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Abstract

We present a novel concept to determine relevant biochemical markers for applications in the field of emergency diagnostics. Our modular
setup comprises a disposable polymer disk which hosts microfluidic structures and optical beam-guidance elements. The beam of a standard laser
is guided by total internal reflection (TIR) at V-grooved retro reflectors which are monolithically integrated on a “lab-on-a-disk”. This way, the
optical path length through the commonly flat detection cell and thus the sensitivity of colorimetric assays is massively enhanced compared to
direct (perpendicular) beam incidence. The reusable analyzer compactly incorporates a standard drive to spin the disk, a dispensing unit, a low-cost
laser, and a spectrophotometer serving as flexible detector for different assay formats. The competitive performance of the setup was proven by
the rapid and accurate determination of the concentration of hemoglobin (Hb) in human whole blood. Outstanding features are a high degree of
linearity (R? =0.993) between the optical signal and the Hb, a good reproducibility of CV =2.9%, and a time-to-result of 100, only.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The transfer of clinical diagnostics from centralized labora-
tories to point-of-care applications is subject of various efforts
concerning scientific aspects [1-6] as well as commercialization
[7,8]. To meet the requirements of clinical diagnostics, these
“lab-on-a-chip” technologies seek to enable a full process inte-
gration, reduced consumption of sample and reagents as well as
short time-to-result and ease of handling are the most prominent
candidates. Great market opportunities are particularly expected
for cost-efficient applications delivering “actionable diagnostic
information”, i.e. data which can immediately be used by the
end user or health care professional therapy.

Among these “lab-on-a-chip” systems, we here consider cen-
trifugal “lab-on-a-disk” technologies [8—18] which exploit the
interplay of centrifugal and capillary forces for a full integration
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of analytical protocols, comprising entire process chains, e.g.
sample preparation, reacting/separation and detection. Numer-
ous “lab-on-a-disk” products have already been launched to the
market [19-24].

In this work, we focus on the implementation of a disk-based,
colorimetric hemoglobin assay. The Hb is defined as the amount
of the protein hemoglobin in the erythrocytes (RBCs) with
respect to the total blood volume. It is one of the most relevant
markers in clinical diagnostics and routine blood screening, indi-
cating certain diseases (polycythemia vera, chronic hypoxia),
genetic defects (thalessemia) as well as severe physiological
conditions (blood loss, dehydration). Furthermore, we devel-
oped an analyzer which features all reusable components for
centrifugation, fluid metering and dispensing, and optical com-
ponents.

2. Colorimetric assay on-disk

Colorimetric assays are based on the measurement of the
intensity / of a probe beam of an incident intensity Iy after
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Fig. 1. Concept for an integrated optical beam guidance by total internal reflec-
tion (TIR). Next to the detection cell, integrated V-grooved retro reflectors deflect
the beam by 90° into the disk-plane. After passing the detection cell, the atten-
uated probe beam is again reflected and then measured by a detector positioned
above the disk. To ensure TIR, the incident angle o must be larger than the
critical angle o, & 41°.

TIR setup: /s = 5 mm

passing the detection cell containing the analyte solution.
According to the law of Beer—Lambert, the optical density (or
absorbance)

I
OD = log = = In(10) e(+)Hb L M

linearly depends on the molar extinction coefficient () of the
solution (which is governed by the products of the colorimetric
reaction), the initial Hb, and the optical path length I, through
the detection cell.

In our approach [25], the optical beam of a standard laser
diode (Apeak =532 nm) [26] impinges perpendicular to the flat
upper side of the disk. Via total internal reflection (TIR) at the
side facet of the triangular V-groove, which is monolithically
embedded into the reverse side of the chip (Fig. 1), the beam is
then deflected by 90° into the plane of the flat detection cell. To
ensure TIR, the angle of incidence « has to exceed the critical
angle

@ = sin”! (”*‘“) )
ncoc

which is governed by the refractive indices of the polymer sub-
strate ncoc ~ 1.5 and the surrounding air 7,;;. To ensure TIR, the
incident angle o =45° is larger than the calculated critical angle
o A~ 41°. After passing the detection cell, the attenuated beam is
reflected at another V-groove towards a spectrophotometer [27].
With this setup, the optical path length is appreciably extended
to lyps =5 mm compared to the maximum path length of about
1 mm which can be realized for direct perpendicular incidence
on typically flat microfluidic chips.

3. Biochemical concept

In our colorimetric reaction scheme, Hb is directly quantified
in an untreated sample of human whole blood. The hemoglobin
here reacts with a solution of sodium lauryl sulfate (SLS), a

10 4 reference:
DI-water
% 08
2 Hb =118 g/dL.
206
3
S 04 4 laser @ Apeax = 532 nm
a
o
02 A /
Hb =72 gldL
0 T T i T . 1
400 500 600 700

Wavelength A (nm)

Fig. 2. Characteristic absorption spectra of processed blood with Hb at two
different concentrations. A distinguishable side maximum is located near the
wavelength of the probe laser (Apeak =532 nm) which features the highest dif-
ference in signal amplitude for different Hb.

detergent, and buffer. Compared to the reference method for Hb-
determination [28] using cyanide, the non-toxic SLS-method
[29] is advantageous for point-of-care applications.

The reagents (Vy =98 nL) first lyse the erythrocytes of the
blood sample (Vsample =2 pL) and then oxidize the hemegroups
(Fe?*) of the released hemoglobin to methemoglobin (Fe3*):

2an Ll methemoglobin (Fe**)

lysing and oxidation

hemoglobin (Fe

In contrast to hemoglobin located in the erythrocytes, the
released methemoglobin exhibits a distinct absorption band
matching the emission of the laser (Fig. 2).

4. Assay protocol

In our lab-on-a-disk concept, the hydrodynamic actuation
is delivered by the reusable and robust macroscopic centrifuge
drive. On the other hand, the microstructured disk, which is made
of cyclic olefin copolymer (COC) in the format of a conventional
data CD, features passive, low-aspect-ratio microstructures in a
basically planar architecture without moving parts, only. It can
hence be fabricated in a very economic fashion. In our proto-
typing technology, microfluidic and optical elements are micro-
machined into the disk. Next, the surface is hydrophilized and
dip-coated with PEtOx (poly(2-ethyl-2-oxazoline)) dissolved in
methanol to prevent biofouling.

The frequency protocol v(f) (Fig. 3) implements the backend
liquid processing for the assay. An initial ramp-up to a maximum
frequency vmax =20Hz transports the sample and the reagent
mixture into the detection cell. To enhance the diffusion-limited
speed of the reaction, we then apply our previously developed
“shake-mode”, i.e. a frequent change of the sense of rotation
between the maxima at vy, = 8 Hz at a steep acceleration ramp
dv/dr=32Hz/s [30,31]. Within one second, the disk thus goes
through a complete clockwise and counter-clockwise revolu-
tion. After an 80-s period of such inertially induced mixing and
reacting, the optical density OD is measured at constant spinning
(vget = 8 Hz) to eventually quantify the Hb (Eq. (1)).
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Fig. 3. Frequency protocol v(¢) to perform an on-disk hemoglobin assay within
a time-to-result of 100s. (1) After the sample and the reagents are loaded into
the inlet reservoirs, the disk is spun to transport the liquids into the detection
cell. (2) While applying the “shake-mode”, convective currents are induced
which accelerate mixing to enhance the chemical lysis of the erythrocytes and
the subsequent oxidation of the hemoglobin. (3) The assay result is quantified
during constant spinning.
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Fig. 4. Photograph of the reusable processing and read-out device. (A) A stan-
dard rotary drive underneath the table spins the disk. The laser beam Iy is
guided to the disk where it is attenuated to an intensity / according to the ini-
tial hemoglobin concentration Hb (Eq. (1)). Subsequently, the beam reaches the
entrance aperture of the spectrophotometer. During rotation v(¢), the contact free
dispensing unit (PipeJet™) supplies a defined volume of the reagents. (B) The
disk is mounted by opening the system.

5. Integrated processing and read-out

Besides the microstructured disposable polymer disk, we
have developed a reusable device for the fully integrated pro-
cessing and the final read-out of the hemoglobin assay (Fig. 4).
This bench-top device comprises a PC-controlled actuation unit,
a synchronized free-droplet dispenser unit (PipeJet™) [32] to
load the reagents, together with a low-cost laser [26] and a spec-
trophotometer [27] as components for the optical detection. The
use of a spectrophotometer allows a flexible read-out of addi-
tional colorimetric assays or even fluorescence immunoassays
(FIA) [33]. Thus, different types of assays may be run or different
samples may be tested on the same disk, either simultaneously
(in parallel), or one-after-another (sequentially) without the hav-
ing to transfer of the disk between different devices.

The disk is first mounted on a disk holder and is thus defined
in radial and azimuthal position and the sample (i.e., untreated
blood) is loaded into the designated inlet. A standard rotary drive
conducts the assay specific frequency protocol v(f) which com-
prises the loading of the reagents (i.e., SLS) by the free-droplet
dispenser. This conceptually simple PipeJet™ [32] dispenser is
constituted by an elastic polymer tube with circular cross sec-
tion which is actuated by a piezostack driven piston. The piston
squeezes the tube at a defined position near the open end by a
significant fraction of its cross section (Fig. 4). The PipeJet™
(Fig. 5) is able to dispense volumes in the nano- and microliter
range and in a viscosity range between 1 and 200 mPas ata CV
below 1%.

After loading the reagents, the “shake-mode” accelerates
mixing and reacting. During the final read-out step, a probe
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Fig. 5. Working principle of the PipeJet™ dispenser. By a fast displacement of
a piston connected to a piezostack, the tube is squeezed to drive the enclosed
liquid towards both ends of the tube. Due to the proximity of the actuation region
to the nozzle, most of the displaced volume is ejected as a free liquid jet.
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beam Iy emitted from the laser [26] is guided to perpendic-
ularly impinge the disk surface. The probe beam then atten-
uates according to the initial hemoglobin concentration Hb
and reaches the entrance aperture of the spectrophotometer
where the optical signal is recorded. Direct data processing [34]
based on a measured calibration curve yields to the requested
result.

6. Results

The spectrophotometer transduces the incident signal inten-
sity I into a count rate dN/d¢ accumulated during an adjustable
interval T to a total count /=(dN/df) t with a maximum num-
ber Nmax limited by the 16-bit capacity of the incorporated
counter. Following the Poisson statistics, the CV is proportional

to (\/ﬁ )_1, thus favoring to keep N close to Npax. To this end,
we dynamically adjust time interval T according to the signal
intensity 7, i.e. to increase T with the OD.

The disk-based experiments are calibrated by a series of opti-
cal density measurements with a standard sample at known Hb
[35]. With increasing Hb, the integration time 7 is doubled twice
to elevate the output signal and thus reduce the Poisson-noise
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Fig. 6. Results of the Hb-determination: (A) the integration time 7 of the spec-
trophotometer is increased in discrete steps (7, 27, 47) to keep the output signal
N of the detector in the upper working range. (B) The composite calibration
curve is obtained by successive dilution of a calibrated standard sample.

(Fig. 6A). The displayed absorption characteristics clearly com-
ply with the law of Beer—-Lambert (Eq. (1)). We obtain a CV of
2.9%, a lower limit of detection of Hbp;, =0.29 g/dL together
with a high resolution (AHb=0.38 g/dL) and a good linearity
between the hemoglobin concentration and the optical signal
(R?=0.993) (Fig. 6B). Additionally, by adapting 7, the CV was
improved from 5% at constant t to less than 3% at high Hb
values.

7. Conclusion and outlook

We introduced a novel modular centrifugal platform for
a rapid and automated processing of an emergency relevant
hemoglobin assay. The assay is run on a cost-efficient modular
platform comprising a passive polymer disk with monolithically
embedded optical and fluidic structures as well as areusable ana-
lyzer which features the spinning drive, the optical component, a
detector and the dispensing unit. We successfully demonstrated
the direct quantification of hemoglobin in whole blood at high
accuracy.

In the future, the hemoglobin assay will be combined with
other colorimetric assays at different probe wavelengths or flu-
orescence immunoassays (FIA) in a single read-out device for
disk-based point-of-care applications.
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