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Abstract

Rapidly fabricated, disposable sensor platforms hold tremendous promise for point-of-care 

detection. Here, we present an inexpensive (< $0.25) fully inkjet printed electrochemical sensor 

with integrated counter, reference, and working electrodes that is easily scalable for commercial 

fabrication. The electrochemical sensor platform featured an inkjet printed gold working 8-

electrode array (WEA) and counter electrode (CE), along with an inkjet –printed silver electrode 

that was chlorinated with bleach to produce a Ag/AgCl quasi-reference electrode (RE). As proof 

of concept, the electrochemical sensor was successfully applied for detection of clinically relevant 

breast cancer biomarker Human Epidermal Growth Factor Receptor 2 (HER-2). Capture 

antibodies were bound to a chemically modified surface on the WEA and placed into a 

microfluidic device. A full sandwich immunoassay was constructed following a simultaneous 

injection of target protein, biotinylated antibody, and polymerized horseradish peroxide labels into 

the microfluidic device housing the WEA. With an ultra fast assay time, of only 15 mins a 

clinically relevant limit of detection of 12 pg mL−1 was achieved. Excellent reproducibility and 

sensitivity were observed through recovery assays preformed in human serum with recoveries 

ranging from 76–103%. These easily fabricated and scalable electrochemical sensor platforms can 

be readily adapted for multiplex detection following this rapid assay protocol for cancer 

diagnostics.
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1. Introduction

Electrochemical detection has gained significant attention for point-of-care diagnostics due 

to ease of detection, low instrumentation cost, and ability to be miniaturized and automated 

(Wang, 2006)(Arduini et al., 2016). A typical electrochemical cell consists of a counter, 

working, and reference electrodes. Miniaturization and production cost of electrodes over 

the past few decades have been improved by patterning electrodes on a substrate surface. 

Common methods of production include chemical vapor deposition (CVD)(Chen et al., 

2011), photolithography (Fourkas, 2010), screen-printing (Krebs et al., 2009)(Metters et al., 

2011) and stencil printing (Siegel et al., 2010). Whereas each of these approaches permits 

for well-defined electrode construction and insulation, each also require the production of a 

template such as a patterned screen, mask, or stencil (Lessing et al., 2014). Manufacturing 

these templates is time consuming and costly, limiting rapid prototyping. In addition, 

methods such as CVD, and photolithography require expensive facilities and generate 

hazardous waste (Kamyshny et al., 2011). Inkjet printing has the ability to circumvent these 

limitations by offering the capability to rapidly produce patterns based on easily modifiable 

digital files with high resolution and low material waste (Kamyshny et al., 2011)(Khan et al., 

2016)(Komuro et al., 2013)(Li et al., 2015).

Although inkjet printing of electrodes has been widely reported, the number of fully inkjet 

printed sensors has been limited and those with integrated counter and reference electrodes 

is even fewer (Moya et al., 2017). In this communication, we report a fully inkjet printed 

sensor array with onboard counter electrode and a bleach-activated reference electrode to 

enable for multiple detections of proteins on a single chip. Material cost of this 

electrochemical array is less than US $0.25 per chip, making it a viable option for a 

disposable point-of-care test strip that is attractive for mass-production.

Human Epidermal Growth Factor Receptor 2 (HER-2) is one of the few potential protein 

biomarkers for breast cancer that are officially approved by the Food and Drug 

Administration (FDA)(Sturgeon et al., 2008)(Li and Chan, 2014)(Goossens et al., 2015). 

The most common clinical methods for detection of HER-2 include immunohistochemistry 

(IHC) staining, and fluorescence in situ histochemistry (FISH), both of which require tumor 

tissues using invasive biopsies (Shah and Chen, 2010)(Tchou et al., 2015). However, HER-2 

can also be found in patient serum. Recent reports indicated that serum concentrations above 

7 ng mL−1 have lower rates of disease free survival. Therefore, sensitive assays that measure 

lower concentration levels in serum are needed for HER-2 detection (Tchou et al., 2015)

(Banys-Paluchowski et al., 2017).

The gold standard for clinical protein serum biomarkers for nearly 50 years has been the 

enyzme-linked immunoasorbent assay (ELISA), which offers limits of detection in the low 

pg mL−1 range for some proteins (Kingsmore, 2006). ELISA however is limited by long 
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assay times, cost, lack of multiplexing, and sample volume. Electrochemical immunosensors 

offer an alternative detection method to that of clinical analysis. They are inexpensive, 

technically simple, have short assay times, multiplexing capability, and low sample volumes 

(Rusling et al., 2010)(Kingsmore, 2006)(Munge et al., 2016). Reports of the electrochemical 

detection of HER-2 include an amplified bead –based assay approach on the surface of a 

screen printed carbon electrodes with limits of detection of 6 ng mL−1 in an 85 min assay 

(Al-Khafaji et al., 2012). Similarly, using a screen printed carbon electrochemical cell S.D. 

Tallapragada et al. with no surface modification recently detected HER-2 with a detection 

limit of 4 ng mL−1 in ~ 4 hr (Tallapragada et al., 2017). To the best of our knowledge, the 

lowest detection limit reported for HER-2 is 0.037 pg mL−1 demonstrated by Zhu et al. on a 

single glassy carbon electrode modified with a hydrazine –Aunanoparticle –aptamer 

bioconjugate with external reference and counter electrodes and assay time of 1 hr (Zhu et 

al., 2013). While all of these approaches reach the target limit (< 7 ng mL−1), they all require 

longer assay times.

For a point-of-care (POC) sensor to be clinically useful, it must be rapid, inexpensive, 

simple to use, sensitive and selective to the target analyte at normal and disease state levels. 

Here, we report for the first time, a fully inkjet printed electrochemical array platform with 

integrated counter and reference electrodes for determination of clinically relevant HER-2 in 

serum in 15 min with a limit of detection (LOD) of 12 pg mL−1 integrated into a simple 

microfluidic device.

2. Materials and Methods

Full list of materials and equipment can be found in supplementary material.

2.1 Preparation of the Inkjet Printed Electrochemical Array Chips

The electrochemical array chips were comprised of an inkjet printed gold working 8-

electrode array (WEA), and counter electrode (CE) and of an inkjet –printed silver electrode 

that was chlorinated with bleach to produce a Ag/AgCl quasi-reference electrode (RE) 

(Refer to Fig. 1A for further details). The electrode Array with integrated reference and 

counter electrode design patterns were constructed using Microsoft Paint (Microsoft Inc. 

Redmond, WA). The patterns were imported to Dimatix materials printer software. Prior to 

printing silver and gold nanoparticle inks were filtered with a 0.2 μm cutoff PTFE filter. 

Both nanoparticle inks were characterized in terms of size and distribution by transmission 

electron microscopy (TEM) and dynamic light scattering (DLS) (refer to Fig. S1 and Fig. S2 

in supplementary material). In addition, all new ink formulations were evaluated in terms of 

both their viscosity and surface tension to ensure they met the standards of jettable fluids for 

the piezo-driven inkjet printed nozzles namely viscosities between (10–12 cPs) and surface 

tensions between (2.8–3.3 N m−2). Each pattern was printed with a single nozzle and drop 

spacing of 15 μm using a custom waveform (see supplementary material, Fig. S3) to obtain 

optimal droplet formation and prevent clogs.

For printing Kapton sheets (22 × 28 cm) were cleaned with ethanol and water and dried with 

nitrogen prior to being placed in the Dimatix printer. The pattern files were set to allow for 

printing multiple electrodes or arrays in a single file. The silver nanoparticle ink for 
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reference electrode patterns was printed first. Once printed the silver electrodes were 

sintered at 200 °C for 3 mins. The sheet was then returned to the printer to pattern the gold 

nanoparticle ink for construction of the 8-working electrode arrays and counter electrode. 

Again the electrodes and arrays were sintered for 3 mins at 200 °C. This allowed for the au 

cores to coalesce forming percolation paths (Jensen et al., 2011). The sheets were then 

returned to the printer for the last time to deposit the insulation layer of poly (amic) acid 

(PAA) ink. Five layers of PAA ink was applied over the leads of the 8-electrode arrays as 

well as reference and counter electrodes. Once insulation layer was deposited the sheets 

were sintered for 15 mins. A commercial bleach solution diluted to a concentration of 63 mg 

mL−1 was used to transform the silver inkjet printed electrode to obtain a pseudo-(Ag/AgCl) 

reference electrode. This was confirmed through energy-dispersive X-ray spectroscopy, 

EDX elemental analysis (Supplementary Material Fig S4 and S5). Optimized deposition 

time (60 s) and dilutions of commercial bleach are shown in supplementary material Fig. S6 

along with storage stability (Fig. S7). Characterization of the inkjet printed electrode surface 

was carried out using tapping mode Atomic Force Microscopy details displayed in 

supplementary material Fig. S8.

Following this method of construction 75–100 electrochemical sensor chips with integrated 

counter and reference electrodes could be produced in a single batch. This could be further 

scaled up for commercial use using an industrial style inkjet printer.

2.2 Immunosensor Fabrication

Prior to immunosensor fabrication electrochemical array chips were cleaned in 0.18 M 

sulfuric acid, to remove any excess oxides. The electrochemical chips were then washed 

with water, then ethanol, and finally immersed in 4 mM 3-mercaptopropionic acid (MPA) in 

ethanol for 24 hours. The chips were then removed and washed with ethanol and water and 

dried with nitrogen. Carboxyl terminal ends of the MPA layer on the gold working 

electrodes arrays (WEA) were activated by placing 1 μL of 400 mM EDC and 100 mM 

NHSS on each of the 8 working electrodes for 10 mins. The electrodes were then rinsed with 

water and dried with nitrogen the HER-2 primary antibody solution was then added and the 

chips were then placed the fridge for overnight incubation. Once the primary antibodies 

were attached by amidization to the working electrode surface they were washed with 0.05% 

PBS T-20. To aid in blocking nonspecific binding on the surface of the working electrodes a 

2% BSA solution was then added for 1 hour. Electrochemical Array chips were then washed 

with 0.05 % PBS-T-20 and inserted into the microfluidic device (Fig. 1B, and supplementary 

material Fig. S9). Arrays were flushed with 0.05% PBS-T-20 for 2 mins at a flow rate of 200 

μL min−1. In a 1 mL centrifuge tube 100 μL of optimized secondary antibody-HER-2, 100 

μL of optimized poly-HRP dilution of 1:250 in 0.1% BSA, and 100 μL of sample were 

offline captured mixed and immediately injected at a flow rate 200 μL min−1 into the 

microfluidic channel housing the electrochemical array chips (Fig. 1C). They were allowed 

to incubate for 10 mins. This was then followed by a 2 min wash with 0.05% PBS-T20. A 

solution of 1 mM hydroquinone was then passed through the microfluidic channel and 

amperometric detection was accomplished by injecting a mixture of 100 mM H2O2 and 1 

mM HQ in PBS (Fig. 1D). A signal was then generated at −0.15 V vs pseudo-Ag/AgCl. For 

our assay procedures the total assay time was obtained by adding all times after antigen was 
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added. This included incubation of the antigen (10 mins) wash step (2 mins) and detection (3 

mins) for a total assay time of 15 mins.

3. Results and Discussion

3.1 Characterization and Electrochemical performance

Electrochemical performance of the entire electrochemical array chip was evaluated by 

assessing the reproducibility of simultaneous cyclic voltammograms in 0.18 M sulfuric acid 

scanning between 1.5 V and – 0.1 V at 100 mV s−1. Fig. 2A displays similar peaks to that 

shown for bulk gold with formation of gold oxide at 0.9 V and reduction back to gold at 0.5 

V vs a pseudo-Ag/AgCl reference. Following the protocol of Trasatti et al., the 

electrochemical surface are of the arrays was calculated to be 0.65 ± 0.02 mm2 (Trasatti and 

Petrii, 1991). This area is 135% of the geometric surface area calculated through Firefly 

software Fig. 2B. The overlay of the 8-working electrodes on a single array chip in sulfuric 

acid shows excellent reproducibility with RSD of 3%. However, similar to that reported by 

Krause et al (Krause et al., 2013), standard deviations were much higher when assessing 

multiple arrays. For 15 arrays, the average surface area was 0.63 ± 0.12 mm2 with an RSD 

of 19.8 %. Accordingly, each amperometric response was divided by the surface area 

calculated from CVs obtained from cleaning in 0.18 M H2SO4 prior to immunoassay 

assembly due to the larger impact on RSD in array chip to array chip reproducibility 

following Krause et al. (Krause et al., 2013). Reproducibility studies were further carried out 

in the microfluidic device using amperometry. Amperometric responses were measured on 

all eight electrodes in the microfluidic device following injection of 5 mM K3Fe(CN)6 in 

0.1M KCl (Fig. 2C). All eight working electrodes exhibited minimum cross-talk between 

neighboring electrodes giving similar peak currents with an average of 22.9 ± 1.83 μA cm−2 

(RSD < 8%). Additional characterization of the sustainability of the fully inkjet printed 

electrochemical platform was evaluated following several days of emersion in water with 

little to no etching observed (see supplementary material Fig. S10). Each electrochemical 

chip demonstrated high reproducibility and sustainability enabling them to serve as an 

excellent platform for immunosensor fabrication.

3.2 Immunosensor performance application for detection of clinically relevant HER-2 
Biomarker

Sandwich immunoassays were constructed on the 8-working electrodes of the 

electrochemical array chips through covalent binding of an optimized concentration of 

primary anti-human HER-2 antibody (supplementary information Fig. S11B) to a self-

assembled monolayer of 3-mercaptopropionic acid. Stability of this antibody-modified array 

was observed for over 14 days with minimal signal loss (supplementary information Fig. 

S12A). Electrochemical array chips were blocked with a solution of 2% BSA to address 

complications arising from non-specific binding to the working electrode surface. Once 

blocked and washed, arrays were positioned into the microfluidic device. Immediately, they 

were washed with PBS-T-20 followed by an injection of solution containing an optimized 

biotinylated secondary HER-2 antibody concentration of 3.125 μg mL−1 (Ab2) 

(supplementary material Fig. S11A), optimized dilution of poly-HRP at 1:250 in 0.1% BSA 

(poly-HRP) (supplementary material Fig. S11C), and a sample concentration ranging from 
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(Ag) (2 pg mL−1 to 12.5 ng mL−1) in fivefold diluted calf serum. Controls contained the full 

immunoassay without HER-2. Amperometric responses were generated at a potential of 

−0.15 V vs Ag/AgCl, using a mixture of 1mM hydroquinone (HQ) mediator and 0.1 mM 

H2O2 injected into the microfluidic device through a 200 μL sample loop. H2O2 activates the 

iron heme protein on the sensor surface converting it to the ferryloxy form, the electron 

mediator HQ, then reduces the activated ferryloxy HRP, regenerating HRP refer to Fig. 1D 

for full schematic.

Immunoassay protocols featured streptavidin poly-HRP, consisting of polymers of multiple 

HRP molecules conjugated to streptavidin, binding to a biotinylated HER-2 secondary 

antibody. This enables for increased molar ratios of HRP per biotin binding event allowing 

for greater signal amplification as well as for shorter assay times. In contrast to previous 

reports of amplification strategies, using magnetic beads conjugated with hundreds of 

thousands of enzyme labels and thousands of antibodies, it enabled for a rapid amplification 

without the need for a conjugation of antibodies and target analytes to a beads surface 

further simplifying the immunoassay protocol (Krause et al., 2013)(Otieno et al., 2014)

(Otieno et al., 2016)(Uliana et al., 2018). Following protocols outlined above, amperometric 

responses demonstrated high sensitivity over three decades of concentration from nanogram 

per milliliter to low picrogram per milliliter (Fig. 3A). Following the calibration curve in 

Fig. 3B, a linear relationship between amperometric signal and log protein concentration 

was determined with R2 value of 0.99 with small error bars indicating the excellent 

reproducibility of the electrochemical array chips. A detection limit of 12 pg mL−1, 

calculated as 3 standard deviation above the average control, was demonstrated for detection 

of HER-2 in 5-fold diluted calf serum, an excellent surrogate for human serum (Rusling et 

al., 2010) (Hanash et al., 2008). Additional selectivity studies of the biosensor were 

preformed in the presence of BSA with minimal signal response (see supporting information 

Fig. S12B).

At the dynamic range observed in Fig. 3B, the assay lies in the clinically relevant range of 

HER-2 with ultrafast assay time of only 15 minutes. This rapid rate is well below the speed 

of ELISA (> 5 hrs) (Findlay et al., 2000) as well as other commercial assays. Sensitivities of 

the assay reported from the slope of the calibration curve was 0.076 μA cm−2 log [C]−1 

comparable to that of bead based assays without the need for a conjugate preparation step 

(Krause et al., 2013)(Otieno et al., 2014)(Otieno et al., 2016).

3.3 Accuracy Validation of the Inkjet printed Electrochemical Sensor Chip

The accuracy of the fully inkjet printed sensor chip was validated by determining HER-2 in 

spiked pooled Human Serum though spiked recovery assays. These assays were carried out 

with the addition of 4 standard concentrations HER-2 to human serum, a fivefold dilution 

was required in order to achieve signals in the range of the analytical curve and compared to 

running spiked pooled human serum with a commercial ELISA Kit (Table S1). An average 

recovery of 91.3% was achieved with a range of 76.3–104%, demonstrating the ability to 

accurately and reliably measure HER-2 without matrix interference effects. At this recovery 

average and range, it is comparable to several commercially available ELISA kits for the 
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detection of HER-2 in serum. (“ErbB2 Human ELISA Kit - Thermo Fisher Scientific,” n.d.), 

(“Human ErbB2/Her2 Quantikine ELISA Kit DHER20: R&D Systems,” n.d.).

Conclusions

Inkjet printing offers distinct advantages over conventional methods for low-cost fabrication 

of electrodes including rapid production, high resolution and minimal sample waste 

(Kamyshny, 2011)(Khan et al., 2016)(Komuro et al., 2013)(Li et al., 2015). The fully inkjet 

printed electrochemical platform featuring onboard counter and reference electrodes 

described here could be manufactured with total material cost of less than $0.25. This 

method of production could easily be scaled for commercial use with an industrial sized 

inkjet printer. Following this low-cost and simple method of fabrication a highly 

reproducible sensor platform was easily adapted for electrochemical immunosening of 

clinically relevant HER-2 in serum. A low detection limit of 12 pg mL1 was achieved in a 

total assay time of 15 minutes. In addition, the assay demonstrated high sensitivity in over 

three decades of concentration from nanogram per milliliter to low picogram per milliliter. 

At this dynamic range the assay remains within the clinically relevant range for detection of 

HER-2 in serum (Tchou et al., 2015) (Banys-Paluchowski et al., 2017). Moreover, the 

capability to detect HER-2 at this low detection limit with excellent sensitivity suggests a 

high selectivity as calf and human serums are complex medias containing hundreds to 

thousands of competing proteins (Rusling et al., 2010)(Hanash et al., 2008). This sensor 

platform could easily be modified for multiplex detection of a panel of proteins for breast 

cancer screening and large patient sample analysis. Efforts are currently underway to 

improve in the portability of the device for point –of –care use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Commercially scalable fully inkjet printed electrochemical array platform with on-

board reference and counter electrodes.

Inexpensive ($0.25) disposable sensor platform.

Easy to use and simple instrumentation for immunosensing.

Ultrafast assay (15 minutes) for detection of clinically relevant breast cancer 

biomarker in serum.
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Fig. 1. 
(A) Schematic representation of the fabrication of the fully inkjet printed electrochemical 

array platform with integrated counter, working and reference electrodes. (B) Picture of the 

microfluidic system. (C) Schematic representation of the system for electrochemical 

immunoarray detection of HER-2. (D) Fully developed sandwich immunoassay developed 

on electrochemical array platform and detection strategy generated by the injection of a 

hydroquinone and H2O2 mixture.
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Fig. 2. 
(A) Simultaneous CVs recorded at 100 mV s−1 on all working electrodes across the inkjet 

printed array in 0.18 M H2SO4. (B) A magnified photograph documented by FireflyPro 

digital microscope of the electrochemical array platform with a geometric surface area of a 

working electrode of 0.469 mm2. (C) Simultaneous amperometric responses at 0.1 V vs Ag/

AgCl in the microfluidic device after a injection of 200 μL of 5 mM Fe(CN)6 3−/4− in 100 

mM KCl at 200 μL min−1.

Carvajal et al. Page 12

Biosens Bioelectron. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
(A) Amperometric responses for HER-2 in 5X diluted calf serum at −0.15 V vs Ag/AgCl 

following injection of 1 mM HQ and 0.1 mM H2O2. (B) Corresponding calibration curve y= 

0.34 + 0.076 log (x); R= 0.99.
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