . International Edition: DOI: 10.1002/anie.201504382
German Edition: DOI: 10.1002/ange.201504382
3D-Printed Microfluidics
Anthony K. Au,* Wilson Huynh, Lisa F. Horowitz, and Albert Folch

Keywords:
3D printing - cytotoxicity - microfluidics -
photochemistry - polymerization

Angéwandte

Internati Chemie

3862 www.angewandte.org © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2016, 55, 3862 —3881


http://dx.doi.org/10.1002/ange.201504382
http://dx.doi.org/10.1002/anie.201504382
http://www.angewandte.org

GDCh

e Reviews

The advent of soft lithography allowed for an unprecedented expan-
sion in the field of microfluidics. However, the vast majority of PDMS
microfluidic devices are still made with extensive manual labor, are
tethered to bulky control systems, and have cumbersome user inter-
faces, which all render commercialization difficult. On the other hand,
3D printing has begun to embrace the range of sizes and materials that
appeal to the developers of microfluidic devices. Prior to fabrication,
a design is digitally built as a detailed 3D CAD file. The design can be
assembled in modules by remotely collaborating teams, and its
mechanical and fluidic behavior can be simulated using finite-element
modeling. As structures are created by adding materials without the
need for etching or dissolution, processing is environmentally friendly
and economically efficient. We predict that in the next few years, 3D
printing will replace most PDMS and plastic molding techniques in
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1. Introduction

Microfabricated devices, mostly in the form of micro-
electronic circuits and microelectromechanical (MEMS)
sensors, have an increasing presence in myriad everyday
objects—from smartphones, toys, and domestic appliances to
laboratory, automotive, and wearable instruments. These
devices owe their success to multiple factors: They are
inherently fast, compact, mass-producible, and inexpensive,
they consume small amounts of power, and some can even
communicate with each other through wireless networks,
which exponentially augments their individual computing
capacity.

A newer type of microfabricated devices, microfluidic
devices, can process miniature biomedical fluid samples down
to picoliter and single-cell quantities. These devices have
already revolutionized the fields of genome sequencing,
proteomics, cell biology, and medical diagnostics by enabling
inexpensive, customizable fluid-handling automation at the
micrometer scale.'! Microfluidic systems that integrate sev-
eral functionalities, such as cell/tissue incubation controls,
enzymatic processing, biochemical analysis, optoelectronic
readouts, computer-controlled micropumps and microvalves,
and/or wireless microcontroller capabilities, are generally
termed “lab on a chip” or “MicroTAS” (also uTAS; TAS =
total analysis system).”) Owing to their low cost, small size,
and multi-functionality—a critical combination of features
not previously attainable—these integrated systems are
expected to play a pivotal role in biomedicine, equivalent to
the role that general microelectronic systems play in our daily
life.l

The materials that are used for the generation of micro-
fluidic systems have evolved to improve functionality. Early
microfluidic systems were manufactured from glass and
silicon. However, glass/silicon fabrication requires complex
etching processes and is fundamentally limited to very planar,
passive devices. The introduction of soft lithography!l—
a family of techniques based on molding the elastomer
poly(dimethylsiloxane) (PDMS)—allowed for the production
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of inexpensive polymeric devices and, for almost the same
price, the integration of valves and pumps.”! To date, the vast
majority of microfluidic systems are still made from PDMS.!
Indeed, PDMS is an inexpensive material that is easy to mold;
its physicochemical properties are well suited for biomedical
and physical sciences applications, and its design cycle lengths
are generally adequate for prototype development.!*” For the
fabrication of valves and pumps, PDMS is superior to plastics
because the Young’s modulus of PDMS (ca. 2 MPa)®l is
approximately 1000 times smaller than that of hard plastics
(hence PDMS valves and pumps can be built smaller and
faster than their plastic counterparts).

However, the dissemination of PDMS-molded microflui-
dic systems among consumers faces several barriers. Figure 1
illustrates the three major technical barriers. First, most
PDMS microfluidic systems incorporate cumbersome user

User interface

Controls

PDMS molding

Figure 1. Major technical barriers for the dissemination of PDMS
microfluidics to the consumer.
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interfaces based on hollow metal pins or other non-standard
inlets that are prone to leaks. Microfluidic devices need to
converge to industry-standard user interfaces—such as multi-
well input systems—and leak-free connectors” that are
intuitive to the user. Second, PDMS automation (valves,
pumps)©®*l typically requires computer control and pneu-
matic switches that need highly skilled operators. To address
this second challenge, microfluidic logic schemes containing
“microfluidic transistors” and “microfluidic diodes” are being
developed that allow the chips to run autonomously without
external control systems."”! The third barrier for dissemina-
tion is that PDMS molding is tediously slow. As society and
funding agencies push for the translation of microfluidic
systems into point-of-care applications, PDMS molding
becomes an increasingly limiting strategy. The obvious
alternatives—high-throughput molding techniques such as
injection molding—are very expensive to implement and/or
are not very adequate for incorporating valves and pumps.
Financial barriers (e.g., the difficulty of gaining the interest of
potential investors) can be considered surrogates of these
barriers: If the technology did not have these dissemination
barriers, investors would be more enthusiastic.

This Review explains how 3D printing has begun to help
break these barriers. The number of publications with the
keywords “microfluidics” and “3D printing” in Web of
Science is, indeed, rising exponentially."!l In contrast with
soft lithography, 3D printing offers a commercialization-
ready fabrication route for the integration of industry-
standard user interfaces and embedded control systems in
polymeric materials. For small production runs (from a single
part to hundreds of parts), 3D printing is economical and
allows for environmentally friendly efficiency (minimum
waste and no tooling). Importantly, 3D printing benefits
from all of the attributes of digital design: Remotely
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interacting groups using CAD tools can design 3D-printed
devices in modules, predict device performance with finite-
element tools prior to printing, and precisely anticipate
printing costs via a web interface!'?—a fabrication paradigm
that is not routinely available for complex PDMS devices.

2. 3D Printing Processes

The term “3D printing”—considered to be synonymous
with “solid freeform fabrication”—refers to a family of
additive-based manufacturing techniques. Importantly, not
all 3D printing techniques are suitable for microfluidics. The
most widely used 3D printing techniques with relevance to
microfluidics are selective laser sintering (SLS; Figure 2a),
fused deposition modeling (FDM, also called “thermoplastic
extrusion”; Figure 2b), photopolymer inkjet printing (Fig-
ure 2¢), the similarly inkjet-based “binder jetting” (Fig-
ure 2d), laminated object manufacturing (LOM; Figure 2¢),
and stereolithography (SL; Figure 2 f). As of today, the only
3D printing techniques that allow for the routine fabrication
of closed microfluidic channels are SL and LOM, although
the other techniques can also be applied to microfluidics by
adding assembly steps. Efforts in bioprinting are also
reviewed below because hydrogel printing might in the
future be applied to the building of microfluidic systems.

2.1. Selective Laser Melting and Sintering

As in most 3D printing modalities, in selective laser
melting/sintering (SLS), the object to be printed is digitally
sliced into layers. The precursor “ink” material is a powder. A
focused laser beam heats the powder material as it scans
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Figure 2. Various 3D printing techniques. a) Selective laser sintering (SLS). b) Fused deposition modeling (FDM, also termed “thermoplastic
extrusion”). c) Photopolymer inkjet printing. d) Binder ketting, also trademarked as 3DP. e) Laminated object manufacturing (LOM). f) Stereo-
lithography (SL). Images courtesy of CustomPartNet.com.

across the build area of the printer to define each layer of the  another thin layer of powder over the object (Figure 2b). At
object. After each layer has been exposed, the build plate is  the end, the object must be retrieved from the bed where it is
lowered further into the powder, and a roller dispenses embedded in powder. This powder must be dusted off with
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compressed air. When the precursor is a pure metal alloy, the
technique is referred to as “selective laser melting” (SLM)
and can be used to produce pure metal parts. When a variety
of polymers are used in powder form, the laser fuses the
powder by a thermal treatment (called “sintering”) rather
than by fully melting the materials. This technique is referred
to as “selective laser sintering” (SLS). Energy can also be
delivered by means of an electron beam (“electron beam
melting”, EBM).I"!

SLS has found numerous biomedical applications. Ana-
tomically correct scaffolds for bone tissue repair or bone
tissue engineering (e.g., customized maxillofacial or cranial
implants) have been made from degradable and non-degrad-
able biopolymers, ceramics, and composites; personalized
devices for drug delivery or prosthetics and surgical models of
specific organs based on medical imaging data (e.g., MRI or
CT) have also been developed with SLS (see the Reviews in
Ref. [14]). A polycaprolactone trachea implant was recently
SLS-printed and successfully implanted into a newborn.!”
Biocompatible metals such as titanium are of paramount
importance in the fabrication of implants, but they are also
extremely expensive to manufacture owing to their hardness.
SLS printing services (e.g., Renishaw)!'® now offer implant
personalization (e.g., dental bridges and bone reconstruc-
tion).

Several factors explain the popularity of SLS. The
advantage of this technique over other 3D printing tech-
niques is that the powders produce materials that, when
sintered, have a high purity and properties similar to those
obtained by traditional fabrication processes. Furthermore,
the machines can be designed to deliver various different
powder precursors, which results in multi-material printing.
SLS can also be used for writing metal patterns onto polymers
such as PDMS,'"! a feature that could have applications in the
design of biosensors. SLS is presently the rapid prototyping
technique of choice for high-end, realistic industrial prototype
design, as seen in the automotive and toy industry and for the
development of sportswear and kitchenware, for example.

2.2. Photopolymer Inkjet Printing

Photopolymer inkjet printing is a simple, recently devel-
oped technique that has gained wide popularity in the
consumer market. The concept of using inkjet printers to
build 3D structures with curable polymers was first patented
in 1999 (U.S. Patent 6259962) by Objet, an Israeli company
that was acquired by Stratasys. Photopolymer inkjet printing
is popularly also known as PolyJet or MultiJet Modeling
(MJIM; Figure 2¢). Although the range of materials that can
be printed with PolyJet technology is very large (soft and hard
plastics as well as elastomers with many colors),'s! the
material formulations are proprietary, so the user is forced
to keep buying costly supplies, and bio- and cytocompatibility
studies are lacking. PolyJet-printed anatomically correct
models have been used to better plan medical procedures,
such as orthopedic,™ cardiac,” and intracranial aneurysm/'!
surgeries. A similar technique called “binder jetting” (trade-
marked as “3DP”; Figure 2d), uses powder and a water-based
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binding agent to produce 3D structures without resorting to
expensive inks; 3D Systems sells multi-color 3DP machines.
Both PolyJet and 3DP machines are capable of printing large
objects (ca. 20 x 20 x 20 cm®) in multiple materials, even with
working mechanisms (such as gears; the powder itself is used
as a sacrificial material that is blown away at the end of the
process) and metal circuits that can form field-effect tran-
sistors.”” The final objects can be metallized or used as molds
for metal casting.

2.3. Fused Deposition Modeling

Fused deposition modeling (FDM) consists of the extru-
sion of heated thermoplastic material from a positionable
nozzle, hence the technique is also called “thermoplastic
extrusion” (Figure 2 ¢). The original FDM patent (U.S. Patent
5121329) was awarded in 1992 to Scott Crump, who founded
Stratasys to commercialize the technology. FDM enables the
printing of biocompatible and inexpensive polymers from
spools of filament, such as acrylonitrile butadiene styrene
(ABS, the polymer of Lego), poly(lactic acid) (PLA, a biode-
gradable polymer), polycarbonate, polyamide, and polystyr-
ene. Since the expiration of the original patent, there has been
a proliferation of FDM hardware companies (e.g., Maker-
Bot), which have released increasingly inexpensive models,
contributing to making 3D printing widely available and
popular.

The structure of a material deposited in layers of filament
differs from that of a bulk-reflowed solid (e.g., in injection
molding). FDM-printed blocks are less dense and more prone
to compressive stress fracture than their injection-molded
counterparts because the filaments from adjacent layers are
not well fused. These defects are mitigated (but not elimi-
nated) in high-end machines in which the printed part is built
within a heated enclosure.”” FDM printing generates low
levels of fumes during the exposure of plastics to high
temperatures. These fumes pose a potential health hazard and
would require additional ventilation equipment in future
facilities containing many machines (for large-scale produc-
tion).

In an alternative version of FDM, liquid precursors are
extruded through a nozzle without heating. With this
principle, FDM can be adapted to extrude a wide range of
materials, such as metallic solutions, hydrogels, and cell-based
solutions (see Section 2.6). Using this method, groups have
created electronic components such as LEDs,” batteries,”
strain sensors on flexible substrates,” antennas on 3D
surfaces,”” interconnects,™ and electrodes within biological
tissue,”” for example. Therefore, the extrusion of liquid
materials could be an inexpensive route to incorporate
a variety of sensors and actuators within microfluidic devices,
although the designers must develop practical solutions to the
issues of assembly and bonding.
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2.4. Laminated Object Manufacturing

In a low-cost technique called laminated object manufac-
turing (LOM), plastic, metal, and ceramic laminates are laser-
cut and assembled layer-by-layer to fabricate devices. Glue or
chemical bonding is used to stop the layers from detaching;
aligning and stacking the layers during bonding can be done
manually, with the aid of pins or by using specialized machines
(Figure 2 f). When the cutting is performed with the tip of
a physical plotter, the technique is referred to as “xurogra-
phy”.B”l Most LOM work to date has focused on metal®" or
ceramic®" laminates, which are difficult to produce by other
methods. Although LOM is technically not a fully additive
manufacturing technique (it requires etching and the assem-
bly of each layer), the manufacturing process can be fully
specified from a digital file just like any other 3D printing
process.

2.5. Stereolithography

In its original form, invented by Charles W. Hull in 1986
(U.S. Patent 4575330),? stereolithography (SL) consists of
focusing a laser light source on a vat filled with liquid
photopolymer resin; layer-by-layer selective polymerization
produces 3D polymer structures™! (Figure 2a). Hull origi-
nally described SL as a process using a “UV-curable
material”, but modern high-intensity laser and focused LED
light sources can achieve polymerization in the visible-
wavelength range with suitable types of photoinitiator.** In

2]
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traditional SL, resolution (minimum achievable feature
width) is determined mostly by the laser spot size and the
resin type. As different resins have different light absorption
spectra, they have different light penetration depths. Thus the
same exposure parameters can result in completely different
structures for different resins. Instead of sequentially scanning
alaser over each feature in a layer of resin as in traditional SL,
an alternative form of SL uses digital light projection (DLP)
to crosslink an entire layer of resin at once. This strategy was
first demonstrated with a liquid crystal display (LCD)" but is
now achieved with an inexpensive, commercially available
projector featuring a digital micromirror display (DMD).F"!
In this form of SL, the minimum X-Y feature size is
determined by the size of the projected pixel, which may be
significantly smaller than the laser spot sizes used in conven-
tional SL. In both forms of SL, the resin remaining in the vat
after exposure may be reused.

In SL, the object is digitally sliced into layers and printed
by focusing the light source over the closest surface of the
liquid. There are two strategies for resin exposure (depending
on whether photopolymerization occurs at the top or the
bottom surface of the vat), and two different light sources for
printing (laser or DLP). In the laser-based SL machines
developed by 3D Systems, the metal build stage is submerged
further into the resin-containing vat after the formation of
each layer. As photopolymerization occurs at the top surface
of the resin at the air interface, this configuration is known as
the free surface technique (Figure 3a). Conversely, in most
other laser- and DLP-based stereolithography machines, the
metal build plate is suspended upside-down, and the photo-
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Tilt motors separate [ _==
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Figure 3. Two SL printing configurations. a) Laser-scanning SL with the free-surface configuration. b) DLP SL with the constrained-surface/“bat”
configuration. Adapted from Ref. [39] with permission from IOP Publishing and David Dean.

Angew. Chem. Int. Ed. 2016, 55, 3862 —3881

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

An dte

Chemie

3867


http://www.angewandte.org

GDCh
~—

3868

polymerization occurs against the bottom surface of the resin
vat. This configuration, known as the constrained surface
technique (Figure 3b), is also referred to as the “bat”
configuration® as the final part is oriented upside-down.
The earlier free surface technique applies less mechanical
force on the part being built when switching between layers,
which may result in better structure fidelity. However, the
“bat” configuration offers certain advantages,* namely
1) the part height is not limited by the vat depth; 2) the
layer thickness that can be achieved is only determined by the
Z stage resolution and independent of the viscosity of the
resin; and 3) as curing happens away from the surface of the
liquid resin, oxygen inhibition is minimized, and the resin can
be cured faster. However, between each build layer, the
printer must mechanically separate the most recently cured
layer of the print from the bottom surface of the vat (usually
coated with PDMS), a slow process that can deform fragile
features. Recently, a modification of the bat configuration was
introduced that exploits the controlled oxygen inhibition of
the bottom-most layer of the resin. In this continuous-printing
approach, the bottom plate is permeable to oxygen such that
photopolymerized regions remain suspended in resin rather
than adhering to the bottom substrate; by bypassing the layer
separation step, the printing speeds were increased by a factor
of 100.”7 Other continuous-printing approaches have been
presented.P¥

Direct laser writing (DLW) is similar to but should not be
confused with SL.® (To add to the confusion, the term
“direct laser writing” has been used rather liberally in the
literature.) DLW is based on the exposure of a photoresist
layer by means of a laser that can be steered in three
directions. As with SL, multiphoton optics may be used to
achieve very high resolution. The fundamental difference
between SL and DLW is that in SL, light exposure occurs
within a liquid (the resin), whereas in DLW, light exposure
occurs within the solid photoresist layer (after the solvent has
evaporated). Hence, in DLW, development of the photoresist
at the end of the exposure is required; therefore, DLW does
not belong to the class of additive techniques—it is, like
micromachining and photolithography, a “subtractive” tech-
nique in the sense that most of the base material (here,
photoresist) is wasted. To fabricate microchannels with DLW,
for example, the laser is used to change the solubility of the
walls (or the core) in the developer, but selective dissolution
of the microchannel core in the developer solution needs to
follow. The high price of DLW systems (such as Nano-
scribe)*!! renders their dissemination difficult. For simplicity,
the small body of work on DLW-fabricated microfluidic
channels is covered in the SL section.

2.6. Bioprinting

Bioprinting, also termed “organ printing”, has been
defined as “the use of printing technology to deposit living
cells, extracellular matrix (ECM) components, biochemical
factors, proteins, drugs, and biomaterials on a receiving solid
or gel substrate or liquid reservoir”.”! Early implementations
used direct laser writing approaches to deposit cells™! or to
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directly print cells with inkjet technology.!! Extrusion pens
(i.e., FDM using room-temperature liquids), electrospray,
and selective photopolymerization have now been added to
the arsenal of bioprinting technologies (see the Review in
Ref. [45]).

Whereas these techniques have great potential for tissue
engineering, their applicability to microfluidics is still on the
horizon because in most cases, the transfer of the bio-ink onto
a soft substrate makes it very difficult to predict the final 3D
structure. It is noteworthy that SL systems have been
successfully applied to bioprinting, for the long-term encap-
sulation of cells in hydrogels with high viability!*! (see the
Review in Ref. [47]). SL allows the user to define heteroge-
neous scaffolds™ of (cell-laden or not) extracellular matrix
components and other long-term biocompatible hydrogels,
including PEG diacrylate**! (Figure 4a—c), gelatin metha-
crylate®™ (Figure 4d,e), hyaluronic acid,*!) and PEGylated/
functionalized alginates.’” In principle, it should be possible

Source with cells
dispensed for

each layer Platform moves

down for every layer

@
@
]
>
]
-

CINo P. aeuginosa
=3 PA01 WD)
I P01 (-Loch)

No Shell No Shell* Localized Shell
*Residual P. aeruginosa exists outside of structures

Figure 4. Bioprinting. a) Experimental setup for the patterned encapsu-
lation of cells in PEG-based photo-crosslinkable hydrogels by means of
SL. b) Top view of a multi-layer structure printed with the setup in (b),
containing NIH 3T3 fibroblasts stained with CellTracker Green or
Orange. c) Side view of the structure in (b). d) Confocal Z-optical
section of a 3D cellular array of NIH 3T3 fibroblasts printed by SL in

a gelatin—methacrylate scaffold. e) Side view of the structure in (d).

f) Microclusters of the bacterium S. aureus printed within high-density
populations of P. aeruginosa in BSA—gelatin microcontainers. g) The
survival of S. aureus confined to the microclusters in (f) is significantly
enhanced. Panels (a)—(c) reproduced from Ref. [49b] with permission
from The Royal Society of Chemistry. Panels (d) and (e) reproduced
from Ref. [50b] with permission from John Wiley and Sons. Panels (f)
and (g) reproduced from Ref. [55], Copyright 2013 National Academy
of Sciences, USA.
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to define complex scaffolds that could serve as microfluidic
vasculature mimics or even “living cellular machines”."’)

In bioprinting, the choice of photosensitizer molecule that
initiates the photo-crosslinking reaction is key because it
affects cell viability. Shear et al. photo-crosslinked gelatin and
other proteins using methylene blue or rose bengal as photo-
sensitizers, thus bypassing the use of less biocompatible
methacrylated polypeptides (e.g., Irgacure 2959)P% as cross-
linking agents. With a DMD-masked multiphoton system,
they 3D-printed gelatin chambers that encapsulated closely
interacting bacterial ecosystemsP (Figure 4 f, g).

3. 3D-Printed Microfluidic Systems
3.1. Fabrication by Stereolithography

In SL, microchannels are defined by polymerizing the
walls of the channel cavities and subsequently draining the
uncured photopolymer precursor. The minimum achievable
microchannel cross-section is influenced by the viscosity of
the photopolymer precursor, by the type of resin, and by the
experience of the operator with channel draining."” Renaud
and co-workers developed an SL setup based on a dynamic
pattern generator (Figure 5a) with which they fabricated the
first SL-printed microfluidic device, a mixer with a complex
internal 3D architecture that could not be produced by
molding (Figure 5b).°% In this efficient mixer, fluids were
fully mixed after a length of 4 mm at Re =12 (Figure 5c¢).

Multiphoton optics can be used to increase the resolution
of the exposure. A microfluidic micromixer with approxi-
mately 10 pm wide internal channels (wall width ca. 1 um)
was fabricated by DLW in the photoresist SU-8 (Fig-
ure 5d,e)."” Shear and co-workers used digital micromirror
devices (DMDs) and multiphoton optics to produce high-
resolution 3D protein structures as stacks of 2D tomographic
slices, which were serially printed with sub-micrometer
resolution using methylene blue as the photosensitizer.™!
Some of the features contained fluidic cavities, such as
a microchamber to direct bacterial motility®**" (Figure 5 f-
h).

3.2. Fabrication by Selective Laser Sintering

SLS lends itself to the fabrication of small metallic parts,
such as interdigitated-electrode supercapacitors.”! The aero-
space and automotive sectors are now considering the
production (not just prototyping) of small, intricate titanium
parts by SLS owing to the lower fabrication cost by SLS
compared to traditional manufacturing methods (in aero-
space engineering, every 100 kg saves $2.5 millions in fuel).®!)
However, the solid (non-flowing) nature of the powder
precursor renders microfluidic applications challenging. Tita-
nium and stainless-steel flow devices were recently produced
by SLS; the powder precursor could be evacuated from
300 mm long tubes with a diameter of 3 mm, but clogged
longer tubes® (Figure 6).
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Figure 5. Microfluidic systems printed by stereolithography (SL). a) SL
setup used to print the first microfluidic device. b) Scanning electron
micrograph (SEM) of the first SL-printed microfluidic device, showing
a microconnector. ¢) Numerical simulations of the device in (b) at the
indicated locations. d) SEM of a micromixer printed in SU-8 by direct
laser writing (DLW). e) Numerical simulation of the mixing perfor-
mance of the device printed in (d); the mixing efficiency 7 measured
at a distance five times the width of the channel is 7=90% for Re=1,
and the Péclet number is 1000. f) Digital representation of a micro-
fluidic “lobster trap” for bacteria; this structure was fabricated in
bovine serum albumin in about 2 min from a sequence of 120 masks,
each one separated by a 0.3 um vertical step of the focal plane. g) An
E. coli colony forming at the bottom of the lobster trap. h) Overnight
incubation of the colony resulted in growth of the colony into the
upper portion of the trap. Panel (a) reproduced from Ref. [33b] with
permission from the authors. Panels (b) and (c) reproduced from

Ref. [56] with permission of The Royal Society of Chemistry. Panels (d)
and (e) reproduced from Ref. [57] with permission from The Royal
Society of Chemistry. Panels (f) to (h) reproduced from Ref. [58] with
permission from John Wiley and Sons.

Figure 6. Stainless-steel flow device printed by selective laser sintering
(SLS). Reproduced from Ref. [62] with permission from The Royal
Society of Chemistry.

3.3. Fabrication by Photopolymer Inkjet Printing

High resolution and the inherent multi-material printing
capability makes photopolymer inkjet printing, or PolyJet,
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a very promising technology. Straight microfluidic channels
printed in VeroClear (a translucent acrylate-based material
supplied by Stratasys) have been cleared mechanically by
means of capillaries (scraping), sonication, and compressed
airl®! (Figure 7a); channels of widths smaller than 500 um

Gas
bubbles ™

Detection area

Figure 7. Microfluidic devices printed by PolyJet. a) The channel is
500 um wide and was mechanically cleared with a cylindrical probe.
b) Poly]et test prints of two microfluidic devices; the core of the
channel was defined with a sacrificial material, and dissolution was
attempted with NaOH. The introduction of a red dye into the inlet
demonstrates that small/very long channels cannot be cleared of the
sacrificial material. c) Schematic representation and d) photograph of
a nuclear magnetic resonance (NMR) bubble pump printed by PolyJet.
Panel (a) reproduced from Ref. [63] with permission from The Royal
Society of Chemistry. Panel (b) contributed by Rob Ameloot and
Clement Achille. Panels (c) and (d) reproduced from Ref. [65] with
permission from The Royal Society of Chemistry.

could not be cleared reliably. Microfluidic channels of
arbitrary geometries have not yet been built in a single step
by PolyJet because Stratasys and/or ZCorp (owned by
3D Systems) have not developed a material that can be
used as a printable sacrificial material to print the volume of
the channels. Stratasys is now testing a supposedly soluble
support, but successful removal of this second material (with
NaOH) in microchannels is challenging, as the removal
process is diffusion-limited (Figure 7b). A two-material lid
that serves to pressurize or pull vacuum from the inlet(s) of
a microfluidic device has been inkjet-printed.”! A bubble
pump that featured vertical channels was easily printed by
PolyJet technology, although the fluidic circuit could only be
3870
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closed when a lid was assembled separately.” Another
source of concern is that the printed resins have not been
optimized or characterized for cytocompatibility, and they
have a residual smell that suggests the presence of persistent,
potentially non-cytocompatible compounds.

3.4. Fabrication by Fused Deposition Modeling

FDM is topologically ill-suited for producing microfluidic
devices because the extrusion process lays down filaments
that cannot be arbitrarily joined at channel intersections
(leaks are likely) and that are large relative to the size of the
microchannels (see Figure 8a—c).®! Although a search for
“fluid” in Thingiverse,® MakerBot’s free website for
exchanging non-commercial 3D designs, yields more than
200 FDM-printable designs with large features and that claim

Figure 8. Microfluidic devices produced by molding features printed
with fused deposition modeling (FDM). a) Optical micrograph of

a microfluidic device printed by FDM. b, c) Scanning electron micro-
graphs of the device in (a), showing that the walls are formed by
joining plastic extruded structures (b) that are prone to form pores
(c). d) The 3D printer 3DTouch. e) Microfluidic device printed in
polypropylene by FDM with the 3DTouch printer. f) The principle of
polymer extrusion. g) Schematic representation of a 3D microfluidic
mixer after the sacrificial polymer has been removed. h) Optical
micrograph of a complex 3D microfluidic mixer in operation. i) FDM-
printed sacrificial isomalt scaffold. j) Embedding of the scaffold in (i)
in agarose for casting; the carbohydrate quickly dissolves in the
agarose hydrogel. k) Filling of the scaffold replica with black dye.
Panels (a)—(c) reproduced from Ref. [66] with permission from the
authors. Panels (d) and (e) reproduced from Ref. [72] with permission
from The Royal Society of Chemistry. Panels (f)—(h) reprinted from
Ref. [69] with permission from Macmillan Publishers Ltd: Nature
Materials, copyright 2003. Panels (i)—(k) reproduced from Ref. [71] with
permission from The Royal Society of Chemistry.
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to hold fluid (such as a “fluidic vortex” or a “fluidic
amplifier”), data are very sparse and qualitative. A flow
device with a 3 mm diameter tube made by FDM in ABS
polymer was recently reported;® however, the 5 mm thick
walls of the device leaked in several places upon 20 bar
pressurization. The ability of the 3D-printed filaments to seal
with each other upon extrusion is probably a complex
function of the material, the extrusion parameters, the
equipment, the channel design, and the fluids used to fill
the channel. Using a 3DTouch 3D printer (Figure 8d), Cronin
and co-workers successfully printed 800 um wide polypropy-
lene channels and demonstrated the flow of aqueous dye
solutions (Figure 8¢). In a variation of this setup, they used
a custom-made printer to extrude acetoxysilicone polymer
and built “reaction ware”,[® which contained the fluids,
although with no fluidic circuitry.

FDM has also been used to create channel volumes as
a sacrificial material. After it has been surrounded by
a different wall material, the channel material is removed.
Lewis and co-workers fabricated complex microfluidic mixers
with this approach: They printed complex 3D scaffolds of
cylindrical segments using an organic ink (Figure 8 f), infil-
trated the scaffold with a UV-curable epoxy resin, and
thermally extracted the organic ink by heating to 60°C*
(Figure 8 g,h). Similarly, a team led by Chen and Bhatia
printed a 3D lattice of carbohydrates, which was subsequently
infiltrated with ECM and living cells. The carbohydrate lattice
could be dissolved with cell culture media, and the void space
was seeded with endothelial cells to create vascular net-
works.” This approach inspired Bhargava” and co-workers
to extrude sacrificial lattices made in isomalt, a sugar alcohol
with a glass transition temperature of 55°C (Figure 8i). When
cast in an agarose mold (Figure 8j), the sugar dissolved into
the hydrogel in a matter of minutes, leaving a network that
could be perfused with dye (Figure 8k). Whereas this
technique is very intuitive, it is limited to circular-channel
cross-sections (without in-channel features) and to a very
special type of channel junctions (those formed by orthogonal
cross-overs), which may not be suitable for certain key
applications (e.g., cell separations or cell reactors).

3.5. Fabrication by Laminated Object Manufacturing

Before the advent of paper microfluidics,”! LOM was an
attractive option to rapidly prototype low-cost diagnostic
devices, as shown by Yager and co-workers for a number of
applications: Mylar lamination devices were produced to
concentrate and separate proteins on the basis of isoelectric
focusing,™ to generate a rapid immunoassay,”” to produce
electrophoresis,” to lyse cells and extract proteins,”” and to
reconstitute functional proteins from an anhydrous storage
depot,” among other applications. LOM has also enabled the
prototyping of highly complex 3D microfluidic devices. Neils
and Folch built a nine-layer Mylar laminate stack comprising
six fluid layers, which functioned as a combinatorial mixer!””!
(Figure 9a). A serpentine micromixer has also been built by
xurography.®”! Rasooly and co-workers stacked five poly-
carbonate layers and one PMMA layer to produce a miniature
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Figure 9. Microfluidic devices built by laminated object manufacturing
(LOM). a) Combinatorial mixer built by LOM from nine Mylar lami-
nates. b) A 96-well ELISA test built by LOM using one PMMA layer
and five polycarbonate layers. For both devices, alignment between the
different layers was ensured by fitting pre-patterned holes (arrows) in
each layer through two vertical pins. Panels (a) and (b) reproduced
from Refs. [79] and [80], respectively, with permission from The Royal
Society of Chemistry.

96-well ELISA test (Figure 9b).*” Despite clever improve-
ments,® LOM is still limited by the channel network
topologies that can be produced and by the debris accumu-
lated during laser cutting and/or gluing, which can partially
clog the channels or contaminate the samples. A European
consortium has developed a competing photolithography-
based process, named LABONFOIL, to laminate multilayer
microfluidic devices in negative photoresist (polyimide or

SU-8),® however at a considerable cost of €2 cm™.

3.6. Comparison of Techniques

The various 3D printing techniques have different degrees
of resolution and automation, as shown in Figure 10. In this
graph, the traditional high-resolution patterning methods
(DLW, photolithography, soft lithography) appear in the top
left corner because they require large amounts of manual
labor (with soft lithography being the most “manual”). 3D
printing techniques, on the other hand, appear clustered in the
bottom right corner because they typically feature less
resolution and are highly automated, although they are not
all equally automated. On one end of the spectrum, PolyJet

Resolution
N

Laser Direct
Write

Photo-
lithography

Soft
lithography

Non-additive
manufacturing

1pum o

0um | NEEERES = = == Stereo-

lithography

Manual 100 %
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Figure 10. Resolution and automation trade-off in the transition from
non-additive to additive manufacturing.
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and FDM do not require any input from the user, and on the
other end of the spectrum, LOM requires substantial
assembly; somewhat in the middle, SL and SLS require
some post-processing (cleaning the resin or powder). In terms
of resolution, only SL and PolyJet have been able to cross the
“magical line” of 20 um (the size of some cells) where bio-
microfluidic structures start to become particularly interest-
ing. For a detailed comparison of a wider range of prototyping
techniques applied to the fabrication of microfluidic devices,
see Ref. [34].

4. Salient Features of Stereolithography Compared
to PDMS and Plastic Molding

Traditionally, SL has been perceived by many micro-
fabrication researchers as being inferior to soft lithography in
various key aspects (Figure 11), but opinion is quickly
changing. Soft lithography benefits from the high resolution
of the molds produced by photolithography and the high
biocompatibility of PDMS, but suffers from low throughputs

SOFT LITHOGRAPHY
photolithography
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Figure 11. A conceptual overview of the advantages and disadvantages
of soft lithography and stereolithography as traditionally perceived by
researchers.

and unreliable assembly and bonding processes, resulting in
layered designs and poor user friendliness. SL has a set of
features that are almost opposite to those of PDMS: SL
benefits from the full-digital design of 3D architectures and
automated fabrication (which enables fabrication by service
providers), but the resolution of standard SL machines is
inferior to that of PDMS molding, and most SL resins are not
biocompatible. Previously, we estimated that the cost of
ordering a single SL-printed device from a service provider is
roughly equivalent to the cost of fabricating an SU-8 master
mold."” On a commercial SL machine, devices covering
a build area of 125x 125 mm? or larger may be printed in
under ten hours.
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4.1. 3D Capability

PDMS and molded plastic microfluidic devices must be
built by stacking layers, and the layers must be bonded
together (e.g., see Ref. [83]). This process severely restricts
the structures, connectivity, and functionality of the devices
that can be built. SL is essentially an assembly-free digital
manufacturing technique, so manufacturing complexity and
manufacturing variety come at no cost. The functionality or
connectivity of a given part has only dimensional restrictions
(the part has to be built larger than the machine’s resolution)
but has few topological restrictions, which creates opportu-
nities for design innovation. (Note that when printing with
a single material, the need for digital slicing and printing in
the presence of gravity prohibits the printing of “floating
objects”—for example, an unsupported sphere must be
tethered.) In some embodiments of SL, it is possible to
build parts in more than one material®®! (i.e., two-material
parts that have varying material properties; see Section 4.4),
which offers an even richer spectrum of design possibilities.

4.2. Resolution and Throughput

At present, the “3D freedom” afforded by single-photon
SL comes at the cost of lower resolution compared to PDMS/
plastic-based devices. The high cost of two-photon laser
setups still impedes their wide dissemination in the consumer
market, so multiphoton systems remain largely academic.[">!
All SL desktop systems use single-photon optics (laser or
LED source). A quick survey of the available SL services
shows that they can build (closed) microchannels that
typically measure 500 x 500 um? or larger in cross-section,
although the machines can fabricate smaller open-surface
features (e.g., open trenches). In other words, the limitation is
not due to optics. Thus the main (legitimate) concern of
microfluidic users is that the resolution of SL is lower than the
resolution they are used to working with. Like soft lithog-
raphy, SL is perceived as suffering from poor throughputs.
However, recent developments in SL technology demonstrate
critical improvements in printing speed and resolution. The
year 2014, with the expiration of key SL patents, saw the
appearance of many companies rushing to innovate; in the
span of a few months at the beginning of 2015, Ilios
announced a printer with 25 um XY resolution (6 um
Z layers) and capable of four-material prints,®! Old World
Labs announced another printer with <1 um XYZ resolu-
tion,®™! and Carbon3D announced a printer capable of
printing in minutes instead of hours (ca. 100 times faster)
with 1 um XYZ resolution.®” Clearly, industry is now leading
the innovation in resolution and throughput. Systems with
<5 um resolution for < $10000 in less than one year are not
far-fetched. However, the biocompatibility of the resins is still
a concern and will be discussed in Section 4.4.1.
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4.3. Microchannel Drainage: Limitations in Resolution and
Automated Fabrication

Even though laser light scattering and polymer precursor
diffusion both impose fundamental limits on the resolution in
SL, in practice, the resolution of closed channels depends on
the drainage of the liquid polymer precursor that is trapped
inside after a device has finished printing. For long channels,
this “hydrodynamic limitation” can be more important than
the limitation imposed by the photoreaction. Unfortunately,
this subtlety is not well appreciated by most printing services.
To improve resolution and to facilitate the drainage of
otherwise dead-end features, an efficient strategy can be to
incorporate drain structures (e.g., shortcut holes, channels,
and/or temporarily “breakable” connectors) that reduce the
hydrodynamic resistance of the resin’s exit path. An example
of shortcut holes is shown in Figure 12. The newer generation
of less viscous photopolymer resins will also facilitate drain-
age.

Figure 12. Implementation of drainage holes to simplify device archi-
tecture. a) In this device, the channels are fabricated with a square
635x635 um? outlet hole (indicated by arrows) so that the resin can
be easily drained to the exterior. b) The drainage holes can be sealed
with adhesive tape or epoxy. Reproduced from Ref. [87] with permis-
sion from The Royal Society of Chemistry.

The need for microchannel drainage at the end of the
fabrication process leads to another important implication as
it is a manual process that requires some preparations and it
only permits automation for a given inlet layout. Therefore,
1) strictly speaking, SL, when applied to microfluidics, should
be described as a quasi-automated, quasi-additive fabrication
process (some post-processing and resin removal is neces-
sary), 2) drainage results in additional setup time and post-
fabrication handling that cannot be overlooked, especially for
high-volume applications, and 3) drainage requires the use of
(small amounts of) solvents, which adds to the disposal costs,
and some equipment for powering the fluids, which incurs
further capital cost.
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4.4 Material Considerations

Understandably, most microfluidic researchers, including
our group, had fallen under the “spell” of PDMS for many
years owing to the optimal properties of PDMS: PDMS is
inexpensive, optically clear, elastomeric, biocompatible, and
can be molded using simple methods. SL resins, on the other
hand, have historically been costly, yellowish at best, and of
questionable biocompatibility that has rarely been studied.
Not surprisingly, most biomedical researchers have been
reluctant to use them. However, the last few years have seen
a great deal of innovation in this area.

4.4.1. Biocompatibility

A number of biocompatible resins are now available. One
of the most notable ones is a UV resin produced by DSM
(Heerlen, Netherlands) under the trade name Somos Water-
Shed XC 11122. After printing, the cured WaterShed is rinsed
with isopropyl alcohol and flood-exposed to UV light. At the
end of this process, WaterShed is nearly colorless with
a clarity, flexibility, and hardness similar to that of poly-
carbonate or poly(methyl methacrylate). (Prolonged expo-
sure of WaterShed to UV gives it a yellowish tint.) Further-
more, it does not swell in water and meets biocompatibility
standards ISO 10993-5 (cytotoxicity), ISO 10993-10 (sensiti-
zation), ISO 10993-10 (irritation), and USP Class VI. We
have studied the cytocompatibility of C2C12 myoblast cell
cultures on Matrigel-coated WaterShed for 24 hours and
found no noticeable difference when compared to cells
cultured on a Matrigel-coated polystyrene tissue culture
(Figure 13a,b). Longer-term cytocompatibility on WaterShed
awaits further investigation.

Additional biocompatibility data can be found in the drug
delivery field, which has investigated the use of SL for the
fabrication of implantable microneedles for more than one
decade. Matsuda and Mizutani produced microneedles with
a custom acrylate resin containing polycaprolactone;® load-
ing of the microneedles with the anti-inflammatory drug
indomethacin suppressed the foreign-body inflammatory
reaction caused by the needles. Narayan and co-workers
used e-Shell 200 and 300, commercially available acrylate-
based polymers, to fabricate microneedles by SLI*! and
DLWPY (Figure 13¢); these materials, which have been used
to manufacture hearing aids, are water-resistant and Class IIa
biocompatible. The same group has developed very sharp
ceramic-like tips made from Ormocer®™*! (Figure 13d,e),
a material that has been used to produce high-resolution
structures including 50 um wide channels.”” These micro-
needles penetrated cadaveric porcine adipose tissue without
fracture, and Ormocer surfaces supported the culture of
human epidermal keratinocytes for three days without
significant reduction in viability compared to control surfaces.

With some SL systems, photo-crosslinkable hydrogels and
cells were successfully combined. PEG diacrylate,***! gelatin
methacrylate,” hyaluronic acid,”"! and PEGylated/function-
alized alginates,”” which are all highly biocompatible matri-
ces, have been used to print cells encapsulated in hydrogel
(see Figure 4), which were derivatized with adhesive ECM
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Figure 13. Biocompatibility of SL prints. a) C2C12 cells cultured on
tissue culture polystyrene (TCPS) control surfaces coated with Matri-
gel; the cells were stained for viability with Live/Dead cell stain after
one day in culture. b) C2C12 cells cultured on WaterShed surfaces
coated with Matrigel using the same seeding and coating procedures
as in (a); cell viability on WaterShed surfaces is indistinguishable from
that on TCPS surfaces. c) SEM of hollow microneedles fabricated in
e-shell 200 by DLP SL. d,e) SEM of microneedles fabricated in
Ormocer by DLW. Panels (a) and (b) reproduced from Ref. [87] with
permission from The Royal Society of Chemistry. Panel (c) reprinted
from Ref. [88] with permission. Copyright 2011, AIP Publishing LLC.
Panels (d) and (e) reproduced from Ref. [89] with permission from
John Wiley and Sons.

proteins or cell-attachment peptide sequences. The cells used
in these studies include fibroblasts,** neurons, muscle
cells,”? and human mesenchymal stem cells.”” These hydro-
gels have been envisioned to constitute parts of bio-actuators
and biosensors that incorporate live cells.”® Stampfl et al.”!
screened a number of acrylate-based monomers, combined
them with diluents (water or PEG 400MW) and the photo-
initiator Irgacure 819 to produce various hydrogel resins with
a range of mechanical properties (with a Young’s Modulus
from 0.4 to 8000 MPa), and compared them to the commer-
cially available resins Ormocer and Renshape. As soon as SL
materials research moves to optimize materials for biomed-
ical applications, we should see the birth of a new variety of
SL resins that are biocompatible (even implantable and/or
bioresorbable), transparent, and gas-permeable.

4.4.2. PEG-DA, the Ideal Candidate

The field of cell encapsulation provides us with a great
example of a photopolymerizable, biocompatible material:
PEG diacrylate (PEG-DA), which has been extensively used
as a hydrogel to trap cells and create 3D tissue con-
structs."®** Photopolymerization processes require a photo-
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initiator, a chemical compound that decomposes into free
radicals or cations when exposed to light. Photoinitiators
differ in their cytotoxicity, solubility in water, and stability.
Intense efforts have been spent in developing and evaluating
cytocompatible photoinitiators.”® The photoinitiator Irga-
cure 2959 (Ciba) is frequently used with 325 nm light and can
be utilized to encapsulate delicate cells, such as stem cells,
with high viability.””! The main challenge has been to find
a biocompatible photoinitiator that works for light sources of
the new generation of “desktop” SL systems (41 =405 nm,
“near-UV”/visible light, which is more benign to cells). For
405 nm light, Irgacure 784 is available, but this compound is
water-insoluble (must be dissolved in DMSO). Alternatively,
lithium phenyl-2,4,6-trimethylbenzoylphosphinate  (LAP,
only recently commercially available) is water-soluble and
very cytocompatible.” LAP has recently been re-discovered
by Anseth and co-workers as a water-soluble type I photo-
initiator that is uniquely active in the visible range (1=
405 nm and above).”** This initiator has been shown to be
cytocompatible, and has proved suitable for cell-encapsula-
tion studies with PEG-DA.">1%! Tt is important to stress that
although the issue of the cytocompability of the photoinitiator
should not be as relevant to building microfluidic devices as it
is for encapsulating cells, it is desirable that photoinitiator
molecules potentially leeching from the device walls be as
cytocompatible as possible.

There is abundant evidence that PEG-DA is a very
suitable material for microfluidics. Khademhosseini and Suh
fabricated PEG-DA microchannels (by photolithography)
and demonstrated that when using low-molecular-weight,
heavily-crosslinked PEG-DA (M =258), the channels
resisted swelling (and were impermeable to water) for up to
two weeks, whereas higher-molecular-weight PEG-DA
(My=2875) showed significant swelling and collapse of the
channels within five hours." Woolley and co-workers
produced PEG-DA microfluidic valves (by molding and
layering)!'"? and made an exhaustive evaluation of the various
favorable properties of PEG-DA compared to glass, PDMS,
and other polymers.'"”l Thus PEG-DA seems to be an ideal
resin for 3D-printable biomedical devices.

4.4.3. Solvent Compatibility

PDMS is a very porous matrix that swells in organic
solvents, which results in the loss of solvent into the micro-
channel walls, detachment of the seal between the channels
and the surface, and alterations of the channel geometries.!
Therefore, many microfluidics research efforts have been
directed towards developing polymer matrices that do not
swell, especially microvalves, whose flexural element is made
of Viton!"™ or Teflon!" in a chemically resistant micro-
channel seat.

Research into SL resins has produced a variety of resins
with a wide range of properties. Somos 9920, for example, is
a durable resin whose properties mimic polypropylene,
offering great chemical resistance. (Polypropylene is used to
store solvents.) Somos 5530HT is also rated as solvent-
resistant, water-resistant, and highly temperature-resistant.
Somos 11120 (also termed “WaterShed”) is highly resistant to
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water (but not organic solvents), transparent, and mechan-
ically very strong.

4.4.4. Wettability

Modulation of the wetting properties of SL resins is of
paramount importance in microfluidics, as bubbles can form
during filling and can be difficult to dislodge. SL-printed
plastics do not have the high gas solubility of PDMS (which
obeys Henry’s law; i.e., the equilibrium concentration of a gas
dissolved in PDMS is proportional to the partial pressure of
gas present in the PDMS channels),"® so the convenient
method for dislodging bubbles from PDMS devices by
pressurization of the fluids (which causes the bubbles to
disappear into the PDMS walls) does not work in SL-printed
plastic devices. Yang and co-workers added a vinyl-termi-
nated initiator into the resin base (containing acrylate-based
pre-polymers) to produce poly(ethylene glycol) methacrylate
(PEGMA), a very hydrophilic and biocompatible polymer
(which facilitated spontaneous filling, contact angle ca. 40°),
or perfluorodecyl methacrylate (PFMA), a very hydrophobic
polymer (contact angle ca. 123°;”! Figure 14a,b). Hydro-
phobic coatings can be used to create aqueous partitions
inside these devices.

Figure 14. Multi-material SL printing. a) SL-printed cube in a super-
hydrophobic resin; note that a droplet of dye deposited on the cube
does not penetrate the cube. b) SL-printed sphere in a super-hydro-
phobic resin; the sphere is filled with dye, yet it does not leak through
its 1 mm large hexagonal holes (see inset). c,d) Schematic side and
top view, respectively, of a droplet generator. e) SL print of the device
in (c); the inner channel has an internal diameter of 50 um, and the
fabrication accuracy is about 5 um. f) Droplet generation in the SL-
printed device shown in (e). (g) A three-material SL print; the chess
piece has internal structure. h) A two-material SL print; the red tips
are printed in an elastomeric resin. Panels (a) and (b) reproduced
from Ref. [107] with permission from The Royal Society of Chemistry.
Panels (c)—(f) reproduced from Ref. [110] with permission from the
Japan Oil Chemists’ Society. Panel (g) reproduced from Ref. [84a] with
permission from Springer Science and Business Media. Panel (h)
reproduced from Ref. [84b] with permission from the authors.
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4.4.5. Surface Derivatization and Bonding

Surface derivatization of printed SL resins has been
achieved with commercially available silanes."” 3-Glycidox-
ypropyltrimethoxysilane (GPTMS) was used to create a silox-
ane layer on the surface of an epoxy-based resin under acidic
conditions in the presence of a photoacid generator, triar-
ylsulfonium hexafluoroantimonate (TASHFA), and UV light
exposure. This chemistry was used to bond slabs of PDMS to
the SL-printed resin. Epoxy slides have been used to chemi-
cally immobilize protein surface gradients by amine—-epoxy
linkage for chemotaxis experiments,['”” so in principle epoxy-
based SL resins could be utilized to print chemotaxis devices.
Another option is to derivatize the walls of the channel with
a silicate coating, which produces a surface that is amenable
to standard silane chemistry. Ohtani et al.''” injected a hydro-
lyzed ethyl silicate solution (N-103X, Colcoat Co.) into the
channel (part of a droplet generator,"'!! see Figure 14c—e),
then heated the device to 120°C for 30 min to vaporize the
solvent and cure the coating on the walls. After the hydro-
philic treatment, the silicate surface was derivatized with
a fluorosilane compound to render it hydrophobic, which
enabled the treated device to produce monodisperse inverted
water-in-oil emulsions (Figure 14f). Silane derivatization
could enable silicate-like coatings made of allylhydridopoly-
carbosilane that confer polymer surfaces an electrophoretic
mobility and a solvent resistance that (while retaining trans-
parency) is indistinguishable from that of glass over at least
90 days.!"” We have found that WaterShed XC 11122 resin
binds to O, plasma activated surfaces such as glass, polystyr-
ene, or PDMS, provided the surfaces are heated above the
glass transition temperature of the resin (ca. 42.5°C).l"3! This
simple procedure circumvents the TASHFA and UV illumi-
nation steps described above.

4.4.6. Multi-Material Stereolithography Printing

Although SL is traditionally regarded as a technique
limited to printing in a single polymer material, recent
advances in resins and SL printers have pushed the frontiers
into multiple-material printing!®! (Figure 14g), including
elastomers®®®! (Figure 14h) and ceramics."'* Cho and co-
workers observed that when they added copper microparti-
cles to a photoresin, a sintering process rendered the micro-
structures conductive (resistivity ca. 10 times that of pure
copper) with a shrinkage of 22-28 %.""”l We can now foresee
sensors and actuators containing parts that are flexible and/or
metallic."'! A new generation of multi-material printers™’
could allow for the creation of polymer gradients with new,
interesting properties and for the printing of multi-material
sensors and actuators.

4.5. Digital Inspection and Finite-Element Modeling

One of the biggest advantages of SL (and 3D printing in
general) is the ability to fully predict the performance of
a device prior to printing it. The design can be sent via email

and digitally inspected by a team of experts that is in a remote
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location with respect to the design team. The inspection
report can be easily returned and include amendments to the
CAD design file. Inspection need not be limited to visualizing
and correcting the architecture of the device. A researcher
can now use finite-element modeling software to virtually test
the expected mechanical performance, such as the flexural
bending or the resonance frequency of a critical component,
use fluid dynamics simulation software to test the perfor-
mance of a mixer design, or both (in the case of a microvalve).
Once the design “works” in the simulator, it can be printed.
We predict that in the near future, this rational CAD
approach to microfluidics will save an enormous amount of
time and resources for complex projects.

4.6. Overcoming the Barriers to Device Dissemination with 3D
Printing
4.6.1. From Cumbersome PDMS Inlets to Intuitive 3D-Printed
Modular Architectures that Incorporate Standardized User
Interfaces

Although microfluidics is now a mature field,") in the last
30 years, the soft lithography community has not been able to
agree on a simple standard for tubing and inlet/outlet
connectors. A device with 16 input fluid lines and 20 control
pneumatic lines as shown in Figure 1% can be daunting to
interface with. Part of the problem is due to the economics of
how we do research: We are rewarded for proof-of-concept
studies, not for sleek devices; punching inlets into PDMS has
worked fine until now. As society and the funding agencies
push for research to be translated into products, however, user
friendliness has suddenly taken center stage. We believe that
3D printing will rapidly engage the community into adopting
connector and inlet modules that represent existing industry
standards.

Modular design is an inherent part of 3D printing. With
3D printing, the designer of the microfluidic device has no
other choice but to fully specify the packaging (e.g., interface,
connectors) in CAD software prior to printing. SL-printed
plastic 3D circuits with packaged connectors can be built as
interlocking modules and are easy to operate!'”! (Fig-
ure 15a,b). Importantly, a robust, reliable mixer could be
built from assembling various modules,'"™ dispelling the
popular notion that such modular systems tend to disrupt flow
and increase user error and dead volume. It could be argued
that post-fabrication assembly of the modules is not an
effective strategy because it does not use the full capabilities
of SL (which is an assembly-free fabrication technique);
indeed, in some instances, assembly of the modules may
require metal pins or O rings to prevent leakage.'"! In any
case, the concept of “modular design” can be extended
beyond physical modules to produce designs by joining
various digital modules. An eloquent call for modularity in
the design of microfluidic systems was made in the field of
droplet engineering.''"®! Medical-grade (industry-standard)
connectors such as Luer Lock or barb-type connectors can
be imported from a free repository and copied/pasted into the
CAD design before printing™ (Figure 15¢), resulting in
devices that are more user-friendly than their PDMS or
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Inner Dimensions:
25 x 25 x40 mm (25 mL)

Figure 15. Modular microfluidics. a) A modular mixer built by SL. b) A
modular droplet generator built by SL. c) An example of user-friendly
connectivity (here an industry-standard Luer—Lock connector printed
by SL). d) Complex bioreactor printed by SL. e,f) A complex mixer
printed with a commercial desktop SL system. Panel (a) reproduced
from Ref. [117b] with permission from The Royal Society of Chemistry.
Panel (b) reproduced from Ref. [117c]. Copyright 2014 National Acad-
emy of Sciences, USA. Panel (c) reproduced from Ref. [12] with
permission from The Royal Society of Chemistry. Panel (d) reproduced
from Ref. [119] with permission from the American Society for Micro-
biology. Panels (e) and (f) reproduced from Ref. [120] with permission.
Copyright 2014 American Chemical Society.

plastic-molded counterparts. Importantly, digital designs can
be inspected and improved by other groups before printing.
We predict that teams consisting of mechanical engineers,
industrial designers, and interaction/experience designers, will
increasingly contribute to microfluidics and improve the
functionality of devices. Bioreactors for bacterial cultures!""”!
(Figure 15d) and microfluidic mixers printed with a desktop
printer™! (Figure 15e,f) are just two examples of future
developments. Whereas most PDMS and plastic chips serve as
simple “flat containers” for the fluidic architecture of the chip
(making sample introduction problematic), with 3D printing,
introduction of the sample can be made more intuitive by
using boxes or lids that can be opened and closed with hinges,
latches, springs, notches, or belts. This new paradigm will
facilitate the design of chips made of multiple materials; for
example, a saliva or blood sample could be contained on
a piece of paper, and the user would only need to deposit it
inside a closeable box.

We envision a future dominated by SL printing where
microfluidic designs will be available online, and it will be
possible to download them and integrate them as modules
that will be connected to other devices, modules, or pack-
agings. It seems obvious that SL packagings used by the
microfluidics community will soon converge towards user-
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friendly interfaces, which will include existing biomedical-
standard connectors. Thus we believe that the biggest impact
that the 3D printing technology will have in microfluidics will
not be the incorporation of “3D piping” but the introduction
of modular design paradigms that will amplify the efforts of
individual teams.

4.6.2. From PDMS Multi-Layer Valves to 3D-Printable Valves

Fluid handling is a ubiquitous and often tedious operation
in biomedicine, ranging from benchtop research that uses cell-
culture media to clinical diagnostics with bodily fluids. Most
often, fluids are transferred from container to container by
means of pipettors that are operated by humans (a tedious
and costly mode of operation that is prone to error) or by
expensive robotic dispensers. Valves and pumps are essential
for automating fluid handling; automation reduces human
labor costs, speeds up processing, and enables mass paralle-
lization. The advent of PDMS microvalves and micropump-
s> for example, revolutionized the field of microfluidics
and allowed for the miniaturization and automation of a vast
array of biomedical assays."?!! All-plastic microvalves (to
improve the solvent incompatibilities of PDMS) have also
been developed.""*!"'*] However, the fabrication of valves
and pumps is currently expensive because it consists of
multiple steps, including molding, machining, bonding, and/or
assembling small parts.

Folch and co-workers introduced diaphragm valves and
peristaltic pumps that can be 3D-printed by SLI?
(Figure 16). A valve in operation is shown in Figure 16b,c.
The diaphragm is a 100 um thick plastic membrane with
adiameter of 10 mm thatis integrally printed inside a chamber
and that can be pneumatically deflected by pressurization of

O

Fluid Out 4 E] Fluid Out X
Fluid In l—\ Fluid In
> 2 - LR
R,
g )

-

Control Line Control Line

OPEN CLOSED |

Figure 16. 3D-printed valves, switches, and pumps. a) Photograph of
a single-valve device 3D-printed in WaterShed XC 11122 resin. b, c) Mi-
crographs showing the dye-filled valve in its open (b) and closed (c)
state. d, e) Side view of a valve in its open (d) and closed (e) state.

f) Photograph of a switching device set to allow a solution to pass
through the valve on the left. g) A peristaltic pump during an actuation
phase in which only the middle valve is open. Panels (a)—(g)
reproduced from Ref. [87] with permission from The Royal Society of
Chemistry.

the control line (Figure 16d,e). 3D-printable valves and
pumps can be downloaded as digital objects and incorporated
modularly into other devices. Two valves can be used to build
a switch (Figure 16 f), and three valves can be put together in
series to build a peristaltic pump (Figure 16g). No appreci-
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able valve leakage was measured in the closed-valve state,
even though the membrane is not built of a self-sealing
material (e.g., PDMS). The valve closing pressures were
reproducible over many valve closing cycles. The fluidic
resistance of the valve exhibits a sigmoidal response to control
pressure; this multi-state valving behavior could find appli-
cations in microfluidic multiplexers,'*! flow regulators,'?*
and fluidic amplifiers."*! 3D-printable valves and pumps
can be used to replace costly human labor and robotic
pipettors and can be inexpensively printed in transparent
biocompatible plastics anywhere in the world. Improvements
in the 3D printing process (e.g., resolution, materials) will be
required before the valves can be further miniaturized.

4.6.3. From Bulky Control Systems to Autonomous Microfluidics
by Using Embedded 3D-Printed Controls

Whereas the above 3D-printed systems are still tethered
to bulky control systems requiring computers and electrical
signals, work is underway to incorporate 3D-printed automa-
tion. Ismagilov and co-workers 3D-printed a “pumping lid”
that pressurizes (or pulls vacuum from) the inlet(s) of
a microfluidic device®! (Figure 17). The lid consists of two
materials and is fabricated by photopolymer inkjet printing;
an elastomeric gasket ensures that the lid seals properly to the
inlet(s). This simple system altogether eliminates the need for
external power in driving microfluidic flow for most applica-
tions (the pump lasts for > 2 h).

3D-printed valves could also simplify the fabrication of
microfluidic logic elements, such as adding machines,!'%!
memory  latches'™  shift registers,'"™!  autonomous
pumps,'®™ and oscillators."® We can envision 3D-printed,
truly autonomous microfluidic machines with embedded
controls (powered by flow or a manually generated pressure
differential) that can run pre-programmed biochemical and
cell-based assays without the use of pneumatics, electricity, or
tubing.

4.6.4. Designs Can Be Disseminated and Sold over the Internet

3D printing minimizes the barriers to manufacturing.
Most microfluidic devices are made by PDMS molding or
glass etching because these two techniques are inexpensive
prototyping techniques that are convenient to the operation
and budgets of academic laboratories. Unfortunately, neither
PDMS molding nor glass etching allow for large-volume
manufacturing, a condition needed for most companies to
recover their big initial investments.

Engineers are designers, but thus far they have not had the
tools to monetize the products of their research with sufficient
agility. MakerBot has created a very vibrant website (“Thin-
giverse”)!”! for sharing CAD designs; however, only designs
with non-commercial (Creative Commons) licenses are
allowed. Note that in the traditional model of device
commercialization, engineers design several prototype iter-
ations until a final prototype is ready for commercial launch.
In academia, the various iterations have monetary value to
other designers working in a similar field. Based on this
simple principle, the company 3DSkema will soon launch an
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Figure 17. 3D-printed “pumping lid”.

a) The pumping lid (gray) produces a positive pressure by turning down on a guiding structure that contains

a soft elastomeric cup. b,c) The lid can lock at various (a/b/c) positions (indicated by dotted lines or rectangles), each of which produces
different pressures. d) Experimental pressure profile obtained by turning the lid between the three positions. A similar design can generate
negative pressures. ) A three-cup composite pumping lid for producing three different pressures with the same device. f) Micrograph of the
junction at which three channels combine to produce a heterogeneous laminar flow. g) Different composite lids (top row) can be used to produce
different flow profiles (middle row) that agree very well with the flow profiles (bottom row) that were predicted based on the pressures produced
by the lids and the device geometry. Reproduced from Ref. [64] with permission from The Royal Society of Chemistry.

online marketplace where designers can submit their licensed
designs and offer them for sale (or for share with a non-
commercial license). This model radically departs from
previous commercialization models in that inventors are
allowed to monetize their various prototypes without pro-
ceeding through the costly patent/plastic product route.

5. Summary and Outlook

It has been argued that microfluidics produces very few
“killer applications”,l"1*% in the sense that it is difficult for
microfluidic products to reach the consumer market. Here, we
argue that there is no lack of “killer apps”—it is the
commercialization pipeline that is obstructed. This obstruc-
tion is due to at least three main causes: 1) User interfaces
have not reached a standardization point; 2) microfluidic
systems still rely on complex control systems; and 3) PDMS-
molding processes are not easily commercialized. 3D printing
appears to be a suitable technology to address these key
points. Still, the application of 3D printing (and in particular
SL) to microfluidics is in its infancy. Historically, soft
lithography came to dominate the microfluidics field pre-
viously occupied by silicon and glass micromachining because
PDMS-molded prototypes were cheaper and faster to pro-
duce, more biocompatible and transparent, and could incor-
porate microvalves and micropumps—all despite obvious
losses in resolution. However, PDMS microchannels cannot
be made with arbitrary aspect ratios, and PDMS flexibility can
be a severe problem for the alignment of multiple layers. The
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transition from soft lithography to 3D printing is already

being marked by a similar set of constraints that can be turned

into opportunities:

1) Cost versus resolution: DLW/two-photon SL machines,
which are prohibitively expensive, and their applications
thus have reduced impact, are capable of printing 10 um
wide channels and surface features with approximately
1 um resolution. Several key SL patents expired in 2014;
as a result, there has been a proliferation of new
commercial desktop SL printers, and their prices have
dropped to an average of less than $5000. These afford-
able desktop single-photon SL machines can fabricate
features down to 25 um,™®! and smaller (ca. 1 pm) features
are expected with newer machines®"*! and lower-viscosity
resins. A microfluidic device that is SL-printed by a mail-
order service is now already cheaper than a similar device
fabricated in PDMS when all factors (materials, salary,
time) are taken into account, so the devices that will be
printed five years from now should be cheaper and more
architecturally complex than the PDMS devices that are
being molded today.

2) Material development: Most microfluidic engineers are
reluctant to use SL (and other 3D printing techniques)
because of concerns surrounding the biocompatibility of
the resins. However, it should be understood that the use
of many SL resins is artificially encouraged for commer-
cial reasons by their developers. Of less interest to
commercial developers, some of the most promising
resins from a biomedical perspective (e.g., PEG-DA) are
inexpensive and patent-free, as they were developed
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a long time ago to develop biomaterials (photo-cross-
linkable hydrogels) for cell encapsulation. Whereas
PDMS does not allow for keeping cells alive or for
diffusing large molecules within its matrix, in the next
years, as the SL microfluidics community grows, it is to be
expected that researchers will produce materials opti-
mized for bio-microfluidic fabrication, including biore-
sorbable and gas-porous matrices. New developments in
automated multi-material printing will also have a big
impact on sensors and actuators.

3) Computer-aided design (CAD): 3D printing device
design, unlike soft lithography, is inherently computer-
aided and amenable to digital modules. It thus benefits
from user-friendly packaging, the use of performance
simulation tools, and the electronic dissemination and
monetization of the designs. This feature alone is expected
to revolutionize the field of microfluidics.

4) Fluid automation: We and others have invented 3D-
printable elements that are essential for automated fluid
handling in microchannels, such as valves and pumps. 3D-
printable valves and pumps can be downloaded as digital
objects and incorporated modularly into other devices.
They can be inexpensively printed in transparent biocom-
patible plastics from any computer anywhere in the world,
and they can be used to replace costly human labor and
robotic pipettors.

In summary, additive manufacturing techniques represent
a “3D printing revolution” because they are economically
extremely efficient: They favor modular and team-based
CAD, require neither tooling nor assembly, produce minimal
waste, and minimize distribution costs. If (and only if) a large-
enough capital investment can be safely invested to run
a large-enough production, then a high-throughput fabrica-
tion technique such as injection molding is sure to provide the
lowest cost per device. Otherwise, for low- to mid-scale
production, despite being based on low-throughput serial
fabrication, economic considerations usually favor 3D print-
ing techniques against high-throughput molding techniques
when all factors are considered. Indeed, the ability to rapidly
prototype a physical model in a few hours has already
revolutionized the product design process by allowing design-
ers to test designs before investing in tooling or fabrication
processes. In biomedicine, shortening the time from prototype
to product should enable personalized devices and treat-
ments, accelerate research and development, and help reduce
the cost of clinical trials and of the overall access to
healthcare.
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