1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Lab Chip. Author manuscript; available in PMC 2018 January 31.

-, HHS Public Access
«

Published in final edited form as:
Lab Chip. 2017 January 31; 17(3): 484-489. d0i:10.1039/c61c01238h.

Automated 3D-Printed Unibody Immunoarray for
Chemiluminescence Detection of Cancer Biomarker Proteins

C. K. Tang?, A. Vaze?, and J. F. Rusling&b.c.d*

aDepartment of Chemistry, University of Connecticut, 55 North Eagleville Road, Storrs,
Connecticut 06269-3060, USA PInstitute of Materials Science, University of Connecticut, Storrs,
Connecticut 06269, USA °Dept. of Surgery, and Neag Cancer Center, UConn Health, 263
Farmington Av. Farmington, Connecticut 06030, USA 9School of Chemistry, National University of
Ireland at Galway, Ireland

Abstract

A low cost three-dimensional (3D) printed clear plastic microfluidic device was fabricated for fast,
low cost automated protein detection. The unibody device features three reagent reservoirs, an
efficient 3D network for passive mixing, and an optically transparent detection chamber housing a
glass capture antibody array for measuring chemiluminescence output with a CCD camera.
Sandwich type assays were built onto the glass arrays using a multi-labeled detection antibody-
polyHRP (HRP = horseradish peroxidase). Total assay time was ~30 min in a complete automated
assay employing a programmable syringe pump so that the protocol required minimal operator
intervention. The device was used for multiplexed detection of prostate cancer biomarker proteins
prostate specific antigen (PSA) and platelet factor 4 (PF-4). Detection limits of 0.5 pg mL~1 were
achieved for these proteins in diluted serum with log dynamic ranges of four orders of magnitude.
Good accuracy vs ELISA was validated by analyzing human serum samples. This prototype
device holds good promise for further development as a point-of-care cancer diagnostics tool.

Introduction

Three-dimensional (3D) printing is a simple, attractive route for prototyping and fabricating
bioanalytical devices that require many modifications along the road to optimization.
Fabrication of objects is typically achieved by uploading a computer-aid design (CAD) to
the printer, which will construct the desired object layer-by-layer based on “sliced” CAD
models.1-2 Recently, 3D printers have become relatively inexpensive due to advances in
technology and market competition. Researchers have applied these unique tools to develop
microfluidic devices without the need for high end lithography.2=4 While 3D-printer
resolution cannot yet rival that of lithography, perfectly functional microfluidic devices can
be developed rapidly due to 3D-pritning’s rapid prototyping capability.>:6.7
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Stereolithography (SLA) is a 3D printing method that provides low surface roughness® using
acrylate-based resin, an optical transparent plastic.® SLA prints objects using a laser or
digital light processing (DLP) projector to photocure liquid polymer precursor.1=3 A low
cost desktop 3D printer with ~300 um feature resolution can be used to fabricate highly
transparent devices after appropriate processing.*10 Fused deposition modeling (FDM) is an
alternative to SLA that print objects by forcing a molten thermoplastic through a heated
nozzle onto a moving platform. While the FDM generally cost less than SLA, SLA is
superior in terms of resolution, smoother surface finish, and the ability to print transparent
objects (Table S1).

Examples of analytical device fabrication by 3D printing? include devices for monitoring
metal ions,1! for cellphone-based food allergen and albumin assays,2:13 for bacteria
detection4, and for proteins.® We recently utilized a SLA printer to fabricate a clear plastic
flow sensor cell to measure DNA by electrochemiluminescence (ECL),10 and 3D-printed a
supercapacitor-powered electrochemiluminescent (ECL) immunoarray for multiplexed
detection of 3 cancer biomarker proteins at fg mL™1 levels.16

Elevated levels of proteins in blood have great potential as biomarkers for early cancer
detection and personalized therapy.1’-23 Enzyme-linked immunosorbent assays (ELISA)
have long served as the gold standard for clinical protein measurements.23:24 Newer
commercial techniques such as bead-based optical or electrochemiluminescent (ECL)
methods hold great promise for high throughput and multiplexed assays.2>~28 Simoa, an
advanced nanowell technology for protein detection, has sensitivity in the fg mL1 range.2°
However, reliable lower cost analytical devices are still needed for automated, multiplexed,
highly sensitive, and equipped with broad dynamic range for clinical protein detection.
Immunoarray devices have been reported that measure small numbers of proteins with
accuracy, reliability and in some cases automation.3%-3% We developed an amperometric
microfluidic system to measure up to four cancer biomarker proteins in serum down to levels
5 fg mL~1.36-38 We also developed ECL arrays with antibody-coated Ru(bpy)s2* doped
silica nanoparticles for ultrasensitive automated detection of up to four biomarker proteins as
well as 3D-printed gravity flow system.16 Nonetheless, further automation is needed to
decrease operator errors and simplify assay protocols while keeping overall cost low.

Detection by chemiluminescence (CL) is simple, low-cost technique offering exquisite
sensitivity without a light or power source.3940 CL signals can be generated by reaction of
luminol with hydrogen peroxide in the presence of a peroxidase enzyme. Realizing the
possibility to use a simple camera to measure output, the combination of CL with 3D-printed
microfluidic devices presents an opportunity for automated, multiplexed detection for cancer
biomarker proteins. 4142

In this paper, we use an inexpensive high definition 3D SLA printer to prototype and
fabricate an automated device to measure two proteins by simultaneous chemiluminescent
detection. Poly-L-lysine glass slides with immobilized capture antibodies were positioned
downstream from reagent reservoirs in the device to enable the sandwich immunoassays. We
achieved sub pg mL~1 detection limits for prostate cancer biomarker proteins platelet factor
4 (PF-4) and prostate specific antigen (PSA) in diluted calf serum with a wide dynamic
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range demonstrating good promise as a diagnostic tool for cancer screening in resource-
limited settings. Accuracy of the device was confirmed by comparison of assay results on
human patient serum samples with ELISA.

To our knowledge, this is the first report of non-PDMS 3D-printed channels with mixer and
detection chamber integrated into an unibody immunoarray to measure protein biomarkers.
The current system incorporates a reusable 3D-printed microfluidic device with sensitive CL
detection into a unique immuno-diagnostic tool for multiplexed detection at low cost. The
novelty lies in the integration of automated assay features in a valve-free, low cost device.
Such features are essential for future translation of multi-protein detection into the cancer
clinic. With appropriately spotted protein arrays, more than four proteins can be measured to
enable low cost multiplexed protein detection.

Experimental

Chemicals

Clear resin (GCPL02) was from Formlabs (Somerville, MA). Antibody pairs and protein
standards were obtained from Prostate specific antigen (PSA) DuoSet (catalog # DY 1344)
and platelet factor-4 (PF-4) DuoSet (catalog # DY795) from R&D Systems, Inc. Streptavidin
Poly-HRP and 1% casein was from Fitzgerald, Inc. Tween-20 was from Sigma Aldrich, Inc.
FemtoWest chemiluminescence reagent was from ThermoFisher. Immunoreagents were
dissolved in pH 7.4 PBS buffer (0.01 Min phosphate, 0.14 M NaCl, 2.7 mM KCI) unless
otherwise noted. Protein standards were prepared in 500x diluted calf serum. Single protein
ELISA kits for PSA (RAB0331) and PF-4 (RAB0402) were from Sigma Aldrich.16 Normal
patient serum sample was from Capital Biosciences, and prostate cancer patient serum
samples were provided by George Washington University Hospital.

3D-printed device fabrication

A desktop 3D stereolithographic printer, Formlab Form 1+, and clear transparent
methacrylate-based resin (FormLab GCPL02) was used to fabricate the fluidic device.
Computer aided design (CAD) was generated using the software 123D Design (AutoDesk)
and converted to 3D printer format (Figure 1). The model was imported into the Formlab
software, PreForm, where printer settings were optimized to add extra supports to eliminate
deformation. Layer heights were set to 50 um to balance print speed while maintaining
resolution. Uncured resin within the fluidic device was removed by forcing isopropanol
through the channels using a syringe equipped with 23-guage needle followed by
submerging the device in an isopropanol bath for 15 min on a shaker. Supports were snapped
off the device, which was then rinsed with water and dried. To enhance transparency, devices
were spray-coated with clear acrylic top coat (Krylon, Cleveland, OH).

Three reservoirs with volume 125 + 5 pL were printed, with equal volume empty chambers
in between to separate the solutions and prevent mixing. A 3D network passive mixer (210
+ 10 pL) was placed after the reservoirs. A 30 + 2 puL detection chamber with a serpentine
channel was located downstream. The detection chamber houses a poly-L-lysine coated
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glass slide decorated with capture antibodies. An open window was placed directly on top of
the PDMS base detection chamber for maximum light transmittance.

Antibody Array Fabrication

Capture antibodies (Aby) were diluted to 100 pg mL~1 from stock solution, and 1 L of the
respective antibody solution was then spotted onto the poly-L-lysine-coated glass slide using
a multichannel pipette with 4.5 mm centre-to-centre pitch spacing vertically and 2 mm
lateral spacing. After spotting, slides were incubated overnight in a humidity chamber at 4°C
allowing the antibodies to be immobilized onto the glass substrate. The protein arrays were
than rinsed with PBS and blocked with 1% casein in PBS for 1 hr to minimize non-specific
binding. Arrays were then washed with PBS and used immediately. Unused arrays were
stored at —20°C under vacuum for up to 14 days.

Sample and Reagent Loading

A mixture of 1:80 detection antibodies (Ab,) and 1:200 polyHRP diluted in PBS with 1%
casein and 0.05% Tween-20 from their respective stock solutions were premixed. and loaded
into reservoir 1 (Fig. 2). A wash buffer containing 0.5% casein and 0.05% Tween-20 in PBS
was loaded into the reservoir 2 (Fig. 2) followed by 1:1 mixture of the chemiluminescent
reagent in the reservoir 3 (Fig. 2). Then, 10 pL of a mixture of protein standards in 500-fold
diluted calf serum were pipetted into reservoir 1 previously loaded with antibodies and
polyHRP allowing the immuno-reagents to react with corresponding protein partner as the
mixture moves through the 3D mixer network. For patient serum samples, 2 pL of each
sample was first diluted 500-fold in PBS prior to loading into reservoir 1.

Assay Protocol

After the capture antibody array was placed within the detection chamber, a syringe pump
(Chemyx Fusion 400) was programmed through its touchscreen interface to follow a
sequence of start and stop flow and change in flow rates during different stages of the assay
(see Sl file for details).

Chemiluminescence Measurement

Results

Chemiluminescence (CL) measurements were obtained using a G:Box bioimaging system
and GeneSnap software (Syngene, Cambridge, U.K.). CL intensities for images captured by
the CCD camera were determined by integrating CL signal over the area of the individual
capture antibody spot using GeneTools software (Syngene, Cambridge, U.K.). CL images
obtained using the CCD camera were recolorized using ImageJ software.

Mixing Efficiency of the 3D-Printed Passive Mixing Network

Mixing was achieved by using an optimally configured three dimensional network of
channels by testing different geometries (planar and non-planar) of the channels (Figure S2,
ESI). Effective mixing of yellow and blue dyes was achieved when flow rates in the mixer
was set at 50 uL min~1 (Figure S3, ESI). There was a clear separation of the two dyes before
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entering the 3D mixer (circled in Fig. 2B) followed by complete mixing by the third turn in
the mixer as indicated by the formation of green-colored dye (red arrow, Fig. 2B, also see
Fig. S1, ESI). The mixture continued to mix throughout the entire length of the mixer
network until it reaches the detection chamber.

Stability of the Capture Antibody Array

The stability of the capture antibody array prepared as described above was tested by storing
the arrays at —20°C under vacuum after blocking with 1% casein and dried under gentle No.
The CL responses generated for 50 pg mL~1 of PSA and PF4 antigen standards in 500x
diluted calf serum were monitored over 2 weeks. The arrays were found to be stable with
minimal change in signals after 2 weeks (Fig. S4, ESI).

Assay Development

The entire assay protocol was automated using a programmable syringe pump once reagents
were loaded into their respective reservoirs. The device was placed into a G:Box bioimaging
system equipped with a CCD camera.. The syringe pump was started at 50 L min=2 forcing
the immuno-reagents to enter the 3D network mixer and allow antibodies to capture their
respective specific antigen and also bind to the polyHRP label. After 6.5 min inside the
mixer and delivery to the detection chamber, the flow was stopped for 15 min to allow the
Aby-polyHRP-protein bioconjugates to be captured by capture antibodies (Ab;)
immobilized on the Ab;-patterned glass slide. Flow was resumed after the incubation,
flowing wash buffer to remove excess reagents, followed by introduction of the
chemiluminescent (CL) reagent. The CL image of the protein array within the detection
chamber was then recorded by integrated CCD camera measurement for 60 s immediately
after the detection chamber was filled with CL reagent (Figure S5, ESI). The entire assay
takes 30 min with the ability to scale up with multiple devices running concurrently. The
device was rinsed with 0.05% Tween-20 in PBS and PBS before drying with air using a
syringe to eliminate sample carry over and any non-specific binding before the next run.
Detection limits of 0.5 pg mL™ (as 3SD + control) were achieved for PSA and PF-4. A wide
dynamic range of 4 orders of log concentration between 0.5 pg mL~1 to 10 ng mL1 for
PF-4 and 0.5 pg mL™1 to 5 ng mL~1 for PSA, which eliminate the need of multiple serial
dilutions (Figure 3).

Validation of Accuracy

Three serum samples from prostate cancer patients and one serum sample from a cancer-free
patient were analyzed and compared with results from single-protein ELISA (Figure S6,
ESI). These samples were diluted 500-fold in PBS to bring the CL response into the linear
dynamic ranges of the calibrations. Concentrations of PF-4 and PSA were found to be within
the detection limits of their respective ELISAS. Linear correlation plots of the ELISA vs.
immunoarray data gave slopes of 1.10 £ 0.13 for PSA and 0.95 + 0.10 for PF-4. Intercepts of
these plots were near zero, i.e. —0.05 £ 0.60 for PSA and 0.00 + 0.05 for PF-4 (Figure 4).
These results demonstrate excellent correlation of the automated CL array assay with
standard ELISA while confirming the high selectivity and specificity of the assay for the two
proteins in the presence of the hundreds of other proteins in human serum.*3
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Discussion

Results above show that stereolithographic 3D printing represents an excellent method for
rapid prototyping, optimizing, and fabricating all-in-one unibody microfluidic
immunoarrays with three dimensional features. When combined with an easily prepared
immunoarray slide enabling chemiluminescent detection, the 3D-printed immunoarray
measured two proteins simultaneously in an automated fashion when interfaced with a
programmable syringe pump. The 3D-printed device is fully reusable, and the
programmable pump controls the flow of reagents within device, allowing the automated
addition of the necessary reagents into the detection chamber. Utilizing the pump’s
touchscreen interface, the start and stop of flow can be timed in accordance to user’s
specifications. Flow rates can also be programed to control the mixing speed within the 3D
mixer to control the time to complete the assay.

Assay time was ~30 min starting from the time serum protein samples are loaded until the
chemiluminescent signal was captured by the CCD camera. Good reproducibility was found
between different arrays for protein standards with RSD < + 8% for the 2-proteins detection.
Loading of reagents into the reservoirs can be done using inexpensive disposable fixed
volume pipettes capable of precisely delivering pL volumes. The automated CL
immunoarray presented here costs less and is capable of performing multiplexed detection in
less time with similar or better analytical performance in comparison to traditional ELISA
(Table S2).

PSA is clinically used as a serum biomarker for prostate cancer and has been used as an
early screening tool.** A serum PSA concentration of 4-10 ng mL~1 suggests the possibility
of early stage prostate cancer, while normal levels are typically 0.5-2 ng mL~1 and late stage
prostate cancer is characterized by values above 100 ng mL~1.45 However, serum PSA test
has prediction success of ~70% since PSA levels can be elevated in several benign prostate
diseases.*8 Therefore, it has been recommended to measure a panel of several biomarkers to
improve the predictive power of serum protein tests and provide information for therapeutic
monitoring.2347 PF-4 is another useful protein marker that is elevated in invasive and
metastatic prostate cancer with normal serum level of 2-10 ng mL~1 and much higher levels
in prostate cancer patients..8:49 Detection limits of 0.5 pg mL~1 for both PSA and PF4 with
dynamic ranges from 0.5 pg mL~1 to 5-10 ng mL~1, make the immunoarray relevant to
clinical ranges of both these proteins after 500-fold dilution, eliminating the need for serial
dilutions.

A major advantage of 3D-printing is its ability to construct three dimensional features within
the device in an unibody design. This allows the fluidic device to maintain channel integrity
and eliminates leaking as compared to multi-layer devices that can suffer from leakage if not
properly assembled. For the device we describe here, flow rates as high as 1000 pL min~1
were achieved without any leakage. Reproducibility of reservoir volumes of 125 + 10 uL
suggests that some uncured photopolymer resin might have been left within the channels
even after vigorous removal by flowing isopropyl alcohol with a syringe pump for 1 min and
curing on a shaker table while submersed in isopropyl alcohol for additional 15 min.1050 To
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eliminate volume errors, a calibrated pipette was used to load the reservoirs with precise
volumes of diluted sample and reagents.

A major challenge in designing microfluidic devices for immuno-diagnostics is efficient
mixing in microchannels to promote necessary reaction of the immuno-reagents.51-53 It is
essential to design microfluidic devices that enable turbulent mixing, while maintaining
overall small dimensions to realize the benefits of miniaturization. Turbulent mixing can be
achieved actively or passively. Typically, active mixing strategies are implemented by
stirring or agitation of the fluids using external forces such as acoustic waves, electric field,
and heat, within the microfluidic device.>2 However, these mixing methods require
additional parts that increase cost and size of the devices. Passive mixers promote mixing by
moving fluids through specified microchannel designs and are more suitable for integrated
diagnostics since they require no additional energy or moving parts. In this paper, a passive
mixer consisting of three-dimensional serpentine structures was integrated into the
microfluidic device to promote turbulent mixing of immuno-reagents. As compared to
planar serpentine designs housed in the same dimension (20 x 31 x 10 mm), more than 3
times (31 turns vs 96 turns) the number of turns and >3 times the length were incorporated,
ensuring efficient mixing of immuno-reagents before entering the detection chamber.

The 3D-printed CL microfluidic array is an excellent candidate for inexpensive, low cost
diagnostics in a low or moderate resource setting. The 3D-printed components cost ~$5.00
in materials. Considering these parts are reusable by replacing the antibody array with a
fresh one, a single immunoassay to measure two biomarker proteins costs ~$2.00 (~$0.33
per replicate) for the reagents including the antibody array. Furthermore, coupling of the
device with a microcontrolled micropump6 and a less expensive camera would further
miniaturize and automate this diagnostic tool for resource-limited settings.

Conclusions

Results above demonstrate the use of stereolithographic 3D-printing to prototype and
fabricate an all-in-one automated chemiluminescence immuno-device in an unibody fashion.
The overall assay cost for two biomarker proteins is ~$2.00 in assay time 30 min. While
other techniques for protein detection may offer competitive or better sensitivity and
detection limits1521-32.54.55 the CL immunoarray described here can provide fast quality
results at very low cost, which is crucial to future diagnostic applications of multiprotein
analyses in the clinic. Additional improvements such as microprocessor/micropump control,
data acquisition and reporting could lead to a low cost point-of-care device suitable for
widespread use in cancer diagnostics.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Model of 3D-printed unibody immunoarray for automated detection of cancer biomarker

proteins (AQ).
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CL viewing window
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Fig. 2.
Completed 3D-printed unibody CL immunoarray device. (A) Upstream reagent reservoirs

are separated by empty air chambers, followed by the 3D mixing network in the center and a
detection chamber downstream housing the antibody array. Blue dye solution indicates the
fluidic path of the device. (B) A modified 3D-printed device to demonstrate the mixing
ability of the passive 3D mixing network. The mixer contains with 96 0.8 mmx 0.8 mm x
0.8 mm 90° turns in a 2 cm x 3.5 cm space. Yellow and blue dyes were pumped at 50 pL
min~1 into the mixer network with solution mixing by the third turn (red arrow)
demonstrating excellent mixing efficiency of this passive mixer. There was a clear separation
of two dyes before the dyes entered the mixer (red circle).
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Fig. 3.

Calibration data in 500x diluted calf serum showing influence of biomarker proteins
concentrations on camera-imaged CL signals for (A) PSA and (B) PF-4. (n=3)
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Fig. 4.
Linear correlation plots of 3D-printed CL immunoarray vs. ELISA results for 4 human

serum samples for (A) PSA and (B) PF-4. Error bars are standard deviations for the CL
arrays (n = 3) and ELISA (n = 3).
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