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Abstract: The detection of hepatitis C virus (HCV) in the blood of patients is currently based 

on immunological assays (enzyme-linked immunosorbent assay [ELISA] and recombinant 

immunoblot assay) that use different HCV epitopes to detect anti-HCV antibodies, and these 

tests usually require laboratories and trained personnel. The ELISA-based systems are also time 

consuming. Portable diagnostic devices offering rapid test results would therefore be advanta-

geous in the field of medical care. To facilitate the fast and reliable diagnosis of HCV, we used 

a miniaturized automated system based on a cartridge with an integrated electrical biochip for 

the decentralized detection of anti-HCV antibodies against the Core, NS3, and NS4A proteins. 

This system allows the detection of virus-specific antibodies in 2 µL of serum or whole blood 

within 15 minutes using an ELISA directly on a gold electrode array containing HCV proteins 

as the capture antigen. The sensitivity of this system is comparable with standard microtiter 

plate ELISAs, but the duration of the novel assay is 5%–6% that of standard ELISAs.

Keywords: ELISA, point-of-care, cartridge, lab-on-chip

Introduction
More than 150 million people are chronically infected with hepatitis C virus (HCV) 

and thus have an increased risk of liver cirrhosis and liver cancer.1 The virus causes 

3–4 million new infections per year worldwide, but 40% of patients achieve full 

recovery,2 and recent advances in antiviral therapy ensure that the mortality rate is 

approximately 0.2% (350,000 people per year).1 Unlike hepatitis A virus and hepatitis B 

virus, there is no vaccine available for HCV.

The diagnosis of HCV infection is important because most infections are caused by 

blood-to-blood contact with undiagnosed and symptom-free carriers, or by contami-

nated blood transfusions or transplants.3,4 Intravenous or nasal drug use and tattooing 

or acupuncture with unsafe materials and equipment are currently the main routes of 

transmission.5 An easy-to-use and inexpensive detection system would therefore be 

advantageous and valuable for routine HCV testing in all blood banks around the world. 

The determination of HCV viral load and genotype is also important because it helps 

to identify the most efficient therapeutic approach, but this currently requires different 

polymerase chain reaction-based diagnostic systems.6

Current state-of-the-art antibody (Ab)-based methods can identify patients carrying 

HCV. First, an enzyme immunoassay (EIA) or chemiluminescence immunoassay is 

carried out to detect anti-HCV Abs in the blood. To confirm this first diagnosis, Centers 

for Disease Control and Prevention guidelines initially recommended an additional 

recombinant immunoblot assay (RIBA), but more recent guidelines recommend the 
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detection of viral ribonucleic acid (RNA).7 Furthermore, the 

Chiron RIBA HCV 3.0 Strip Immunoblot Assay is no longer 

available for HCV testing.8

Since the discovery of HCV in 1989, four generations of 

serological test systems have improved the sensitivity and 

specificity of EIA-based HCV diagnosis.9 Current third-

generation assays include different HCV proteins, such as 

Core (c22-3), NS3 (c33p), NS4 (c100-3), and NS5, thus 

achieving an average sensitivity of 98%.10 One major draw-

back of these test systems is the number of false-negative 

results, reflecting late Ab responses, and false-positive results 

caused by other issues.11 The error rate has been reduced in 

the most recent fourth-generation assays, which detect immu-

noglobulin (Ig) G as well as IgM Ab responses.10,11 These 

improvements allow EIA-based systems to be used reliably 

in low-risk environments such as blood banks, but will not 

entirely remove the need for RNA-based test systems because 

RNA can be used as a direct marker of viral replication and 

the discrimination between active and cured infections.12

An alternative to standard colorimetric enzyme-linked 

immunosorbent assays (ELISAs) is the cyclovoltammetric 

detection of HCV antigens13 or the electrical biochip plat-

form that uses “single electrode redox cycling” and detects 

anti-Core antibodies in the blood.14 In combination with 

advanced lab-on-chip functionality, this technology has now 

been improved by the addition of two additional antigens to 

the biochip. Here we describe a demonstrator that integrates 

the HCV proteins Core, NS3, and NS4A, and measures an 

anti-HCV Ab response in diluted serum or whole blood 

samples in less than 15 minutes. A special biochip cartridge 

allows direct sample collection and its dilution in a fully 

automated analysis system. The portability of the system 

makes it suitable as a candidate to improve diagnostics in 

small hospitals or medical practices, especially in the field 

of point-of-care testing.

Material and methods
HCV serum samples
Tests were carried out on 71 anonymized patient serum 

samples with a defined HCV status, according to the 

regulations of the University Hospital Aachen, Aachen, 

Germany. All samples were previously characterized using 

the ARCHITECT® anti-HCV assay (Abbott Laboratories, 

Abbott Park, IL, USA), identifying 39 sera as anti-HCV-

negative and 32 as anti-HCV-positive. The samples were 

inactivated with 1% Tween-20 at 37°C for 4 hours by diluting 

1:2 with phosphate-buffered saline with Tween-20 (PBS-T). 

For ELISA, the blood samples of HCV-negative healthy 

individuals (C1–3) were analyzed and the C2 sample was 

used as a reference.

Reagents
All chemicals for antigen preparation and ELISA measure-

ments were purchased from Carl Roth GmbH + Co, KG 

(Karlsruhe, Germany). 2,2′-azino-bis(3-ethylbenzthiazoline-

6-sulphonic acid) was purchased from Roche Applied 

Science (Mannheim, Germany), and the rabbit anti-human 

IgG peroxidase conjugate (Fab specific) was purchased from 

Sigma-Aldrich GmbH (Taufkirchen, Germany).

PBS pH 7.4, Tween-20, trehalose, MgCl
2
, 4-aminophenyl-

β-D-galactopyranoside (p-APG), and bovine serum albumin 

(BSA) were purchased from Sigma-Aldrich GmbH. Human 

IgG was obtained from Fitzgerald Industries (Concord, 

MA, USA), and goat anti-human IgG β-galactosidase con-

jugate was purchased from Southern Biotech (Birmingham, 

AL, USA).

Preparation of antigens
The Core antigen was produced as previously described.14 

For NS3 and NS4A, a consensus sequence was generated 

by amino acid alignment (see supplementary material) and 

synthesized by Mr. Gene GmbH (Regensburg, Germany). 

The sequences were transferred to vector pET32a+ (Merck 

Chemicals, Nottingham, UK) using the enzymes NcoI-HF 

and NotI-HF (New England Biolabs GmbH, Frankfurt am 

Main, Germany) and expressed as thioredoxin (Trx)-fusion 

proteins in Escherichia coli strain Rosetta2 DE3 pLysS 

(Merck Chemicals). The cells were cultivated in a BioFlo 110 

fermenter (7 l, New Brunswick Scientific, Enfield, CT, USA) 

using synthetic medium, and were lysed by sonication in 8 M 

urea buffer, pH 8.0. After overnight incubation, the cellular 

debris was removed by centrifugation (40,000 g, 90 minutes), 

the pellet was processed again as described previously, and 

the protein was purified from the pooled supernatants using 

a ÄKTA fast protein liquid chromatography system and a 

4 mL Ni-TED column (Macherey-Nagel GmbH and Co, KG, 

Düren, Germany). The protein concentration was determined 

using the BCA Protein Assay Kit (Thermo Fisher Scientific, 

Pierce, Rockford, IL, USA) with a BSA or lysozyme standard 

for Trx-NS3 and Trx-NS4A, respectively. The integrity of the 

proteins was confirmed by mass spectrometry.

Microtiter plate ELISA
The ELISA was carried out as previously described14 after coat-

ing the plates with 50 ng/well of the full-length recombinant 

HCV Core protein, 100 ng/well of Trx-NS3, or 100 ng/well 
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of Trx-NS4A. After blocking with 1% (w/v) BSA, putative 

HCV-positive sera were diluted 1:200 in PBS and applied to 

the plate. Bound anti-HCV antibodies were detected using a 

rabbit anti-human IgG peroxidase conjugate (Fab specific, 

diluted 1:5,000). After incubation for 45 minutes, 2,2′-azino-

bis (3-ethylbenzthiazoline-6-sulphonic acid) was added and 

the reaction was monitored by spectrophotometry at 405 nm. 

The total test time was 4 hours.

Biochip fabrication and integration
The disposable silicon-based chips were manufactured on the 

industrial semiconductor production line at the Fraunhofer 

Institute for Silicon Technology, Itzehoe, Germany.14–16 The 

new layout was based on chip dimensions of 8×10 mm and 

the production was modified to process 8-inch silicon wafers. 

The chips carried 16 unstructured gold electrode positions, 

each with a diameter of 350 µm. The electrical interface 

of the chips was modified to form one row of contact pads 

with a pitch of 0.5 mm, allowing the use of commercial 

connectors.

The wafers were thermally oxidized to a depth of 650 nm 

for insulation. The gold electrodes comprised vacuum-

deposited stacks of 20 nm tantalum as a bonding agent and 

a final 150 nm upper gold layer. A gold counter-electrode 

and an iridium oxide reference electrode were also integrated 

into the chip, structured by photolithography and lift-off 

technology. The conducting paths were passivated against 

the wet samples using a combination of 400 nm silicon 

nitride and a 2 µm structured photoresist. Only the electrodes 

and the contact pad areas were opened by dry etching. This 

combination of the hydrophilic electrode surface and sur-

rounding hydrophobic passivation optimized the dispensing 

and immobilizing of the capture molecules.

The antigens were applied to the gold electrodes using 

a piezo-driven microdispensing device from GeSiM GmbH 

(Großerkmannsdorf, Germany). Human IgG was used as a 

positive control (300 µg/mL in PBS) and BSA as a negative 

control (100 µg/mL in PBS). The antigens were spotted on 

to the chip at three positions each, each deposit comprising 

26 droplets representing 10 nL per array electrode. The 

HCV Core antigen (10 µg/mL in PBS with 3 M urea) was 

deposited at positions 4 and 7, the NS3 antigen (280 µg/mL 

in PBS with 3 M urea) at positions 5 and 8, and the NS4A 

antigen (80 µg/mL in PBS with 3 M urea) at positions 6 and 9. 

The antigens were initially diluted 1:2.5 in PBS. Positions 

1–3 were designated the “positive control” and positions 

10–12 the “negative control”, because they were used for 

mathematical standardization. The immobilization of these 

capture molecules was achieved by thiol–gold interaction and 

hydrophobic adsorption. The spotted chips were incubated 

for 2.5 hours at room temperature in a humidity chamber. 

After washing with PBS-T, the chips were blocked with BSA 

(0.5 mg/mL in PBS) for 20 minutes, washed with deionized 

water, and dried under a vacuum. The chips were designed 

to be disposable and were discarded after a single assay.

The spotted biochips were housed in a polycarbonate 

microfluidic cartridge. A flow-through cell allowed the 

samples and reagents to be passed successively over the bio-

chips in the cartridge. The cartridge also contained a sample 

collector and a dilution reservoir together with fluid channels 

and five ports connecting the biochips to the measurement 

device. The latter was designed to incorporate a disposable 

reagent container (for buffer, enzyme conjugate, substrate, and 

waste) and a biochip cartridge adapter to facilitate automated 

analysis via two miniaturized peristaltic pumps (Prolatec 

GmbH, Radebeul, Germany) and six pinch solenoid valves 

(Sirai®, Bussero, Italy). The total size of the measurement 

device was 144×250×244 mm. An integrated multichannel 

potentiostat was used to change the reaction potential of each 

electrode between 200 mV and –350 mV and to measure the 

resulting currents at a 5 pA resolution with a range of ±200 

nA. The electronic components controlled the assay procedure 

and also the pump, valves, and temperature regulation unit. 

The biochip cartridge adapter allowed the biochip to be con-

nected simultaneously to the multichannel potentiostat and 

the controlled heating unit, as well as connecting the cartridge 

to the fluidic system of the measurement device.

The assay was automatically controlled by the proprietary 

software “MCDDE” (Fraunhofer Institute of Silicon Technology, 

Itzehoe, Germany), which regulated the action of valves, pumps, 

and heating. The resulting data were analyzed using OriginPro 

8G (OriginLab Corporation, Northampton, MA, USA).

Analysis on electrical biochips
The 15-minute HCV test on the electrical biochip was 

carried out by pipetting 2 µL of serum into the cartridge 

sample collector. Once inserted into the measurement 

device, the sample was diluted automatically 1:250 with 

buffer. Whole blood samples were taken from a droplet on 

the fingertip into the cartridge sample collector by capillary 

transfer. Spotted biochips were already integrated into the 

cartridge, which was connected to the fluidic, electrical, and 

thermal systems. All steps were carried out with the chip 

temperature set to 38°C.

Goat anti-human β-galactosidase was diluted 1:400 

in PBS-T containing MgCl
2
, trehalose, and BSA, and the 
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substrate p-APG was provided at a concentration of 1 mg/mL. 

The diluted samples were passed across the chip and incu-

bated for 8 minutes to allow anti-HCV antibodies to bind the 

HCV target antigens on the electrodes. The bound antibodies 

(and human IgG control) were then enzyme-labeled for a 

further 3 minutes, before the position-specific generation of 

the electrochemically active substrate 4-hydroxyaniline from 

p-APG was used to provide the readout by single electrode 

redox cycling in a stop flow mode.14 A further 4 minutes were 

necessary for all dilution, reaction, and washing steps.

The production of 4-hydroxyaniline was measured 

by switching the gold electrodes on the biochip between 

+200 mV and –350 mV with a frequency of 1 Hz. Current 

measurements were taken 120 milliseconds after switch-

ing, resulting in position-specific increasing oxidation and 

reduction currents. The magnitude of these oxidation and 

reduction currents was summarized to create a current slope 

for each chip position, beginning 1 second after stop flow 

mode. Finally, linear regression analysis of a 6-second time 

period yielded target concentration-dependent slopes in the 

nA/min range.

A mean value was generated for each triplicate (positive 

and negative control) or duplicate (target antigens) on each 

individual chip. A standardized procedure was carried out 

by setting the negative control values (chip position 10–12) 

to 0, then adjusting the positive control and HCV values 

accordingly. The positive control was set to 1,000 nA/min and 

the HCV signals were normalized relative to this value.

Results and discussion
Design of proteins
The efficacy of the current anti-Core Ab detection system14 

was enhanced by integrating two new proteins on to the 

biochip. All published sequences for NS3 and NS4A were 

aligned, and a genotype-independent protein sequence was 

designed and synthesized. The location of these proteins in 

the HCV polyprotein is shown in Figure 1. To enhance the 

production of these proteins in E. coli, they were expressed as 

Trx–tag fusions.17 This was important because both proteins 

contain N-terminal hydrophobic stretches that may reduce 

expression levels, as shown for the HCV glycoprotein E2.18 

We found that the Trx component of the fusion protein does 

not interfere with the test system, because the background 

level does not increase when compared with the results for 

the Core protein alone. As discussed for the HCV Core pro-

tein, both NS proteins were stored in 8 M urea buffer after 

purification and were used for the analysis of patient sera by 

standard ELISA and biochip measurements.

Microtiter plate ELISA
Standard ELISAs were used to confirm the suitability and 

optimize the binding conditions before integrating them 

with the biochip. The two NS proteins were coated at twice 

the concentration used for the Core protein, but this still fell 

within the normal range for coating ELISA plates, because 

concentrations of 0.2 ng to 1 µg have been reported for 

non-Ab proteins.19–21 In addition to 71 patient samples that 

had tested HCV-positive or HCV-negative, three serum 

samples from healthy, HCV-negative individuals (C1–3) 

were analyzed and served as a negative control group for 

normalization. Because all the patient samples were tested in 

triplicate, a maximum of 20 different measurements could be 

taken on one ELISA plate. In order to allow the comparison 

of all results, samples C1–3 were analyzed on each plate. The 

serum with the medium extinction (C2) was used to normal-

ize the patient data. The cutoff to discriminate HCV-positive 

and HCV-negative patients was set to 2 (Figure 2).

Previously, we achieved the efficient detection of HCV-

positive serum samples using the Core protein.14 The addition 

of two HCV-NS proteins should increase the sensitivity of the 

detection system. Among the 32 samples that previously tested 

HCV-positive, 78.1% (25/32) gave a positive ELISA result 

based only on anti-Core antibodies. The incorporation of data 

from NS3 and NS4A increased the positive test results from the 

infected patients to 81.3% (26/32) by eliminating the formerly 

false-negative result from sample P28. The borderline signal of 

sample P29 could not be improved by including data from the 

two NS proteins. The number of false-positive results did not 

increase. Two patients (N22 and N28) previously identified as 

HCV-negative now tested positive when the NS proteins were 

included, and two further patients (N26 and N29) showed a 

borderline signal. Therefore, the standard ELISA achieved an 

overall accuracy of 88.7% (63/71). The reproducibility, based 

on samples producing one positive and one negative result, was 

93.0% (five inconclusive samples among 71 tested).

Analysis on electrical biochips
The HCV Core, NS3 and NS4A antigens, together with 

the positive and negative controls, were spotted at specific 

C
E1

E2
p7

NS2
NS3 NS4B

NS4A NS5A
NS5B

Figure 1 The location of NS3 and NS4A proteins within the hepatitis C virus 
polyprotein. The complete NS3 (marked in red, residues 1027–1658) and NS4A 
(marked in green, residues 1658–1712) proteins were expressed as thioredoxin 
fusions to enhance the recombinant protein yields.
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positions on the biochip using a piezo-driven spotting 

device. Figure 3A shows an individual unspotted biochip, as 

produced in the Fraunhofer Institute for Silicon Technology 

cleanroom environment, whereas Figure 3B shows a biochip 

spotted with 10 nL sample droplets at each position. The 

spotted proteins were immobilized by thiol–gold interaction 

and hydrophobic adsorption. After incubation and protein 

binding, the blocked and washed chips were housed in the 

biochip cartridge, where they remained stable for more than 

12 months at 4°C and for several weeks at room temperature. 

This allows the housed chips to be distributed to different 

laboratories without a cold chain.
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Figure 2 All 71 patient serum samples were measured by standard enzyme-linked immunosorbent assay. The upper graph shows the normalized data for the 32 hepatitis C 
virus (HCV)-positive samples, and the lower graph shows the equivalent for the 39 HCV-negative samples. All measurements were taken twice in triplicates. The cutoff value 
was set to 2. Standardized target signals below this value were set as negative, and above this value as positive. Borderline signals are defined as those samples that span the 
cutoff value.

Figure 3 (A) The Fraunhofer Institute for Silicon Technology biochip is equipped with an iridium oxide reference electrode, a gold counter-electrode, and 16 gold array 
working electrodes. The chip size is 8×10 mm2, and each working electrode is 350 µm in diameter. (B) The piezo-driven microdispenser is shown in the background, and 
spotted working electrodes on the chip are shown at the front. The positive control (P, positions 1–3) and the negative control (N, positions 10–12) were spotted in 
triplicate, whereas Core (positions 4, 7), NS3 (positions 5, 8), and NS4A (positions 6, 9) were spotted in duplicate.
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The portable, fully automated biochip system was devel-

oped for point-of-care diagnostics. It allows the straightfor-

ward collection of microliter-sized blood samples combined 

with automated direct sample dilution within the disposable 

biochip cartridge. The latter is equipped with the inserted 

biochip, a sample collector, and a reservoir for automated 

sample dilution. In our comparability measurements, 2 µL of 

each serum sample was pipetted into the collector, whereas 

other commercially available EIA-based systems require a 

sample volume of 20–100 µL.9 In practical use, pricking 

the fingertip with a sterile needle allows a 2 µL sample to 

be collected by capillary transfer.

The collector was sealed with a female Luer taper and the 

cartridge inserted into the measurement device. Pushing the 

cartridge into the cartridge adapter resulted in the electrical 

contacts on the biochip, connecting to the heater and the five 

fluidic ports of the cartridge in parallel. A separate pump 

diluted the 2 µL sample by pumping 500 µL of buffer through 

the collector within the sample dilution reservoir. Because the 

serum samples are prediluted 1:2, the final concentration of 

the sample was therefore 1:500. Pumping the diluted sample, 

enzyme conjugate, substrate, and all intermediate washing 

buffers was achieved automatically by the microfluidic com-

ponents of the device. The incubation time and pump rates 

were modified to determine the optimized assay program 

with duration less than 15 minutes, which is faster than any 

other comparable commercial test system.9

The electrochemical detection method single electrode 

redox cycling and the related signal evaluation achieved 

sensitive and reproducible results (Figure 4). The micro-

titer plate ELISA described previously, based on 39 

HCV-negative and 32 HCV-positive serum samples, was 

repeated with the point-of-care biochip system for com-

parability tests. Each serum sample was measured in 

duplicate to test the reproducibility of automated sample 

dilution. In Figure 4A, five measurements are picked out 

for detailed explanation. The positive control positions 

1–3 showed homogeneous signals in each triplicate, as 

well as comparisons from chip to chip. The average signal 

was ∼2,600 nA/min regardless of the sample. The negative 

control positions 10–12 resulted in signals marginally below 

0 in each triplicate, regardless of the individual chip, indicat-

ing the absence of nonspecific binding. The negative control 

serum N4 yielded signals below 0 at the Core, NS3, and 

NS4A positions, demonstrating the absence of nonspecific 

binding at the target positions and a negative classification 

in the biochip assay. The weak positive samples P3 and P28 

showed signals at the Core positions in the case of P3 and 

at the NS3 and NS4A positions in the case of P28, whereas 

the negative positions remained below 0. Serum P4 was 

recorded as positive, reflecting the 600 nA/min signal at 

the Core positions. The average signal values for serum 

P27 were 220 nA/min for NS4A, 900 nA/min for NS3, and 

2,150 nA/min for Core, thus identifying this sample as a 

strong positive. The semiquantitative presentation of results 

is therefore practicable using this system.

Comparing the data for the same patients obtained 

by ELISA (Figure 4B) and biochip analysis (Figure 4C) 

revealed similar outcomes. Nevertheless, the biochip assay 

is much easier to interpret because there is a greater differ-

ence between positive and negative signals compared with 

the ELISA. In particular, the weak positive signal for sample 
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Figure 4 Measurements of five individual serum samples. (A) Signals obtained at the different chip positions for each patient, as well as the control measurements: positive 
control positions 1–3 (blue), Core positions 4 and 7 (red), NS3 positions 5 and 8 (pink), NS4A positions 6 and 9 (yellow), negative control positions 10–12 (green). The assay 
time was 15 minutes. To compare the overall measurement of the enzyme-linked immunosorbent assay (ELISA) and biochip results, the data for the five selected patients 
are summarized in (B) and (C), respectively.
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P3 can be identified more clearly as an HCV-infected sample 

in the biochip assay.

The standardization of target signals relative to posi-

tive control signals also results in a better interassay 

reproducibility. The 71 samples were measured and normal-

ized using the biochip system (Figure 5). The cutoff value was 

set to 20 nA/min. Standardized target signals below this value 

were set as negative and values above were set as positive. 

Using the point-of-care biochip system, three HCV-positive 

samples were identified as false negatives against all targets 

(P8, P17, and P23) – sample P8 was false negative in one mea-

surement, whereas samples P17 and P23 were false negative in 

both measurements (Figure 5A). P17 and P23 were false 

negatives in the microtiter plate ELISA too, indicating the 

absence of antibodies against the three tested HCV proteins. 

In contrast, the Abbott ARCHITECT system identified these 

sera as anti-HCV positive, possibly because the Abbott system 

detects not only IgG antibodies directed against HCV but also 

IgM antibodies that are generated earlier in the infection. The 

incorporation of NS3 and NS4A data allowed sample P28 to 

test positive in the microtiter plate ELISA and the biochip 

assay. Two of the HCV-negative samples were detected as 

false positives in one of two measurements (N22 and N27), 

and N27 recorded an NS4A value of 20 nA/min (Figure 5B). 

Overall, we recorded four false results among 71 samples, 

which is equivalent to a test correctness of 94.4%. In compari-

son, the accuracy of the microtiter plate ELISA was 88.7% 

(8/71). The biochip therefore achieved greater correctness 

than the microtiter plate ELISA, in addition to a 16-fold sav-

ing in the duration of the assay. The automated microfluidic 
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Figure 5 All 71 serum samples measured with the biochip system. (A) Normalized data for the 32 hepatitis C virus (HCV)-positive samples shown with each measurement 
in duplicate. (B) Normalized data for the 39 negative samples shown with each measurement in duplicate. The line at 20 nA/min represents the cutoff value (arrow). 
Standardized target signals below this value are set as negative, and above this value as positive.
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assay procedure also uses low sample and reagent volumes. 

In most cases, the double measurement of a serum sample 

resulted in comparable signals, indicating that the automated 

sample dilution was highly repeatable (Figure 5A).

The Abbott ARCHITECT system achieved a reproduc-

ibility of 99.9% and an assay correctness of 95.0% among 

more than 1,000 samples by detecting anti-HCV IgM and 

IgG. The assay time for a single sample is ∼30 minutes, thus 

our biochip system was much faster.

Measuring whole blood samples
For point-of-care applications it is essential that no further 

sample preparation is needed after collection. Therefore, 

we tested our cartridge-based biochip system with realistic 

whole blood samples. HCV-negative blood was sampled by 

drawing 2 µL into the cartridge from a droplet on a fingertip 

(Figure 6A). After closing the collector, the cartridge was 

inserted into the measurement device (Figure 6B). The test 

was carried out as described previously for serum samples, 

using HCV-negative serum as a negative control (Figure 6C) 

and 2 µL of HCV-negative whole blood spiked with 1 µL of 

positive serum P24 as a positive serum control (Figure 6C). 

The presence of red blood cells did not affect the perfor-

mance of the electrical biochips or the automated analysis 

in the cartridge.

Conclusion
We have developed a point-of-care diagnostic system based 

on electrical biochips. The system allows the fully automated 

and sensitive detection of anti-HCV antibodies in serum or 

whole blood samples within 15 minutes. A robust assay 

design is combined with safe and direct sample collection 

into the cartridge, thus avoiding syringes, cannulas, and fur-

ther pipetting steps. Red blood cells do not affect the signal 

intensity or the background level compared with serum tests. 

Only 2 µL of whole blood is needed to detect a putative HCV 

infection, and automated dilution by the system achieves 

reproducible results. The signal-to-noise ratio is better than 

in the microtiter plate ELISA, and the assay correctness of 

94% fits within the given standard. The introduction of the 

NS3 and NS4A proteins improves the assay correctness 

by 3%, by eliminating a false-negative result. Our system 

therefore appears suitable for a point-of-care approach where 

only lancets and the biochip cartridge are required for taking 

whole blood samples. The robust platform saves time and 

reagent costs, and thus offers a safe, inexpensive, and portable 

alternative to current laboratory assays.
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Supplementary material 

Consensus sequence NS3 

N- - C-terminal direction 
APITAYAQQTRGLLGTIVTSLTGRDKNEVEGEVQVLSTATQTFLGTTINGVMWTVYHGAGSKTLAGPK

GPVIQMYTNVDQDLVGWPAPPGAKSLTPCTCGSSDLYLVTRHADVIPARRRGDTRGSLLSPRPISTLK

GSSGGPVLCPSGHAVGIFRAAVCTRGVAKALDFVPVESLETTMRSPVFTDNSTPPAVPQTYQVGHLH

APTGSGKSTKVPAAYAAQGYKVLVLNPSVAATLGFGAYMSKAHGIDPNIRTGVRTITTGAPITYSTYGK

FLADGGCSGGAYDIIICDECHSTDATTILGIGTVLDQAETAGARLVVLATATPPGSVTVPHPNIEEVALP

TTGEIPFYGKAIPLELIKGGRHLIFCHSKKKCDELAKQLTSLGLNAVAYYRGLDVSVIPTSGDVVVCATD

ALMTGFTGDFDSVIDCNVAVTQTVDFSLDPTFTIETTTVPQDAVSRSQRRGRTGRGRLGIYRYVSPGE

RPSGMFDSVVLCECYDAGCAWYELTPAETTVRLRAYLNTPGLPVCQDHLEFWEGVFTGLTHIDAHFL

SQTKQAGENFPYLVAYQATVCARAKAPPPSWDTMWKCLIRLKPTLHGPTPLLYRLGAVQNEVTLTHPI

TKYIMTCMSADLEVVT 

Consensus sequence NS4A 

N- - C-terminal direction 
STWVLVGGVLAALAAYCLSVGSVVIVGRIILSGKPAVIPDREVLYQQFDEMEEC 
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