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Abstract

While 3D printing technologies first appeared in the 1980s, prohibitive costs, limited materials,
and the relatively small number of commercially available printers confined applications mainly to
prototyping for manufacturing purposes. As technologies, printer cost, materials, and accessibility
continue to improve, 3D printing has found widespread implementation in research and
development in many disciplines due to ease-of-use and relatively fast design-to-object workflow.
Several 3D printing techniques have been used to prepare devices such as milli- and microfluidic
flow cells for analyses of cells and biomolecules as well as interfaces that enable bioanalytical
measurements using cellphones. This review focuses on preparation and applications of 3D-
printed bioanalytical devices.

1. Introduction

3D printing involves the production of an object from a computer-aided design (CAD) file
by depositing a material or multiple materials in successive layers using precisely controlled
positioning and delivery systems. In general, 3D printing requires few steps: preparation of a
design file using CAD software, generation of instructions for the printing process using a
slicer program, printing the designed object by delivering or hardening a material onto a
platform according to the instructions defined by the slicer program, removal of the object
from the printer platform, and post-processing to remove printed supports or other
extraneous material. This simple approach enables relatively rapid production of a wide
variety of prototypes and offers an advantage over other fabrication methods, which usually
require multiple production steps and greater capital investment in infrastructure.

Initiatives such as the RepRap and Fab@Home projects began a decade ago to promote
open-source collaboration and innovation with the goal of democratizing 3D printing.!
Consumer-grade 3D printers are now commercially available for <$1000 USD. Interest in
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3D printing continues to grow as printers become more widely available and accessible in
terms of cost and user-friendliness. Improved accessibility of 3D printers has resulted in new
applications in many fields, including bioanalysis. This review is focused on the production
and applications of bioanalytical devices by 3D printing.

2. 3D-printing methods

3D printing, also called additive manufacturing, can be accomplished by several strategies
that vary in basic operating principles, complexity, and cost. Such techniques include
deposition of thin threads of heated thermoplastic (fused deposition modeling) or
viscoelastic materials (syringe deposition or direct ink writing), sintering of powders, or by
exposure of photocurable resins (stereolithography) or inks (MultiJet, PolyJet) using a laser,
digital light processing (DLP) projector, or other light source.#° This section provides brief
descriptions of some 3D printing techniques that have been employed to prepare
bioanalytical devices.

2.1. Extrusion-based methods

In fused deposition modeling (FDM), a thermoplastic filament, typically 1.75 or 3.00 mm in
diameter, is forced through a heated nozzle about 0.2 to 0.5 mm in diameter onto a moving
platform (Figure 1). Common thermoplastic filament materials include poly(lactic acid),
poly(carbonate), and acrylonitrile butadiene styrene. These materials can be purchased from
commercial sources (~$30-60 USD per kg). Composite filaments that incorporate stainless
steel particles, wood, ceramic powder, carbon nanotubes, and graphene are also available.

Since the layers that comprise the printed object consist of adjacent cylindrical threads of
filament extruded through the heated nozzle, the surface roughness of resulting objects is
often on the order of several micrometers or more,® which is greater than that which is
possible with other 3D printing methods.”-8 However, the simplicity of the method,
compatibility with a variety of relatively inexpensive materials with different physical
properties, availability of consumer-grade printers, and ability to produce objects composed
of more than one material simply by including more extruder nozzles makes FDM an
attractive option for prototyping and fabricating low-cost devices.

Direct ink writing, like FDM, is an extrusion-based method for producing three-dimensional
objects.? Pioneered by Lewis et al., it involves tailoring rheological properties of colloidal
suspensions and other mixtures to produce viscoelastic inks that can be deposited in layers
using a pneumatically controlled syringe. Nozzle diameters as small as 1 um have been
employed to print objects from various ceramic, polymeric, and metal nanoparticle inks.10-15

2.2. Methods based on photopolymerization

Stereolithography (SLA) was the first form of 3D printing that was invented and
commercialized.1® This method employs a light source, such as a laser, to fabricate objects
in a layer-by-layer fashion from photocurable resin (Figure 2). In addition to lasers, digital
light processing (DLP) projectors with ultra-high-performance lamps or light emitting
diodes can also be employed as sources. Printers based on DLP projectors eliminate the need
for many optical components required with laser-based techniques.

Nanotechnology. Author manuscript; available in PMC 2017 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bishop et al.

Page 3

Z resolution for SLA-produced objects can be submicrometer to tens of micrometers.* XY
resolution for laser-based printing is limited by laser spot size,18 while XY resolution for
DLP-based printing is limited by pixel size. Consumer-grade DLP printers can produce
objects with XY resolution of ~30-60 um. However, printing with higher XY resolution
reduces the maximum size of the object that can be printed due to the limited pixel count of
DLPs.17

Surface roughness of objects produced by SLA can be <200 nm, and the performance of
some low-cost, consumer-grade 3D-printers based on SLA can approach more expensive
industrial models in terms of resolution.1® However, parts prepared by SLA often require
messy and time-consuming post-processing treatment to remove object supports and
uncured resin. Due to the nature of the printing process, objects prepared by SLA are also
typically limited in composition to a single epoxy or acrylate-based resin.*

Recently, Tumbleston et al. demonstrated that the speed of the printing process of SLA can
be improved without compromising performance by incorporating an oxygen permeable
window to enable continuous liquid interface production (CLIP).1°® The fundamental
difference between CLIP and SLA lies in the controllable oxygen-containing layer that
exists between the optical window and the cured part that is being printed. Since oxygen
inhibits the photopolymerization process, a thin, controllable layer of uncured photopolymer
essentially eliminates the need for steps involved in traditional SLA (exposure, replacement
of resin, and movement of cured part) to be separate and discrete. Thus, CLIP reduces
production times from hours to minutes by enabling object fabrication through an essentially
continuous and seamless curing process.

MultiJet and PolyJet printing are similar to SLA in that they employ photocurable materials
to produce objects. However, these methods rely on inkjet printing of liquid photopolymers
and instant curing, typically through use of a UV lamp. MultiJet and PolyJet printers exhibit
similar or better performance than SLA-based printers in terms of resolution.* Since
multiple printer heads can be incorporated with these inkjet-based printers, MultiJet and
PolyJet techniques also enable multiple material printing. However, printers based on these
technologies typically cost tens of thousands to over one hundred thousand dollars or 10 to
100 times the cost of most consumer-grade 3D printers.18

3. 3D-printed fluidic devices

Bioanalytical measurements often require systems capable of handling small volumes (uL or
less). Traditional techniques for fabricating microfluidic devices based on photolithography,
milling, etching, bonding, and molding can involve cumbersome, multi-step, time-
consuming processes and sometimes require large initial investments in
equipment.>716.20.21 Thys, a great deal of interest has been placed on the use of 3D printing
as a quick and easy alternative to traditional methods for preparing fluidic devices.

3.1. 3D-printed molds and scaffolds

3D printing was first employed to prepare master molds for poly(dimethylsiloxane)
(PDMS)-based fluidics.® Commercially available printers based on FDM® and SLA,22:23 as
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well as fluorescence microscopes modified for direct laser writing (multiphoton
lithography),2425 have been used to make molds of varying complexity. Mixing channels,
channels with integrated valves, and three-dimensional fluidics that would otherwise require
multiple molds and successive layer bonding have been reported.8-22:23 Molds produced by
FDM exhibit surface roughness of ~8 pm due to the nature of the printing process® that
essentially results in an object composed of layers of adjacent thermoplastic threads, while
the surface roughness of molds prepared by SLA is typically <1 pm.22

In addition to traditional molds, microvascular scaffolds have been demonstrated through
direct-write assembly of fugitive inks.10 Inks are deposited on a moving platform via
pneumatic control of a syringe (=10 pm dia.). Fugitive ink scaffolds can be removed from
cured resin by heating to 60°C under light vacuum, ultimately resulting in microvascular
networks and fluidic devices with smooth cylindrical channels (surface roughness 13.3

(= 6.5) nm) as small as 10 ym in diameter. Similarly, scaffolds for fluidic device production
have also been fabricated from thermoplastic acrylonitrile butadiene styrene (ABS) via a
commercially available 3D printer or 3D pen based on FDM.28 ABS dissolves in acetone,
permitting removal of the scaffold from cured PDMS to yield complex channel structures.

3.2. Directly printed devices

Fluidic devices have been directly fabricated using various 3D printing techniques. FDM of
materials such as poly(propylene), poly(lactic acid), and poly(ethylene terephthalate) has
resulted in the production of fluidic devices with typical limiting channel dimensions of
~500-800 pm for various applications.2’” While commercially available printers based on
SLA, MultiJet, and PolyJet methods can theoretically produce channels with smaller
dimensions, removal of support material from smaller channels is often difficult. Thus,
limiting channel dimensions for devices prepared by these techniques are typically ~250
pum.28:29 500 um high channels prepared by SLA exhibit surface roughness of ~2.54 um,’
while a comparison of channels fabricated using four different printers based on inkjet
technology (e.g. MultiJet and PolyJet) found surface roughness to be between ~0.09 and
~2.24 um depending on the printer.8

During the printing process in SLA, uncured resin becomes trapped in the channel as the top
layer of the device is printed. Upon exposure of this and subsequent layers, some of the light
penetrates beyond the top layer into the channel and can harden resin within the channel.
Nordin et al. recently investigated the effects of optical properties of commercially available,
open-source, and custom-prepared resins for SLA (DLP)-based 3D printing on minimum
channel dimensions for channels printed perpendicular to the light source.1” Resins
generally consist of monomer material(s), a photoinitiator, and an absorber. The purpose of
the absorber is to define the penetration depth of the incident light.

Nordin et al. found that the minimum channel height was ~3.5-5.5 times the optical
penetration depth of the resin.1” The optical penetration depth depends on the overlap of the
source emission and resin absorption, and is largely controlled by absorptivity and
concentration of the absorber. Custom-prepared resins composed of poly(ethylene glycol)
diacrylate (PEGDA), 1% photoinitiator phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(Irgacure 819), and 0.05-0.6% absorber Sudan | exhibited penetration depths of 119 to 11
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um. Channels with minimum heights of 60 um were prepared with 100% yield using the
custom-formulated resin. Minimum channel width was found to be 4 pixels (108 um).

Since FDM-printed devices are composed of layers of adjacent polymer threads, the overlap
of threads in these layers often obscures fluids within the devices even when clear filaments
are used.30 Printing a layer of the device against a heated platform reduces surface
roughness and enables adequate transparency for observation of fluids within the channels.3°
Clear photocurable resins and inks are also commercially available. However, fluidic devices
printed with these materials are often opaque.3! Post-processing by sanding with outer
layers with up to 2000 grit sand paper, utilization of plastic polish, and application of a clear
acrylic spray coat can be carried out to improve transparency.

3D printing enables simple and fast customization and prototyping of complex fluidic
devices. For example, fluidic devices with channels that feature integrated, membrane-based
pneumatically controlled valves have been directly printed by SLA.2%:32 Modular
microfluidic components that can be reversibly connected using metal pins and rubber O-
rings or by incorporating Lego-like interconnects in the design have been prepared using
SLA and MultiJet printing.33:34 By filling channels with fast-drying suspensions of silver
particles, components like resistors and inductors for electrical circuits and wireless sensors
have also been demonstrated.3®

3.3. Bioanalytical applications of 3D-printed fluidic devices

The compositions of commercially available materials for 3D printing are usually
proprietary, so it can be difficult to predict surface properties of printed objects. Internal
surfaces of channels have been coated with materials that feature desired functional groups
to alter surface characteristics. For example, layers of PDMS or poly(styrene) were
deposited on the internal surfaces of PolyJet-printed fluidic channels to promote cellular
adhesion for electrically-promoted lysis experiments.3! After 5 days, 94-98% of cells
adhered to the modified channels survived, and lysis efficiency was ~95% for applied
electric field strengths 250 V cm™1,

Spence et al. showed that a PolyJet printer can be used to fabricate fluidic devices that
feature threaded ports to allow convenient access to channels.3® These ports provide
interfaces for commercially available fittings and allow integration of membrane
inserts36:P37 and electrodes for bioanalytical applications.31:38 Membrane inserts are
commonly used in cell culture studies and serve to selectively transport small molecules
from the channel where cells are present to a reservoir where measurements can be made.
Effects of saponin on cell viability and storage conditions on the ability of red blood cells to
produce adenosine triphosphate (ATP) were studied using 3D-printed fluidic devices that
featured removable membrane inserts.36:37 In some studies, fluidic devices were designed so
that the positions of membrane inserts and measurement reservoirs enabled analyses to be
performed by a commercial plate reader (Figure 3).37

Measurement devices can be integrated into threaded fittings for reversible inclusion into
3D-printed channels or may be fixed into access holes using epoxy. Optical fibers have been
incorporated for simple UV-Vis absorption measurements of fluids.8 Detection of dopamine,
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nitric oxide, and adenosine triphosphate (ATP) in 500 um x 500 um channels has been
accomplished using an integrated 1 mm glassy carbon rod or 250 um platinum black wire
electrode.38 Oxygen was electrochemically detected in a flowing sample of red blood cells
(RBCs), and ATP released by RBCs was collected by membrane inserts located downstream
from the electrodes, where it could be measured by chemiluminescence. RBCs with low
oxygen levels (4.8 (£0.5) ppm) produced 2.4 (+0.4) times more ATP than RBCs with normal
oxygen levels (8.2 (x0.6) ppm).

Continuous monitoring of glucose and lactate in human tissues has also been demonstrated
by interfacing 3D-printed fluidic devices that feature integrated needle electrode biosensors
with an FDA-approved clinical microdialysis probe.3? Microdialysis probes were inserted
into human subjects, and small, wearable fluidic devices were designed so dialysate from the
probe flowed past needle electrode biosensors. Levels of glucose and lactate were monitored
as the subjects performed exercise in the form of cycling and during a post-workout resting
period. Glucose level in the dialysate decreased from an initial value of 6 (+1) mM to 1.84
(£0.05) mM, while lactate level was found to be 1.8 (+0.3) mM initially 1.67 (£0.3) mM
after the resting period.

3-sided SLA-printed channels have been interfaced with electrodes deposited on Si/SiO5 or
embedded in epoxy by fastening the electrode substrate and open face of the channel
together using thread.4? Virus particles labeled with CdS quantum dots have been detected
by differential pulse voltammetry of Cd%* using electrodes incorporated in FDM-printed
channels.#! Integration of electrodes through threaded ports has also been demonstrated
using low-cost, consumer-grade FDM and SLA. Due to the limited resolution of consumer
grade FDM printers, threaded ports were custom-designed with wider threads to incorporate
electrodes coated with films of Prussian blue nanoparticles for detection of H,0,.39 Good
optical transparency of SLA-printed fluidic devices enabled measurement of
electrochemiluminescence (ECL) from tris(2,2’-bipyridyl)ruthenium (11) (Ru(bpy)32*) aided
by tri-7-propylamine or guanine bases of DNA using 0.5 mm graphite electrodes.*2

4. 3D-printed interfaces and prototypes for bioanalysis

Low-cost, easy-to-use, portable, energy-efficient bioanalytical instrumentation is necessary
for improving care in resource-limited settings where laboratory infrastructure is
inaccessible. Such characteristics are also essential for point-of-care analyses where
immediate measurement and interpretation of results is required. As a result, recent interest
has centered on using 3D printing to fabricate prototypes and interfaces that enable
automated or semi-automated bioanalytical measurements.

An FDM-printed gravity flow delivery system for performing multi-step
electrochemiluminescence-based sandwich immunoassays has been reported (Figure 4).43
The system consists of reservoirs for holding reagents and wash buffers that can be delivered
to a screen-printed carbon electrode array adhered to the bottom of a 3D-printed open-
channel flow cell. Once delivered, reagents are held on the surface of the electrodes for
defined incubation periods necessary for the assay.

Nanotechnology. Author manuscript; available in PMC 2017 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bishop et al.

Page 7

After incubation periods, reagents are removed from the surface by gravity flow initiated by
moving an adjustable platform controlled by a lever that is used to change the resting angle
of the flow cell. Wash buffers are then delivered to the flow cell to remove unbound reagents
and other potential interferents. Using this setup, a multiplex ECL-based assay was
performed for prostate cancer biomarkers: prostate specific antigen (PSA), prostate specific
membrane antigen (PSMA), and platelet factor-4 (PF-4).

Electrodes were modified with antibodies, and the 3D-printed delivery system was used to
introduce serum samples (2-5 L), protein labels (silica nanoparticles loaded with ECL dye
Ru(bpy)s2* and surface-modified with biomarker-specific antibodies), and wash buffers to
the electrode array. A bioimaging system equipped with a charge-coupled device camera is
used to obtain ECL signal. Multiplex assay results compared favorably to traditional
enzyme-linked immunosorbent assays.

The relatively low-cost and ease-of-operation offered by 3D printing has been especially
attractive for researchers developing hardware for cellphone-based bioanalytical

instruments. The Ozcan group has successfully employed 3D printing to create mechanical
interfaces that permit cellphones to serve as instruments for a variety of bioanalyses. A
colorimetric assay for peanut allergen was demonstrated through the use of 3D printing to
fabricate a sample holder and positioning system that enables placement of glass tubes
containing analyte and light-emitting diodes (LEDs) in front of the cellphone camera (Figure
5)_44

A commercially available food allergen testing kit was used to convert peanut allergen into a
measurable colorimetric signal. LEDs (650 nm peak wavelength with 15 nm bandwidth)
were used to illuminate samples and control vials to enable absorption-based measurement
of the allergen test kit substrate via the cellphone camera. A custom cellphone application
was developed for capturing and processing images to determine peanut allergen
concentrations of 1-25 ppm. Cellphone-based colorimetric detection of mercury from water
samples using a similar strategy has also been reported.4>

A portable microplate reader has been demonstrated by incorporating 96 optical fibers and
24 LEDs in a 3D-printed cellphone interface.*® The microplate reader was used to analyze
over 500 patient samples for mumps, measles, and herpes simplex virus (HSV) IgGs in a
clinical microbiology laboratory setting using colorimetric enzyme-linked immunosorbent
assays. Fast, remote analyses of the collected data were performed using a custom-designed
app that delivered results to the researchers’ servers within ~1 min per 96-well plate.
Accuracies >99% were reported for mumps, HSV-1, and HSV-2 tests, while the accuracy for
the measles test was 98.6%.

Assays for cholesterol in human serum and saliva as well as lactate in artificial saliva and
sweat have been conducted with the aid of FDM-printed devices that enable cellphone-based
chemiluminescence measurements.4”48 A 3D-printed adaptor was used to interface the
phone with a 3D-printed cartridge that contained necessary reagents for enzyme-catalyzed
chemiluminescence reactions. Cholesterol oxidase, cholesterol esterase, horseradish
peroxidase, and L-lactate oxidase were immobilized on nitrocellulose membranes inserted in
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the cartridges. Detection was based on luminescence provided by the reaction of luminol and
hydrogen peroxide generated from the reaction of oxidase enzyme with the analyte.

Fluorescence-based assays and measurements performed using cellphones with 3D-printed
hardware interfaces have also been demonstrated.#-51 These devices include housing for a
battery-powered diode laser positioned perpendicular with respect to the camera lens and an
interference filter placed in front of the camera for emission measurements. The detection
limit for albumin in urine using a fluorescence-based assay completed using a cellphone was
reported to be 5-10 pM, >3 times smaller than the normal range.*?

The simplicity and speed of 3D printing, ubiquity of cellphones, and fluorescence-based
measurements have helped make nanoscale imaging more accessible.52 Cellphone-based
fluorescence microscopes with 3D-printed components have recently been demonstrated for
imaging of single 100-nm-diameter particles and fluorescently-labeled viruses.?0 Sizing of
single DNA molecules has also been recently reported.>!

5. Conclusions

Limited resource settings and the immediacy required in some circumstances present special
challenges for bioanalytical measurements. Devices capable of addressing these challenges
should be low in cost and easy to use while consuming little power. Thus, the simple and fast
design-to-object workflow offered by 3D printing has been especially attractive for the
fabrication of bioanalytical devices.

Milli- and microfluidic devices required to handle limited volumes of biological materials
have been prepared from molds and scaffolds as well as direct printing. Optical and
electrochemical methods have been employed for measurements of proteins and enzyme
reaction products in 3D-printed fluidic devices.

3D-printed devices for interfacing cellphones with LEDs, laser diodes, filters, and lenses
have resulted in fluorescence and colorimetric-based assays for allergens, proteins, nucleic
acids, and nanoparticles. Cellphone-based microscopes have been described for nanoscale
fluorescence imaging. Microplate readers have resulted from the integration of optical fibers
in a 3D-printed measurement interface. 3D printing technologies are capable of hastening
the pace of innovation by democratizing device production processes through their simple
and fast design-to-object capabilities.
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Figure 1.
Illustrated schematic of an FDM 3D printer.2 A) Thermoplastic filament is fed through a

heated nozzle onto a moving platform. A gantry system controls X and Y movements of the
extruder assembly. B) Components of the extruder assembly are depicted. Drive gear3 and
motor used to deliver filament to heated nozzle.
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Figure 2.
Illustrated schematic of a laser-based SLA 3D printer.
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Figure 3.
Images of a 3D-printed fluidic device for determination of adenosine triphosphate released

by erythrocytes. A) The design for the fluidic device (bottom) was based on a 96-well plate
(top) so that a commercial plate reader could be used for measurements. B) Membrane
inserts (top) were placed in the printed wells (bottom, leftmost channel). C) Fluidic channels
were connected to fluid delivery system (pump) via commercially available fittings and
tubing. Adapted from Reference 37 with permission from the Royal Society of Chemistry.
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FDM-printed devices that enable gravity-flow reagent and washing buffer delivery for ECL-
based immunoassays. (A) A screen-printed electrode array is affixed to the bottom of a 3D-
printed reagent delivery system. Serum sample, antibody (AB,)-labeled silica nanoparticles
(Si-NP) filled with ECL dye Ru(bpy)s2*, and ECL coreactant tri-/+propylamine are stored in
reservoirs. Delivery of reagents to the open-top channel is accomplished by removing
reservoir inserts. B) 3D model (left) and photograph of wash reservoir module showing
freely moving lever to change between wash and load positions. A lever is used to adjust the
position of the array so that reagents or washing buffer can be held on the electrode array
surface for incubation or flowed over for washing. Reprinted from Reference 43 with

permission from Elsevier.
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Diffuser

Figureb.
Cellphone-based colorimetric assay for peanut allergen conducted using a 3D-printed

platform for sample handling. (a) A photograph of 3D-printed platform is connected to a
smartphone for sample measurement. (b) An opto-mechanical attachment (dimensions: ~22
mm X 67 mm x 75 mm) equipped with light-emitting diodes enables colorimetric
measurements by the cellphone camera. (c) A schematic diagram of the interface, depicting
components of the opto-mechanical attachment. Reproduced from Reference 44 with
permission of The Royal Society of Chemistry.
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