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We present the first implementation of a Blu-ray optical pickup unit (OPU) for the high-performance low-
cost readout of a homogeneous assay in a multichamber microfluidic disc with a chamber thickness of
600 μm. The assay relies on optical measurements of the dynamics of magnetic nanobeads in an
oscillating magnetic field applied along the light propagation direction. The laser light provided by the
OPU is transmitted through the sample chamber and reflected back onto the photo detector array of the
OPU via a mirror. Spectra of the 2nd harmonic photo detector signal vs. the frequency of the applied
magnetic field show a characteristic peak due to freely rotating magnetic nanobeads. Beads bound to
�1 μm coils of DNA formed off-chip by padlock probe recognition and rolling circle amplification show a
different dynamics and the intensity of the characteristic peak decreases. We have determined the
optimum magnetic bead concentration to 0.1 mg/mL and have measured the response vs. concentration
of DNA coils formed from Escherichia Coli. We have found a limit of detection of 10 pM and a dynamic
range of about two orders of magnitude, which is comparable to the performance obtained using costly
and bulky laboratory equipment. The presented device leverages on the advanced but low-cost
technology of Blu-ray OPUs to provide a low-cost and high-performance magnetic bead-based readout
of homogeneous bioassays. The device is highly flexible and we have demonstrated its use on microfluidic
chambers in a disc with a thickness compatible with current optical media mass-production facilities.

& 2014 Elsevier B.V. All rights reserved.
1. Introduction

There is a need for low-cost and fast methods at the point of
care (POC) level to quantify the presence of bacteria directly from a
patient sample. Conventional microbiological methods for bacteria
detection are mainly based on culture followed by counting. This is
a time-consuming and laborious process. DNA-based techniques
have emerged as promising alternatives to microbial detection due to
the high sensitivity and specificity of hybridization between the probe
and the complementary target sequence (Pechorsky et al., 2009).

Molecular assays based on ligation of padlock probes for target
recognition and subsequent rolling-circle-amplification (RCA)
(Banér et al., 1998; Dahl et al., 2004) are well-established assays
used for rapid, highly sensitive and specific detection of bacteria in
molecular diagnostics. The assay specificity allows for high-
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resolution sequence detection and robust genotyping. In addition,
from a technical perspective, it is potentially easier to realize on a
chip, as RCA is isothermal and does not require the fast and
multiple temperature change needed for amplification by the
polymerase chain reaction (PCR).

The RCA product randomly collapses into a coil of DNA, and a
site of the coil may be fluorescently tagged facilitating its visual
detection as a single bright object of about 1 mm in diameter
(Jarvius et al., 2006). For POC applications, this sensing method is
not optimal as it requires precise and expensive microscopy-based
instruments.

Different detection methods for RCA products based on the use
of nanoparticles have lately attracted a considerable interest.
Several groups have proposed approaches based on the use of
Au nanoparticles alone (He et al., 2014) or combined with
electrochemical (Ding et al., 2013) or surface plasmon resonance
(Xiang et al., 2013) readouts for the specific and sensitive detection
of DNA. The use of magnetic nanoparticles has recently been
tronics (2014), http://dx.doi.org/10.1016/j.bios.2014.09.097i
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proposed for a simple visual qualitative readout of RCA products
(Lin et al., 2013).

In this work, we focus on a sophisticated and sensitive method
that exploits the change of the Brownian rotation dynamics of
magnetic nanobeads (MNBs) when these attach to DNA coils
(Strömberg et al., 2009; Strömberg et al., 2008a, 2008b). Using
measurements of the magnetic susceptibility of a suspension of
MNBs mixed with the sample containing DNA coils, sensitivities in
the pM range have been demonstrated. The method has been
successfully demonstrated for the detection of bacterial DNA and
spores (Zardán Gómez de la Torre et al., 2012) as well as for studies
of drug resistance in Mycobacterium Tubercolosis (Engström et al.,
2013). In addition to bulky laboratory AC susceptometers, the
method has been demonstrated using portable AC susceptometers
(Zardán Gomez de la Torre et al., 2011) and magnetoresistive
sensors integrated in a microfluidic system (Dalslet et al., 2011;
Donolato et al., 2011; Østerberg et al., 2014; Østerberg et al., 2013).
Although, these methods have provided significant substantial
reductions in cost, size and integratability, they are not easily
implemented in a truly low-cost system suited for single use
sample analysis.

To overcome these limitations, we have recently developed a
novel optomagnetic readout method for measuring the Brownian
rotational dynamics of MNBs (Donolato et al., 2014). Using optical
laboratory equipment we have demonstrated the detection of RCA
products (Vibrio Cholerae) using standard cuvettes with a limit of
detection (LOD) of about 10 pM, which is comparable to that
obtained by the other methods listed above.

Nevertheless, the use of state of the art technologies and high-
end optics inevitably limits the real commercialization potential of
this technology. Thus, we have focused on the simplification of the
electronics and optical components using a Blu-ray optical pickup
unit (OPU) as a single excitation and sensing element.

Due to the great potential of low cost, the use of embossed
nanostructures in CD and DVD discs as well as the error-correction
function of disc drives have attracted interest for biodetection (Yu
et al., 2013). Remarkably, a modified DVD OPU combined with an
Fig. 1. (a) Optical elements constituting the Blu-ray optical pick-up unit (OPU) and the ov
signal from the Blu-ray OPU.
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external camera have been recently used for cell counting on a
microfluidic disc format (Ramachandraiah et al., 2013) and Blu-ray
readers and discs have been proposed for high-density microarray
analysis (Arnandis-Chover et al., 2014). To this date, commercial
DVD/Blu-ray OPUs have not been used for the readout of homo-
geneous assays. These hold a great potential for POC applications,
as they can be carried out with short incubation times and without
washing and surface functionalization of the chip.

In this Article, we show for the first time measurements of the
Brownian relaxation dynamics of MNBs using an inexpensive Blu-
ray optical pickup unit as the single optical excitation and sensing
element and a transparent disc as microfluidic cartridge. The
sensing mechanism is based on the dynamic rotation of magnetic
nanoparticles, which is now realized for the first time on a format
fully compatible with POC requirements. As a proof-of-concept
experiment, we use this system to demonstrate molecular detec-
tion of DNA coils formed by padlock probe recognition and rolling
circle amplification from Escherichia coli (E. coli). We show that by
simply using the laser source from a commercial Blu-ray pickup
head (λ¼405 nm), the Brownian relaxation dynamics of the
individual 100 nm MNBs can be detected using the photo detector
embedded in the pickup head down to a MNB concentration of
0.02 mg/mL in a microfluidic disc of 600 μm thickness, which is
compatible with existing commercial CD/DVD/Blu-ray media pro-
duction facilities. Using the presented platform we study the
dependence on the MNB concentration for the detection of
50 pM DNA coils formed from E. coli. Finally, we present the
dose-response curve measured on the Blu-ray disc platform for
target DNA coil concentrations ranging from 10 pM to 500 pM.
2. Experimental

2.1. Experimental setup

Fig. 1 shows a schematic of the readout system. We used a
Sanyo Blu-ray optical pick-up unit fromwhich we removed the last
erall optical system. (b) Schematic of the electronic components used to process the
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focusing lens used to read data pitch in optical media (not shown).
The light from the laser (λ¼405 nm) crosses the beam splitter and
a collimator lens before passing through the liquid reservoir
containing MNBs (Fig. 1a). This reservoir was placed between
two electromagnets made by sintered ferrite yokes, which were
used to generate a sinusoidal uniaxial magnetic field parallel to the
laser beam direction of fixed amplitude B0¼2 mT at a frequency f
up to 10 kHz. The beam was reflected on an adjustable mirror and
directed back through the reservoir to the four quadrant photo
detector after passing the beam splitter of the OPU. A customized
circuit was used to extract and pre-amplify the signal sum of the
four quadrants. The pre-amplified sum signal from the OPU was
digitized using a National Instruments 6251 data acquisition (DAQ)
card and analyzed through a software-based lock-in amplifier
(Fig. 1b). The same DAQ card controls a customized circuit,
embedded in the OPU control board, used to provide the alter-
nating current to the electromagnets. The software extracts the
intensity of the 2nd harmonic signal from the photo detector and
its phase lag with respect to the magnetic field excitation and
presents it in the form of the complex 2nd harmonic signal. In
addition, the software extracts the average signal from the photo
detector. To eliminate the influence of possible variations in the
average intensity of the transmitted light due to the light source
and the disc, all signals have been normalized with the average
intensity of the transmitted light. The resulting normalized 2nd
harmonic complex photo detector signal V2 has an in-phase
component ′V2 and an out-of-phase component ′′V2 . Fig. 2a shows
a photograph of the setup, with the Blu-ray OPU, the electro-
magnets and the microfluidic disc.

2.2. Disc fabrication

All discs used in this work were manufactured in Poly(methyl
methacrylate) (PMMA) and bonded using pressure sensitive ad-
hesive (PSA). The PSA (90106, Adhesive Research, Ireland) was
laminated on both sided of a 600 mm thick PMMA DVD half (Ritek,
Taiwan). Subsequently reservoirs were created by cutting through
the PSA-disc sandwich using a CO2 laser (Mini 18, 30 W, Epilog,
USA). Fluid channels on the disc were engraved with a depth of
approximately 200 mm in the same process step. Subsequently
inlets and alignment holes were laser machined in a second
PMMA disc, followed by cutting alignment holes in a third disc.
Following these steps, all discs were aligned and bonded to the
central disc containing the fluidic network using the PSA. The
components of the disc are shown in Fig. 2b. This rapid prototyp-
ing process allows for the complete fabrication of a disc in less
than 20 min.
Fig. 2. (a) Picture of setup that embeds a Sanyo Blu-ray optical pickup unit as a core ele
the microfluidic disc. The scale bars indicate a length of 2 cm.
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2.3. Magnetic nanobeads

In the experiments, we used commercially available multicore
bionized nanoferrite (BNF) starch MNBs from Micromod (Micro-
mod Partikeltechnologie GmbH, Rostock, Germany) with nominal
diameters of 100 nm and coated with avidin. These MNBs exhibit a
small remnant magnetic moment in the absence of an applied
magnetic field.

2.4. Coupling of oligonucleotides to MNBs

200 μL of the 10 mg/mL stock MNB suspension was washed
twice with 1�Wtw buffer (10 mM Tris–HCl pH 7.5, 5 mM EDTA,
0.1% Tween 20, 0.1 M NaCl). MNB separation was carried out using
a permanent magnet. Then, the MNBs were resuspended in 100 μL
1�Wtw buffer and incubated with 12.5 μL of 10 mM biotin
conjugated oligonucleotide detection probes (Table 1) for 30 min
at room temperature. Finally, the beads were washed twice and
resuspended in 200 μL 1�PBS (pH 7.5). For all experiments, the
stock suspension of functionalized MNBs with a concentration of
10 mg/mL was further diluted with 1�PBS (pH 7.5) to the desired
MNB concentration. The MNB suspensions functionalized by this
procedure were found to be stable over time and to result in
reproducible results.

2.5. Padlock probe target recognition, ligation and amplification

The procedure for making a 5 nM RCA DNA solution was
performed as follows: 1 μM padlock probe was hybridized and
ligated, templated by 1 μM target DNA in a solution consisting of
20 mM ATP, 1 U/ μL T4 DNA ligase and water at 37 °C for 15 min.

Circularized padlock probes were replicated in 2.5 mM dNTP,
2 mg/μL BSA and phi29 DNA polymerase for 1 h at 37 °C. This
resulted in amplified sequences with a length of about 90 kb
(about 1000 repeats of the sequence complementary to the
padlock probe). Enzymes were inactivated at 65 °C for 5 min. A
hybridization mix consisting of 100 mM Tris–HCl (pH 8.0), 100 mM
EDTA, 0.5% Tween-20 and 2.5 M NaCl was added to the RCA DNA
molecules. Target, padlock probe and detection probe sequences
are listed in Table 1.

2.6. Optomagnetic measurements

All optomagnetic measurements will be presented in the form of
′V2 spectra measured for f at 22 logarithmically spaced values

between about 2 Hz and 2 kHz. An optomagnetic spectrum was
recorded in 1.7 min. To characterize the optomagnetic measurement
ment. (b) Schematic of the different PMMA and PSA layers forming the structure of
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Table 1
DNA sequences used in this study.

Oligonucleotide Sequence

Target (E. coli) 5′-ACGTCGCAAGACCAAAGAGGGGGACCT-3′
Padlock probe 5′-CTTTGGTCTTGCGACGTCAGTGGATAGTGTCTTACACGATTTAGAGTG TACCGACCTCAGTAGCCGTGACTATCGACTAGGTCCCCCT-′3
Detection probe Biotin-5′-TTTTTTTTTTTTTTTTTTTTGTGGATAGTGTCTTACACGA-3′-FAM
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system, optomagnetic spectra were first measured for suspensions
of the functionalized MNBs vs. the MNB concentration.

Subsequently, optomagnetic spectra were measured for MNBs
incubated with DNA coils. The samples were prepared for analysis
by gently mixing 15 mL of the functionalized MNB suspension with
15 mL of the DNA coil suspension followed by incubation at 55 °C
for 30 min. The MNB concentration, cbead and DNA coil concentra-
tion, ccoil given below refer to the concentrations after mixing. The
samples, prepared in triplets, were then inserted in the disc and
measured sequentially at room temperature.
Fig. 3. (a) Picture of the disc used to measure MNB suspensions with different MNB
concentrations, cbead. The MNBs give rise to a visual color changed down to cbead
¼0.2 mg/mL. (b) ′V2 spectra measured for the indicated MNB concentrations.
(c) Peak value of ′V2 obtained from the measured spectra vs. cbead
3. Results and discussion

As previously shown, the detection principle exploits the
rotation dynamics of magnetic nanoparticles having a remnant
magnetic moment (Donolato et al., 2014). A uniaxial AC sinusoidal
magnetic field applied to the MNB suspension causes the magnetic
moments of the MNBs to rotate and cyclically align with the
external field variation. When the field reaches its maximum the
remnant MNB moments are preferentially aligned along the field.
The MNBs may moreover form chain-like structures due to the
dipolar interaction between them. Both the orientation of the
individual non-spherical MNBs and the formation of chain-like
MNB structures modify the intensity of the transmitted light.
When the field is reduced to zero and then reversed, the MNBs
rotate and MNB-chain structures break up due to the thermal
energy to reform when the field magnitude is large again. The
MNB rotation and chain formation-disruption dynamics cause a
different amount of light to be transmitted to the Blu-ray photo
detector when the field is zero or at its maximum. The signal of
interest is found the 2nd harmonic variation of the photo detector
signal with respect to the magnetic field excitation, as the light
modulation is symmetric with respect to the magnetic field
direction. More details on the detection principle are given in
the Supplementary Information. The light modulation dynamics
primarily depends on the ability of the MNBs to physically rotate
to follow the external field variation. This behavior is closely
linked to the complex magnetic susceptibility of the MNBs, which
is described by the Brownian relaxation dynamics (Chung et al.,
2005; Cole and Cole, 1941). Therefore, from the ′V2 and ′′V2 spectra it
is possible to obtain information on the rotational dynamics of
MNBs, which is similar to that obtained magnetic susceptibility
measurements (Zardán Gomez de la Torre et al., 2011; Donolato
et al., 2014; Eberbeck et al., 2009). The Blu-ray light (λ¼405 nm) is
chosen because the light scattering of MNBs with sizes around
100 nm for this wavelength is strongly enhanced compared to
longer wavelengths (Ranzoni et al., 2011).

Fig. 3a shows a photograph of a disc where duplicate samples
with nine different MNB concentrations are loaded in a disc. Using
the disc format, up to 18 chambers can be measured sequentially
in 30 min. Fig. 3b shows the ′V2 spectra recorded for MNB
concentrations ranging from cbead¼0.01 (10 pM) to 0.8 mg/mL
(0.8 nM). All spectra show a peak at f¼240 Hz. This peak is related
to the Brownian relaxation frequency of the free MNBs (Donolato
et al., 2014), which is inversely proportional to the hydrodynamic
size of the particles. Fig. 3c shows the intensity of the ′V2 vs. cbead
Please cite this article as: Donolato, M., et al., Biosensors and Bioelec
measured at f¼240 Hz. The peak value is observed to be propor-
tional to cbead down to the lowest investigated MNB concentration.
This demonstrates that the peak intensity is proportional to the
amount of free MNBs in the sample.

In the currently used experimental configuration, the signal is
enhanced with respect to a single pass configuration, as the optical
tronics (2014), http://dx.doi.org/10.1016/j.bios.2014.09.097i
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Fig. 5. Signal change at the peak (f¼240 Hz) of the ′V2 data for ccoil¼50 pM with
respect to blank sample (ccoil¼0 pM) for the indicated magnetic bead concentra-
tions. The left axis (open red circles) shows the absolute signal change,
Δ = −′ ′ ′V V V(50 pM) (0 pM)2 2 2 . The right axis (blue squares) shows the relative signal
change, Δ− = −′ ′ ′ ′ ′V V V V V/ (0 pM) [ (0 pM) (50 pM)]/ (0 pM)2 2 2 2 2 . All experiments were
carried out in triplicate. Error bars indicate one standard deviation. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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path is doubled. Therefore, it is possible to clearly detect the MNB
dynamics for MNB concentrations as low as 0.02 mg/mL in a
chamber with a thickness of 600 μm. The highest characterized
MNB concentration is 0.8 mg/mL. At this MNB concentration, only
a small fraction of the incident light is transmitted through the
sample reservoir and thus, the measurements of the light modula-
tion become noisy. The quantitative sensitivity to the amount of
free MNBs and the capability to distinguish the size of MNBs via
changes of their optomagnetic spectra are of key importance for
the quantitative detection of E. coli DNA.

In our detection strategy, the E. coli target DNA is amplified into
micrometer sized coils, which are incubated with MNBs and
inserted in the disc as described in the Experimental section. A
total volume of 30 μL is then measured in the detection chamber.
When MNBs bind to one or more DNA coils, the dynamic rotation
of individual MNBs as well as the chain formation/disruption of
the MNBs are suppressed. Therefore, the dynamic optomagnetic
signal intensity decreases with increasing DNA target concentra-
tion. A schematic of the process is shown in Fig. 4.

At low target concentrations, this mainly causes a reduction of
the number of free MNBs, which is observed as a decrease of the
peak intensity of the ′V2 spectra. At high target concentrations, the
dynamic rotation of the DNA coil-MNB cluster also appears, but at
much lower frequency (few Hz) due to the high hydrodynamic
volume of the complexes (Zardán Gomez de la Torre et al., 2011;
Strömberg et al., 2008a, 2008b).

To investigate the influence of the MNB concentration on the
signal change due to DNA coils and to choose an optimum MNB
concentration, to use in further studies, we have studied the
signal change as a function of the MNB concentration for a fixed
DNA coil concentration (50 pM). Fig. 5 shows the absolute
change, Δ = −′ ′ ′V V V(50 pM) (0 pM)2 2 2 , of the signal at the peak
(f¼240 Hz) as function of cbead. Moreover, Fig. 4 also shows
the corresponding relative change of the peak intensity,

Δ− = −′ ′ ′ ′ ′V V V V V/ (0 pM) [ (0 pM) (50 pM)]/ (0 pM)2 2 2 2 2 . For increasing
concentration of MNBs, Δ ′V2 increases while the standard deviation
of the relative change Δ− ′ ′V V/ (0 pM)2 2 decreases. This is likely due
to the fact that, for lower MNB amount, the optomagnetic signal is
weaker and unspecific binding of MNBs and MNBs–DNA coils
agglomerates to the disc channel walls may strongly affect the
measurements. At higher MNB concentration, a larger amount of
MNBs bind to DNA coils during incubation. Conversely, a high MNB
concentration might limit the sensitivity to higher ccoil (Strömberg
et al., 2008a, 2008b).

For these reasons, we chose cbead¼0.1 mg/mL (100 pM) as
optimal for a study of the signal change vs. ccoil. Fig. 6a shows
the ′V2 spectra measured for the indicated concentrations of DNA
coils formed from E. coli DNA. Fig. 6b shows the intensity of ′V2
measured at f¼240 Hz obtained from triplicate experiments. For
ccoilo250 pM, the presence of DNA coils only results in a reduc-
tion of intensity of the peak of the ′V2 spectra. For ccoilZ250 pM, a
Fig. 4. Schematic of DNA coils detection principle. When MNBs specifically binds to DN
magnetic field where they rotate and/or deform upon the magnetic field change. Due
shifted to frequencies well below the Brownian relaxation frequency of the individual M

Please cite this article as: Donolato, M., et al., Biosensors and Bioelec
reduction of the peak intensity as well as a shift of the peak
towards lower frequencies is observed. We attribute the shift to
multiple MNBs bound to each DNA coil or to MNB-mediated cross-
binding of several DNA coils, which result in an observable
optomagnetic signal at lower frequencies. A larger shift in fre-
quency could generally be expected (Donolato et al., 2014) but
such a shift is not observed on the disc-based platform, as larger
MNB–DNA coil agglomerates are spun towards the perimeter of
the disc during the disc-spinning used to inject the sample into the
detection chamber. Therefore, in the present disc configuration the
dynamic range of the platform is limited, as the measurement of
larger MNB–DNA coil clusters is inhibited.
4. Conclusions

The presented results represent several key achievements. For
the first time, a Blu-ray OPU has been used as the integrated
optical excitation and readout device for a homogeneous assay and
that it is capable of providing low-noise and reproducible mea-
surements of the dynamics of MNBs. Using an MNB-based assay,
we have demonstrated this readout to result in an LOD of DNA
coils, which is comparable to those obtained using state-of-the art
optical components (Donolato et al., 2014) or bulky magnetic
sensing system (Zardán Gomez de la Torre et al., 2011). This LOD
can be compatible with clinical needs (Ding et al., 2013; He et al.,
2014; Xiang et al., 2013; Lin et al., 2013) if multiple RCA
A coils, the aggregates exhibit optical anisotropy upon application of an oscillating
to the larger size of the MNBs-coils agglomerates, the dynamics of this process is
NBs.
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Fig. 6. (a) ′V2 spectra measured for the indicated concentrations ccoil of DNA coils formed from E. coli (cbead¼0.1 mg/mL). (b) Value of ′V2 measured at f¼240 Hz vs. ccoil
obtained from triplicate experiments. Error bars indicate one standard deviation (s.d.). The line shows the mean value plus 3 s.d. obtained for the sample with ccoil¼0 pM.
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amplification steps are implemented (Dahl et al., 2004; Engström
et al., 2013; Göransson et al., 2012).

The present work also represents the first use of a commercial
Blu-ray OPU, where custom made electronic circuits are used to
control the OPU laser and extract the signal from the photo
detector. This approach differs from previously proposed assays
developed on an a compact-disc surface (Yu et al., 2013), which
make use of the digital readout methodology of standard compu-
ter drives.

The integration of the optomagnetic technique with a disc-
based microfluidic cartridge facilitates automated parallel proces-
sing and serial measurements of many samples on a single disc. In
addition, by using the Blu-ray OPU, a “double pass configuration”
can be realized with no need for complicated arrangements of
optical components, such as lenses, prisms, photo diodes and light
sources. In this way, the optical path is doubled and a chamber
thickness of 600 μm can be used even for low MNB concentra-
tions. This thickness is compatible with the thicknesses of current
mass-production technologies used to produce CD/DVD/Blu-ray
media, thus strongly reducing the potential manufacturing cost of
the disc consumables.

The sensing protocol requires further optimization to further
increase the sensitivity and the dynamic range of the assay. As a
next step, the use of magnets close to the disc, combined with
centrifugal forces, will allow for a more efficient mixing and MNB
cluster formation compared to the standard incubation procedure.
In addition, a more sophisticated data treatment (Østerberg et al.,
2014) based on the full ′V2 and ′′V2 spectra may further reduce the
limit of detection and increase the dynamic range of the readout.

The disc-based platform has been shown to be compatible with
the full integration of the whole sample extraction and isothermal
amplification (Lutz et al., 2010) and we are currently working
toward the implementation of the whole RCA process on a disc
platform.

In conclusion, we have shown a novel platform for the detec-
tion of rolling circle amplified DNA coils using a Blu-ray optical
unit as a unique integrated sensing element and a plastic trans-
parent disc as a microfluidic support. The readout approach, based
on the clustering dynamics of magnetic nanobeads has been
optimized with respect to the bead concentration and it displays
a linear response to logarithm of the E. coli DNA coil target
concentration in the range between 10 and 500 pM. These values
are well in-line with the use of state of the art optical components
or commercial magnetometers previously used on similar target
sequences.
Please cite this article as: Donolato, M., et al., Biosensors and Bioelec
The cost of a Blu-ray OPU is currently below 20$. Thus, this
work paves the way towards the realization of a user-friendly
reader of molecular diagnostic assays, which minimizes the trade-
off between cost and analytical performance.
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