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Abstract

Point-of-care diagnostics based on multiplexed protein measurements face challenges of simple, 

automated, low-cost, and high-throughput operation with high sensitivity. Herein, we describe an 

automated, microprocessor-controlled microfluidic immunoarray for simultaneous multiplexed 

detection of small protein panels in complex samples. A microfluidic sample/reagent delivery 

cassette was coupled to a 30-microwell detection array to achieve sensitive detection of four 

prostate cancer biomarker proteins in serum. The proteins are prostate specific antigen (PSA), 

prostate specific membrane antigen (PSMA), platelet factor-4 (PF-4), and interlukin-6 (IL-6). The 

six channel system is driven by integrated micropumps controlled by an inexpensive 

programmable microprocessor. The reagent delivery cassette and detection array feature channels 
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made by precision-cut 0.8 mm silicone gaskets. Single-wall carbon nanotube forests were grown 

in printed microwells on a pyrolytic graphite detection chip and decorated with capture antibodies. 

The detection chip is housed in a machined microfluidic chamber with a steel metal shim counter 

electrode and Ag/AgCl reference electrode for electrochemiluminescent (ECL) measurements. 

The preloaded sample/reagent cassette automatically delivers antigen proteins, wash buffers, and 

ECL RuBPY-silica–antibody detection nanoparticles sequentially. An onboard microcontroller 

controls micropumps and reagent flow to the detection chamber according to a preset program. 

Detection employs tripropylamine, a sacrificial reductant, while applying 0.95 V vs Ag/AgCl. 

Resulting ECL light was measured by a CCD camera. Ultralow detection limits of 10–100 fg 

mL−1 were achieved in simultaneous detection of the four protein in 36 min assays. Results for the 

four proteins in prostate cancer patient serum gave excellent correlation with those from single-

protein ELISA.

Biomarker protein panels hold great promise for future personalized cancer diagnostics.1–5 

Widespread use of diagnostic protein measurements at clinical point-of-care will require 

simple, cheap, fast, sensitive, and automated assay devices.4–6 Microfluidic devices 

integrated with sensitive nanomaterials-based measurement technologies have potential for 

future devices that fit these requirements.7–11 Microfluidic immunoarrays have evolved to 

feature glass substrates with silicon patterns,12 fabricated microchannels,13 and valves14 

made with soft lithography. A major practical challenge involves integrating components 

into low-cost, fully automated devices for clinical use.15

Many current methods of specific biomarker protein detection are based on enzyme-linked 

immunosorbent assays (ELISA), including commercial magnetic bead-based devices.10,16 

Critical issues in these systems are cost, method complexity, and the need for technically 

trained operators and frequent maintenance. Immunoassays in general suffer from multiple 

operations to load samples and add reagents to block nonspecific binding, remove 

interferences, and detect target proteins. Significantly improved automation is needed to 

translate immunoassays to point-of-care use.6,15 While semiautomated microfluidic reagent 

addition was reported previously for single- and two-antigen immunoassays, those systems 

do not achieve ultrasensitive detection and employ passive fluid delivery by a downstream 

syringe that requires operator attention.17

We previously developed modular microfluidic immunoarrays for multiplexed protein 

detection on 8-unit gold nanoparticle AuNP film sensor arrays using magnetic beads heavily 

loaded with enzyme labels and antibodies for detection.18–20 In the latest version of this 

device, target proteins are captured online on the magnetic beads and delivered to an 

amperometric detection chamber. We have determined up to four biomarker proteins in 

serum at levels as low as 5 fg mL−1 with this system. We also developed microfluidic 

immunoarrays for electrochemiluminescence (ECL) detection21 using a slightly different 

approach. Here, a thin pyrolytic graphite (PG) wafer was equipped with printed microwells, 

single-wall carbon nanotube (SWCNT) forests were grown in the microwells and decorated 

with antibodies, and Ru(bpy)3
2+ (RuBPY) labels embedded in 100 nm silica nanoparticles 

coated with antibodies were used for protein detection at 10–100 fg mL−1 levels.22 ECL 

detection obviates the need for individually addressable sensors, and the microwells need to 
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be separated in space on the chip only for light detection with a camera. While these systems 

afford some degree of automation, a skilled operator is needed to add samples and reagents 

and to coordinate assay timing.

In this article, we describe an inexpensive automated multiplexed protein immunoarray 

featuring an onboard microprocessor to control micropumps23 and a microfluidic sample/

reagent cassette upstream of a microwell ECL immunoarray (Figure 1 and Supporting 

Information Scheme S1). The microfluidic channels are precision cut from silicone gaskets. 

The system automatically delivers all necessary samples and reagents and controls timing of 

sample–sensor and detection particle incubations. The detection module features six 60 µL 

microfluidic channels on a single PG chip with 30 computer-printed microwells containing 

dense, upright SWCNT forests decorated with capture antibodies. We demonstrate the 

properties of the device by simultaneous detection of four proteins employing 120 nm 

RuBPY-silica (RuBPY-Si) nanoparticles coated with secondary antibodies (Ab2), with 

detection by CCD camera. We targeted a general panel of prostate cancer biomarkers 

including prostate specific antigen (PSA),24,25 interleukin-6 (IL-6), platelet factor-4 (PF-4), 

and prostate specific membrane antigen (PSMA).26 Simultaneous detection of the four 

proteins in undiluted calf serum was achieved with high specificity and selectivity in 36 min 

assays, with detection limits of 10–100 fg mL−1. Assays on human serum samples from 

prostate cancer patients confirmed very good correlations with single-protein ELISAs.

EXPERIMENTAL SECTION

Chemicals

Full experimental details are in the Supporting Information. Pooled human serum was from 

Capital Biosciences, and individual patient serum samples were provided by George 

Washington University Hospital. RuBPY-Si nanoparticles with average diameter 121 ± 9 

nm (Figure S1) were prepared and coated with layers of polydiallyldimethylammonium 

chloride (PDDA) and poly(acrylic acid) (PAA) and were then covalently linked to 

secondary antibodies (Ab2) as described previously.27 Two RuBPY-Si detection 

nanoparticles were made, one with antibodies for PSA (PSA-Ab2) and IL-6 (IL-6-Ab2) and 

a second featuring PSMA-Ab2 and PF-4-Ab2. We measured averages of 4.6 × 105 RuBPY 

and 44 Ab2 per Si nanoparticle (Figure S2). Immunoreagents were dissolved in pH 7.2 

phosphate buffered saline (PBS). Co-reactant solution to develop ECL was 200 mM 

tripropylamine (TPrA) with 0.05% Tween-20 (T20) and 0.05% Triton-X in 0.2 M phosphate 

buffer. Calf serum, as a surrogate for human serum, was used to dissolve standard 

proteins.28

Microfluidic Device

Figure 1 shows the automated microfluidic immunoarray featuring (i) printed-circuit board 

(PCB)-linked, microprocessor-controlled micropumps, (ii) six-channel sample/reagent 

delivery cassette, and (iii) six-channel microfluidic detection array. A PCB circuit design 

was constructed to serve six micropumps. Micropumps (Mp6, Bartels) featuring piezo-

actuated membranes were optimized to 155 ± 1.5 µL min−1 by tuning potentiometers for 

each pump (Figure S3). An Arduino microcontroller was used to switch on and off 
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micropumps according to a preset program to deliver sample and immunoreagents and to 

stop flow for incubations (Figure S4).

Microfluidic channels were made by precision cutting 0.80 mm silicone gaskets (MSC 

industrial Supply) with the desired patterns using an inexpensive, programmable 

Accugraphic Klic-N-Kut (KNK) groove cutting machine. The cut gaskets (Figure 2A) were 

placed between two machined hard PMMA plates (Figure 2B, C) to assemble the final 

sample/reagent delivery cassette (Figure 2D. The final assembled sample/reagent delivery 

cassette was 11 in. × 5.5 in. with six channels, each having seven loading chambers 

separated individually by smaller air-filled channels to ensure delivery of reagents without 

mixing (Figure 2D). The top PMMA plate was machined with 1 mm diameter holes to fill 

the chambers, and the bottom plate has screw holes to tighten and seal the assembly. Each 

chamber holds 80 µL volume. Chambers were prefilled by syringe, and openings were 

sealed with tape

The detection chamber also features six microfluidic channels (60 ± 2 µL) cut from a 

silicone gasket that is then placed on a thin 2 × 3 in.2 PG wafer with computer-printed 

microwells22,29 (Figure 2E). This gasket (Figure 2F) is placed on the PG slab and sealed by 

bolting it between two flat machined PMMA plates. The top PMMA plate (Figure 2G) 

houses symmetrically placed Ag/AgCl reference and stainless steel metal shim (MSC 

Industrial Supply) counter electrodes that are aligned into each of the six channels, 

completing a symmetric electrochemical cell with the entire PG chip as the working 

electrode (Figure 2H). The top PMMA plate is fitted with optically clear acrylic22 windows 

above each microwell channel to pass ECL light to a CCD camera.

Dense SWCNT forests were grown in each microwell (volume 2 ± 0.5 µL).22,30 Tapping-

mode atomic force microscopy and Raman spectrum confirmed vertical-aligned SWCNT 

forests in the microwells with a surface roughness of 17 ± 4 nm surrounded by the 

hydrophobic printed wall (Figures S5 and S6). Terminal carboxylic groups on SWCNTs 

were activated by freshly prepared 400 mM EDC + 100 mM NHSS to attach cognate 

primary antibodies (Ab1) by amidization.22,28

Immunoassay Protocol

The Ab1-decorated PG chip microwells containing SWCNT-Ab1 were spotted with 2% BSA 

in PBS containing 0.05% Tween 20 (T20) to minimize nonspecific binding (NSB). The PG 

chip was assembled into the detection chamber, which was then connected to a prefilled 

sample/reagent cassette. The Arduino microcontroller precisely times sample and reagent 

delivery by micropumps to the detection chamber according to a preoptimized program.

The immunoassay protocol was developed by optimizing micropump flow rates (Figure 3), 

using a 15 turn 10 kOhm. Flow rates were optimized at 155 µL−1 by carefully changing the 

amplitude of all of the micropumps while turning the screw of the potentiometer. Incubation 

times were also optimized for protein binding steps to ensure high sensitivity and 

reproducibility with spot-to-spot variability < 10%. The capture antibody-decorated 

immunoarray sensor chamber was incubated with 2% BSA in PBS T20 prior to the assay to 
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block NSB for 50 min and was then washed with PBS T20 and PBS. Patient serum samples 

of 5–10 µL were diluting 30–500-fold in calf serum prior to performing the assay.

Once the sample/reagent cassette is loaded, the micropumps turn on initially for 55 s to 

deliver sample to the detector. Second, flow is stopped for 20 min to allow analyte proteins 

in the sample to bind Ab1 in the microwells. Next, micropumps activate again for 220 s to 

deliver wash buffer to move the sample solution and unbound target proteins out of the 

detection channels. Then, pumps deliver RuBPY-Si–Ab2 nanoparticles to the detector, and a 

900 s stopped-flow incubation follows. Flow then turns on to wash away unbound RuBPY-

silica nanoparticles. Finally, with the detection chamber in a dark box, micropumps deliver 

TPrA co-reactant to the detection channels (see Scheme S2), and a potential of 0.95 V vs 

Ag/AgCl is applied for 400 s to generate ECL from RuBPY-Si particles while a CCD 

camera captures the ECL light.

RESULTS

Reproducibility

Relative ECL intensities for the immunoarray with controls (undiluted calf serum) showed 

spot-to-spot variability < 9% for n = 5 per channel (Figure S7). The first and last channels 

were used for controls, and the inner four channels were used for detection of the four target 

proteins. Array-to-array reproducibility of background signals was measured by injecting 

undiluted calf serum into all six channels (Figure S7), giving array-to-array variability ~ 

11%. Calibrations were then done for each of the four individual proteins in calf serum, 

giving relative standard deviations < 10% (see Figures S8 and S9).

Multiplexed Detection

Calibration studies were done by dissolving the four target protein standards in calf serum, 

which serves as a human serum surrogate without human proteins.30 Thus, the four proteins 

were detected selectively and simultaneously from samples containing thousands of 

proteins. Channels 1 and 6 in the detection array were used as controls, and only undiluted 

calf serum was introduced into these channels. Channels 2–5 were assigned for detection of 

IL-6, PF4, PSMA, and PSA, respectively. Simultaneous detection was achieved by using a 

mixture of the 2 RuBPY-Si–Ab2 detection nanoparticles that were each decorated with 

antibodies for two of the four proteins. RuBPY-Si-Ab2 were prepared with 4.5 × 105 [[Ru-

(bpy)3]2+] ions and 44 Ab2 per particle (see Supporting Information).

CCD camera images of the ECL response for multiple protien detection (Figure 4) illustrate 

increased ECL light with increased concentrations of proteins in the mixture. Using the 

average ECL signal divided by the average blank on each chip, we achieved dynamic ranges 

for of 100 fg mL−1 to 1 ng mL−1 for PSA, 100 fg mL−1 to 10 ng mL−1 for PSMA, and 100 

fg mL−1 to 5 ng mL−1 for IL-6 and PF-4 (Figure 5). There is a small amount of nonlinearity 

in these curves, so power series curve fits were used to give correlation coefficients (R) ≥ 

0.99. These curves are well-suited for use in target protein determinations. Limits of 

detection (LD) were measured (3 standard deviations of the zero protein control signal) at 50 

fg mL−1 for PSA, 100 fg mL−1 for PSMA and IL-6, and 10 fg mL−1 for PF4.
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Assay Validation

Nine serum samples from prostate cancer patients and two samples from cancer-free patients 

were analyzed and compared with results from single-protein ELISA. ELISA was done on 

the samples using commercially available kits: PSA (RAB0331 human PSA total ELISA 

kit), IL-6 (RAB0306 human IL-6 total ELISA kit), and PF-4 (RAB0402 human PF-4 total 

ELISA kit) were obtained from Sigma-Aldrich. PSMA (EL008782HU-96 human PSMA/

FOLH1 ELISA kit) was obtained from Lifeome Biolabs/Cusabio. Samples were diluted 30–

500-fold in calf serum prior to performing the assay to bring the ECL responses into an 

acceptable range based on the calibration curves. Concentrations of PF-4, PSMA, and PSA 

fall within the detection limits of their respective ELISAs, but IL-6 concentrations in the 

serum samples were well below the detection limit of its ELISA. For the validation study, 

we spiked the samples with known concentrations of IL-6, from 100 to 500 pg mL−1, and 

then analyzed them by both methods. The immunoarray values corresponded well with the 

ELISA values (Figure 6). Variance in replicate assays resulted in small variations in 

averages of the spiked IL-6 human serum results for both ECL and ELISA, suggesting that 

50 pg mL−1 differences are difficult to distinguish in the 100–500 pg mL−1 range, but a 100 

pg mL−1 difference is easily distinguished by the immunoarray. This does not present a 

diagnostic problem since the threshold between noncancer and cancer patients is in the 15–

20 pg mL−1 range.26 Unspiked patient samples gave IL-6 values from <1 to ~17 pg mL−1 

(Figure S10)

Linear correlation plots of the ELISA vs immunoarray data (Figure 7 and Table S1) gave 

slopes that were all close to 1.0: 1.14 ± 0.1 for IL-6, 0.97 ± 0.046 for PF-4, 1.11 ± 0.035 for 

PSA, and 0.96 ± 0.029 for PSMA. Intercepts of these plots were within 1 standard deviation 

of zero: 0.022 ± 0.029 for IL-6, 0.011 ± 0.029 for PF-4, −0.0367 ± 0.158 for PSA, and 

−0.013 ± 0.021 for PSMA. The excellent correlation of the automated immunoassay results 

with those from ELISAs on patient serum samples confirms the high selectivity and 

specificity of the assay for each of the four proteins in the presence of thousands of other 

proteins in human serum, many at much higher concentrations than the target analytes.31

DISCUSSION

These results demonstrate the use of an automated immunoarray requiring minimal operator 

attention for sensitive, simultaneous quantitative measurements of up to four proteins. Once 

the sample/reagent cassette is filled, automated operation and detection take less than 40 

min. Including two control lanes in the detector enables the average protein signals to be 

divided by the average blank signal for each individual assay to minimize chip-to-chip 

variability (Figure S9). Ultrasensitive detection in serum was achieved down to 

concentrations of 10 fg mL−1 over dynamic ranges of 5 orders of magnitude in concentration 

(Figure 5). We found relative standard deviations ranging from ±1 to 7% for all proteins 

except IL-6, where RSD ranged up to ±15% at 1 pg mL−1 and below. These standard 

deviations are acceptable for accurate assays, as shown by the good agreement of patient 

sample results with ELISA, and were comparable or better than standard deviations from 

ELISA (Figure 6).
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Immunoarray assays showed very good correlations with standard ELISA for serum from 

prostate cancer patients using only 5–10 µL of sample (Figures 6 and 7). Selectivity and 

specificity of the assay were confirmed by accurate determination of the four analyte 

proteins in human serum, which contains thousands of potentially interfering proteins.31 In 

addition, the immunoarray successfully determined levels of IL-6 below 3 pg mL−1 (Figure 

S10), which is below the detection limit of ELISA.

Automation of the methodology is under the control of an Arduino microcontroller that turns 

the micropumps on and off according to a preset program and controls the flow of reagents 

from the preloaded sample/reagent cassette to the detection chamber and then to waste 

(Figure 1). This open-source electronic platform is very cheap and utilizes free software. 

The program is easily changed to accommodate changes in the assay protocol, so the system 

can be adapted to any reasonable set of assay conditions.

The microfluidic channels (Figure 2) in the sample/reagent cassette and the detection 

chamber were precision cut using an inexpensive, programmable KNK cutter from a 0.8 mm 

silicon gasket of the kind used in automobile engines. The cut gaskets are then press-fitted 

between appropriately machined hard plastic plates to seal the channels and provide inlets 

and outlets. This approach is cheap and versatile, allows rapid design changes, and avoids 

lithography, molding, and polymerization steps. The resulting system performs as well as or 

better than a nonautomated ECL microfluidic immunoarray that we constructed using 

molded, polymerized polydimethylsiloxane (PDMS) channels.22 The sample/reagent 

cassette and detection device used here cost $15; micropumps and other electronics cost a 

total of $450. All of these components are fully reusable, making the assays very 

economical.

We have adapted several features from our earlier non-automated immunoarrays to the 

automated system. Utilization of the SWCNT forests in detector chip microwells provides a 

high-area nanostructured surface to enhance antibody concentration in each microwell, 

contributing significantly to the immunoarray’s high sensitivity.27,28 The multilabel 

RuBPY-Si-Ab2 nanoparticle provides nearly 1/2 million RuBPY labels per bound target 

protein, providing the second important component, ultrasensitive detection. The use of 

TPrA in the Triton X-100 detergent solution as co-reactant allows a detection potential of 

0.95 V vs Ag/AgCl to be achieved, where only TPrA is oxidized electrochemically to 

enhance production and deprotonation of TPrA*+ to drive the complex redox process that 

provides electronically excited [RuBPY]2+* for ECL.22,27,32

In summary, a cheap, automated, and microprocessor controlled microfluidic immunoarray 

has been developed for simultaneous detection of four prostate cancer biomarkers at high 

sensitivity. Inexpensive components and simple fabrication procedures facilitate the 

production of a low-cost device costing about $550 in materials. The device is versatile and, 

in principle, can be reprogrammed for the detection of virtually any small protein panel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Automated microfluidic system featuring a 30-microwell detection array connected to 

sample/reagent cassette and PCB-controlled micropumps. An onboard-programmed Arduino 

microcontroller runs a micropump program to achieve the assay.
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Figure 2. 
Immunoarray components. Left panels shows the sample/reagent delivery cassette 

consisting of (A) a 0.8 mm silicon gasket cut to scale using a KNK cutter, (B) an upper hard 

PMMA plate machined with injection ports, (C) a lower PMMA plate, and (D) the 

assembled sample/reagent cassette shown with chambers for solutions, assembled with 

screws. Right panels show the detection array consisting of (E) a PG wafer with computer-

printed microwells, (F) a silicone gasket cut with six precision channels, (G) the top PMMA 

plate showing an attached stainless steel counter electrode on top with clear windows for 

ECL detection and Ag/AgCl reference electrode, and (H) the fully assembled microfluidic 

detection array with clear windows in the top PMMA plate positioned above the microwells 

in each channel.
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Figure 3. 
Optimization of flow rates using 10 kOhm potentiometers (one for each micropump) to set 

the amplitude of each micropump. Table shows average flow rate of all micropumps along 

with individual flow rates and standard deviations.
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Figure 4. 
Recolorized CCD images of three microfluidic immunoarray experiments showing 

reproducibility in simultaneous detection of IL-6, PF-4, PSMA, and PSA in calf serum with 

respective controls at protein concentrations of (A) 10 pg mL−1, (B) 1000 pg mL−1, and (C) 

5000 pg mL−1.
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Figure 5. 
Calibration curves in undiluted calf serum, with ECL responses integrated over 400 s, for 

(A) IL-6, (B) PF-4 concentration on ECL signal, (C) influence of PSA concentration on 

ECL signal, and (D) influence of PSMA concentration on ECL signal. Error bars show 

standard deviation; n = 5.
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Figure 6. 
Assays of human serum samples comparing immunoarray results to those of single-protein 

ELISAs. Samples 1–9 are from prostate cancer patients and 10 and 11 are from cancer-free 

patients. (A) IL-6 was spiked into samples as follows: 1 (500 pg mL−1), 2 (450 pg mL−1), 3 

(400 pg mL−1), 4 (350 pg mL−1), 5 (300 pg mL−1), 6 (250 pg mL−1), 7 (200 pg mL−1), 8 

(150 pg mL−1), 9 (100 pg mL−1), 10 (30 pg mL−1), and 11 (20 pg mL−1). (B) PF-4, (C) 

PSA, and (D) PSMA. Error bars are standard deviations for ECL (n = 5) and ELISA (n = 3).
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Figure 7. 
Correlation plots of ELISA vs ECL immunoarray for human serum samples for (A) IL-6, 

(B) PF-4, (C) PSA, and (D) PSMA.
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