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Abstract

Printing is a promising method to reduce the cost of fabricating biomedical devices. While there 

have been significant advancements in direct-write printing techniques, non-contact printing of 

biological reagents has been almost exclusively limited to inkjet printing. Motivated by this 

lacuna, this work investigated aerosol jet printing of biological reagents onto a nonfouling polymer 

brush to fabricate in vitro diagnostic (IVD) assays. The ultrasonication ink delivery process, which 

had previously been reported to damage DNA molecules, caused no degradation of printed 

proteins, allowing printing of a streptavidin-biotin binding assay with sub-nanogram mL−1 

analytical sensitivity. Furthermore, a carcinoembryogenic antigen (CEA) IVD was printed and 

found to have sensitivities in the clinically relevant range (limit of detection of approximately 0.5 

ng mL−1 and a dynamic range of approximately 3 orders of magnitude). Finally, the multi-material 

printing capabilities of the aerosol jet printer were demonstrated by printing silver nanowires and 

streptavidin as interconnected patterns in the same print job without removal of the substrate from 

the printer, which will facilitate the fabrication of mixed-material devices. As cost, versatility, and 

ink usage become more prominent factors in the development of IVDs, this work has shown that 

aerosol jet printing should become a more widely considered technique for fabrication.
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1. Introduction

Printing has emerged as a powerful approach to simplify and reduce the cost of fabricating a 

broad range of devices and sensors [1-6]. This is because it enables low-cost, mask-free 

device production that is attractive for rapid throughput manufacturing at a fraction of the 

cost of competing approaches. Within the biomedical sciences, printing has shown promise 

in the development of in vitro diagnostic (IVD) assays for sensing biological analytes of 

interest [7,8]. IVDs allow qualitative (yes/no) or quantitative assessment of biological 

analytes and play a central role in medical diagnostics [9,10], biomedical research [11-17], 
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and forensic science [18,19], among other fields. While there have been many exciting 

demonstrations of printed IVDs, the methods for printing biological inks for these sensors 

are limited and could benefit from improved versatility for ease of incorporation with 

electrical components for the development of fully integrated electronic biosensors in the 

future.

To date, a mainstay approach to developing printable IVDs is inkjet printing (IJP). IJP has 

been used to fabricate microarrays for proteomics and genomics, as well as the widely used 

lateral flow immunoassay for point-of-care diagnostic testing [20-26]. In more recent work, 

immunoassays were fabricated using IJP to spot antibody (Ab) microarrays directly onto 

planar surfaces coated with a “nonfouling” (protein- and cell-resistant) polymer film 

comprising poly (oligo(ethylene glycol) methacrylate) (POEGMA) brushes [27,28]. The 

POEGMA brush exhibits extremely low levels of non-specific protein adsorption [29], 

which is typically the largest source of “noise” in surface-based protein assays, so that 

assays on POEGMA can exhibit an extremely low limit of detection (LOD). [30] The use of 

IJP was highly effective in embedding antibodies into the dry brush for noncovalent 

immobilization with two additional desirable attributes. First, despite the noncovalent 

immobilization of antibodies, subsequent exposure of the antibodies to whiole blood, plasma 

or serum does not dissolve the printed antibodies. Second, embedding the antibodies into the 

POEGMA brush protects the antibodies from denaturation so that printed chips can be 

stored at room temperature for months without refrigeration.

While clearly a very useful printing technique, a major drawback to IJP is its constraint to 

printing inks within a narrow range of viscosities and densities. The ability to print a broader 

range of not only biological inks as biorecognition elements but also non-biological inks 

(e.g. metals, semiconductors, dielectrics, etc.) as complex sensing elements is desirable as 

the field of printable biosensors continues to evolve.

Aerosol jet printing (AJP) is a relatively new method of printing that overcomes some of the 

constraints of IJP and has been used for the low-cost printing of electronics [26-30], 

including sensors [36-39] (Figure 1A). AJP functions via the aerosolization of ink by 

ultrasonication (u-AJP) or pneumatic pressure (p-AJP). A schematic of u-AJP can be seen in 

Figure 1B, with a magnified view of how a sheeth of inert gas guides the aerosolized ink out 

of the nozzle, helping to prevent clogging. There are numerous benefits to AJP over IJP for 

device fabrication, including the ability to print inks with a wide range of viscosities, greater 

ease with printing on non-planar surfaces [40], printing high aspect ratio materials [41], and 

the deposition of smaller volumes [42]. Previous reports demonstrate the utility and 

versatility of AJP by fabricating complex transistor devices via a low-temperature printing 

process [32], developing a flexible pressure sensing array [38], and the creation of organic 

solar cells [43]. Yet, despite the considerable effort invested in applying AJP towards 

fabricating electronic devices, to date it has been underutilized for the deposition of 

biological inks, and moreover for biosensor fabrication.

Electronic devices have typically been fabricated by u-AJP rather than p-AJP. However, the 

limited studies available for biologics have focused on p-AJP. This is because u-AJP was 

presumed to be problematic for the printing of biological materials given prior evidence that 
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the ultrasonication process denatured DNA and thus denatured all larger molecules 

containing DNA [44]. Unfortunately, compared to ultrasonic delivery, pneumatic delivery 

requires a considerably larger ink volume and has a larger minimum print size. Pneumatic 

AJP is hence potentially problematic for production of biosensors because the most 

expensive elements of biological assays are typically the biorecognition elements (e.g. 

antibodies). In addition, while u-AJP may be damaging to DNA, there is no evidence that 

this is true for other biological inks. As the vast majority of solution fabricated biosensors 

use antibodies and enzymes as the recognition element, investigating DNA leaves an 

incomplete picture and potentially limits further development. Given the limitations of the 

IJP process, the ability to print proteins with u-AJP could pave the way for novel platforms 

for low cost proteomic and immunoassay applications that fully integrate biological and 

electronic components.

Motivated by these limitations of IJP and p-AJP, this study investigates the use of u-AJP to 

print proteins and other non-biological sensor elements. Ultrasonic AJP printing was carried 

out on POEGMA-coated substrates to facilitate noncovalent immobilization of protein inks 

and to reduce nonspecific protein adsorption on the surface. To do so, first the functionality 

of ultrasonically delivered streptavidin was confirmed by validating its specific binding to its 

ligand — biotin. Next, u-AJP was used to fabricate an immunoassay against 

carcinoembryogenic antigen (CEA), a clinically relevant biomarker associated with 

gastrointestinal malignancies that performed within the clinically relevant range for limit of 

detection. Finally, u-AJP was used to print non-biological elements (silver nanowires) during 

the same print job as biolgical elements (cy5-streptavidin). These results draw attention to u-

AJP as an effective tool for multimaterial printing of biological and non-biological materials 

on the same surface. Taken together, these findings are relevant to applications requiring 

controlled deposition of biological materials and for the development of next-generation 

IVDs requiring precise control over biological/non-biological interfaces.

2. Methods

2.1 POEGMA polymerization on glass substrates

The synthesis of the polymer brush films (POEGMA) on glass substrates is described in 

detail elsewhere [45]. In brief, glass substrates (Schott Nexterion Glass B; Elmsford, NY) 

were incubated in a 10% (v/v) 3-aminopropyltriethoxysilane (APTES) solution in ethanol 

(Gelest, Inc.; Morrisville, PA) overnight. After rinsing in ethanol and then water, substrate 

were spun dry (150 rcf) and then cured in an oven for approximately 2 h at 120°C and then 

stored at room temperature. Next, substrates were placed in a dichloromethane (DCM) 

solution containing 1% trimethylamine and 1% alpha-bromoisobutyryl bromide (Sigma-

Aldrich; St. Louis, MO) for 30 min under continuous stirring. Chips were cleaned by serial 

rinses in fresh DCM, ethanol, and then water. A polymerization solution was next prepared 

by adding 30 mg of copper(II) bromide, 50 μL of 1,1,4,7,10,10-

Hexamethyltriethylenetetramine (HMTETA), and 75 grams of poly(ethylene glycol) methyl 

ether methacrylate monomer (MW ~300 Da) to 350 mL of water. This solution degassed by 

gently sparging under helium for 3 hours. Finally, 650 mg of sodium ascorbate was added to 

this degassed solution under an Argon environment and samples were immersed for 4 hours 
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in this polymerization solution. Substrates were then rinsed thoroughly in water, centrifuged 

dry, and then stored at room temperature. Thickness of polymer brush layers were 

characterized utilizing a M-88 spectroscopic reflective mode ellipsometer (J.A. Woollam 

Co; Lincoln, NE). Measurements were obtained at 65°, 70°, and 75° at wavelengths between 

400 and 800 nm and fit utilizing a Cauchy model.

2.2 Biological ink printing

Aerosol jet printing was performed on an AJ-300 printer (Optomec; Albuquerque, NM) 

equipped with a 100 μm nozzle. Unless otherwise noted, all inks were prepared at 0.20 mg 

mL−1 suspended in phosphate buffered serum (PBS). The printer was set with sheath gas, 

atomizer, and ultrasonic current of approximately 16 standard cubic centimeters per minute 

(SCCM), 16 SCCM, and 320 mA, respectively. Printing speed was maintained at 0.5 mm sec
−1 with a fixed platen temperature of 30°C to facilitate ink drying. All printing was 

performed under ambient room conditions. Cy5 conjugated bovine serum albumin (BSA) 

(Thermo Fisher Scientific, Waltham MA), streptavidin (Thermo Fischer Scientific; Waltham, 

MA), and anti-cancer embryogenic antigen antibody (anti-CEA) (Roche Holding AG; Basel, 

Switzerland) inks were printed by AJP. IJ printing was performed utilizing a non-contact 

sciFLEXARRAYER S11 printer (Scienion, Inc.; Berlin, Germany). Printing was performed 

in a cleanroom setting with the same inks used for AJ printing.

2.3. Fluorescent imaging

Fluorescence imaging of Cy5 and Alexa Fluor 488 labels was performed with an Axon 

Genepix 4400 tabletop scanner (Molecular Devices, LLC; San Jose, CA). Spot intensities 

were measured and analyzed by ImageJ Fiji. Data were plotted with Graphpad Prism 

(Graphpad Software Inc.; La Jolla, CA).

2.4. Protein adhesion and overspray calculation

POEGMA-coated substrates with spots of printed Cy5-BSA were serially washed and 

sonicated (Crest Ultrasonics CP230D – Peak power 160W with an average power of 80 W) 

in deionized water to assess protein surface immobilization. Extent of protein retention 

following each treatment was assessed via fluorescent imaging of chips compared to 

baseline intensities. Overspray area was assessed and compared to printed area to calculate 

an overspray ratio (OR), defined as OR = (Areaoverspray/Areafeature) [46]. Overspray and 

feature areas were determined via ImageJ Fiji software with pixel distance fixed at 2.5 μm.

2.5. Streptavidin-biotin binding studies

Cy5-streptavidin (ThermoFisher Scientific, Waltham, MA) was printed by u-AJP or IJP onto 

POEGMA-coated glass samples. Following printing, substrates were gently cured at 30°C 

overnight to facilitate spot drying. Printed arrays were exposed to a dilution series of Alexa 

Fluor 488-labeled biotin spiked in fetal bovine serum (FBS) and incubated under gentle 

orbital agitation for 1 h. Following incubation, chips were rinsed in 0.1% Tween-20/PBS 

wash buffer and subsequently spun dry with a slide centrifuge (Labnet, Edison, NJ) for 15 

secs.
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2.6. Sandwich immunoassays

Anti-CEA immunoassays were fabricated by either AJ or IJ printing onto POEGMA-coated 

glass substrates. Anti-CEA capture and detection antibody pairs were selected according to 

the manufacturer’s guidelines (Roche Holding AG; Basel, Switzerland). Immunoassays were 

incubated with a dilution series of spiked CEA antigen (BiosPacific, Inc.; Emeryville, CA) 

in FBS for 1 h on continuous orbital rotation. Following incubation, the arrays were briefly 

washed in 0.1% (v/v)Tween-20/PBS wash buffer and spun dry. Next, chips were incubated 

with 100 μL of 5 μg mL−1 Cy5-labeled detection antibody (dAB) in PBS with BSA (1% 

(w/v)) for 1 h under similar orbital agitation. Antibody-fluorophore conjugation was 

performed utilizing an Alexa Fluor 647 antibody labelling kit (Molecular Probes; Eugene, 

OR). Following incubation, chips were washed one more time utilizing the same methods as 

before.

2.7. Silver nanowire ink printing

Silver nanowire inks were synthesized using the polyol process reported in Ref [47]. Briefly, 

160 mL of ethylene glycol (EG) (J.T. Baker, USA) was heated to 150 °C in a round-bottom 

flask for 1 hour. Four solutions were then made: (1) 0.257 g NaCl (Fischer Scientific) in 20 

mL EG, (2) 0.08 g of Fe(NO3)3 (Sigma Aldrich, USA), (3) 1.05 g polyvinylpyrrolidone in 

25 mL EG, and (4) 1.05 g silver nitrate (Fischer Scientific, USA) in 25 mL EG. Next, 0.2 

mL of solution 1, 0.1 mL of solution 2, 20.76 mL of solution 3, and 20.76 mL of solution 4 

were added in 30 second increments to the preheated 500 mL flask. The solution was stirred 

at 250 RPM for 1 h. After the synthesis, the silver nanowires were washed twice in acetone 

(VWR, USA) and once in deionized water. The silver nanowires were then suspended in 

water at a concentration of 10 mg mL−1 and 0.1% v/v hydroxypropyl methylcellulose 

(HPMC) was added to enhance the viscosity and surface tension of the ink. The silver 

nanowire ink was printed using an AJ printer with an ultrasonic current of 350 mA, an 

atomizer flow of 35 SCCM, and a sheath flow of 25 SCCM. A 200 μm nozzle was selected, 

and the printed platen was set at 30°C to match the temperature at which the biological ink 

were printed.

2.8 Scanning electron microscopy (SEM)

SEM was performed using an Apreo S (ThermoFisher Scientific, USA). An accelerating 

voltage of 2 kV and an emission current of 25 pA was used. To reduce charging effects, 

samples were electrically grounded with copper tape.

3. Results

3.1. AJ printing feasibility and resolution

The ability of u-AJP to deposit biological inks onto POEGMA-coated planar surfaces was 

first characterized by using fluorescence imaging of printed Cy5-labeled BSA (Cy5-BSA) as 

a model protein. We investigated the well-known tendency in AJP for small droplets of ink 

to deviate from the intended print line (known as “overspray”), caused by errant aerosolized 

droplets that are not fully contained by the sheath flow, which can adversely affect printer 

resolution. To evaluate the overspray of Cy5-BSA by u-AJP, squares and circles of 
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sequentially smaller sizes were printed onto a POEGMA surface as shown in Figure 1C. 

Both the square and circular features retained sharp feature definition at side lengths down to 

100 μm, while the edges of the squares began to lose definition below the 100 μm limit. To 

quantitate printer overspray, a so-called “overspray ratio” for circles was calculated by 

dividing the area enclosed in the overspray by the area of the printed shape, OR = 

(Areaoverspray/Areafeature), adapted from [48]. As shown in Figure 1D, for large printed sizes 

(>500 μm) the overspray was negligible in comparison to the size of the printed shape; 

however, as the printed surface area decreased, the overspray ratio increased in an inverse 

power relationship. At a resolution below 50 μm, the overspray area is of similar size to the 

print itself, leading to reduced fidelity in printed features. To avoid the possibility of 

bridging the small gap with overspray deposition, a small gap of at least 20 μm between 

printed features is hence necessary.

However, for prints with a larger spacing between features (e.g. IVDs), large separation with 

almost no overspray between printed spots can be observed. As seen in the high 

magnification image and intensity profile of Figure S1, fluorescence intensity decreases over 

a small distance outside the intended printed area for a 20 μm spot size, with almost no 

fluorescence observed at a distance of 10 μm from the intended print. This overspray area 

contributes a minimal fluorescence intensity and contributes to < 20% of the overall 

fluorescence intensity, suggesting that a minimal volume of ink is lost to overspray. 

Although overspray results in lower fidelity for printing small, complex structures with a 

line spacing of less than 20 μm, protein microarrays or IVDs typically utilize feature sizes > 

50 μm [49-52], and in this size regime the overspray intrinsic to AJP should not negatively 

affect the performance of the printed assay. Additionally, the utilization of an appropriate 

printing surface that is well-suited for noncovalent immobilization of printed proteins with 

minimal background noise is pivotal [28]. As highlighted in Figure S2, at a high enough ink 

concentration (0.2 mg/mL) POEGMA coated surfaces retain reagents delivered by u-AJP as 

demonstrated with maintained fluorescence after increasingly energetic rinsing steps.

3.2. Binding of biotin to ultrasonically deposited streptavidin

The ability of u-AJP to be used for microarray and IVD applications was next investigated. 

To test retention of protein function after u-AJP printing, streptavidin was selected as a 

model protein because it has a high affinity for biotin — a small molecule ligand — only in 

its folded state, and the ability of streptavidin to bind biotin is hence a good test of the 

retention of protein structure and function after u-AJP printing. As shown in Figure 2, spots 

of Cy5-streptavidin were printed by u-AJP at a concentration of 0.2 mg mL−1 onto 

POEGMA-coated glass to serve as surface-immobilized capture reagents. These samples 

were then exposed to a dilution series of AlexaFluor 488-tagged biotin (AF488- biotin) to 

generate dose-response curves to analyse assay performance.

A representative fluorescence image of Cy5-streptavidin capture spots printed by u-AJP is 

shown in Figure 3A (red channel), along with the fluorescence response of these spots 

following incubation with either: 1) PBS spiked with AF488-biotin or 2) PBS (blue 

channel). The binding of AF488-biotin localized to capture spots in samples fabricated by u-

AJP suggests preservation of streptavidin bioactivity under the ultrasonication settings used 
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here. Outside the capture spots, very low background fluorescence levels are observed, 

which is consistent with the lack of nonspecific binding AF488-biotin to the surface. (Figure 

S3). Full dose-response curves for u-AJP are shown in Figure 3B and demonstrate a LOD of 

0.22 ng mL−1 for biotin-streptavidin binding and a dynamic range of more than 3 orders of 

magnitude.

Given the importance of the minimization of ink usage, the effect of spot sizes on dose-

response parameters were next investigated. As can be observed from the representative 2D 

and 3D profiles of spots in Figure 3C, the minimum achievable spot diameter with a 100 μm 

nozzle for u-AJP was 22 μm, whereas the baseline spot has a diameter of 130 μm. This 

droplet miniaturization corresponds to a significant 35-fold decrease in aerosolized volume, 

which would lead to a dramatic reduction in antibody usage and hence cost. An image of a 

printed streptavidin array at multiple levels of magnification can be seen in Figure S4. The 

spots have a uniform profile without considerable fluorescence intensity outside of the 

intended spot area. Under these conditions, the dose-response curve for the 22 μm spots 

exhibit a LOD of 12.2 ng mL−1, an ~1.5 log dynamic range (DR) from ~10 ng mL−1 to 400 

ng mL−1 (Figure 3B) and an identical maximum fluorescence intensity at the highest biotin-

AF488 concentrations as the larger spot with a diameter of 130 μm.

3.3. Sandwich immunoassay against CEA via u-AJP of Ab microarrays

Next, the functionality of u-AJP compared to IJP was investigated via the fabrication of 

antibody-based microarrays to detect carcinoembryonic antigen (CEA), a clinically relevant 

serum tumour marker commonly associated with gastrointestinal malignancies [53], CEA 

has a diagnostic cutoff ranging from ~5–20 ng mL−1, and these values are typically 

measured in the clinical laboratory by enzyme linked immunosorbent assay (ELISA). For 

these experiments, microspots of anti-CEA capture antibodies were printed by either u-AJP 

(Figure 4A) or IJP (Figure 4B), both with spot sizes of ~130 μm. The assay fabrication 

process flow is illustrated in Figure S5. Ab microarrays were exposed to undiluted calf 

serum spiked with varying amounts of CEA, washed, and then labelled with an anti-CEA 

detection Ab. The data show that immunoassays fabricated by IJP and u-AJP (Figures 4C) 

had similar LODs and dynamic ranges, with a LOD in the sub-nanogram mL−1 range (552 

pg mL−1 and 412 pg mL−1, respectively), and with a dynamic range of ~3 orders of 

magnitude. Representative fluorescence images of high, medium, and low concentrations of 

CEA antigen are shown in Figure 4D. These results show that antibodies deposited by u-AJP 

maintained binding functionality with similar sensitivities and overall performance as 

antibodies deposited by IJP.

3.4. Mixed-Material Printing

Ultrasonic AJP has been used extensively for the deposition of materials for electrical 

devices [33-35,38]. Having shown that u-AJP also enables printing of biological inks, the 

flexibility of u-AJP to print complex structures comprised of both biological reagents and 

electrically conductive materials in an integrated manner was next investigated. This has the 

potential to reduce the logistical burden and overhead cost of next-generation electronic 

biosensor fabrication due to the reduction of required sample transfer from one fabrication 

process to another. u-AJP is uniquely suited for this in-place biosensor printing due to its 
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ability to print complex structures without removal of the sample from the printer platen [32] 

as well as its ability to print conductive traces at room temperature [41].

To demonstrate the printing of multi-material structures, the logo of the Duke University 

Chapel was printed with both silver nanowires and Cy5-streptavidin (Figures 5A-B). The 

windows of the chapel were first printed with Cy5-streptavidin; then, without removal of the 

substrate from the printer platen, conductive traces were printed at room temperature from 

high aspect ratio silver nanowires, a material known to be challenging to print by IJP due to 

clogging issues [54]. The fluorescent image in Figure 5B shows the distinct boundary 

between the Cy5-streptavidin regions and the conductive nanowires.

A higher resolution analysis of the interface between the streptavidin and nanowires was 

carried out by scanning electron microscopy (SEM) (Figure 5C-E). The order of the print 

process has an impact on the definition of these boundaries, as seen in the fluorescence 

image in Figure S6 where the inks were printed in reverse order. When printed after the 

silver nanowires, the biological ink diffuses into the nanowire region, increasing the 

fluorescence area and decreasing the stark printing boundary distinction. This is either due 

to capillary action or diffusion of compatible solvents between the nanowires and 

streptavidin.

4. Discussion

The ability of AJP to print a broader range of ink viscosities and nanoscale morphologies 

than IJP has been explored in this work. To date, AJP has almost exclusively been used for 

the development of electrically conductive films and devices with some distinct 

advancements in the versatility of the print process. These include recent reports that AJP 

enables the printing of inks composed of relatively large, conductive nanostructures at room 

temperature [41], and the use of AJP to print functional electronic devices without removing 

the substrate from the printer [32]. The realization of printing proteins with AJP in this work 

further expands its capabilities and opens the way for more complex devices that integrate 

biological and non-biological elements to be realized. While it may be true that u-AJP 

destroys DNA, as demonstrated in Ref [44], the finding that exposure to ultrasonic energy in 

u-AJP does not denature the biofunctionality of proteins is a significant advancement, 

especially considering the previously held assumption that such a process is generally 

incompatible with biological reagents. Hence, this discovery opens a new avenue for 

biosensor fabrication, allowing for the deposition of a broad range of biological inks.

As demonstrated herein, u-AJP enables the rapid and simple fabrication of IVD assays with 

sub-ng mL−1 LOD. These results will likely extend to any analyte for which an established 

Ab pair is available. The LOD is well within the clinically relevant concentrations for 

various biomarkers, including prostate specific antigen (PSA) [55], creatine-kinase muscle/

brain (CK-MB) [56], and leptin [57]. This indicates that the deposition of biomarkers with 

u-AJP onto POEGMA-coated surfaces could be broadly applicable as a general platform for 

highly sensitive IVD assays.
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Given the high cost associated with antibodies, there is a desire to decrease the total printed 

volume while maintaining the sensitivity of an IVD assay [58]. One significant drawback of 

AJP is the high volume of ink required for printing with the ultrasonic atomizer (500-1000 

μL) as compared to the volume required to fill an IJP well (as low as 10 μL). This potentially 

could limit the development of IVD assays with an AJ printer; however, given the relatively 

low levels of damage associated with the ultrasonication, there is strong evidence that the 

ink in the atomizer can be retained for further use, decreasing the waste associated with the 

printing process. In addition, this issue will decrease in relevance as this process is scaled 

up.

In tandem, reduction of the printed volume is desirable for fabrication of low-cost 

biosensors. This work demonstrates the ability to fabricate an IVD assay via u-AJP with 

minimal printed biological ink volume; although, the LOD did increase from sub-ng mL−1 

to 10 ng mL−1 with a decreased DR. Hence, for scaled production of assays, print volumes 

can likely be adjusted to balance the required sensitivity (depending on the application) 

versus the amount of protein ink that is consumed. For highly sensitive assays, larger spot 

size may be required in order to maintain the sub-nanogram sensitivity; however, with 

cancer markers (such as CEA) where the diseased state presents with an elevated marker 

concentration, highly sensitive assays are not required. Future research on the reduction of 

printed ink volume should explore this relationship further to optimize the droplet volume 

for a total reduction in ink usage while maintaining a sufficiently low LOD.

In addition to fabricating IVD assays with minimal Ab ink usage, AJP also allows printing 

of more complex devices and structures. The ability for multi-material printing that is 

facilitated by the ultrasonication and protective sheath flow intrinsic to u-AJP enables the 

deposition of a wide variety of materials. The demonstration of printing electrically 

conductive silver nanowires with biologically active Cy5-streptavidin in a single, print-in-

place process is evidence of this multi-material printing capability. With the growing interest 

in realizing IVD assays with electrically transduced detection of binding events, [59-65] 

having a printing approach for both electrical and biological inks is a significant boon.

5. Conclusion

The ability to use u-AJP to print functional biological reagents into arbitrary and scalable 

shapes has been demonstrated. While previous studies suggested that ultrasonication may be 

damaging to biomolecules, based on DNA damage from u-AJP, no indication of damage to 

protein reagents was observed. Highly sensitive immunoassays were printed via the 

ultrasonic atomization mode of an aerosol jet printer onto POEGMA-coated substrates, 

showing that the printed biological inks retained their biofunctionality. These biosensors 

exhibited sensitivities in the pg mL−1 range, which was consistent with comparable 

biosensors printed with an inkjet printer – further evidence that the u-AJP process is 

compatible with protein inks. Finally, to demonstrate the flexibility of u-AJP, both 

conductive traces as well as biological materials were printed on the same printer without 

removal of the substrate from the platen. As cost, throughput, versatility, and ink usage 

become more prominent factors in the development of IVD assays, AJP should become a 

Williams et al. Page 9

Biofabrication. Author manuscript; available in PMC 2020 February 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



more widely considered technique for fabrication of devices that integrate biological and 

non-biological elements.
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Figure 1: 
Aerosol jet printed biological ink. A) Optomec Aerosol Jet 300 printer used in this work. B) 

Schematic representation of ultrasonic atomization Aerosol Jet Printing (u-AJP), with a 

magnified view of the printer head. C) Fluorescence images showing intensities for squares 

and circles of printed Cy-5 labelled BSA, captured under 647 nm light before (top) and after 

(bottom) sonication. D) Overspray ratio of the aerosol jet printed shapes as a function of 

printed feature size.
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Figure 2. 
Approach to IVD fabrication and testing. A) Schematic process flow: Cy5-streptavidin 

printed onto POEGMA-coated glass slides using u-AJP. Deposition dried overnight at 30°C, 

then incubated in a dilution series of AF488-biotin and rinsed in 0.1% Tween-20/PBS then 

dried by centrifugation for 10 seconds. Binding event of AF488-biotin to Cy5-streptavidin is 

characterized by fluorescence. A representative florescent image and cartoon of the 

fluorescent intensity from a printed feature that is blank (B) and one with significant binding 

events (C).
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Figure 3: 
Confirmation of preserved biofunctionality following u-AJP printing and comparison of 

large and small spot sizes using streptavidin-biotin assay. A) i. Printed spots of Cy5-

streptavidin measured at 647 nm, then similar spots observed at 488 nm after: ii. treatment 

with FITC-conjugated biotin showing active binding, and iii. rinsing with PBS control 

without any biotin incubation. B) Dose-response curve from AJP-printed assay of 

streptavidin-biotin. Data represent average ± SD of 3 separately run assays. C) 3D (left) and 

2D (right) images of FITC-biotin-treated single spots from the AJP with a 22 μm (top) and 

130 μm diameter (bottom), imaged at 488 nm.
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Figure 4. 
Printed anti-CEA immunoassay comparing u-AJP to IJP. Photographs of (A) Optomec 

aerosol jet printer head and (B) Scienion inkjet printer head. C) Dose-response curves from 

u-AJ and IJ printed anti-CEA assays with a spot size of ~130 μm. Data represent average ± 

SD of 3 separately run assays. D) Characteristic fluorescence response of printed anti-CEA 

capture antibody against spiked CEA antigen concentration at high (top), middle (mid), and 

low (bottom) CEA concentrations.
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Figure 5. 
Mixed-material ultrasonic aerosol jet printing. A) Optical photograph of the Duke Chapel 

and “Duke” printed with silver nanowires, and the windows printed with Cy5-streptavidin. 

B) Fluorescence image (measured at 647 nm) of same print area showing the localized 

regions of printed biological ink. SEM images of C) the window region of the print and 

higher magnification views of D) the interface between the silver nanowires and streptavidin 

and E) the silver nanowires.
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