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On-chip detection of low abundant protein biomarkers is of interest to enable point-of-care diagnostics.

Using a simple form of integration, we have realized an integrated microfluidic platform for the detection

of prostate specific antigen (PSA), directly in anti-coagulated whole blood. We combine acoustophoresis-

based separation of plasma from undiluted whole blood with a miniaturized immunoassay system in a

polymer manifold, demonstrating improved assay speed on our Integrated Acoustic Immunoaffinity-

capture (IAI) platform. The IAI platform separates plasma from undiluted whole blood by means of

acoustophoresis and provides cell free plasma of clinical quality at a rate of 10 uL/min for an online

immunoaffinity-capture of PSA on a porous silicon antibody microarray. The whole blood input

(hematocrit 38–40%) rate was 50 ml min21 giving a plasma volume fraction yield of #33%. PSA was

immunoaffinity-captured directly from spiked female whole blood samples at clinically significant levels of

1.7–100 ng ml21 within 15 min and was subsequently detected via fluorescence readout, showing a linear

response over the entire range with a coefficient of variation of 13%.

Introduction

On-chip detection of low abundant protein biomarkers is of
interest to enable point-of-care (POC) diagnostics. However,
detecting the biomarkers of interest directly from whole blood
samples presents a high degree of complexity1 such as
interference or non-specific binding from the cellular ele-
ments in blood.2 In addition, biomarker targets may only be
present at low abundance, are rapidly degraded or eliminated
by other mechanisms in vitro. Still, blood serum and plasma
remain the most widely used biofluids in clinical diagnostics
due to the fact that the blood/plasma biomarker profile

reflects physiological and pathological changes relating to
disease.3,4 Although conventional immunoassays/antibody-
validation assays, such as ELISA, have been the golden
standard in clinical diagnostics, improvements with regards
to time, sample/reagent consumption, portability and
throughput are imperative. To implement a total LOC plat-
form, the challenge lies not only in dealing with the sample
complexity but also the sensitivity and specificity of the
subsequent diagnostic assay, which needs to be simulta-
neously tackled. With regards to the needs of realizing a total
LOC platform, developments using microfluidic technology
have opened new possibilities for the detection of disease-
correlated biomarkers from complex biological samples such
as blood/plasma5–8 and urine.9,10 Many of the recent advance-
ments in microfluidic-based lab on a chip approaches that
target POC settings11,12 involve efforts towards full system
integration, increased throughput, multiplexing, cost-effi-
ciency, rapid ‘sample to answer’, miniaturized immunoassay
systems. Reports on microfluidic immunoassay platforms
using diffusion,13,14 surface/beads-immobilized,15,16 centrifu-
gal17,18 and other separation-based approaches,19,20 demon-
strate rapid progress in miniaturizing conventional
immunoassays, taking into account the complexity of the
unprocessed, whole blood samples.

Reduction of the sample complexity due to interference
from blood cells in whole blood samples is crucial to ensure a
low limit of detection for the biomarkers of interest. In this
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case, separation-based microfluidics relies on the capability of
the system to perform efficient on-chip separation of plasma
by removing the blood cells prior to immunoaffinity-capturing
of the targeted biomarkers. For example, several studies
specifically utilizing membrane filters,21,22 the Zweifach-Fung
effect19,23 (bifurcation law) and acoustophoresis-based separa-
tions24 have shown successful combinations of on-chip
separations and immunoassays. Being able to handle high
cellular content e.g. undiluted blood, these approaches offer a
potential for the development of fully-integrated microfluidic
whole-blood immunoassay platforms.

We herein present an integrated microfluidic platform that
uses acoustophoresis to extract plasma from whole blood and
performs simultaneous immunoaffinity-capturing of a pros-
tate cancer biomarker within 15 min. We have previously
reported on an acoustophoresis-based microchip, which was
capable of generating diagnostic quality anti-coagulated
plasma from undiluted whole blood samples.24 It was further
linked to a potential clinical application by measuring
prostate-specific antigen (PSA) off-line on a porous silicon
sandwich antibody microarray chip. In this work, we have
proceeded to develop an integrated device where the porous
silicon microarray chip was connected directly to the outlet of
the plasmapheresis chip, namely, the Integrated Acoustic
Immunoaffinity-capture (IAI) platform.

Materials and methods

Proteins and reagents

Prostate Specific Antigen (PSA) was obtained from Sigma. Anti-
PSA monoclonal mouse antibodies 2E9 and H117 were
produced and characterized as previously described.25,26 2E9
monoclonal antibody was labelled with fluorescein isothiocya-
nate (FITC) isomer I-Celite (Sigma, St. Louis, MO, USA) and
separated on a PD10 column (Amersham, Uppsala, Sweden).

Blood samples

Citrated blood samples from healthy female blood donors
were obtained from Blood Center Skåne (Lund University
Hospital, Sweden). The hematocrit level of the whole blood
samples were measured by a hematocrit centrifuge
(Hematocrit 210, Hettich, Tuttlingen, Germany). To determine
the red blood cell content of the plasma samples after acoustic
separation, a Coulter counter (Multisizer 3, Beckman Coulter
Inc., Fullerton, CA) was used to count cells in the range of 4-8
mm.

For analysis, a titration series of PSA-spiked female whole-
blood samples was made in the range of 1–100 ng ml21. As a
reference, fractions of the spiked whole blood samples were
centrifuged for plasma separation prior to determination of
total PSA concentration, using DELFIA Prostatus PSA free/total
assay, a commercially available quantitative time-resolved
fluoroimmunoassay targeting both free and total PSA
(Perkin-Elmer, Turku, Finland).27

IAI platform

The IAI platform has two major components:
1) the acoustic plasmapheresis microchip
2) the porous silicon microarray for on-chip immunoaffinity-

capturing of PSA.
Both components were integrated in a polymer manifold

encompassing both the plasmapheresis microchip and a flow
cell holding the porous silicon PSA microarray.

Acoustic plasmapheresis microchip fabrication. Briefly, the
acoustic plasmapheresis microchip consists of a meander
microchannel with a whole blood inlet, four blood cell waste
outlets (outlets A–D, Fig. 1) and one plasma outlet (outlet E,
Fig. 1). The four waste outlets were centred at the bottom along
the microchannel. A more detailed description of the acoustic
plasmapheresis chip has been reported by Lenshof et al.24

The immunoaffinity-capture region: porous silicon micro-
array fabrication. Porous silicon chips were obtained by anodic
dissolution of a p-type monocrystalline silicon wafer. A
detailed description of the fabrication process has been
reported by Järås et al.28

Monoclonal mouse anti-PSA capture antibody H117 (0.5 mg
ml21 in PBS) was arrayed onto the porous silicon chips using
an in-house developed piezoelectric microdispenser29,30 form-
ing an array of 600 antibody spots (100 pl/spot), at a 150 mm
centre to centre distance. The chips were washed with a 3 time
washing step in PBS–Tween (0.05% Tween 20 in PBS) to
remove loosely bound capture antibodies. Finally, blocking
with 5% non-fat powdered milk was done prior to the
insertion of the porous silicon chips to the IAI platform.

Microarray analysis. A confocal microscope setup (BX51W1,
Olympus) with oil immersion 206 objective and an ion laser
(IMA101010BOS, Melles Griot Laser Group) with an excitation
wavelength of 488 nm was used for fluorescence detection.
Microarray image analysis was performed using Fluoview 300
software (Fluoview, Olympus). The Fluoview 300 circle method
was used to quantify the total intensity of each spot that was
detected on the microarray. Background intensity was simi-
larly measured and then subtracted from the total intensity of
the spot. Nine spots and their backgrounds were measured for
each image analysis, generating the mean spot intensities
presented in the figures.

Results and discussion

Optimisation of flow-based microarray assay

The continuous flow-based incubation of the microarray on
the IAI platform offers different conditions for the plasma
biomarkers to reach the immobilized antibodies on the porous
silicon surface as compared to the previously reported
microtitre plate-based porous silicon microarray assay.31 In
order to optimize the sample incubation process in the IAI
platform, PSA immunoaffinity-capturing was performed at
incubation times ranging from 10–30 min. Obtained data
showed that 15 min of PSA-spiked plasma perfusion was
sufficient for PSA to bind to the immobilized anti-PSA H117
antibody in the continuous flow system, in the range of
clinically relevant levels (4–300 ng ml21), Fig. 2.

This journal is � The Royal Society of Chemistry 2013 Lab Chip, 2013, 13, 1790–1796 | 1791

Lab on a Chip Paper



To optimize the washing steps in the PSA assay, after the
plasma incubation, 5 min washings at flow rates of 50, 100,
200, 500 and 1000 ml min21 were investigated. Based on the
spot intensity profiles obtained by microarray image analysis,
the results show that a flow rate of 1000 ml min21 (0.05%
Tween 20 in PBS) was sufficient to reduce background noise
(Fig. 3).

Whole blood analysis

One significant step towards more advanced POC diagnostics
includes miniaturization of the conventional immunoassays.
In this respect, we evaluated the applicability of the IAI
platform to assay PSA, using female plasma samples spiked
with PSA.

The plasmapheresis microchip was modified relative our
earlier generation to improve the plasma separation/genera-
tion and enable integration with the microarray flow cell. The
plasmapheresis chip was slightly elongated with a separation
channel length of 238 mm (compared to 224 mm in earlier

Fig. 1 The acoustic plasmapheresis microchip with multiple outlet configuration (A–D) along the meander shaped separation microchannel for RBC removal and (E)
extraction of pure plasma.

Fig. 2 Fluorescence detection results for PSA-spiked female plasma samples.
PSA-spiked plasma perfused a flow cell holding the porous silicon antibody
microarray for 10, 15, 20, 25 and 30 min (x-axis) to optimize the continuous flow
PSA assay. Mean spot intensities (y-axis) and standard deviation (error bars)
were calculated from spots (n = 9) obtained from microarray image analysis.
Note that incubation times of more than 15 min did not result in a significantly
higher mean spot intensity, thus this time was selected for the subsequent IAI
protocol.

Fig. 3 Spot intensity profiles obtained via microarray image analysis. Washing
buffer (0.05% Tween 20 in PBS) was aspirated through the microarray flow cell
at various flow rates for 5 min. Representative spot profiles for 50, 200 and 1000
ml min21 are shown.
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design), while having the same number of outlets. The
microchip was placed in a manifold to couple the plasma
microchannel outlet into the flow cell holding the porous
silicon microarray chip. PSA-spiked undiluted whole blood
was drawn through the acoustic plasmapheresis chip by
software-controlled syringe pumps (neMESYS, Cetoni,
GmbH, Germany). The acoustophoresis chip was actuated
according to the previously described protocol,24 and hence a
half wavelength ultrasonic standing wave was used to
accomplish on-chip separation of anti-coagulated plasma
from red and white blood cells.32–34 As seen in Fig. 4, the
primary acoustic radiation force focuses the blood cells into
the pressure node of the standing wave field, moving them to
the centre of the microfluidic channel, while a cell free plasma
emerges along the channel sidewalls. Lower flow rates were
applied in all waste outlets (outlet A–D) as compared to the
earlier design, see Table 1. This contributed to a longer
retention time for acoustic focusing and hence improved the
plasma separation efficiency. The lower total flow rate of the
acoustic plasmapheresis microchip also resulted in lower
consumption of whole blood sample.

To remove the focused blood cells from the plasma, these
were aspirated through the waste outlet A–D located in the
bottom centre of the microchannel (Fig. 1). The sequential
removal of focused blood cells via multiple outlets along the
bottom center of the microfluidic channel gradually reduced
the hematocrit level. The trifurcation at the end of the
microchannel provided the final cell separation, yielding high
quality plasma with a low cellular content through the side
outlets. The plasma was generated at a rate of 10 ml min21

from undiluted whole blood (38–40% hematocrit) with a flow
rate of 50 ml min21, as compared to 80 ml min21 in the earlier
version. A higher plasma yield of 33% of the total plasma
volume was achieved, compared to the 21% for the previous

generation. Flow rate settings, plasma yield and plasma cell
count are given in Table 1. The plasma generated in the new
set-up showed a slightly higher cell content than previous
version, which can be attributed to the fact that a larger
fraction of the total plasma volume is extracted for the
diagnostic step. It should, however, be mentioned that the cell
background was still well within the criterion of , 6 6 109

cells L21, as recommended by the Council of Europe.35

Increasing the extracted plasma fraction inherently
increases the risk of having a carry-over of cells. It should
also be noted that the entire plasma volume in a blood sample
is not accessible using the acoustophoresis-based approach
described herein since the blood cells are not exposed to forces
of the same magnitude as in a centrifugation step, and hence
are not as densely packed. By exposing the blood sample to the
acoustic force field for a longer time, it may be possible to
concentrate the blood cells more and thus accomplish a
higher plasma fraction yield, but at the cost of either a longer
separation channel, a higher acoustic input power or a lower
flow rate.

Fig. 5 A–E shows the acoustic plasmapheresis microchip
mounted in the manifold that connects the plasma micro-
channel outlet to the flow cell holding the immunoaffinity-
capture microarray (Fig. 5 B–C). Because of the high surface
area contributed by the porous silicon 3D morphology, spots
with high antibody density and quality were obtained.36,37 Via
outlet E, clean plasma continuously perfused the microarray
flow cell. After 15 min of continuous flow plasma incubation,
the washing buffer (0.05% Tween 20 in PBS) was subsequently
aspirated through the flow cell. After incubation, the PSA
microarray was subjected to off-line 10 ml FITC-labeled
secondary antibody incubation and fluorescence detection.
The on-line processing and the short (15 min) PSA immu-
noaffinity-capture time could reduce the risk of plasma

Fig. 4 Sequence showing the starting phase of plasma production A) where ultrasound is inactive, B) where the acoustophoresis is beginning to focus the RBC in the
channel centre and C) continuous phase of plasma production where the final fractions of RBC are removed via the central outlet.

Table 1 Flow rates for inlet and outlets A–E, plasma yield and the amount of cells L21 of the generated plasma for the improved acoustic plasmapheresis microchip as
compared to our previously reported microchip design

Inlet
(ml min21)

Waste outlet A
(ml min21)

Waste outlet
B (ml min21)

Waste outlet
C (ml min21)

Waste outlet
D (ml min21)

Plasma outlet
E (ml min21)

Fraction of
plasma from
whole blood

Erythrocytes/L
in produced
plasma

Previous design 80 20 20 15 15 10 12.5% 3.7 6 109

Improved design 50 10 10 10 10 10 20% 4.2 6 109
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protein degradation induced by the standard blood pre-
processing and extended time before analysis.38 Hence, this
approach opens the route to more accurate assaying of other
more delicate biomarkers.

The IAI protocol for whole blood samples spiked with PSA
generated high quality, homogeneous spots (Table 2). An
example of a spot intensity profile obtained from the porous
silicon PSA microarray can be seen in Fig. 6A. Fig. 6B shows
the effect of non-optimal manual washing steps which was
successfully eliminated via automated and reproducible
aspiration of washing buffer on the IAI platform. The mean
spot intensities and coefficient of variation (CV) in Table 2
were calculated from the spots of the inset images in Fig. 7.
CVs of y13% are in agreement with previously published
work.28 The graph in Fig. 7 shows mean spot intensity versus
PSA concentration as determined by the DELFIA reference

assay. This corresponded to a coefficient of determination of
R2 . 0.99, indicating a good linearity within the studied
concentration range. The error bars show the standard
deviations calculated from the spot intensities. Based on
duplicate runs of the IAI protocol, PSA was detectable at
clinically significant levels of 1.7–100 ng ml21 after 15 min of
immunoaffinity-capturing at 50 ml min21 total flow rate of
whole blood via fluorescence readout. Although the lowest
concentration measured in blood samples in this study was 1.7
ng ml21, we have previously shown that the porous silicon
sandwich assay used herein has a limit of detection of 0.14 ng
ml21 PSA.28 Unspiked human female whole blood sample was
used as a negative control in our experiments. No unspecific
binding from plasma proteins was found (data not shown).

Performed as an integrated microfluidic assay, the IAI
platform has minimized the number of conventional assay
steps, resulting in reduced total assay time and consumption
of sample/reagents. Immunoaffinity-capturing of PSA from
whole blood, with optimized flow conditions and incubation
times, was performed in 15 min as compared to 60 min on our
previous PSA microarray platform. The assay steps performed
on the IAI (15 min of immunoaffinity-capturing of PSA from
whole blood and 5 min washing) lasted for a total of 20 min
which should be compared with at least 75 min for the
corresponding assay steps performed on our previous PSA
microarray platform.

Fig. 5 The Integrated Acoustic Immunoaffinity-capture (IAI) platform. The plasma microchannel outlet is connected to the flow cell containing the porous silicon
immunoaffinity-capture region which is perfused by the acoustophoretically generated plasma for 15 min. A) The acoustophoresis-based plasma separation region. B)
The porous silicon immunoaffinity-capture microarray region at the back side of the IAI manifold containing the microarrayed anti-PSA H117 antibody (in purple). C)
Immunoaffinity-capture of PSA (in yellow) by the anti-PSA H117 antibody. D) Photo of the IAI manifold. E) Photo of the IAI manifold (back side).

Table 2 PSA concentrations (DELFIA), mean spot intensities, and the corre-
sponding standard deviations and coefficients of variation

Concentration,
ng ml21

Mean spot
intensity, AU

Standard deviation,
AU (n = 9)

CV%
(n = 9)

100 2983 507 17
75 2116 133 6.3
21 660 42 6.3
4 200 26 13.1
1.7 110 22 20.2
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Conclusion

The IAI platform, in its simplest form of integration, has
shown proof-of-principle for whole blood sample input and
biomarker quantitation output. The platform integrates multi-
ple functions i.e. 1) on-chip plasma separation, 2) immunoaf-
finity-capture and 3) steps of loading samples/reagents/
washing buffers. In this paper, we show for the first time
microchip integration of acoustically driven plasmapheresis
and microarray-based protein biomarker detection, which
provides reduced assay times and enables automated micro-
fluidic sample processing.

In upcoming work we anticipate enhancing the diagnostic
value in the current PSA microarray by implementing a

multiplex microarray holding complementary biomarkers
and realizing further steps of integration and miniaturization.

In order to progress the IAI platform to a true sample-in-
answer-out point-of-care system, the current off-line incuba-
tion of the detector antibody should be integrated into the
microfluidic sequence, and this is on-going work. The confocal
fluorescence readout can be translated to a conventional
bench top fluorescence microarray scanner.
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