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Abstract

This short perspective assesses the present landscape for desktop 3D printing to design and
fabricate sensors, in particular, those associated with microfluidics and multiplexing. Lots of
advanced devices have already been reported, and this article briefly surveys interesting
achievements. Microfluidics can be designed and optimized faster and more easily on low cost
desktop 3D printers that with competing methods. Rapid prototyping leads directly to a final
(marketable) product fabricated on the same 3D printer. While resolution is not as good as
lithographic approaches, very often channel and feature resolution on the order of 100 xm
obtainable with SLA 3D printers is perfectly suitable for the desired sensing device. Two examples
from our team’s research are used to illustrate how using a 3D printer along with simple
automation can reduce a complex microfluidic sensing procedure to a much simpler automated
one. Future possibilities for sensor technology are discussed.
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We humans have long realized the value of materials printing. For example, one-dimensional
screen printing, used extensively today for making electrodes as well as T-shirt designs, was
first developed in Asia around 500 B.C.1 Addiitive manufacturing or 3D printing
technologies emerged much later, in the mid-1980s, to complement earlier materials
deposition techniques including ink jet and screen printing.

The first 3D printers were much too expensive to be widely used in developing routine
analytical devices or sensor systems. However, about a decade ago, desktop 3D printers in
the cost range $1000-4000 began to appear. These inexpensive printers offer revolutionary
opportunities for rapidly designing, optimizing, and fabricating novel, high performance,
low cost bioanalytical devices.2 Early on, 3D printing was viewed as mainly a rapid
prototyping tool, but has now moved well beyond this stage, and advanced fabrications are
quickly moving into production.® Essentially, development of a series of ever improving
device prototypes can lead to a final marketable product. Examples of honsensor
applications include precision machine and automotive parts,’ prosthetic implants,8-2
pharmaceutical, electronic, and bioresearch products,®10-12 scaffolds for tissue engineering,
13.14 and batteries.1> Community “fab labs” have emerged where local people can design
and 3D print things for themselves using simple fabrication tools.16

Desktop 3D printing of polymers is simple, cheap, and versatile. Printing proceeds in an
uninterrupted layer-by-layer fashion with resolution approaching the 50-100 gm range for
printing a single layer. In our research team’s experience, 3D printing is well adapted for the
fabrication of microfluidic single analyte and multiplexed sensor systems. Bioanalytical
devices can be fabricated as complete 3D structures in a single step, enabling rapid
prototyping and fabrication for sensors systems with accompanying microfluidic reagent and
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sample delivery. It is much faster to achieve optimized versions of such microfluidic
platforms that with most competing techniques like photo- and soft lithography,17-19
precision cutting, or molding.2? Even though these competing methods have proved very
reliable and successful, drawbacks of lithographic approaches include the need to fabricate a
master or mask that can often involve significant cost, difficulty in accessing a mask
fabrication device, and slow turn-around time.® While soft lithography was developed by its
innovators to be low cost,17-19 it is still a method that fabricates devices a layer at a time and
can be somewhat labor intensive. Using a 3D printer, design and fabrication processes are
under full control of the operator. The device plan is produced in silico using computer-aided
design (CAD) software, processed with “slicing” software, uploaded to the printer. Devices
are then ready to be printed.® The printing is still layer-by-layer, but with no interruption
between layers. If unexpected errors in the design arise, the CAD file can be modified, and
corrected devices can be printed rapidly, often on the same day. On the other hand,
unanticipated design problems using photo- or soft lithography approaches very often
required fabricating a new master or mask, with associated cost and time lags. Rapid
optimization by 3D-printing, often called rapid prototyping, is part of the reason for its
increasing high popularity in addition to its low cost.

At present photo- and soft lithography have the capability to provide much better feature
resolution than desktop 3D printing. However, some stereolithographic (SLA) 3D-printers
can achieve channel widths approaching 150 ¢m and solid structural features as small as 95
4m at 0.35 zm roughness.?! These dimensions are well suited for many applications in
microfluidics, and <100 zm resolution is not often needed for practical chemical or
bioanalytical sensors. Other types of 3D printing also have respectable statistics, but
resolution is not as good. Looking to the future, we may anticipate advances that result in
improved 3D printer resolution, as well as speed.22

Different types of printers fabricate microfluidic devices with different properties, as well
documented in a recent report.2 To investigate laminar flow and mixing, simple Y junctions
with 500 zm internal diameters were printed and tested for efficiency in mixing two different
input solutions. A fused deposition modeling (FDM)-printed device achieved complete
mixing 15 mm past the Y junction for 25-100 zL/min flow rates, attributed to rough features
within the printed Y. For the Polyjet printed Y, distance to complete mixing depended on
flow rate, with complete mixing at 15 mm for 25 s /min. SLA printers gave very low
mixing at 25-100 g/min, characteristic of low surface roughness. Thus, FDM seems to be
best if you need good mixing, and SLA is the best choice when good adherence to laminar
flow is needed.

Due to the practicality of soft polydimethylsiloxane (PDMS) for microfluidic devices, an
early report (2002) described printing masks for PDMS soft-lithography microfluidics using
a “solid object” printer.23 To illustrate progress in just the few years since then, PDMS itself
has been printed recently using a Inkredible 3D printer and specialized PDMS ink to
improve mechanical and cell adhesion properties. A diverse range of polymers are now
possible to print,24 but most desktop 3D printers are designed for only a few standard
choices. Notable achievements related to sensing include 3D printed smart phone adaptors
for imaging and sensing,2>-28 and metal ion,2° chemical,3° and gas®! sensor systems.
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Optically transparent devices can be 3D printed to facilitate sensing by light detection.32:33
A comprehensive review of 3D sensor technology has recently appeared.34 Other remarkable
achievements related to measurement science include a low cost 3D printed scanning
electrochemical microscope®® and 3D printed optics for surface plasmon resonance.36

Our research team is interested in making devices that enable molecular cancer diagnostics
and chemical toxicity screening. Our focus involves low cost approaches to microfluidics,
and we have naturally gravitated toward 3D printing in recent years. In the remainder of this
Sensor Issues, two microfluidic systems developed in our lab using an SLA 3D-printer are
briefly described to illustrate the ease of fabricating low cost functional microfluidic sensor
devices that convert relatively complex, labor intensive multiplexed assays into procedures
that require the operator only to add reagents and sample to the device, start the procedure,
and complete a simple measurement. This is achieved with a degree of automation that can
be as simple as using a commercial programmable syringe pump or building a micropump
system controlled by an inexpensive microprocessor.

The first example is a chemiluminescence immunosensor array for the measurement of
proteins in serum. The classic example of this type of measurement is the enzyme-linked
immunosorbent assay (ELISA), still widely used for clinical protein-based diagnostics.3’
Immunoassays are good examples of labor-intensive procedures that can be automated in
multiplexed form by using microfluidics and automatic flow control. In multiplexed
chemiluminescent immunoassays, we need a sensor chip spotted with multiple antibodies,
one or more for each analyte protein. We then need to add the sample, detection antibodies
with associated labels for each analyte protein, and one or more reagents to develop the
signal. Between each of these steps, extensive washed with buffers that may contain
detergents and blocking proteins such as bovine serum albumin or casein are needed to
minimize nonspecific binding (NSB). Detection by chemiluminescence (CL) can be done
with a low-light sensitive charge-coupled device (CCD) camera after signal-developing
reagents are added.

Figure 1 illustrates a 3D printed microfluidic device designed to hold sample, all necessary
reagents, and wash buffer in the exact quantities needed.38 It is bonded to an antibody array
in a detection chamber and interfaced with a syringe pump programmed to deliver sample
and reagents, and stop for incubations at the correct time to facilitate binding events on the
sensor array. The operator simply loads the sample and reagents into their chambers, starts
the programmed pump, and makes a simple camera measurement at the end.

Three 125 /A reservoirs that hold sample and reagents on the left end of the device (Figure
1) are separated by equal volume air-filled chambers to prevent unwanted mixing of
solutions. A 3D network mixer was located downstream of the reservoirs to ensure complete
mixing of solutions that pass through to the 30 4L serpentine-channel detection channel. A
replaceable poly(L-lysine) coated glass slide decorated with the appropriate capture antibody
(Aby) spots is housed in a detection chamber and bonded to a serpentine channel under
which the capture antibody (Ab,) spots on the chip lie. A transparent quartz window covers
the detection chamber.38
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Solutions of detection antibodies (Aby) tagged with biotin and a streptavidin
poly(horseradish peroxidase) (polyHRP) label are premixed to make Ab,-polyHPR
conjugates, and then loaded into reservoir 1. Wash buffer of 0.5% casein and 0.05%
Tween-20 in PBS is loaded into reservoir 2, and 1:1 diluted FemtoWest chemiluminescence
(CL) cocktail is loaded into reservoir 3.40 Then, 10 £ of sample or standard (in dilute calf
serum) is added into reservoir 1, and the pump system is activated. The sample/label/
antibody mixture in reservoir 1 passes through the mixer first, and is delivered to fill the
serpentine channel on the sensor chip, and then the pump stops for 15 min to allow
incubation. During this period, Ab,-polyHPR-analyte-protein conjugates that have formed in
the mixer find their respective cognate Ab; spots on the sensor chip and bind. Then, the
pump resumes flow and washing occurs, followed by filling the detection channel with CL
reagents, and immediate CCD camera measurement for 60 s. Typical calibration data output
is shown in Figure 2. The entire assay takes 30 min, and detection limits of ~0.5 pg/mL were
achieved for prostate specific antigen (PSA) and platelet factor-4 (PF-4) in diluted calf
serum.38 Results for human serum samples showed good correlation with ELISA assays.

In the second example, presented in less detail, an automated 3D printed microfluidic array
was developed to assess potential genotoxicity from metabolites of chemicals that might be
present in environmental samples.3® Here, a 3D printed microfluidic system (Figure 3)
simply delivers agueous samples to a microwell array containing films of metabolic
enzymes, a Ru(polyvinylpyridine) (RuPVP) polymer, and DNA where enzyme reactions and
detection occur. Different enzymes can be placed in different wells to metabolize chemicals
in the sample. If the chemical or its metabolites damage DNA in the wells by adduct
reactions or strand breaks, increased electrochemiluminescence (ECL) is obtained from
RuPVP, which uses guanine moieties in the DNA as co-reactants. Damaged DNA provides
more ECL light from the film than intact ds-DNA because the guanine moieties on the
damaged, disordered DNA are more readily available to Ru sites in the polymer to increase
the catalytic rate of ECL production.?? Sample or standard solutions flow into the
microwells on the array and are metabolized there by enzymes during a flow incubation
period. Reactive metabolites will react with DNA in the same wells, and DNA damage is
detected by ECL with a CCD camera. The rate of increase of ECL is proportional to the rate
of DNA damage.*? This particular array analyzes 3 samples simultaneously in 5 min, but
throughput can be easily increased by redesigning the microfluidic delivery system and
array. We used this device to compare cigarette and e-cigarette smoke extracts and found
that DNA-damage from e-cigarettes was about the same as from unfiltered cigarettes. In
another application, wastewater showed a high DNA damage rate that was lowered to
acceptable levels by pollution treatment plant processing.3°

The examples above are meant to illustrate the ease and low cost of fabrication of 3D printed
microfluidic systems that can convert relatively complicated experimental assays into
trouble free automated processes. Multiplexing is easy to achieve, and both system can
easily be redesigned to analyze a larger collection of analytes or samples. Cost of both
devices is less than $1.00, with all the optimization advantages mentioned in earlier
paragraphs of this Sensor Issues. Automation of these microfluidic approaches is also easier
and cheaper than ever, and can utilize a commercial programmable pump or home-built
microprocessor-pump system. In many cases, low cost batteries3 or even a supercapacitor
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(for ECL detection)*! can power detection. One drawback at present is illustrated in both
systems. That is, the detection array needs to be fabricated separately and bonded with
adhesive onto the 3D-printed microfluidic device.

Both examples above utilize detection systems and external pumps interfaced to a 3D-
printed microfluidic unit. In Figure 1, detection chips containing antibodies need to be
secured leak-free to the microfluidic device. It would be excellent to have a 3D printer with
the capability of making detection and microfluidics parts of the device in a single unit, e.g.,
a combined 3D-1D printer. However, how can we attach the antibodies to sensor spots or
microwells if the system is closed? In some sensor devices, we may also want to assemble
nanomaterials into sensor microwells to enhance sensitivity, e.g., for determination of low
abundance proteins in serum.*2 Multiple-material 3D printers are starting to appear on the
market,*3 but full assembly of a high sensitivity CL or ECL microfluidic immunoarray
would need to print 3 very different types of features and integrate them together. These
include printing polymer for the microfluidics, printing a conductive material like some form
of graphite with microwells for sensing, then printing nanomaterial films in the sensor
microwells and attaching antibodies. The ability to do these types of things routinely for
device fabrication would be a major advance that we may perhaps anticipate in the next 5-
10 years.

So, what about incorporating pumps or even 3D-printed pumps into a microfluidic sensor
device? This is certainly an option, and 3D-printed pump designs have been published.#4:4>
Pumps should be cheap, reliable, and easy to print, and not add cost to the analytical system.
In microfluidic systems designed for bioanalysis of human fluids, e.g., blood, there is an
advantage to using external pumps and a very low cost disposable microfluidic sensor unit
that can be destroyed after use to avoid pathogen exposure issues. A preprogrammed
external pumping system, used in Figure 3, has the advantage of readily accepting plug-in
microfluidic units for multiple repetitive uses. On-board pumps also raise the issue of
device-to-device flow reproducibility. As in conventional microfluidics, the designer must
weigh performance, cost, and ease of fabrication, and simplicity of use to design the
appropriate system that fits the sensor problem at hand. As illustrated above, this is where
3D printing shines due to the ease of simple and rapid design optimization!

In closing, our research team has great future plans for 3D printing of sensors with
microfluidics, particularly in low cost, multiplexed tools for clinical and point-of-care
protein-based disease diagnostics and chemical and drug toxicity screening. A driving force
for this work is to bring potentially life-saving multiplexed molecular bioanalysis into
hospital and point-of-care environments at a cost that our already expensive medical system
can easily bear.

We hope that this article stimulates researchers including beginning graduate and
undergraduate students to explore 3D-printing capabilities. From a practical viewpoint, you
no longer need sophisticated and expensive machines to do microfluidics. Relatively
complex systems can be designed in an afternoon, and printed the next day! Design ideas
can be tested by printing them, and error corrections are fast. Desktop 3D printers provide an

ACS Sens. Author manuscript; available in PMC 2019 March 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rusling Page 7

easy to use platform to interface your creativity with advanced fabrication abilities, and
really, the sky (or your imagination) is the limit.
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Figure 1.
Model of 3D-printed unibody immunoarray for automated detection of proteins (Ag =

protein antigen) by chemiluminescence (CL). Reprinted with permission from Tang, C.;
Vaze, A.; Rusling, J. Automated 3D-printed unibody immunoarray for chemiluminescence
detection of cancer biomarker proteins. Lab on a Chip, 2017, 17, 484-489. Copyright Royal
Society of Chemistry, 2017.
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Figure 2.
Recolorized, reformatted CL output obtained from the automated 3D printed immunoarray.

Each concentration was measured in triplicate for a mixture of standard proteins prostate
specific antigen (PSA) and platelet factor-4 (PF-4) in dilute calf serum.
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Figure 3.

Automated genotoxicity screening array: (A) 3D printed arrays without (left) and with
(right) microwell chip with sample chambers containing dye solutions; (B) microwell-
patterned pyrolytic graphite array. First row holds 1 4L water droplets retained by
hydrophobic microwell boundaries. Microwells hold films of DNA, various metabolic
enzymes, and RuPVP. A microprocessor controls 3 micropumps (one per channel) to
analyze 3 samples per assay. Adapted from Kadimisetty, K.; Malla, S.; Rusling, J. F.
Automated 3-D Printed Arrays to Evaluate Genotoxic Chemistry: E-Cigarettes and Water
Samples. ACS Sensors 2017, 2, 670-678. Copyright American Chemical Soc., 2017.
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