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Abstract

The recent explosion of 3D printing applications in scientific literature has expanded the speed and 

effectiveness of analytical technological development. 3D printing allows for manufacture that is 

simply designed in software and printed in house with nearly no constraints on geometry, and 

analytical methodologies can thus be prototyped and optimized with little difficulty. The versatility 

of methods and materials available allows the analytical chemist or biologist to fine tune both the 

structural and functional portions of their apparatus. This flexibility has more recently extended to 

optical-based bioanalysis, with higher resolution techniques and new printing materials opening 

the door for a wider variety of optical components, plasmonic surfaces, optical interfaces and 

biomimetic systems that can be made in lab. There have been discussions and reviews of various 

aspects of 3D printing technologies in analytical chemistry: this review highlights recent literature 

and trends in their applications to optical sensing and bioanalysis.
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The rapidly expanding interest in the general culture around 3D printing technologies over 

the past several years has mirrored its increasing use in academic research. The ease of use 

and relative low cost for manufacturing all manner of components for instrumentation 

enabled by the suite of 3D printing techniques has made the subject a hotbed for research, 

especially in analytical chemistry.1 There are a group of manufacturing types that are 

categorized as 3D printing that will be discussed in this review that all share several similar 

core steps. One, they all use additive manufacturing in a sequential pattern, building the 

device layer-by-layer and fusing those individual layers into a contiguous whole. This is as 

opposed to subtractive manufacturing techniques, like etching, that take a block of material 

and remove pieces until the design is complete.2 Additive manufacturing has the benefit of 

much less wasted material than subtractive methods. Second, they are usually designed in 

software, though some versions will convert images of real objects into software models 

first. The models are then converted into universally-recognized .STL files, which are sliced 

into the individual component layers by the 3D printer software before they are physically 

printed. Though there are a wide range of materials that can be used for 3D printing, the 

archetypal use is with plastic and polymer-based components, e.g. microfluidic designs for 

analytical techniques.

The software model-to-completed object process forms one of the fundamental benefits of 

3D printing over older methods of lab component creation: ease of manufacture. Hot 

embossing and injection molding, two standard industrial techniques for plastic parts, are far 

too costly and inconvenient to set up practically outside of a large-scale purpose-built 

facility.3 The dominant form of small parts manufacture in academic laboratories before 3D 

printing was soft lithography, the most common form of which involved molding and curing 

a viscous solution of polydimethylsiloxane (PDMS).4,5 PDMS has many upsides, including 

excellent stability, chemical inertness, and good optical properties, but suffers if 

modifications are needed to the prototype. A mask or mold is required for the PDMS to be 

molded to, which must be machined via traditional methods like photolithography, and can 

be a costly and time-consuming process. 3D printing, on the other hand, requires only a few 

clicks of the mouse to change the model and reprint. Furthermore, complex internal 

structures are trivial to make in 3D printing that would be nearly impossible to the average 

user using previous methods. This ease of manufacture leads to so-called “rapid 

prototyping”, one of the most useful aspects of 3D printing, which allows a user to quickly 

optimize the component for their purposes.6 PDMS still has several advantages over to 3D 

printing; most crucially, the resolution and subsequent component feature size that can be 

manufactured via a PDMS mask is much smaller (nanometer scale) than can be achieved 

with most current 3D printers (micrometer scale).7 However, with the level of interest in 3D 

printing, improvements to the technologies are likely to equal or surpass the capabilities of 

PDMS-based soft lithography.3

Another central benefit of 3D printing is its ability to improve many aspects of point-of-care 

testing (POCT). Field labs without access to supply chains of the components of analytical 

instruments would only need a 3D printer and related materials to fabricate a variety of their 

own parts in a standardized way. Once equipped with this printing capability, many different 

sets of tests can be produced; all through the same device since all that is required is a 

simple file download.8 Creating analytical methodologies using 3D-printed parts that can be 
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used for POCT constitutes a large portion of research and has great potential to make an 

impact on improvements in health outcomes around the world.

This review takes stock of current state of 3D printing technologies and their application to 

chemical and biological sensing methodologies (see Figure 1). Since any review that 

comprehensively covers every aspect of the expansive field of scientific 3D-printing 

applications would be exhausting, our focus will be on 3D-printing for optical sensing and 

bioanalysis. The similar use of 3D printing for electrochemical applications has previously 

been reviewed elsewhere.2 3D printing has become widely adopted as an aid for many types 

of analytical instrumentation. In academic settings, 3D printing is in fact becoming the 

standard form of parts manufacture and is frequently treated as a means to an end product, 

rather than as a prototype to be mass-produced at a later time. As such, rigorous study is 

underway in assessing the improvements to analytical methodologies that can be achieved 

with 3D printing. Topics as diverse as new complex designs for microfluidics, novel 

structures for electrochemical techniques, optical component manufacture, biopolymers, and 

whole instrument design are active research areas with 3D printing and point the way toward 

rapid improvements in the future.

METHODS OF 3D PRINTING

The types of manufacturing processes for creating 3D-printed structures are increasing at a 

steady pace in recent years. The complexity and sophistication of current techniques has also 

expanded as key patents on two major technologies (stereolithography and fused deposition 

modeling) have expired in recent years. Others suffer somewhat in their research interest due 

to still being under patent protection. Here, the major types of 3D printing techniques and 

their variations are presented in order of most relevance to current research directions.

Stereolithography (SLA)

The most foundational form of 3D printing in the modern setting is stereolithography.9 The 

working principle begins with a working surface submerged in a reservoir of photocurable 

resin. A movable laser then polymerizes the resin at the working surface into a solid form; 

the stage is moved, and the process repeats. Each 2D layer solidifies and melds into the 

previous layer, creating a continuous solid object. There are two primary physical 

configurations for SLA, as seen in Figures 2a and 2b. The free surface, or bath, 

configuration, places the working surface at the top of the bath, and the stage is lowered for 

each successive layer.10 The inverted “bat” configuration, or constrained surface 

configuration, instead places the working surface at the bottom of the reservoir over a 

transparent window.11 The stage is raised with each layer, lessening the height restrictions 

and limiting the oxygen inhibition of the polymerization reaction because the working 

surface is submerged, significantly speeding up the curing time. Another advancement, 

CLIP, makes the bottom window oxygen permeable so that the lowest layer of the resin is 

oxygen-inhibited, preventing adhesion of the still-forming object to the window.12

Many alternate forms of SLA are used in the literature. A modification of the laser optics of 

SLA to a system known as two-photon polymerization (2PP) greatly improves the feature 

resolution, down to 10-100 nm with 2PP.13,14 A femtosecond laser sends ultrafast pulses that 
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initiate two-photon absorption and polymerization on a very precisely targeted small volume 

of the photopolymer.15 Of all the current 3D-printing techniques available, 2PP has the best 

resolution, and is appropriate to create high-quality optical surfaces and microstructures of 

considerable complexity. In digital light processing stereolithography (SLA-DLP), a digital 

micromirror is used as the laser source projector, which can simultaneously shine on and 

polymerize the entire working fabrication surface at once instead of scanning with a single 

source, significantly increasing build speed.16 Other variations of SLA that have been 

developed and reported in the literature include modifications like substituting an IR-laser 

and thermally-curable substrates,17 and adding multiple lasers in order to generate 

diffraction patterns18.

Photocuring resins as a fundamental operating principle limits the range of materials that 

SLA-type systems can use compared to later techniques, as polymers such as poly(ethylene 

glycol) diacrylate (PEG-DA) or poly(methyl methacrylate) (PMMA) typify the type of 

materials used.19 Additionally, care must be taken when fabricating small, enclosed channels 

within a larger microfluidic device, as lack of effective drainage of the liquid resin can cause 

partial solidification and distort the shape and size of the microchannels.20 However, the 

good resolution and solid construction offered by SLA for instrumental components makes 

SLA the most standard method of fabrication for 3D-printed devices in research settings.

Fused Deposition Modeling (FDM)

The other major commercial version of 3D printing is fused deposition modeling, one of 

several techniques that relies on extrusion of materials to form each layer of the object.21,22 

As seen in Figure 2c, the desired material, initially in the form of a long filament, is pulled 

through a heated nozzle onto the working surface, where it binds with the previous lower 

layer in a semi-liquid form. The bonding between layers is fundamentally weaker for FDM 

than SLA because there is no chemical polymerization reaction to bond the layers. 

Sacrificial structural supports that can be removed later are frequently needed to prevent the 

collapse of voids during fabrication, the tradeoff being lower resolution, as removing the 

supports can be difficult and can leave unneeded material in sensitive areas. Industrial-level 

plastic manufacturing is able to bulk heat and reflow the plastic to improve its strength, and 

there have been more recently-developed FDM machines that include a heated chamber to 

simulate this effect in small scale while only marginally interfering with shape of the 

features.23 The feature resolution of FDM is significantly lower than SLA and typically used 

to make channels on the order of 500 µm.3

The upsides of FDM as a primary 3D printing method are its versatility of materials and low 

cost. Since there is no fundamental chemical reaction in the fabrication, the range of 

materials available is much wider, with standard filaments available of many industrial 

materials like acrylonitrile butadiene styrene (ABS), poly(lactic acid) (PLA), polystyrene, 

polycarbonates, poly(ethylene terephthalate) (PET), poly(vinyl alchohol) (PVA), and 

polyamide (or Nylon),24 polycarpolactone (PCL), polylactic acid (PLA), polybutylene 

terephthalate (PBT) and polyglycolic acid (PGA).25 And since the filaments come out of re-

positionable nozzles, multiple nozzles can be outfitted to the device, allowing for multi-

material printing.26 More recent variations of FDM are able to extrude “cold” materials that 
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are in a more liquid form at room temperature. This version, also known as robocasting, is 

capable of using an even wider range of materials, including ceramics, metals, hydrogels and 

other biopolymers, with the tradeoff being that there are usually some post-processing steps 

to improve the structural integrity.2 An FDM printer itself is typically much less expensive 

than SLA, which is important if the analytical techniques are to be used, for example, in 

point of care testing (POCT).6 Similar in flexibility and price is laminated object 

manufacturing (LOM), which uses laminated sheets of nearly any material that are cut by a 

laser and then bonded together either chemically or by hand.27 LOM also suffers from low 

resolution and is not commonly used in academic settings.3

Inkjet Printing

Inkjet is an umbrella term for several relatively newer variations of 3D printing that are 

united by the common feature of using the pre-existing mechanical architecture of ink 

printers to trace the active layer of fabrication.28 In the powder-based version, also known as 

binder jetting, the printer deposits lines of adhesive or photopolymer in a pattern that is then 

hardened through physical (heating) or chemical (UV light) means (see Figure 2d), creating 

a final material that is a blend of the polymer and powder.2 The stage is lowered, new 

powder is rolled onto the active surface, and the process is repeated layer-by-layer. 

Photopolymer inkjet uses multiple printer heads to deposit a photopolymer and support 

material simultaneously that can be photocured by a broad UV light source between each 

step.29 This technique is also known as polyjet or multijet depending on the type of support 

material.14 The resulting structures in photopolymer printing are relatively low-strength 

because no pure material is being used, and fabrication frequently requires support 

structures.30 The resolution and surface roughness of inkjet printing is comparatively good,
31 with some models reaching resolutions of less than 20 µm.32

Inkjet, especially of the photopolymer type, is very capable of multi-material and multi-

color printing,33 and are perhaps the best 3D printing techniques available for dense, 

complex microfluidic super-structures. A barrier to development of analytical chemistry 

techniques is the lack of knowledge of the photopolymers themselves, as they are all 

proprietary materials. Though many companies market a wide array of polymer/powder 

combinations with various physiochemical properties,34 academic research groups are 

limited in their ability to design functional experiments and surface chemistries around 

them.14 Though relatively more expensive than most other techniques due to the proprietary 

nature of the materials, inkjet-type technologies are high-performance in total, and are an 

excellent area for future potential development.

Selective Laser Sintering (SLS)

Selective laser sintering was the first powder-based 3D printing technique, using a high-

powered Nd:YAG or CO2 laser to selectively sinter or melt a fine powder at the active 

fabrication surface in the .STL specified pattern.35 The stage is then lowered, and a roller 

from an adjacent powder container respreads a new layer onto the surface for the next layer, 

as seen in Figure 2e. The resolution is low-to-intermediate, around 100 µm, and is 

fundamentally determined by the particle size of the active layer and the focus spot of the 

laser.36 Of the main categories of 3D printing types, selective laser sintering is the one that 
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comes the closest to matching the strength of standard industrially-fabricated parts, and the 

products usually retain the properties of the bulk materials.22 Components made of metal or 

metal alloys are the best suited to SLS (or selective laser melting, SLM, as it is termed when 

the powder material is only metal), as SLS is similar in the microscale to how metals are 

worked in larger settings. The sequential addition of new layers of powder makes SLS quite 

capable of multi-material printing, adding extra levels of complexity to a design.37 

Significant limitations for printing polymer microfluidic or optical components arises from 

unsintered material that remains on the surface or in small channels, along with the higher 

inherent surface roughness of the technique.38

Direct Printing

Some various remaining, largely straightforward, methodologies for 3D printing, i.e. ones 

that simply directly place the desired building material on the surface with few additional 

steps, are usually categorized under the general terms of direct printing, direct writing or 

direct ink writing.1,3,4 The general form of the techniques is that they are extrusion-based, 

printing a line of the material in a pattern with or without a .STL file. The printer is typically 

built or designed for a specific application, or the various fabrication parameters are home-

modified on a standard FDM-type instrument. Nozzle size, temperature, extrusion speed and 

horizontal scanning speed can all be adjusted to fit the particular experimental needs of the 

user, and some-post processing steps may be added. The specific application can be tuned 

for very precisely, which makes the concept appealing for researchers creating new systems 

and instrumentation. On the flipside, direct ink printing eliminates the possible upside of 3D 

printing that parts and analytical methodologies can be standardized and used across vastly 

different environments.

Bioprinting is one of the most prominent areas of direct printing. Hydrogels and cell 

solutions are typical materials that are extruded through a printer mechanism in a pattern of 

biological significance, such as in the shape of a particular tissue or organ.39 Some setups 

may combine this technique with a standard photocurable resin to serve as a scaffold to set 

the ink solution in place.40 3D-printing of these biostructures has appeal because the 

materials used can be varied to create different optical properties that either conform more 

closely to the biological model or make analysis of the biostructure easier.41

OPTICAL APPLICATIONS OF 3D PRINTING

Optical Sensing with Microfluidics

There has been a proliferation in the literature in recent years of microfluidic architectures 

that use 3D printing due to the ease of manufacture of complex and customized internal 

designs. A typical example was presented by Santangelo et al.42 Multiple geometries were 

combined and fabricated with an SLA printer, as depicted in Figure 3a. Multiple inlets for a 

luciferase ATP bioluminescence reaction were injected, led through a mixing channel to a 

reaction chamber optimized for optical signal collection by adjacent photomultipliers, 

followed by a product outlet line. 3D-printed systems can also be integrated with separate 

flows for specific reagents at different points in the experimental design, as seen in Mattio et 

al (Figure 3b), where 4-(2-pyridylazo)-resorcinol (PAR) was added to a sample after a 
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preconcentration step in order to elute lead.43 Microfluidic systems like these would be 

extraordinarily difficult to prototype by other means than 3D printing, and the final product 

of a 3D print tends to be a unibody design, minimizing fault points.

Extensive study has been conducted into fluid movement via valves and pumping through 

3D printed microfluidic devices,20, 44–45 which have previously been reviewed.5, 14 Droplet 

generation within a microfluidic system is also an active area of research.46,47 Several recent 

analyses have also shed light on the dynamics of 3D printed microfluidic architectures. 

Gelber et al analyzed the effect on reagent mixing within the channels of a helical 3D-

printed device with large numbers of turns. They used both simulations and stimulated 

Raman scattering on printed substrates to develop a model for analyzing the actual mixing 

profile within microfluidic channels.48 A recent study compared the mixing efficiency, 

feature size, and surface roughness of microfluidic Y-junctions printed by several 3D-

printing the subsequent effects on device applications. Their extensive analyses concluded 

that FDM was best suited for micro-mixers, Polyjet was most applicable for cell culture 

platforms and droplet generators, and DLP-SLA was the highest-performing for pure 

microfluidics.49 Li et al studied fluidic behavior in FDM-manufactured mixing channels, the 

results of which indicated that the angle of filament extrusion has a significant effect on 

mixing behavior. Much more mixing was observed when the filament was at a diagonal 

angle (60°) to the flow direction, rather than 0° or 90°.50

There are a wide variety of microfluidic 3D printing applications that use optical sensing. In 

fact, for analytical chemistry, microfluidics is essentially the dominant current application, 

as many further electrochemical or optical applications frequently include microfluidic 

portions as well. This discussion of optical methods via microfluidics is grouped into several 

subcategories that concern different design features of the optical sensing devices.

Optical Detection

The relatively recent advent of commercially available optically clear resins has led to wider 

development of microfluidic designs that rely on direct colorimetric analysis after multiple 

preparation steps. A typical example comes from Shallan et al, who reported a complex 

microfluidic gradient system that uses a transparent polymer as the body printed from a 

standard SLP printer (Figure 4a).51 This enabled visual detection of nitrate in water using a 

colorimetric Griess test: the channels created a standard addition calibration for the sample, 

and the intensity data via single-line spectrophotometry. The sensitivity of this methodology 

was comparable to standard spectrometer-based detection, so the optical quality of the 

polymer was strong enough for this application. Multi-material FDM printing was recently 

used to construct another microfluidic system for a colorimetric Griess test. In this case, dual 

nozzles were able to print the flow cell in conjunction with a porous membrane, which 

helped to facilitate ion transport.26 Chan et al was able to create a colorimetric detection 

system that used almost entirely 3D printed parts. The design included a manually actuated 

pump and multiple valves that moved the liquid flow past several chambers of reagents 

(Figure 4b). The system was able to optically quantify urinary protein at physiologically 

relevant levels.52 Sheath flow was utilized to focus a sample stream into a small space for 

micron-scale particle counting via optical fiber (Figure 4c). The setup was able to 
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distinguish between particles of different sizes and could effectively count up to 5.5×104 

particles/mL.53

Luminescent optical detection methods have been regularly coupled to 3D-printed 

microfluidic devices in a variety of ways. The general setup is that the target analyte is 

flowed into a sensing chamber, and the luminescent tag is attached to the analyte as end step 

or during the sample prep portions of the device. Tang et al printed a complex unibody 

design with SLA that attained excellent sensitivity, down to 0.5 pg/mL, for multiplexed 

detection of cancer biomarker proteins using a standard chemiluminescent detection system. 

As seen in Fig 5A, successive reservoirs introduce the various reagents, followed by a dense 

network of mixing channels, leading to a detection region where the optical 

chemiluminescent signal was collected by a CCD camera. This design benefits from smooth 

integration of the segments of the unibody design (requiring only a single inlet pump for 

operation), one of the primary features of 3D printing.54

A setup utilizing electrochemiluminescence (ECL) was reported for multiplexed detection of 

prostate biomarkers. The gravity-based SLA-printed flow cell array adds (RuBPY)-doped 

silica nanoparticles to immobilized antigens that are activated by an adjacent supercapacitor, 

and the resulting ECL signal was also collected by CCD camera. The flow cell itself was 

also integrated into a larger 3D-printed module that could lever the array up into “loading” 

position and down into “wash” position flowed the analytes for analysis (Figure 5b). The 

system attained detection limits of the biomarkers that were comparable to ELISA.55 These 

examples effectively showcase benefits of 3D printing for optical analytical detection 

systems: the ease of integration of several parts, small materials cost, and requirement of 

only a CCD camera for detection that make up.

Mechanical Integration

Though there are fully-packaged 3D-parts-only detection schemes, the ability to integrate 

with electronics is an important feature of 3D-printed designs, as more complex and flexible 

sequences of fluid movements will require automated control. Several recent examples in the 

literature indicate the possibilities of such an approach. An automated ECL array was used 

for multiplexed detection of up to 8 different proteins in human serum. Using a sandwich-

assay design, the 3D-printed microfluidic cell introduces the sample and reagents by passing 

them over a single-walled carbon nanotube that could then be activated to generate the ECL 

signal (Figure 6a).56 Another automated system used ECL to evaluate the DNA damage 

instigated by environmental inputs like cigarette smoke. The environmental factor was 

introduced to films of metabolizing enzymes and DNA in a microfluidic cell. The detected 

ECL reaction was based on guanine, so if the environmental factor damaged the DNA, 

guanine was released and ECL signal increased. Genotoxicity profiles could be developed 

for many potentially harmful factors via wide distribution of this platform.57

An intriguing mechanical integration with 3D-printed optical detection has been developed 

by Bauer et al. Extensive prototyping enabled by FDM 3D printing created an ELISA-based 

detection platform for malaria. The disposable microfluidic cartridges are connected to a 

series of servos and actuators to control the fluid movement (Figure 6b). The system can be 

adapted for multiple assays because the interface uses audio files to control the steps, with 

Lambert et al. Page 8

ACS Sens. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



different “songs” playing different steps of frequencies that the pumping system interprets 

for different actuation steps. Since the system can essentially be controlled through an audio 

jack, this has significant potential for point-of-care applications.58

Frequently, these microfluidic designs are combined with smartphone camera for the light 

detection so that the system can be used for point of care applications. This takes advantage 

of the ubiquity of smartphones in the developed and developing worlds; if the detection 

system is optical and based on visible-range light, then everyone with a smartphone camera 

is carrying around a potential spectrometer in their pocket. However, many optical analytical 

methods, especially luminescent ones, have such a low signal compared to ambient light that 

a simple point-and-click would not suffice. Instead, the structure, microfluidics and pre-

optics are packaged into a cartridge that can be attached around the camera itself, limiting 

the background ambient interference. Roda designed a one-step, three-chamber microfluidic 

accessory that could be adapted for various luminescent assays. Both a luminol-H2O2-HRP 

chemiluminescence assay for cholesterol and a luciferase-based bioluminescence assay for 

bile were integrated into the accessory and produced clinical relevant detection limits for 

each.59

Ko et al manufactured an ELISA-based device that was able to target the exosomes in 

cerebral spinal fluid that are produced by the brain after a concussion. Indicator exosome 

antibodies were attached to enrichment microbeads that, after picking up the targeted 

exosome in the microfluidic channel, passed through a micropore filter into a detection 

chamber where the ELISA reagents were added (Figure 6c). Background exosome 

antibodies were attached to much larger microbeads that could not pass through the filter to 

the detection chamber, reducing the background optical signal from the ELISA assay. The 

total analysis via this compact 3D-printed method is much faster than clinical analysis of 

exosomes which requires time-consuming sample preparation.60

Sample Pretreatment

A constant challenge for optical analytical techniques is being able to sense an analyte 

through a complex matrix. Preconcentration and separation are ways to make sure the target 

molecules at the detector are the primary ones around, and 3D printing has been used to this 

effect numerous times. For example, Liu et al printed a clamshell-case design via SLA and 

added hydrophobic coating to use as a plasma separator. After separation of plasma from 

whole blood, they were able to detect the DNA of the parasite S. mansoni with good 

recovery via the LAMP method and fluorescent detection.61

Magnetic particles as a means of preconcentration is a common tactic in microfluidic 

designs. A typical example was presented by Lee et al, where multiple geometries were 

combined and fabricated via SLA (Figure 3c,d). Magnetic nanoparticles were attached to E. 
Coli via an antibody in a sample, then separated with magnetic field enhancement in the 

helical chamber, then outflowed for optical UV-Vis absorbance detection. Detection of E. 
Coli was 10 cfu/mL in buffer and 100 cfu/mL in milk.62 Park et al also used an Fe3O4-

anitbody conjugate to bind to E. Coli, which were then collected directly at the bottom of a 

helical chamber. Instead of UV-Vis, detection was carried out by an ATP luminometer, 

resulting in a detection limit of 10 cfu/mL in blood (Figure 7a).63 Ganesh et al designed 
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multi-chamber microfluidic device for E. Coli detection that concentrated the magnetic 

nanoparticles in one chamber before outflowing to a polymerase-chain reaction (PCR) 

chamber, which was then collected and analyzed via gel electrophoresis and fluorescence.64

An even wider array of functionalities is enabled by the microfluidic device designed by 

Han et al to analyze messenger RNA in blood. The mRNAs are complexed to magnetic 

beads and then passed across a magnetic microfluidic channel to separate the mRNA from 

the blood matrix and into a separate chamber (Figure 7b). From there, more reagents are 

flowed in for both synthesizing complimentary DNA (cDNA) from the mRNA, and then 

amplifying the cDNA via PCR. The DNA was subsequently fluorescently labeled and 

analyzed, providing important analyses of a very relevant biomolecule with only a very 

small required sample volume.65

In the same vein, extractions and chromatographic-type separations have been carried out by 

several groups. The lack of fine surface control in most current 3D printing techniques 

hampers the ability to make finely porous surfaces needed for more intensive separations. 

Instead, membranes or sorbent materials can be attached to or inserted in the channels. For 

example, Kataoka et al were able to extract petroleum compounds from their briny native 

solutions using a solid-phase extraction (SPE) sorbent packed into a simple FDM-printed 

microfluidic chips, which could then be sent on for further analysis.66

Calderilla et al have reported multiple versions of an extractor for optical metals testing that 

inserts a standard commercial solid-phase extraction (SPE) sorbent disk within a complex 

microfluidic system printed with SLA that can support reagent and eluent lines. Iron was 

directly detected, both in the form of Fe(III) and total iron after the addition of an oxidant. 

The two different analyses from the same microfluidic system were enabled by the multiple 

channels built into the device, which was ultimately more easily designed and integrated 

because of the nature of 3D printing.67 Similarly, in the other system, chromium was 

complexed via a reagent line before detection, and both setups used optical analysis via 

single-line spectrophotometric detection.68

Even with the present lack of fine surface control, some researchers have managed to use the 

polymer material for extractions. Solid phase extraction configurations using only 3D 

printed components have been reported for trace metal analysis that can be coupled to 

various instrumentation. Su et al fabricated a microfluidic device made of a polyacrylate 

polymer that included an extractor/preconcentrator chamber made of cubes of the same 

material that functioned as a solid phase extraction column. The resulting detection of trace 

metals in seawater that was on par with traditional extraction techniques.69 Belka et al was 

able to print a thermoplastic elastomer-PVA composite that was able to extract drug-like 

compounds from water samples.70

In addition, some separations and optical chromatography using 3D printed parts have 

recently begun emerging, especially using thin-layer chromatography. One example printed 

silica gel layers via modified FDM into an array of 40 microfluidic channels that was able to 

run planar chromatography to separate colored dyes with excellent resolution.71 Another 

version used polyjet printing to create a smaller set of channels to use in the separation of 
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both colored dyes and fluorescently tagged proteins myoglobin and lysozyme.7 The benefit 

of both methods is the much easier materials manufacture over conventional 

chromatography plates.

In all of the above separation examples, no additional surface coating was used beyond the 

3D-printing steps. Surface functionalization via chemical means for the purpose of 

separations depends on the material, and many top-of-the-line 3D printing devices use 

proprietary polymers whose surface properties are not very well characterized.14 Gross et al 

overcame this problem by coating a polyjet-printed fluidic channel in PDMS and 

polystyrene to improve cellular adhesion before lysis.72 Several different polymer, metallic 

and dielectric coatings were analyzed by Paknahad et al on polyjetted microfluidic channels 

for gas-phase sensing, and found that a bland of chromium, gold and Parylene C showed the 

best selectivity.73 Silane-coupling agents (SCAs) have been used in multiple methodologies: 

Ohtani et al coated a fluorinated SCA to a silica-coated SLA polymer to create a 

hydrophobic surface,74 while Song et al bonded SCAs of varying functionality to Al2O3 

ceramic particles that were then used in the SLA printing of various objects to improve 

structural integrity.75 Epoxy-based resins are frequently used in 3D printing,76 whose 

hydroxy groups can be used for a wide array of derivatization chemistry for surface 

functionalization.77 Notably, Credi et al recently printed sensing channels using biotinylated 

polymers for various analyses via optical microscopy.78 The biotin-avidin binding 

interaction is frequently used in optical methods to scaffold various functionalities together, 

so this type of embedded surface functionalization would widely versatile applications for 

biomolecule detection.

Optical Components

As technical instrumentation becomes more complex and specialized, there is an increasing 

interest in printing not only the flow channels and structural components of analytical 

devices, but also the optical couplers that are used for analysis. The utilities of optical 

coupling components like prisms, lenses and waveguides are greatly improved if they can be 

adapted to a specific use-case, and fast-prototyped in a similar fashion to other 3D-printed 

components of a system. This has led to the growing study of the 3D-printing of optical 

components.

One of the primary advantages of PDMS over 3D printing is the high optical quality of 

PDMS parts that can be integrated into optical analytical systems. For lab-made optical and 

components like prisms and lenses, one standard strategy is to 3D print a mold that is used to 

make the higher-quality PDMS optical component such as a prism.79 The sources for this 

quality are twofold. First, due to feature resolution being much better for PDMS than 3D-

printed structures, the surface is much smoother for PDMS, reducing unintentional 

scattering and signal loss from the light source.80 Second, the material of PDMS is naturally 

optically clear, with a refractive index of 1.4, which approaches that of borosilicate glass.81 

The most widespread 3D printing techniques often use opaque or near-opaque polymers 

which totally inhibit optical properties. The first advantage will naturally dissipate over time 

as the quality and resolution of 3D printing techniques improves, but both are areas of active 

research, and several developments have sought to close the gap in one of two ways: by 
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improving the technology for directly printing glass itself, or by improving the optical 

qualities of standard 3D printing polymers.

Optical Components via Polymer Printing

The recent development of commercially available transparent polymer resins82 has enabled 

the basic form of optical components to be printed with refractive indices in the range of 

commercial glass. Luxexcel uses a proprietary form of inkjet manufacturing to offer a range 

of custom printing of transparent optical components83 that have surface roughness on the 

order of 10 nm,84 which is suitable for many optical applications. For users who want to 

keep designs in-house in order to maximize the fundamental flexibility and rapid-

prototyping of 3D printing, one of the central difficulties still to overcome is resolution. The 

most common techniques, such as SLA and FDM, produce components with surface 

roughness that disperse too much light to be effective optical couplers. The technique that 

does not suffer this problem of resolution is two-photon polymerization, and there are many 

examples of 2PP being used to print optical components, and like multi-lens objectives and 

free-form coupling elements (Figure 8a) that will have many applications for analytical 

sensing.85,86,87 The excessive timescale of 2PP manufacturing, ~100 days for 1 mm3,88 

means that it is limited to microstructured components, however, and may have difficulty 

becoming a widespread technique for academic labs who want to prototype macro-scale 

instrumentation.

Post-processing steps are a straightforward path for improving the surface roughness of 

printed components. Comina et al have printed systems of optics (lenses, prisms, etc.) with 

SLA-DLA to be used in a smartphone accessory for fluorescence- and chemiluminescence-

based optical detection.89,90 They were able to generate a smooth surface by adding a thin 

coat of resin to the optical surface after printing and letting it dry, filling in any 

imperfections (Figure 8b). This process improved the surface roughness from ~150 nm to ~7 

nm. Vaidya et al also added a thin layer of resin coating as a post processing step to produce 

a surface smooth enough to metallize for mirrors and solar concentrators (Figure 8c). Their 

smoothing process reported an improvement in the surface roughness of SLA-printed 

objects of ~70 nm to 2.3 nm.91 Polishing the surface by hand has been shown effective at 

improving the surface quality of 3D-printed parts to ~20 nm, a level suitable for some 

optical instrumentation.92 Dewey et al have demonstrated the use of IR laser polishing to 

improve the surface roughness of FDM-printed parts. They decreased the surface roughness 

to 2.0 µm along with improving the overall structural integrity of the object.93

Terahertz waves, as incorporated into sensing platforms, do not require a high surface 

smoothness because of the long wavelength (1 mm to 100 µm) of the incident radiation. This 

makes them a natural fit for easy integration with current-quality 3D printed parts. THz 

spectroscopy has the capability to monitor optical properties of thin films and distinguish 

specific spectra of solid powders, and there have been a number of reports of 3D printing the 

optical components required for THz wave sensing. Using both SLA and FDM printing of 

polymers, several groups were able to print high-quality waveguides,94,95 diffraction 

gratings,96 prisms,97 and lenses98 that could be used for optical analytical sensing. Because 
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of its flexibility in surface substrate, THz-based sensors could provide a platform for that 

packages well with 3D printing for field testing purposes.

Optical Components via Glass Printing

Glass would be the ideal material to 3D print for optical components, as it is more 

structurally and chemically stable than polymers and have higher transmission in the UV 

and IR regions.99 However, glass has been one of the more difficult materials to 3D print, 

due to the high temperatures needed to soften it enough to work with (>1000 °C) and its 

quick hardening upon exposure to lower ambient temperatures. As a result, most research 

until recently has only been able to produce transparent glass for decorative purposes.100 

The quick cooling makes the final product ribbed, and so not suitable for optical 

measurements. There is also substantial research into 3D printing of bioactive-glass,101,102 

which is used for structural biological components, but this glass is non-transparent.

Several hybrid 3D printing methods have recently been developed for glass manufacture. 

They generally take the form of suspending silica particles in a 3D-printing resin or ink, 

printing the object by extrusion, then decoupling the resin or ink from the silica via a high-

temperature sintering step, leaving the fused silica object. Kotz et al used silica nanoparticles 

dispersed in a hydroxyethylmethacrylate (HEMA) polymer that was used for standard SLA 

printing. This was followed by a two-step heating process to first decouple the polymer from 

the particles then to fully sinter the glass at 1300 °C, which resulted in very uniform glass 

objects, as seen in Figure 9a.103 Cooperstein et al demonstrated a sol-gel based process 

using a 3-acryloxypropyl trimethoxysilane (APTMS) precursor to print, dry, then heat fused 

silica glass. By varying the percentage of APTMS and the temperature of the final heating 

step, they were able to tune the refractive index of the produced glass. They also added a 

polishing step at the end that reduced the surface roughness to 5 nm, well within precision 

grade standards for glass.104 Destino et al were also able to tune the refractive index of the 

printed glass by synthesizing core-shell TiO2-SiO2 nanoparticles with varying titanium 

percentages (Figure 9b).105 Nguyen et al used fumed silicon nanoparticles suspended in 

tetraglyme in a direct ink writing set up for the structure printing. They also suspended gold 

nanoparticles in the ink, doping the glass with a red color, opening the door for more 

complex hybrid materials.106

Alternatively, Luo et al have used a CO2 laser in an SLM-type manufacturing method to 

locally melt both glass107 and quartz108 filaments in the desired layer pattern. The process 

takes place on a heated build platform, which mitigates the quick hardening, and therefore 

the ribbing in the final product. They were able to print optically transparent components 

including a lens-type object with good surface smoothness after polishing. Temperature 

variation at the laser-filament interface had a large effect on the final product, as too high of 

a temperature produced bubbles between the filaments, and too low of a temperature did not 

reduce the ribbing enough. This and the previous methods are all promising steps towards 

being able to 3D print glass directly in the lab for many types of components, optical and 

otherwise.
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Plasmonic Surfaces

Plasmonic surfaces are a subject of growing interest in the areas of materials and sensing 

interfaces. Fundamentally, an incident photon beam excites a propagation of surface 

plasmon polaritons, or the plasmonic response, that is controlled by the interaction of the 

materials at the surface interface.109 Most commonly used with noble, less oxidizing metals 

like gold and silver to simplify the surface chemistry, the plasmonic response is configured 

in multiple ways to probe the nature of the molecules in contact with the plasmonic material. 

Because of the complex and technical nature of using manipulating plasmonic responses, 

only recently have 3D printing applications begun emerging that take advantage of this type 

of effect. As previously discussed, 20 nm gold nanoparticles were coped into a sol-gel 

matrix for glass printing to generate a SPR coloring response.106 Haring et al suspended 

silver nanoparticles of varying sizes (15-79 nm diameter) into both Pluronic F-127 and 

poly(ethylene glycol) diacrylate (PEGDA) to create “plasmonic inks” that were deposited 

via extrusion into a variety of constructs (Figure 10). The varying plasmonic responses were 

clearly distinguishable in different regions of objects, and finely graded surfaces 

transitioning one particle to another were also demonstrated.110 The manufacturing 

flexibility of 3D printing makes complex surfaces like these much more feasible for an 

academic researcher.

Analytical sensing via plasmonic interfaces most commonly takes the form of surface 

plasmon resonance (SPR) spectroscopy, which has the benefits over luminescent optical 

detection methods of being label-free and real-time.111 3D-printing has begun to find 

application to SPR techniques. A common combination of 3D printing and SPR is in the 

printing of custom parts for integrating an SPR system to a specific situation. A 3D-printed 

stage and flow-cell were printed by Hwang et al to integrated with a SPR sensing 

configuration for the transdermal monitoring of cortisol.112 Zhang et al recently used FDM 

to print the entire assembly of structural components and holders for the individual 

functional components of an SPR spectrometer.113 A smartphone accessory was 3D printed 

for interfacing with a biosensing array that uses the higher-throughput version SPR known 

as SPR imaging.114

An exciting advancement was recently demonstrated by Hinman et al. for SPR biosensing 

with the optical components being 3D printed92. Equilateral prisms were printed via SLA 

and polished, followed by gold deposition on the prisms which served as the plasmonic 

surface for a standard Kretschmann configuration setup (Figure 11). The system was able to 

detect cholera toxin with good sensitivity after attachment of a tethered lipid bilayer and 

GM1 for capture. Gold nanoparticles were also grown on the surface of a dove prism via 

polydopamine for use in the single-axis configuration of SPR.92 The benefit of 3D printing 

in this case is that the optimization of the experimental setup can tilt in more than one 

direction: the optical configuration can be optimized to the rest of the system rather than the 

rest of the system having to comport to the available optical components. Flexible optical 

applications like this are likely to become more common as 3D printing becomes more 

widespread in academic environments.

Electron beam-based 3D printing is another form of additive manufacturing that is used in 

varying forms to manufacture both macroscale115 and microscale116 objects and has recently 
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been applied to the design and fabrication of novel plasmonic structures. Winkler et al have 

used a custom direct printing technique based on focused electron beam induced deposition 

(FEBID) to print a range of nanoplasmonic architectures. Gold is the most commonly used 

plasmonic material, and it was used here to build up a range of designs with high plasmonic 

sensitivity.117 FEBID is applicable to many plasmonic materials, and has been used to 

manufacture silver and platinum plasmonic nanostructures.

Other groups have investigated plasmonic-type interactions with 3D-printed substrates in 

various ways. Pandey et al used polyjet to print a terahertz region waveguide that was then 

covered in a layer of deposited gold for plasmonic sensing.95 Lee et al used modeling to 

investigate the possibilities of using Fano resonance, a subtype of plasmonic response, on 

3D polymer substrates, and found that hollow dielectric resonators would be suitable 

components.118 In an intriguing coupling of 3D printing and plasmonic effects, Gupta et al 

used a custom printer setup to print core-shell spheres of poly(lactic-co-glycolic) acid 

(PLGA) that could be loaded with 25 nm diameter gold nanorods. The nanorods heat up 

upon laser exposure due to a strong localized surface plasmon resonance (LSPR) response. 

This thermal energy transfers to the polymer, bursting the spheres and selectively releasing a 

biomolecule payload that is monitored with fluorescence.119 More types of plasmonic 

interactions will be likely be applicable to 3D printing in the future as the technology further 

develops.

Structural components

In addition to the designing of optical components with 3D-printing, structural components 

can also be created to offer precise and complicated arrangements for conventional optical 

equipment. These pieces indicate the true flexibility and utility of 3D-printing in the lab, as 

any design can be aided in its implementation by fully-customized parts. One such example 

by Wang et al, coupled a 3D-printed platform with a smartphone for optical detection of 

herbicides. A prism array and mirrors are supported by a 3D printed structure that also 

provided the necessary black box for optical detection. The compact 3D printed black box 

was then applied as an optical sensor for the detection of herbicide 2,4-

dichlorophenoxyacetic acid. The assay functions based upon a competitive ELISA, and the 

blue color is produced from the HRP reaction. The blue color can be detected by the phone’s 

camera and results are comparable to that of a laboratory microplate reader.120 In a similar 

vein, Cevenini et al developed a toxicity biosensor based upon bioluminescent kidney cells. 

The cells were placed in 3D printed cartridges and placed into a 3D printed black box that 

was designed to attach cleanly to a phone. The phone could measure the bioluminescence 

which was proportional to the toxicity of the sample injected.121

Structures more akin to traditional microscopes can also be fabricated using 3D printed 

supports. A support was built for a digital holographic microscope (DHM), which is used in 

biological imaging and allows for the length and height of a cell to be measured. The 3D 

printed nature of the structure allows for the most compact instrument design to be made and 

quickly prototyped. This was applied by Javidi et al to detect sickle cell anemia in blood 

samples. Sickle cell anemia causes cells to become elongated because of a mutation in the 

hemoglobin, this can be seen using DHM.122
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Fluorescent microscopy can also be arranged with 3D printed structures. Pandey et al use 

total internal reflection fluorescence with a compact 3D printed arrangement to measure the 

fluorescence of model systems such as latex beads and mammalian cells. The 3D printed 

structure is designed to fold into itself, and the optical components can be freely exchanged 

to meet the needs of the system.123

Biosensing can also be applied to heavy metal detection through urease activity. However, 

problems arise as multiple heavy metal ions can activate the enzyme, which would disrupt 

the validity of a calibration curve. Similar to the previous examples, a 3D printed platform 

was designed that attached to a smartphone, whose camera was used as the 

spectrophotometer. The platform can even be attached to multiple phones based upon an 

adjustable hook system. The system was designed to house a standard glass cuvette for the 

measurements.124

Flow cytometry relies upon the advantages provided by glass when compared to 3D printed 

polymers, but integration of 3D printing can still be beneficial. The glass micropipette is 

properly aligned into the optical arrangement necessary for the flow cytometry 

measurements.125 As previously discussed, microfluidic chips are frequently designed by 

3D printing techniques, and Driesche et al made a 3D printed holder for a non-3D printed 

microfluidic chip. They combine the precision of silicon chips with the customizability of 

3D printing to take advantage of both. When low resolution is acceptable, 3D printing is the 

preferable method of fabrication because of its ease of use. In addition, the 3D printing 

allows for the platform to match the necessities of a variety of microfluidic chips. They take 

advantage of this and combine traditional glass or silicon chips and 3D printed holders with 

further integrated electrical systems and fluidic connections. Along with the fluid 

connectors, an integrated system for fluorescent measurement can be arranged to receive 

signal from the microfluidic chip.126

3D printed real time PCR devices can also be made. In this case, the individual components 

of the PCR, such as the thermocycler, were placed into a 3D printed structure with a custom-

made fluorescence optical setup (Figure 12). Real-time PCR or qPCR is advantageous 

because it allows for more quantitative results to be found compared to normal PCR. The 

compact qPCR facilitated by 3D printing could then be transported to countries where 

laboratory equipment is not available. The qPCR was validated by using an intercalating 

fluorescent dye, 6-FAM, that will allow for the fluorescence intensity to increase 

proportionally to the DNA amplicons. The 3D printed qPCR exhibited lower efficiency of 

79.10% compared to an 93.11% efficiency demonstrated by conventional qPCR. The authors 

attributed to unoptimized reaction conditions, and that with optimization it could be 

comparable.127

Optical Biomimetics

Biomimetics is a growing field that looks to replicate biological systems using non-

biological materials. Inherent difficulties with fabrication of biomimetics such as the 

specificity necessary to replicate a unique organism and expense of materials limits their 

usage. 3D-printed biomimetics is a promising field, as the nature of 3D-printing allows for 

rapid experimentation that couples effectively with the complexity of biological systems. 
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Similarly, 3D-printed materials can also easily be changed to better resemble biological 

systems. The materials used can be varied depending on the goals of the biological 

emulation. One example of this is in the creation of biological phantoms, full scale 3D-

printed replicates of a piece of anatomy.

One such neurovascular phantom was used to analyze the viability of near-IR fluorescence 

sensing in the human brain. The material used in the 3D-printing process optically replicates 

the complex human brain. Liu et al constructed a 3D image of a brain for use in 3D-printing 

based upon MRI images of a patient. The images were used to form a volumetric image with 

distinct tissue types. In the study, the grey matter, white matter, veins and arteries were 

focused on. The original 3D-printed phantoms required size modification of some 

vasculature to an average size of 1.7 mm, with a manufacturing resolution of 0.1 mm. The 

materials used were determined by matching testing the scattering of light through different 

slabs, and one was found to closely match the cerebral optical properties. Compared to a 

conventional rectangular phantom, the modeled brain phantom provides a better signal to 

noise ratio because the amount of material between the detector and the fluorophore was 

reduced. As shown in Figure 13, near-IR fluorescence can be seen through the phantom 

where the fluorophore was present in the vasculature.128

Whole organism phantoms can also be created to determine the effectiveness of deep tissue 

fluorescence. A mouse phantom was created by Bentz et al. Similar to other methods of 

changing the refractive index, they used a combination of the clear photopolymer and 

polystyrene beads that effectively could cloud the clear polymer and allow it to match the 

refractive index of whatever system was mimicked. To prove this concept can effectively 

replicate a biological system, a mouse phantom was created with cavities that represent what 

are the organs of a mouse. Frozen EGFP, a fluorescent protein, was placed in the brain cavity 

and was used to verify the biomimetic nature of the phantom via fluorescent optical 

diffusion tomography. Similar to the mouse phantom, a mouth phantom was also created that 

used the same fluorescent techniques to determine inhomogeneity in the tissue. This could 

be used to find ruptured blood vessels.129 Dempsey et al created an infant head phantom and 

utilized optical techniques to verify its capabilities as a replica for possible further use. 

However, the material used for the phantom created was homogenous throughout the 

system, limiting the biomimeticism.130

Diep et al looked to improve on this shortcoming and developed a dual printed phantom. The 

extruded filament either took advantage of dyes or TiO2 powders to modify the optical 

properties in different regions. The phantom which mimicked a real mouse with prostate 

tumor was found to have optical properties matching the real mouse, within 3%. The authors 

reported that improvements still need to be made, as the phantoms absorb more light in the 

visible range than their biological counterparts.131

A 3D printed tactile sensor was also developed by Ward-Cherrier et al. The so-called Tactip 

aims to replicate the tactile detection of a human finger. In the Tactip, the camera mount and 

the rigid part of the tip are 3D printed in addition they created a so-called 3D printed skin 

that was a flexible material that could be used for the sensor of the Tactip. These rigid tips 

act as pins that are printed onto flexible skin and serves as the active sensing surface. A 
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camera senses the movement of these pins depending upon the pressure that is applied. 

Because the sensing aspect and the holders can be printed it allows for complex features that 

would not normally be allowed to be created and accelerates the creation of new prototypes.
132

Biomimetic phantoms can be used to replicate other vasculature systems, which can then be 

used for other types of measurements, like the amount of oxygenation in blood, as presented 

by Lv et al. To properly mimic the optical properties of the tissue, they mixed TiO2 powder 

with the clear resin is to tune the refractive index and scattering properties of the phantom, in 

a similar fashion to Diep et al. Multispectral analysis is used to determine the oxygenation 

levels of blood in a retinal vascular phantom. This allows for a calibration curve to be made 

without the need of a patient.133

Along with phantoms, biomimetics allows for the creation of new optical structures based 

upon what is found in nature. Abid et al used angle-multiplexed optical printing to 3D-print 

an optical grating. The optical properties of these grating mimics that of a butterfly’s wings 

and creates a distinct color because of the polarization of the grating, as shown in Figure 

14.18 Though the grating was implemented in a biomimetic fashion here, the ability to 

manufacture a custom grating in-house would be of great benefit for many laboratories.

Conclusion and Outlook

The development of 3D printing has been an impactful event for analytical chemistry, and 

science at large. The number of papers published using 3D printing has grown exponentially 

each year as this technology has allowed for rapid method development and democratized 

the fabrication of mechanical components. 3D printing has even allowed for better products 

to be made than were logistically possible before with previous methods like PDMS 

molding, as most prominently observed with microfluidics. There are still many 

opportunities for improvement, including improving feature resolution and surface 

roughness, as well as increasing structural strength so that sacrificial support materials are 

not needed. The capability and overall ease of use, however, has been more than enough to 

clearly make 3D printing one of the dominant next-generation fabrication and development 

techniques for advancing bioanalysis.
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VOCABULARY

3D Printing Manufacturing method where two-dimensional layers or 

“slices” of an object are added sequentially according to a 

pre-determined pattern, building a total three-dimensional 

structure.

Optical Sensing Analysis method of a given target where the collected 

signal is comprised of photons.
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Rapid Prototyping Design method where successive iterations of a new 

product can be easily modified and remade, speeding up 

the design process.

Microfluidics The use of micrometer-scale channels and tubing through 

which to move fluid in order to drastically decrease the 

amount of fluid necessary for a given task.

Surface Plasmon A propagating wave along a surface that extends 

perpendicularly out into the adjacent medium that is incited 

by absorbing incident light; changes in the light absorbance 

give information about the conditions on the surface.

Biomimetics The manufacture of objects that resemble, in form or 

property, a biological structure.
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Figure 1. 
3D-Printing enables a wide range of applications for optical sensors. 3D-printing’s ability to 

prototype new designs effectively is effectively combined with a range of optical techniques.

Lambert et al. Page 27

ACS Sens. Author manuscript; available in PMC 2019 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Functional schemes of 3D printing technologies: (a) SLA, bath configuration; (b) SLA, bat 

configuration; (c) FDM; (d) Inkjet; (e) SLS; (f) LOM (Reprinted with permission from ref 2 

Copyright 2016 Royal Society of Chemistry).
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Figure 3. 
3D-printed microfluidic architectures. (a) Left: Schematic of ATP monitoring device that 

uses a luciferase reaction, where dual inlets are mixed and then detected in the reaction 

chamber. Right: photograph of actual SLA-printed device (Reprinted with permission from 

ref 42 Copyright 2018 Elsevier). (b) Schematic of 3D architecture that adds a second reagent 

after a preconcentration step (Reprinted with permission from ref 43 Copyright 2017 

Elsevier). (c) Helical 3D-printed separation chamber and (d) the corresponding actual object 

(Reprinted with permission from ref 62 Copyright 2017 Springer).
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Figure 4. 
3D-printed optical detection devices. (a) Colorimetric detection via Griess test, where each 

channel is a point in a standard addition curve, and (b) close-up of the mixing channel 

(Reprinted with permission from ref 51 Copyright 2014 American Chemical Society). (c) 

Integrated printed unit for colorimetric sensing with manual rotary pump and multiple valves 

for reagent reservoirs (Reprinted with permission from ref 52 Copyright 2016 American 

Chemical Society). (d) Schematic for sheath flow focusing apparatus for optical particle 

detection, and (e) images of actual device and (f) focusing junction (Reprinted with 

permission from ref 53 Copyright 2018 Elsevier).
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Figure 5. 
3D-printed detectors based on luminescence. (a) Schematic and (b) printed device of 

unibody chemiluminescent detector (Reprinted with permission from ref 54 Copyright 2017 

Royal Society of Chemistry). (c) 3D-printed module with two configurations: “up” (top), 

where multiple reservoirs that dispenses reagents into the lower chamber; and “down” 

(bottom), where the reagents wash down to the electrode array below for 

electrochemiluminescent detection (Reprinted with permission from ref 55 Copyright 2016 

Elsevier).
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Figure 6. 
Electronics-integrated 3D-printed analysis devices. (a) Automated ECL array for 

multiplexed detection with 3D-printed flow cell (Reprinted with permission from ref 56 

Copyright 2018 American Chemical Society) (b) Example microfluidic module integrated 

with a flexible system of electronic pump/actuators that are controlled by a “song” file on an 

audio device (from ref 58) (c) Smartphone accessory utilizing microfluidic isolation of 

concussion-linked exosomes for ELISA detection using the smartphone camera (Reprinted 

with permission from ref 60 Copyright 2016 Springer).
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Figure 7. 
3D-printed preconcentrators. (a) A conical concentration chamber separates MNP-

functionalized from blood, followed by ATP luminescence detection. (Reprinted with 

permission from ref 63 Copyright 2017 Elsevier) (b) The magnetic chamber here separates 

MNP-functionalized RNA into a secondary chamber for cDNA synthesis and PCR 

(Reprinted with permission from ref 65 Copyright 2014 Royal Society of Chemistry).
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Figure 8. 
3D-printed optics. (a) Microstructured free-form coupling elements fabricated with two-

photon polymerization (Reprinted with permission from ref 86 Copyright 2018 Springer). 

(b) Prism and lens assembly before (left) and after (right) post-processing resin coating step 

(Reprinted with permission from ref 90 Copyright 2016 Royal Society of Chemistry). (c) 

Printed and resin-coated mirror before (left) and after (right) metallization (Reprinted with 

permission from ref 91 Copyright 2018 Springer).
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Figure 9. 
3D-printed glass structures. (a) Final 2-step procedure of manufacture of fused silica glass 

from 3D-printed yellow scaffold mixture of HEMA and silica nanoparticles (Reprinted with 

permission from ref 103 Copyright 2017 Springer). (b) Printed glass doped with TiO2 to 

modify the refractive index. reservoirs (Reprinted with permission from ref 105 Copyright 

2018 Wiley).
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Figure 10. 
(a) Plasmonic Ag nanoparticles of varying size suspended in (b) a printable gel ink before 

3D printing into (c) an object of multiple plasmonic characteristics (Reprinted with 

permission from ref 110 Copyright 2017 Wiley).
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Figure 11. 
3D-printed prisms with plasmonic Au surfaces. (a) Equilateral prism just-printed (left), after 

polishing (middle), and after Au deposition (right). (b) SPR sensing scheme with cholera 

toxin and GM1 and (c) corresponding SPR sensorgram. (d) Dove prism used in single-axis 

SPR configuration and (e) AuNP growth on dove prism. (Reprinted with permission from ref 

92 Copyright 2017 American Chemical Society).
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Figure 12. 
(a) A representative cross section of the 3D printed PCR thermocycler, demonstrating the 

size and position of the parts and (b) a photograph of the instrument. (Reprinted with 

permission from ref 127 Copyright 2018 American Chemical Society).
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Figure 13. 
The fluorescence image overlayed onto the image of the 3D printed biomimetic phantom. 

The phantom is filled with ICG (a,b,c) or IR800 (d,e,f) (Reprinted with permission from ref 

128 Copyright 2018 Optical Society of America).
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Figure 14. 
3D-printed diffraction grating. As the viewing angle changes, the color of the biomimetic 

butterfly’s wings will change color. (Reprinted with permission from ref 18 Copyright 2017 

Wiley).
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