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Abstract

3D printing (3DP), an additive manufacturing (AM) approach allowing for rapid prototyping and
decentralized fabrication on-demand, has become a common method for creating parts or whole
devices. The wide scope of the AM extends from organized sectors of construction, ornament,
medical, and R&D industries to individual explorers attributed to the low cost, high quality
printers along with revolutionary tools and polymers. While progress is being made but big
manufacturing challenges are still there. Considering the quickly shifting narrative towards
miniaturized analytical systems (MAS) we focus on the development/rapid prototyping and
manufacturing of MAS with 3DP, and application dependent challenges in engineering designs
and choice of the polymeric materials and provide an exhaustive background to the applications of
3DP in biology and chemistry. This will allow readers to perceive the most important features of
AM in creating (i) various individual and modular components, and (ii) complete integrated tools.
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1. Introduction

The scale of testing on time, reagent volumes, and costs are a big burden on the overall
workflow in biology and chemistry. Miniaturization of experiments with microfluidic tools,
such as mTAS, Lab-on-a-Chip, Lab-in-a-Trench [1] etc., has significantly cut down these
scales [1,2]. Integration of better sensors to these tools has further helped in achieving
equivalent or in some cases better functionality [3]. Therefore, fluidics and fluidic networks
at microscale (mFN) have greatly impacted how we conduct multiplexed, robust, rapid,
experimentation and data analyses. Several educational tutorials can be found for biologists
to learn and understand the fundamental concepts of mF and manufacturing [1,4].
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Even with all these possibilities and massive amount of funding going into the fluidics
research and number of published articles [5-7] (Fig. 1) the market cost share of mFluidic
tools along with its penetration into the general laboratory space as a replacement to
conventional tools and techniques is still very restricted [8]. This is mostly attributed to the
complex manufacturing processes and need of highly specialized and bulky engineering
tools [9]. Carr has mentioned in his report “from cleanroom to makerspace”10 that this can
only be changed by increasing the participation of the end-users, which in this case are
biologists, chemists, and hobbiysts. This has been increasingly achieved with additive
manufacturing (AM) or 3D printing (3DP) - a three-decade old technology first patented and
commercialized by Chuck Hull as ‘solid imaging stereo lithography and STL file format’
that has gained momentum in past five years allowing researchers in biology and chemistry
to work cross-functionally using trial and error approaches [7,11-13]. An ever expanding
choice of printable materials [9-12], such as metals, polymers, powders, and ceramics, has
revolutionized rapid prototyping of bio-safe and biodegradable tools.

New precursor materials allow for creating systems of custom physical properties including
tensile strength, heat resistance etc. to create complete devices with integrated features, such
as membranes [13], modules, holders, fittings, and microscopy chamber [14] etc., and on
few instances complete tools, such as microscopes [15]. Since AM/3DP enables printing
complete tools without machining or molding, along with minimum dedicated trained
operator-inputs [16] thus, is cheaper than conventional lithography methods [17]. This also
allows for the personalization of printed tools with fast turnaround time for testing the tool
viability w.r.t the application [18]. However, this enabler disruptive technology is limited in
achieving physical resolution smaller than the X—, Y-, and Z-resolution of stage movement
and of that the light source making most devices restricted in printing structures less than
50-100 microns in general [19,20] while as small as 25-50 microns through improved
workflows combined with inprocess and post-process chemistries [21,22]. However, this
engineering challenge is not a practical set-back for any of the chemical and biological
applications.

3D printing has empowered non-engineers thus this review will have wider interest. Past 5
years this technology has emerged as a mainstay for rapid prototyping. Creating small
integrated devices by the person and at the point of use has an unrealized potential to
revolutionize the overall workflow as it provides freedom to create and change without prior
knowledge. We have reviewed technological advancements in 3D printed fluidics for past 5
years. One of the focuses of this article is to provide an illustrious review of recent
developments and their extended applications giving readers a holistic summary of AM
technology. This is the only article covering fundamental concepts of fluidics w.r.t 3D
printing and the USFDA regulations around creating 3D printed tools which will increase
the readership base.

2. Challenges in 3D printing

Quality of the printed tools and mechanical strength of the structures has been critically
assessed after an increase in the demand of 3D printed objects. This has led to the realization
of several restrictions even though they are fewer than the overall benefits but may impact
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some applications. Printing speed, allowed printable dimensions and their resolution,
stability and reproducibility of the prints, post processing requirements, and strength of
printed objects are of critical importance [16,22] (Table 1).

3D printing, synonymously called rapid prototyping, is other- wise faster when functional
validation of printed tools is considered; however, it is very slow compared to bulk
manufacturing methods [9]. Fused Deposition Modeling (FDM) is the cheapest and most
common of all AM types. It is easy to operate and print with FDM but printing being rough
results in weak structures and may potentially cause leakage [24] (Fig. 2a). Recently, Ho’s
group has created leakage-free prints with a FDM D-Force 400 printer [25]. They have
achieved it by creating plug like Legos that can be assembled into leakage-free complex
fluidic structures, which were driven through capillary force and can be plugged thus.
Several SLA printers have been developed and are marketed for fast print speeds and with
better surface finish compared to FDM but these are still not considerably fast. FormLabs
Form2 is one of the most functionally able printer in the market but laser-based printing
inherently cannot print faster than 0.03 cc/min. Continuous Liquid Interface Production [23]
(CLIP) is another SLA technology as marketed by Carbon3D is very fast, somewhat
equivalent to mass production methods with print speeds of 4.4 cc/min. Most recently, UNIZ
[26] developed Unidirectional Peel Technology (UDP), which is unprecedentedly faster and
achieved speeds of 21 cc/min (~75 mm width/min; ~3.5 mm height/min). Like Carbon3D,
UNIZ is also yet to go into mass production of printers. While printing speeds are getting
faster the most commonly used printers are still restricted on that front. Resolution on these
common printers is also a concern where complexity of applications is increasing each day
for which 3D printed tools are being used. 3DP most commonly is restricted in terms of
producing sizes at dimensional scales below 200 microns [20]. However, new technologies
have improved printing resolution of structures as small as 10 micron, such as CLIP and
UDP. New workflows, such as shrinkage cycles for achieving small features using bigger
dimension molds [22], can also allow for achieving smaller features. Clogging due to
trapped material within the channels having long print times is another of challenge [24].
Drain ports that can be sealed later have been printed along the channels to flush out trapped
material [29]. This is not a reliable solution as these ports are hard to seal for later use. Post-
processing of the printed structures, such as cleaning in isopropanol for SLA prints and in
acetone for FDM prints, is tricky. Sticky patches of uncured resin in undertreated or uncured
channels may causes non-specific loss of sample during processing [30], something very
frequently observed with PDMS fluidic devices [31,32], while over treatment will
destabilizes the structures. Print roughness and surface finish variability of 3DP increases in
order of Multi Photon > UDP ~ CLIP ~ PolyJet < Laser Sintering < DLP < SLA < FDM.
High roughness and finish are important considerations in microfluidics as even a small
bump in surface can change the fluidic profile of the microchannel and can create
undesirable eddies and vortices [33]. In some cases, the roughness of printed structures used
as molds may introduce dead volumes in the molded structures [20,34,35] (Fig. 2ced).
Moreover, transparency of the printed structures is a significant consideration when
developing tools for immunoassays, and other biological applications [6].

High print to print variability due to varying vendor-specific compositions of the same
polymer [27] should be another crucial point when choosing a specific 3D printing strategy
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(Fig. 2b). Inability to print gas permeable structures, and the potential environmental burden
of these methods [36] must also be critically assessed. However, the utility of 3D printing
certainly outweighs nearly all these restrictions. In the near future, we expect that these
problems will be solved, and 3D printing technologies will improve further in resolution and
reliability.

3. Conventional lithography and 3DP vis-a-vis

3.1.

Lithography, with its deep penetration in our routines, is conventionally performed through
molding, milling, imprinting, and drilling; however, at microscale it is mainly direct and
indirect writing [37]. Most common approaches of manufacturing at microscale followed in
conventional and 3DP lithography (Table 2) are briefly discussed in this section.

Lithography methods for MAS development

3.1.1. Mechanical/milling—Modern machining technologies have allowed for precise
replication of miniaturized microstructures up to lower pm ranges thus, creating high
resolution fluidic platforms with high aspect ratios [38]. Micromachining streamlined by
automated Computer Numerical Control (CNC) of XYZ axis via a CAD design file can
create structures with desired dimensions by removing material in specified patterns. These
methods allow better precision and reproducibility by reducing manual errors and resulting
in rapid prototyping. One of the major advantages includes ability to fabricate specialized
and tough materials like stainless steel with relatively smooth surface [39,40]. Although
micromilling allows for precision manufacturing but direct machining of small features as
small as 20 microns is still a challenge due to either unavailability of machining drill bits or
mechanical strength of the bit head to sustain prolonged machining [38]. Therefore, this
technology is apt to develop micromolds acting as masks or negative templates to make
functional micro component platforms ranging from PDMS based devices to embossing
based structures [39,41,42]. Despite its many benefits micromilling has been underutilized
due to the requirement of bulky and expensive equipments along with trained operative
technical expertise.

3.1.2. Negative imprinting e SU8 and epoxy—Creating structures by imprinting on
a soft matrix by photopolymerization or by hot-embossing on hard plastics are most
common approaches to achieve molding. SU-8 is widely used photoresist for high aspect
ratio and three dimensional lithography that is biocompatible and chemical resistant to
develop microstructures ranging from 1 pm up to 1.5 mm with a single spin coat [43].
Typical negative imprinting process involves spin coating of SU-8 resin, pre-exposure
baking (soft bake to remove solvents), UV exposure to perform crosslinking, post exposure
baking and hard baking in a clean room in presence of a template mask. This creates
protruding microstructures on the negative resist which serves as a mold for PDMS casting
to form microfluidic platforms. Quality of the microstructures mainly depend on soft baking
time, exposure time, post baking and developing time [44,45]. Some of the challenges
associated with SU-8 negative photoresist is achieving ultra-thick microstructures without
multiple coats, labor intensive multistep process, and expensive clean room requirements
[46]. Also, thin SU-8 structures wither after few molding cycles and are highly susceptible
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to breakage [47]. Epoxy resins have been used by DIY enthusiasts to develop hard molds to
potentially address this drawback associated with SU8 molds [48,49]. Epoxy molds are
developed sequentially via negative by casting PDMS on a SU8 mold and later using casted
PDMS with imprinted microfluidic network as a template for imprinting epoxy polymer.
This creates a positive epoxy mask that later is used as mold for lithography.

3.1.3. Laser—Focussed laser for creating microfluidic parts via surface ablation under
extremely controlled power is an important technology in rapid prototyping. This technology
obviates the use of cleanroom fabrication due to self-cleaning nature of laser allowing for
simple fabrication in non-clean room settings [50-52]. Typically, a laser ablation setup
involves exposure of short duration eximer (UV) laser pulses onto the polymeric substrates,
leading to a bond breaking of long chains of the polymeric molecules in presence of a
patterned mask or an aperture. Ablation area and depth is defined by beam width, patterning,
exposure time, and laser repetition rates [50]. Under ideal laser beam energy distribution
with specified laser pulse rates and XY movement of substrate the resulted microstructures
can be created with minimal thermal defects. Besides ability to work with multiple
polymeric materials like poly styrene, PMMA, nitrocellulose etc., laser ablation is
challenged by need for technical expertise, costs of the laser systems, post patterning
bonding for enclosed fluidics and thermal related fabrication defects like surface roughness,
cracking etc.

3.2. 3DP methods for MAS development

3.2.1. Material extrusion—This approach, also known as Fused Filament
Manufacturing (FDM) is another type of additive manufacturing where polymers are added
in layers each at a time by melting polymeric filaments and depositing them over layer-by-
layer. This approach is very simple yet efficient in creating tools and provides a wide range
of materials to choose from Ref. [53]; however, the main concern while printing microfluidic
structures is poor print precision, high roughness of the fluidic components that may
introduce undesirable eddies, and inability to print transparent tools, specifically for
application that may require optical or visual monitoring [27,63-66]. Yet, with all those
restriction there are a great number of publications based on FDM which are mainly
attributed to its low cost.

3.2.1.1. Polymeric materials.: Commonly employed materials for FDM are styrene-
(Acrylonitrile Butadiene Styrene:ABS; High Impact Polystyrene:HIPS), ethylene-(High
density Polyethylene:HDPE), nylon-, polycarbonate-, polylactic acid-based [53]. There are
several new materials have been developed in last two years. The USAFDA approved 3D-
printable versions of medical polymers, such as Dioxaprene (dioxanone polymer),
Lactoprene (polylactic acid), Maxprene (poly glycolid-co-lactide), and caproprene (95%
caprolactone 5% glycolide) [67].

Reinforced polymers constitute another new class of materials reported recently [68]. Due to
growing interests and applications in developing integrated membranes and sensors, new
composite materials, such as carbon nanotubes, graphene, ceramics, and magnetic materials
have been used as components in highly integrated devices [5,64,69,70]. Diels-Alder
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reversible thermoset (DART) materials are another novel group which has been promoted
for minimal reduction (~4%) of material strength upon deposition and lowest shrinkage [71].

3.2.1.2. Printing methods

3.21.2.1. Fused Deposition Modeling (FDM).: Fused deposition modeling (FDM) is an
approach where a thermoplastic filament is melted while passing through a hot outlet/nozzle
and is deposited in layer over layer onto a stage thus generating structures in XYZ planes.
This type of printing follows the STL-based design input like most other 3D printing
approaches [69]. FDM 3D printing is versatile due to the availability of several
thermoplastics along with composites with peculiar physical properties.

While this research has laid the foundation for cheap 3D printing of integrated microfluidic
devices, there are several associated potential challenges. Since the heated thermoplastic in
FDM is added layer by layer, the layers may not fuse well resulting in weak structures that
are highly susceptible to compressive stress fracture [5,20]. Certain newer machines, such as
QIDI Tech’s 3DP-QDA 16-01 dual extruder printer, mitigate poor layer-to-layer fusion by
printing of either heated platforms or build structures in heated chambers. This problem was
efficiently addressed by modifying the print head on a HE3D DLT180 printer to
accommodate three channels in a single extruder [72]. This allowed for printing three
different materials via modulating their injection to achieve multimaterial prints with better
finish than conventional FDM. Also, heating plastic filaments create potentially hazardous
fumes requiring additional ventilation to be used. In an additional technological
advancement, heating filaments can be replaced by liquid polymer precursors thus
alleviating health hazards and improving layer fusion [73]. DART process may address these
drawbacks with new class of materials that instead causes minimum burning of polymer
during melting. Extent of crosslinking in DART polymers can be easily manipulated through
de-crosslinking and re-crosslinking of polymers by regulating temperature around a critical
point. It also poses low risk of health or environmental hazard while at the same time
addresses other challenges, such as creating smooth surfaces at fairly high strengths [71].

3.21.2.2. Modified FDM for printing PDMS.: Polydimethylsiloxane, being the primary
choice for routine microfluidics due to its high transparency and compressibility, has been
3D printed for creating structures as smooth and transparent as those conventionally made
by PDMS. Researchers have switched the basic filament dispensing system of a FDM
machine with a syringe and needle. This allowed them to avoid modifications in the stage,
software, or the printing unit. However, they have to employ a gel matrix to print the PDMS
structures until these are heat-cured (Fig. 3). Hydrophilic support bath via freeform
reversible embedding was used by Hinton and group to extrude PDMS within the
hydrophilic Carbopol gel which was later cured via heating in two rounds [74]. They have
managed to create perfusable manifolds using this technique. In another attempt Li and
collaborators printed wax instead of PDMS by replacing syringe with a glass nozzle [75].
Later, they have employed these wax prints as molds for casting PDMS. This approach was
better than direct printing PDMS as it obviates the need of employing a complicated gel
matrix-based printing. Also, it creates smoother surfaces as wax reduces the process-
introduced roughness.
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3.2.2. Stereolithogaphy—Central workflow for 3D printing involves designing the
device in computer-aided design (CAD) software available in paid or open license formats.
The CAD designs are transformed into *.STL’ format which changes the three dimensional
design into triangulated sub-structural dimensions allowing printers to designate files in
XYZ directions. This workflow simplifies the overall printing process with fewer steps in a
simple time efficient manner [23,76]. The additive manufacturing aspect of 3D printing is
based on sequentially assembling layers of specific materials one over the other with
instrument-limited spatial resolution [57]. Thus, to achieve a high degree of robustness and
integrity of the sub-millimeter features only a few techniques are useful. These are laser
sintering (SLS), fused deposition modeling (FDM)/filament deposition manufacturing
(FFM), inkjet printing of photopolymers/microjetting (PolyJet or Multijet),
stereolithography (SLA) [5] (Fig. 4). Despite all these methods being available, most reports
on microfluidic device fabrication are focused on printing with FDM and SLA.

3.2.2.1. Photopolymers.: This is the class of materials which when exposed to specific
wavelength of light undergo polymerization. In 3DP mostly UV photopolymerization is
employed and polymer precursors with UV polymerization ability are typically used. Main
component in the recipe of these photopolymers are photo-curable prepolymer/monomer/
oligomer, binder, initiator, colorant, and some cases plasticizer [9,77]. Methacrylate
monomers, Thiol-Ene, Thiol-Yne, epoxide, and ether-based systems are broad categories of
monomeric chemistries for photopolymerization in AM (Table 3). Acrylate polymerization
is rapid compared to epoxies and is commonly used for 3D printing. However, epoxies with
high strength, low crosslinking-associated shrinkage, heat resistance, and optical
transparency serve as better alternatives to acrylates [77]. Although all the components are
essential to achieve a stable polymer but initiator plays a crucial role in initiating the
polymerization process and enhancing the rates. A balance between the interplay of light
wavelength and polymerization process is also controlled by initiator to some extent. Most
common initiators are radical systems, photoacid generators, and two-photon initiators
which are usually added as reactive solvents (Table 3). Several new variants are reported
recently. The most interesting of those is biotinylated photopolymer [78]. Due to the extent
of applications of biotin in biological and biochemical analysis, this biotinylated polymer
can open up a whole new area of applications.

3.2.2.2. Printing methods

32221 Stereolithography (SLA).: Stereolithography is fabricating layers via fusion
which is facilitated by photopolymerization of a liquid polymer precursor. In a typical SLA
set-up, polymer precursor in a vat is polymerized with UV light, as was the case in the first
patented technology by Charles W Hull 1986, and in current technology with highly focused
laser or diode light sources 5.

The common workflow for SLA printing is generating a CAD-based design followed by
conversion to *.STL’ format which is basically extracted geometric information [79]. A
computer program interface, often referred to as slicer program, is required to change the
STL design into slices/layers. These layers then serve as a path guide for moving the light
source to photopolymerize a precursor layer [80]. The polymer precursor type and light
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source govern the dimensional limits of the printed objects. For a light wavelength
designated for efficient polymerization of a thin precursor like Formlab’s clear resin, a
thicker pre-polymer, such as flexible resin by Formlabs, will have smaller light penetration
thus resulting in either no structures or anomalous build up. Therefore, light penetration
depth controls how much energy is transferred upon exposure to effect the polymerization,
and hence controls the integrity and boundary sharpness of the printed structures. Several
new polymer materials are being introduced as well as improving the existing polymer
versions are ongoing to address these challenges [81-83]. Based on the laser type used, limit
of the printed structures can typically reach 100 microns in the XY direction and may have
print-to-print variations. Therefore, SLA methods, although better than FDM in terms of
surface roughness, material choices, and structural reproducibility [22] have dimensional
limits for some types of resin and light source [65]. Recently, Shusteff and colleagues have
reported a novel approach of SLA printing but volumetrically [84] in dimension. Unlike
conventional SLA, material is exposed to light as a holographic image instead of a layer at a
time thus reducing all whole procedure to few seconds (Fig. 4b). Light is exposed from x-,
- and zplanes with appropriate prism mirrors. When light from all three directions
coincide at a point equals the energy required for photoinitiating the reaction. However,
controlling exposure times is very critical while printing hollow structures as overexposing
will cure resin in the supposed to be hollow areas. Most of these limitations can be
addressed by employing the Digital Light Projection approach.

3.2.2.2.2. Digital light processing (DLP).: Rather than polymerizing a single layer by
moving a laser along the STL design path, light for a whole layer or slice is projected as one
single event, thus making this printing method faster than laser-based SLA. In addition,
since light is projected as pixels, the dimensional limit can be decreased to 20-30 microns
along XYZ planes, which is 3-to 5-fold lower than typical laser-based approaches. However,
this restricts the dimensional resolution to the printable area. Since light is projected as
pixels the biggest area that can be projected without losing the resolution is quite small, viz.
2 cm 2 cm, and as this area is increased the pixel density decreases thus drastically affecting
the spatial resolution of the printed structures [28,91]. Additionally, there might be shrinkage
with DLP SLA printing [92].

There is another new approach, namely continuous liquid interface production (CLIP) that
has been developed as a proof of concept study but is not yet open for commercial
manufacturing.

3.22.2.3. Continuousliquid interface production (CLIP).: Tumbleston et al. described
another variant of laser SLA which incorporates an oxygen-permeable membrane between
the optical window and the cured part of the device [93,94] thus, creating a dead zone that
acts a mask between the cured part and the continuously renewing liquid precursor. This has
allowed them to print continuously for which it is called Continuous Liquid Interface
Production (CLIP; Fig. 3c). This is similar to the robot making process as shown in
Terminator movies! Therefore, this process not only addresses all of the above challenges
but also significantly reduces the printing time to only few minutes.
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3.22.2.4. Unidirectional ped printing (UDP).: Although CLIP has presented solutions to
most of the 3DP-related restrictions, continuous technological improvement has yet led to
UDP [26]. Unlike CLIP, it has neither pure oxygen-based dead zone nor has an exotic
separation material, as re-iterated by its CEO Dr. Houmin Li. Instead of using a conventional
up-and-down peel method along XY- and Z-axes, in UDP peeling is performed by cooling
the cured parts under continuous cooling that allows fast peeling along the Z-direction and
thus, printing as high speeds (Fig. 4d). It is achieved by introducing a cooling zone at the
bottom of the photopolymer vat. This technology also uses a LCD light source for achieving
better resolution and quality surface finish.

3.2.2.25. Modified SLA for PDMS printing.: PDMS is reportedly has been printed in
hydrogels using modified extrusion heads in FDM [74]. However, dispensing PDMS
through print head produced similar effect as with filament extrusion; non-uniform
structures were obtained although they functioned as intended. Therefore, recently
researchers have developed new chemistries with which they can print PDMS directly in
SLA format using laser-based [95] or DLP-based [96] approaches. Prints were highly
uniform and structures with resolution as low as 100 um were obtained. However, in order to
track the PDMS polymerization, an ink is to be added due to which the trasparency of the
printed device is partially lost [95,96]. The technology is not yet mature and will require
further research to fabricate soft-lithography-like smooth and transparent prints.

3.3. Other approaches

3.3.1. Inkjet printing—Typical of an inkjet printer, the ink is dispensed in specific
droplet sizes on to a solid support as a jet. This technique was modified for the first time by
Obijet, an Israeli company, to print in 3D with a single jet print head. In current incarnations,
several print heads are incorporated to allow printing multiple lines of same or different
materials and thus called MultiJet or PolyJet printing. This approach is highly sought after
for printing biological materials [97] due to its ability to print liquids that can accommodate
bio-molecules and cells, or tissues. However, biocompatible inks are covered through trade
secrets and are expensive at the same time. It is also possible to print photopolymers by
selective printing and sequentially curing the photopolymers. Few researchers have claimed
printing microvalves [98] and mF networks using this method [99].

3.3.2. Laser sintering—Unlike inkjet printing, this is a powder printing technology
where 3D printed structures are built out of powders by selective laser exposure. These
powders may consist of metal alloys or polymers and can be printed through selective laser
melting (SLM) and selective laser sintering (SLS), respectively [54]. This method is mainly
employed for printing superior quality prosthetics [56]. However, it can also be employed
for microfluidics and lab chip printing but such reports are not common [6]. Also, this
method is deemed not suitable for bioprinting because of the exposure of precursor
materials, such as powders, to lasers.
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4. Tools printed with 3DP

4.1.

Tools, components, modules have reportedly seen a shift from conventional lithography to
3D printing. There are several 3D printed devices and tools developed in the past five years,
which are summarized in most recent review articles [5,6]. Here we selectively review a few
developments in this field.

Molds and scaffolds

3D printing was used in mF fabrication of molds and scaffolds that serve as an indirect
approach to develop fluidic networks. The ease of rapid prototyping and ability to change
forms and factors of the molds with 3D printing allows for developing tools with various
physical parameters [100,101]. Kamei et al. reported fabricating 3D printed molds used to
perform soft lithography for PDMS-based complex fluidic networks [102]. They employed
these for creating concentration gradients of several growth factors. In another study, Chan
et al. created a method for single step molding of complex structures using 3D printed
masters [103]. They demonstrated several key 3D microfluidic molds, such as basket
weaved networks, 3D chaotic advective mixers, peristaltic pumps, injection-on-demand
device etc. Researchers have fabricated complete LOC devices using 3D printed templates
and molds [35,104]. Comina and colleagues developed an integrated microfluidic mixer by
templating PDMS on 3D fabricated mold, which they described for on-chip glucose
detection [104]. Their templates were smooth allowing for leakage-free PDMS-glass
bonding and were reusable at the same time. In a recent attempt, Villegas and group were
able to create highly smooth PDMS surfaces using cheap low-resolution 3D printed molds
by creating an omniphobic lubricant-infused coating that covered surface roughness of the
mold rendering it smooth [105]. Geometries unattainable with existing lithography
approaches were successfully demonstrated with 3D printed molds, such as, Hwang and his
team fabricated multidimensional device geometries including variable channel cross-
sectional areas and diameters in a single device [106]. In recent attempts, complex capillary
networks [35] and multilayered channel structures [107] in PDMS were also demonstrated.
A novel single-layer two-sided molding method developed by Glick and associates was
employed to fabricate a multilayer device of PDMS with unique approach to bonding and
alignment, thus allowing for rapid assembly [107]. They developed two channel levels along
with membranes, valves, interconnects between fluidic levels, and integrated sample inlets
and outlets.

Simple scaffolding and template removal is yet another interesting approach if multilevel,
complicated fluidic networks are needed. Acrylonitrile butadiene styrene (ABS) scaffolds
printed by FDM were demonstrated by Saggiomo and \Velders, which is a very simple, cheap
yet very effective approach to soft lithography [108]. Once PDMS is cast over the ABS
scaffold and cured, the scaffold was removed using acetone, which only causes minimal
swelling and structural defects. As a further improvement, Chan et al. created complex
dodecahedron and trifurcated complex network scaffolds using SLA-printed acrylate-based
masters with extremely smooth surfaces [109]. 3D alginate structures were developed using
this approach for applications in cell biology due to the fact that these complex structures are
perfusable.
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4.2. Direct printing of complex structures and devices

With continuously improving 3D printing technologies direct printing has progressed as an
independent approach for complete mF device fabrication. Inkjet-printed microvalves [98],
MultiJet printed multimaterial microfluidic valves [110], and DLP-SLA printed microvalves,
pumps, and multiplexers [111] have been reported recently. In an interesting approach,
Bhargava and colleagues have discussed fabricating modular style fluidic components that
can be integrated to develop a complete device [112]. However, most striking feature of
recent 3D printing methods is ability to create complete devices with integrated components.

A supercapacitor-powered immunoarray was developed by Kadimisetty et al. by assembling
a graphite-based antibody array and 3D printed fluidic module integrated with electrodes for
detecting four prostate-specific protein biomarkers in electrochemiluminescence (ECL)
format [29]. In another attempt to create electrode-integrated fluidic devices via 3D printing,
Bishop et al. printed flow cells for performing electrochemistry and ECL based analysis. In
one study they developed a chip with SLA printing to analyze the effect of DNA
concentration on the ECL of ruthenium bipyridyl [113]. In another report they developed
single channel fluidic chips with FDM to synthesize Prussian Blue nanoparticles and for
amperometry to quantify hydrogen peroxide [114]. Lego®-like modular microfluidic tools
printed using 3DP methods are recently reported by He group [25].

5. Selective applications of MAS

Microfluidics has positively impacted the development of new chemical and biological
applications. To understand where and how 3D printing has the potential to revolutionize
chemical and biological analyses, and how much the 3D printing technology has penetrated
into the field, we must first look into the plethora of applications that are principally based
on microfluidic tools developed via conventional lithography.

5.1. Conventional lithography-based MAS

Cell biology in standard practice is a cumbersome laborious science requiring regular
monitoring. In conventional cell biology-based techniques, experimentation extending up to
several days with sample volumes of several hundred milliliters faces challenges, such as
poor analytical cut-offs, that may be in the form of experimental sensitivities or may be
confluence population of cultured cells, and poor reproducibility. mF tools have addressed
all these challenges by minimizing sample size and enhancing the reaction kinetics governed
by improved mass flow properties [4,115,116] thus allowing continuous monitoring of
samples, often with on-board sensing.

Cell culture is the core method in cellular biology that allows for sustained growth of cells
outside their site of origin. The first few reports on culture on a chip were reported over a
decade ago [117-119] with chips performing basic functions of holding cells in designated
chambers with culture supplies and facilitating the proliferation. However, the complexity of
such chips kept increasing with integrated functions. A few of these chips introduced
biosensors within the chip to monitor cellular physiology [120]. Lei et al. developed an on-
chip impedimetric system to monitor cell migration and chemosensitivity [121]. Nguyen and
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colleagues developed a chip with an impedance biosensor for single cancer cell migration.
Recently, a chip was developed with an integrated microheater for growing cultures outside
the regular incubator [122]. In another report an integrated infrared spectrometer was
fabricated on the chip to monitor cell densities [123]. Cell differentiation of primary
preadipocytes into adipose tissues [124], 3D cell cultures [125,126], and tissue/organs on a
chip, such as bone marrow-on-a-chip [127] are a few notable extended applications of cell
culture chips.

Advancements in mFs has strengthened our ability to cultivate cells in time-limited settings
at significantly low volumes allowing scientists to create homogeneous cell populations
either in cultures or out of a tissue biopsy sample with integrated tools [128,129] allowing
for identification, separation, and enrichment of a specific cell population type [130-132] as
determined with (a) integrated sensors that monitor the cellular morphology, such as size and
shape [133-135], mechanical properties [136], and asymmetry [137], and (b) label-free cell
isolation, which is mainly achieved on chip by either hydrodynamic focusing [138] or via
inertial flow and Dean forces [139]. Rare cells, such as circulating tumor cells (CTC) which
are typically found in very low frequency equivalent to ~1 cell per 7.5 mL of whole blood,
can be isolated and enriched using mF facilitation [139-142]. Although advanced mF
platforms are now regularly being used in research labs for rare cell isolation and
identification, applications also extend to many other cell types, such as stem cells [143],
specifically separation and identification of blood-based cell [144] and plasma components
[145].

These tools have facilitated applications which were beyond our perspective a decade back.
Surface biomarker analysis [131,146] and cell-cell communication at either single cell
resolution [2,147,148] or single cell level [149,150] are a few high precision applications
that are revolutionizing cancer biology, biomolecular methods, and diagnostics. These
developments are attributed to our ability to now perform on-chip lysis of cells that enables
analysis of sub-cellular organelles and molecular components. Main strategies for cell lysis
are based on optothermally induced bubbles [151,152], mechanical disruption with on-chip
pump [153], and chemical and electrochemical disruption [119,154]. These techniques when
integrated with appropriate microfluidic modules can also allow for applications in omics
[150,155-158], molecular biology [159-161], and disease diagnostics [162—-164].

5.2. 3DP-based MAS

Analytical applications of 3D-printed devices are revolutionizing the way prototype
experimentations are done in the wet lab. Devices with a wide range of abilities have been
developed, from simple fluidics to perform singleplex analyses to complicated on-chip
microfluidic networks for multiplexed analyses. Cell and tissue printing on planar surfaces
to printing 3D scaffolds and complete organs with significantly high precision are a few
other interesting applications of 3D printing. The number of applications is on a rising
trajectory in almost all fields of analytical biology and chemistry [165] (Table 2).
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In cell biology

The largest number of new applications has been in the area of cell biology covering a
majority or experimental activities, including cell culture, cell identification and separation,
cellular communication, cell lysis, and cellular biomarkers [165]. Cell isolation has been
core to cell biomarker analysis and cell sorting has been a central technology behind this.
Cell sorters rely upon a high speed jet for de-clustering and focusing cells through a thin
opening. However, a major restriction to this approach is exposure of cells to a massive shear
force which may change the whole physiology of the cells and compromising the results.
Microfluidics has changed this approach completely and we now have devices to focus and
separate cells without the need to expose cells to shearing forces.

A 3D printed standalone mini-hydrocyclone device for flow focusing microalgae [166]
exemplifies how rapid prototyping has made the complete workflow very sustainable and
reproducible and in this case with a medium to low energy input. With this mini-
hydrocyclone, Maira and colleagues were able to achieve ~7-fold more concentrated
samples within only 11 min without encountering problems typical to planar mF tools, such
as clogging, low throughput, associated costs and operational difficulties (Fig. 5a). This type
of active cell sorters holds tremendous value to research and industrial operations. However,
these may not be viable when either the sampling volume is very low or cells are in a highly
viscous medium, such as whole blood. Inertial flow holds the answer to these problems. 3D
printed standalone and modular inertial cell sorters have been developed to achieve high
degree of cell sorting and isolation. Detection of pathogenic bacteria [169], isolation of
Chinese Hamster Ovary cells in membrane-less micro-filtration [170], and reconfigurable
generic separators [171] have been reported. Spivey et al. has generated a continuous flow
culture device that also serves as a single cell isolator [167]. They demonstrated culturing
yeast on-chip. In this device yeast cells were captured in transverse channels that serve as
connectors for two parallel fluidic channels with higher width than the connector. The
trapped yeast was allowed to grow while outgrowths that reached main channels were shear
cut by the flow of the liquid. With this they demonstrated a powerful tool to study cellular
aging and its genetic regulation (Fig. 5b).

Another application of rapid mF prototyping in cell biology is cell culture, associated
workflow and modular fittings. Au and colleagues printed a highly integrated device with
on-chip valves, pumps, and culture chamber [168] (Fig. 5¢). They cultured CHOeK1 cells in
this lab-on-a-chip (LOC) and analyzed calcium ion transportation within live cells under
different conditions. Although their main focus was novel engineering, their demonstration
practically opened up multiple dimensions where 3D printed integrated mF LOCs can be
developed and employed. Podwin’s group has employed a completely opposite approach
and developed a multi-level co-culture device via modular printing of separate levels
individually, followed by integrating and assembling them with appropriate membranes and
fluidic components [172]. They have employed this tower device to culture yeast and
euglenas in such a way that CO2 gas permeated from ethanol fermented by yeast culture is
harvested and used for euglenas which in turn generated O2 gas. Although this device is
simple in composition, it could have impactful applications in unraveling biological cascade
pathways. In a much simpler approach Brennan et al. fabricated a modular print with fluidic

Trends Analyt Chem. Author manuscript; available in PMC 2020 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dixit et al.

5.2.2.

Page 14

networks arranged in a desired sequence [173]. They used this as a gas perfusion and
gradient generation system integrated cell culture plate.

The 3D printed mF devices are strongly competing with conventional fluidics in the field of
cell biology. The only recent challenge seems to be in the form of restriction of the choice of
precursor print material as currently tested materials may not be suitable for several cell
based applications. However, this restriction seems to be insignificant when it comes to other
applications of 3D printed fluidic tools in biomarker discovery and diagnostics. Our
capability to 3D print glass will revolutionize further applications of 3D printing in cell and
molecular biology applications [10,174].

In biomarker analysis/diagnostics

Molecular diagnostics is another area where smaller sample volume and rapid results are
always sought after. Microfluidics in general has addressed these challenges to their core but
3D printing has enabled the scientists to achieve similar results faster, at much lower cost,
and with a high degree of integration and complexity, although with few reservations. In a
recent study, Singh and colleagues developed a microfluidic tool using 3D printing aligned
in the shape of an organ with an ability to perform biomarker profiling and analysis from a
whole organ [175]. They demonstrated this application using a porcine kidney and have
analyzed clinically relevant metabolic and pathophysiological biomarkers including heat
shock protein 70 and kidney injury molecule 1 down to 409 and 12 ng/mL concentrations,
respectively. These measurements facilitate organ screening for transplantation. This is the
kind of potential 3D printing has to offer. In one such study, 3D printed microfluidics
integrated with biosensors for glucose and lactate was developed with a demonstrated
application as an online sub-cutaneous microdialysate analyzer [62]. There are several
applications of 3D printed mF tools but few high impact are designed tools for
immunodetection of liver cancer cells [176], integrated multiplexed detection of cancer
biomarkers [177], analysis of blood components [178], and plasma separation [179].

Interestingly, few of these tools are highly integrated and automated, which is needed for
strong commercialization potential. One such tool was recently reported by Kadimisetty et
al. that integrates a supercapacitor power source, a microprocessor-controlled micro-
pumping system, and electrode-based microarray to perform multiplexed detection of
prostate cancer biomarker proteins [29] (Fig. 6). Kadimisetty and Rusling and their group
have developed other integrated tools that were employed in electrochemiluminescence
(ECL)-based studies of genotoxicity chemistry [180]. From the same group, another device
was developed for performing multiplexed prostate cancer-specific protein biomarker
detection [177] (Fig. 6). They have validated this tool by testing patient samples and have
obtained strong correlation to convention ELISA detection, but at much lower cost and
higher sensitivity.

True point-of-care (POC) devices that can be used remotely without requiring any
complicated machinery have also been 3D printed. For example, a 3D-printed tool was
created with integrated pumps and valves that operates manually [181] (Fig. 7). This device
also integrates a cartridge-type detection chamber and cell phone camera mount allowing it
to detect disease-specific biomarkers in an incorporated colorimetric assay format at POC.
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In other work, Plevniak et al. have developed a 3D printed POC anemia detection and
severity profiling chip with integrated micromixer [182,183] which was validated using 5
mL whole blood samples from patients. They concluded that clinically their chip was 50%
in agreement with current hemoglobin assays and further optimizations may be required to
add clinical relevance. In an attempt to further achieve true capability of getting to sample to
insight in resource limited setting and POC, Jue and colleagues developed a chip for
detecting Chlamydia and Neisseria with integrated sample processing, nucleic acid
extraction and amplification units along with the capacity of meter mixing [184]. Chan and
colleagues have critically reviewed applications of 3D printing in POC design and
development [185]. Recently, Liu’s group created a highly integrated reactor for molecular
diagnostics and detected N. meningitidis as low as 50 CFU and £ falciparum down to
femtograms, which are comparable to routine methods [186]. They have developed this
device through integrating printed structures with membranes and coating fluidic channels
with static coating for improved biocompatibility.

5.2.3. In chemical analysis—3D printed microfluidics (mFs) has allowed us to
perceive and propose rapid solutions to several complex problems in almost all the domains
of biological sciences. However, it is not only restricted to the analytical life sciences.
Chemistry has also seen a massive number of applications with conventional and 3D printed
mF tools [187]. Miniaturized reactors for performing chemical reactions, probing chemical
species, drug testing are few.

5.2.3.1. Chemical reactors.: Performing complex chemical reactions in bulk for proof of
concept studies is a big challenge for reasons such as cost, amount of waste, and the labor
involved. Small volume mF chemical reactors not only address these bottlenecks but also
allow for improving the reaction kinetics by controlling the law of mass action. One such
device was fabricated by Li and colleagues where they integrated a membrane and reagents,
such as zinc and Griess reagent, for reducing nitrate to nitrite [70]. Similarly, Su et al.
developed a reactor for analyzing glucose and lactate from rat brain microdialysate with
preimmobilized oxidase enzymes for glucose and lactate monitoring [188]. They detected
0.06 mM of glucose and 0.059 mM of lactate with this device. 3D printing was also used to
create microfluidic reactionware for complex chemical reactions [189].

In addition to increasing reaction rates using simple fluidic formats, more complex reactors
were designed for complicated reactions. Jonsson et al. created a microfluidic cartridge type
tool to generate peptide fragments for mass spectrometry (MS) analysis [190]. They
employed off-stoichiometric thiol-ene as a bulk material and a monolithic stationary phase
with immobilized pepsin enzyme and used it in line for cleaving proteins and analyzing
them with MS. Several recent developments are summarized in Table 4.

5.2.3.2. Drug testing.: Applications of 3D printed mFs have been extended to other
domains of chemical science that include simple fluidics for drug and chemical testing.
Testing the effect of drugs, such as cytotoxicity analysis, is another domain where integrated
devices are revolutionizing the field. Sweet and colleagues reported a 3D printed device
fabricated with multijet printing for determining effective activity of up to three drugs at
various concentrations [191]. They were able to study antagonistic, synergistic, and
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suppressive interactions of drugs on bacteria using this complex fluidic network. In another
effort, Anderson et al. created a fluidic device with integrated membranes for studying
effective transport of drugs across membranes and their potency [13]. Several other highly
integrated tools were developed for studying the effector functions of the drugs enabling
parallel in-vitro pharmacokinetic (PK) profiling of drugs [192]. Lockwood’s group in this
work have demonstrated the efficiency of their device by performing PK studies of
levofloxacin as model drug. These studies were mainly focused on analyzing drug effects on
living cells or drug transportation. In a futuristic approach, researchers have studied drug
penetration and their metabolism in complex cell and tissue samples grown outside of the
chip. LaBonia and colleagues have studied the penetration effects of chemotherapeutic
irinotecan drug into HCT 116 colon spheroids and the metabolites were later studied with
MALDI-MS [193].

5.2.3.3. Chemical testing.: Among several integrated tools, summarized in Table 4,
researchers have developed 3D printed mF devices for measuring biological chemicals, such
as dopamine, nitric oxide, and ATP [194] while others have successfully demonstrated
devices for analyzing aerosols in the petroleum industry [195], and trace measurements of
heavy metals [73,196-200].

6. Regulatory guidelines

7.

The US FDA has recognized the importance of 3D printing in drug related research and
development thus has set-up guidelines for developing such devices. As per their guidelines,
the basic steps to develop medical devices with 3D printing are (i) device design for creating
and validating digital models, (ii) software workflow for interfacing desired design to the
printer, (iii) material controls to ensure biocompatibility and consistency, (iv) printing, (v)
post-processing for cleaning up the residual substances and confirming with initial design
along with sterilization if necessary, (vi) post-process validation and verification to confirm
the geometries, and appropriate functioning adhering to the specifications, and (vii) device
testing methods to demonstrate that device meets regulatory requirements [213].

Medical devices are typically cleared or approved by the US FDA while materials are
evaluated as part of the finished device and its intended use. Devices employing new
materials don’t necessarily require rigorous premarket approval, known as PMA (a process
used by the US FDA to check if the product manufacturing adheres to the laid out stringent
regulations); though these may be cleared/approved through a 510(k) premarket notification
process. Further details of the regulatory guidelines related to 3D printed products in
medical sciences can be found on the US FDA website [213].

Basic fluidics theory for MAS designing

In order to address the readership of this article that primarily targets enthusiasts and a wider
scientific community from non-engineering and non-physics background working in the
field of microfluidic manufacturing we are briefing few fundamental concepts of fluidics.
These fundamentals govern flow fields, mixing, diffusion, and reaction kinetics that are
important concepts for chemical and biological workflow. These fundamentals are derived as
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dimensionless numbers from the concepts of the conservation of mass, energy, and
momentum. These dimensionless parameters become important because each of these
numbers correspond to an important physical phenomenon and while designing fluidic
components these numbers are useful to characterize the physics of the device in question.
Simply put, the fundamental processes that could be complex to derive using dimensions,
such as lengths, can easily be quantified using their representative dimensionless parameters
without the need for complicated mathematical calculations [4]. For example, Tang and
colleagues have developed a chip with single channel multi-reagent delivery, 3D mixer, and
immunoassay-based biomarker detection using electrochemiluminescence integrated in a
series (Fig. 6 1) [177]. Now for clocked delivery of reagents, knowledge of linear flow
speed is necessary but the shape and volumetric hold of the oval delivery channels is also
equally important. Similarly, for mixing reagents in the 3D mixer we must know the nature
of flow in terms of laminarity or turbulence and how many mixer units will be required for
desired degree of mixing. When in the detection module of the chip, diffusion of analyte on
to the antibody-bound surface becomes clearly of great significance as it will govern the
binding kinetics that is eventually responsible for limits of detection. To summarize, chip
developed by Tang et al. require a prior knowledge of fluid flow rate, channel dimensions,
nature of flow (laminarity/turbulence), diffusion between the fluid layers for enhancing
reaction rates. Observing carefully there are several mathematical variables that will control
the summarized physical parameters.

Considering the above example, most important of these parameters, which are also
summarized in Table 5, is to determine the nature of flow in terms of laminarity. Reynolds
Number (Re) [1,4] is the dimensionless entity, which is the most primary of all, that
characterizes forced convection and quantifies the extent of flow laminarity in the system.
Typically, a value of Re«1 is characteristic of laminar flow, and indicates consistent fluid
flow while Re 1 conversely indicates turbulence through chaotic mixing, vortices etc. From
this we would know that in the single channel reagent delivery module Re must be several
orders smaller than 1 while in the mixing module it must be significantly greater than 1.
Based on this we would be able to characterize the quality of the mixing and number of units
required to achieve the extent of mixing. Now, in the detection module of Tang’s unibody
chip, diffusivity and extent of mass flow are important for achieving higher analyte detection
sensitivity. This can be easily characterized with another dimensionless quantity called
Peclet Number (P,). It signifies convection transport rate for heat and diffusion transport rate
for mass and relates mass diffusivity to Re. Other important dimensionless numbers that we
encounter routinely in biological and chemical analyses in microfluidic chips are (i) the
Grashof Number that defines natural convection in terms of length scales; (ii) Viscous
forces, based on the applications, are described by Capillary Number and Weissenberg
Number; while (iii) buoyancy is described by Richardson Number [4]. There are many other
dimensionless quantities that help in understanding the fluidics at micron level to which
details can be found elsewhere [1,4].

8. Perspective and conclusion

In past several years 3D printing has evolved as a genuine competitor to fluidics developed
via conventional lithography approaches [214]. This is due in large part to the relatively
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recent commercial availability of very low cost ($500-3000), high quality 3D printers.
Advances in the printing technology that allow developing integrated structures that were
once out of the scope for soft lithography emphasize the fact that we are in the early stages
of a manufacturing revolution [215]. 3D printing has already been established as a standard
approach in die and casting industry. This is mainly facilitated by the availability of an array
of print materials, such as tough polymers that can withstand high temperatures. Emphasis
must now be given to engineering solutions, and to design new polymers/materials that can
be readily printed. With the advent of CLIP technology, we can now further develop devices
with zresolution as low as 1 um [93]. Although, xy-resolutions are still comparable to DLP
but high print speed is a big buzz factor for 3DP market. UDP by UNIZ has taken over all
other 3DP approaches in terms of speed by achieving unprecedented print rates, several fold
faster than CLIP, of ~800 mm/h or ~73,000 cc/hr with z-resolutions as low as 10 mm. Now,
with new 3D printing technologies on the horizon we are able to print complex structures
and multi-level fluidics, such as curved or serpentine channels and mixers that can be
routinely printed using SLA printers [83], which were presumably very challenging in the
past as described in previous review articles [57,81,160]. With all the engineering advances
researchers were still able to fabricate highly integrated tools by improving the workflows.
PDMS 3D printing was considered an unimaginable task few years earlier. However, PDMS
has been successfully printed with FDM and SLA printers [74,75,95,96]. It is achieved due
to innovations in the workflow, such as modifying or replacing commercial pin heads with
needles or glass capillaries. We have moved several paces forward to create complex 3D
fluidic networks that are being employed in advanced applications extending from cell
separation to trace element detection. This technology has advanced from printing functional
modular tools to membrane or sensor integrated multimaterial devices [5,94,168].
Advancements in polymer technology have significantly complemented the engineering
aspects of 3DP. New polymers with various customizable physico-chemical properties, such
as tensile strength, heat resistance, and chemical resistance etc, have facilitated the
development of tools for a plethora of biochemical applications. Also, glass printing is a new
area under investigation that will further increase the application range of 3DP in microscale
sciences [174,216,217].

Although 3D printing has enabled us to develop complex devices rapidly, it is often used as
complementary to soft lithography even when a device of equivalent quality could be
directly 3D printed. In addition, the research to market reach for 3D printed fluidic devices
is non-existent. A consortium approach may be beneficial with commercial partners who
have the capability and infrastructure to look into regulatory clearances and
commercialization aspects of newly developed mF platforms. Recent developments have
laid a clear path to an increased market share of 3D printed mF technology with the potential
to revolutionize various scientific domains, but in particular personalized healthcare and
medical research devices.
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Analytics of how research in 3DP has increased over a decade. In 2016 global 3DP
healthcare market share was USD 170 million which is growing at 20% CAGR.
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- Ultimaker Translucent
= Ultimaker Transparent

Innofil
= InnoPET

\ A

Fig. 2.
Ilustration of common challenges faced with 3D printing tools. Printing fluidic networks on

a single device using FDM technology usually result in reagent leakage as shown in (a)24.
Carefully choosing a polymeric material is very crucial as variants of same material from
different vendors may result in significant structural differences as visible in (b)27.
Ultimaker Transparent, Ultimaker Translucent, Innofil, and InnoPET were employed to print
optically clear cuvettes demonstrating this variation against a standard PMMA cuvette
(adapted from ref [37] with permission). In (¢ & d) the SEM image shows effective
replication of structural inaccuracies on the 3D-printed molds (c) on the PDMS casts (d).
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Fig. 3.
Illustrates the workflow associated to print PDMS with filament extrusion using a modified
syringe-based extrusion head.
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a. Summary of all SLA methods c.CLIP
\VEICHE]S Technologies

Polymerization  Bonding Melting .
Agents Printed

Photopolymer
Ceramic Part —> Resin
LM .
Metal EBM
BJ Dead Zone

Sand
Plastic | SL/PJ FDM LS o, Permeabl |
Wax MJ Area

Low HIGH S

swoor | NSUESEFRERIN ~ouoH | =P Miror

HIGH Low

PROTOTYPING F“’;ﬁ;'{,)s”"“-
b. Holographic printing

d. Unidirectional Peel Printing

Non-Stick
Resin Tank
Beam 3 (
Beam 2 (z Liquid Cooling Coil
Beam 1 (y) .Und rneath Tank
LCD Panel Light Source
Fig. 4. (a)

Illustrates a summary of different approaches for 3D printing with their print qualities.
Binder Jetting: BJ; Electron Deposition Modeling: EDP; Fused Deposition Modeling: FDM;
Hybrid Process: HP; Laser Melting: LM; Laser Sintering; Material Jetting: MJ;
Photopolymer Jetting: PJ; Stereolithography: SL. (b) An overview of 3 dimensional light
projection scheme in Holographic 3D printing set up (i) while in panel (ii) actual light
projections of squares can be seen from all three planes that will create a hollow cube as
depicted in a single projection of light as shown in panel (iii), a video related to this
technology can be find at (https://www.youtube.com/watch?v=00H-hXufpQE). (c) Depicts
Continuous Liquid Interface Production scheme, which uses a combination of oxygen-based
guenching of the reactive photoinitiator, allowing rapid printing within few minutes (15-20
min). (d) A set up of recently developed UDP method by Uniz Technologies, which is
basically the fastest 3D printer in all segments. This is an arrangement of peeling in only z-
direction by introducing a cooling coil in the otherwise non-sticky resin vat. The cooling
causes peeling of the cured parts which also minimizes polymer shrinking due to hot-cold
cycles.
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Fig. 5.
a. Minihydrocyclone for cell separation and concentration. Basic components in designing

an efficient concentrator are diameters of inlet Dy, Inlet diameter (Di), inlet overlap length
(h), Length of the concentrator cylinder (L), and outlet diameter (Do) which controls the
Feed and overflow for size-dependent focusing of cells as depicted in the bottom panel of ‘@’
[166]. Adapted from ref 164. Copyright (2017) The Royal Society of Chemistry. b.
illustrates cell sorting and capturing at single cell level. Cells were exposed to fluidic sheer
at the opening thus yeast buds cleaved, which authors have used for studying genetic
makeup and growth physiology [167]. Adapted with permission from ref. 168. Copyright
(2014) American Chemical Society. c. Illustration of highly integrated chip with on-chip
valves (i) that can be manipulated on demand via appropriate airflow in the channel

was successfully demonstrated by culturing CHO cells that also has gradient generator on-
board [168]. Reproduced from Ref. 169 with permission from The Royal Society of
Chemistry.
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Fig. 6.
3D-printed tools to perform ECL (I, I11) and CL (1) for detecting prostate cancer-specific

panel of biomarkers. I. FDM printed motor-free device with integrated reagent reservoirs,
supercapacitor driven pumps, and electrodes. Reprinted from ref 79. Copyright (2016), with
permission from Elsevier. Il. SLA printed transparent single body chip with integrated
mixers. Reproduced from Ref. 152 with permission from The Royal Society of Chemistry.
I11. SLA printed transparent chip with integrated three electrode system on-chip for
biomarker detection. Reprinted from ref. 87. Copyright (2017) American Chemical Society.
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Handling head

Solution Reservoir

Fig. 7.

M%dular valves (a, b) and pumps (c, d) are part of a bigger design challenge. These modules
were combined together, and an integrated device was fabricated. The performance of the
individual modules and the tool was demonstrated by detecting urinary total protein using
colorimetric approach. Adapted with permission from ref. 88. Copyright (2016) American
Chemical Society.
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