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CMOS biosensors for in vitro diagnosis —
transducing mechanisms and applications

Ka-Meng Lei,?° Pui-In Mak,*® Man-Kay Law?® and Rui P. Martins®*°

Complementary metal oxide semiconductor (CMOS) technology enables low-cost and large-scale integra-

tion of transistors and physical sensing materials on tiny chips (e.g., <1 cm?), seamlessly combining the two

key functions of biosensors: transducing and signal processing. Recent CMOS biosensors unified different

transducing mechanisms (impedance, fluorescence, and nuclear spin) and readout electronics have dem-
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onstrated competitive sensitivity for in vitro diagnosis, such as detection of DNA (down to 10 aM), protein
(down to 10 fM), or bacteria/cells (single cell). Herein, we detail the recent advances in CMOS biosensors,
centering on their key principles, requisites, and applications. Together, these may contribute to the ad-

vancement of our healthcare system, which should be decentralized by broadly utilizing point-of-care di-

www.rsc.org/loc agnostic tools.

|. Introduction

An essential part of evaluating the success of global health is
the access to appropriate diagnostic tools." A commendable
diagnostic tool should be able to rapidly identify disease oc-
curring in individuals. Especially for infectious diseases, the
turnaround time strongly affects their level of transmission to
the community. In vitro diagnostic (IVD) tools aim to offer a
comfortable experience for patients, by taking only a small
specimen from the human body, e.g. blood, urine, sputum,
and tissue. Consequently, technologies enabling effective
in vitro diagnosis have become highly attractive in both devel-
oped and developing countries.> Tremendous efforts have
been geared towards clinical-level IVD tools. Despite achieving
high accuracy, the result turnaround time can be too long for
contagious diseases like Ebola and SARS, and the need for
skillful operators to perform the assays can dramatically raise
the cost.

Recently, decentralized diagnostic solutions, namely
point-of-care (PoC) devices, have gained notable interest,
which is attributed to their rapidity, small footprint and tiny
sample usage. A wide variety of diagnostic platforms have
been invented, such as lateral flow assays®® and the path-
breaking lab-on-a-disc’'° for PoC applications. Beyond these,
PoC devices on Complementary metal oxide semiconductor
(CMOS) chips are particularly promising, as they can enjoy
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the maturity of microelectronics in manufacturing, and its
outstanding performances in both physical sensing and sig-
nal processing. While the mainstream lateral flow assay is
limited to providing merely qualitative or semi-quantitative
results,"" CMOS biosensors can attain quantitative results
and are beneficial to rapid and low-cost assays. Especially for
low-cost IVD applications, CMOS chips on a centimeter scale
can significantly miniaturize diagnostic tools.

Decentralized healthcare systems are highly attractive for
developing countries, which typically suffer from lack of ac-
cess to high-quality centralized diagnostic tools. Delays in di-
agnosis and treatment aggravate the healthcare condition of
these countries, thus affecting the global health system.
According to the World Development Report in 2004, lack of
access results in failure of health services.'> Without proper
equipment for diagnosis, diseases in resource-limited coun-
tries can only be diagnosed from their clinical symptoms. Yet,
this may cause difficulties in diagnosing patients when their
symptoms are still unobvious. Especially for infectious dis-
eases, delays in treatment can worsen the situation of individ-
uals, and consequently communities. According to a report by
the World Health Organization (WHO), the leading infectious
diseases (lower respiratory infections, HIV/AIDS, diarrhoeal
diseases, malaria, and tuberculosis) account for roughly one-
third of all deaths in low-income countries."? Also, the strong
growth in population in these areas gives rise to the demand
for affordable IVD tools. By the end of 2050, the less-
developed countries are expected to have a population of
around 8.4 billion, as depicted in Fig. 1(a), where Africa and
Asia contribute roughly 2.48 and 5.27 billion, respectively.'*
Thus, there is a rapidly growing market for low-cost PoC de-
vices for developing countries.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) World population from 1950 to 2050, with a medium variant
estimation from 2015. (b) The old-age dependency ratio (solid line),
which is defined as the ratio of the population of 65+ year olds to the
population of 15 to 64 year olds with a medium variant estimation
from 2015. The child dependency ratio (dotted line), which is defined
as the ratio of the population of 0 to 14 year olds to the population of
15 to 64 year olds, is also shown on the graph as reference. Data col-
lected from the United Nations World Population Prospects: The 2015
Revision. More developed countries: Europe, Northern America, Aus-
tralia/New Zealand, and Japan. Less developed countries: Africa, Asia
(except Japan), Latin America, and the Caribbean, plus Melanesia,
Micronesia and Polynesia.

The aging problem of developed countries also creates an
enormous challenge. A healthcare solution that can deal with
the continuous increase in longevity is in demand. As re-
vealed in Fig. 1(b), the old age dependency ratio, which gives
an insight into the elderly population (65+ years) compared
to those of working age (15 to 64 years), will be rising in the
coming decades. Such an old-age dependency ratio in more
developed countries will reach 0.4 in 2034, and eventually
0.46 by the end of 2050 (i.e., an increase of 72% from 2015).
Thus, the burden on the clinical resources in those areas will
become tighter, especially for the patients in close proximity
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to death."® Thus, an efficacious healthcare system will benefit
this situation, and drive the growth of the market for IVD
tools. To this end, the market for IVD tools should not be
merely aimed at less developed countries, but also towards
efficient and convenient diagnosis in developed countries. In
fact, according to a report from Forbes/Investing, the IVD
market, valued at ~$50 billion in 2012, will expand to ~$70
billion by 2017.'® This paper studies and compares state-of-
the-art CMOS biosensors tailored for in vitro diagnosis, in-
cluding primarily the assay or monitoring of DNA, proteins,
and cells. For the readout electronics of CMOS biosensors
(e.g., amplifiers, filters, and oscillators), we refer readers to
literature that emphasizes circuit-level challenges and realiza-
tion."”'® There are also review articles focusing on the
system-level aspects of general PoC devices (not limited to
CMOS), which discuss the design criteria and system
requirements.>'*” Herein, we focus in detail on the trans-
ducing mechanisms of CMOS chips that could open up many
possibilities for in vitro diagnosis.

After the introduction, different transducing mechanisms
of CMOS PoC devices for biological sensing and targeting,
namely electrical, magnetic, optical, mechanical, and nuclear
spin, will be revealed. Then, different CMOS IVD tools for
various targets of interest, such as DNA, protein and cells/
bacteria will be discussed. Their pros and cons will be
outlined and compared, offering the readers a systematic out-
look on their distinct characteristics and limitations.

lI. Transducing mechanisms of CMOS
IVD tools

Rapid downscaling of CMOS technology has allowed the pos-
sibility of integrating billions of transistors onto a single
chip, allowing ultra-fast signal processing at low power and
cost. While their transformative effects on computers and
mobile devices have been witnessed, the development of
CMOS PoC devices for in vitro diagnosis only started recently.
Along with circuit innovation, high-sensitivity analog inter-
faces are ready for CMOS biosensors. Thus, single-chip CMOS
biosensors allow full integration of the transducers and cir-
cuits necessary for signal processing. This property aligns
with the expectations for PoC devices, such as low sample
consumption, small footprint, ease of use, and rapid and
quantitative results. Attributed to the design flexibility of
CMOS chips, multifarious CMOS biosensors have been
reported, as listed in Table 1. Also, the capability to include
post-processing steps (e.g., chemical deposition and micro-
machining) after chip manufacturing can help in broadening
the versatility of CMOS biosensors.***?

According to their transducing mechanisms, CMOS PoC
devices can be classified as: 1. electrical-based - directly sens-
ing the electrical properties of samples, such as impedance
or electric charges (currents); 2. optical-based - transducing
the optical properties from the samples, such as fluorescence
labels or chemiluminescence, into an electrical signal; 3.
magnetic-based - transducing the magnetic properties of the

Lab Chip, 2016, 16, 3664-3681 | 3665
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Table 1 Recent CMOS biosensors for different applications
Lowest
amount
Targets Applications Sensing parameters Transducers Labeling Immobilization reported  Year
DNA DNA detection Capacitance Au electrodes Label-free Yes N/A 2006
(ref. 34)
DNA detection Charge ISFET Label-free Yes 0.1 mM 2006
(ref. 35)
DNA detection Magnetism Spin-valve Magnetic particle Yes 10 nM 2007
sensors (target) (ref. 36)
DNA polymerization Charge Polymer + metal  Label-free Yes N/A 2008
(ref. 37)
DNA detection Fluorescence Photodetector Cy-3 label (target) Yes 0.125 2009
nmol (ref. 38)
DNA detection Fluorescence Photodetector Biotin and Qdot-655  Yes 4 nM 2009
(target) (ref. 39)
DNA detection Magnetism LC-oscillator Digoxigenin & Yes 1 nM 2009
magnetic particle (ref. 40)
(target)
DNA detection Cyclic voltammetry  Au electrodes Ferrocene redox label Yes 4 nM 2009
(target) (ref. 41)
DNA detection Impedance Au electrodes Label-free Yes N/A 2010
(ref. 42)
DNA detection Impedance Au electrodes Label-free Yes 5 uM 2012
(ref. 43)
DNA detection Capacitance Au electrodes Label-free Yes 100 pM 2012
(ref. 44)
DNA detection Charge Au electrodes Label-free Yes 100 pM 2012
(ref. 45)
DNA detection Mass Cantilever Label-free Yes 1 pM 2013
(ref. 46)
DNA amplification & Charge ISFET Label-free No 10 copies 2013
detection (ref. 47)
DNA detection Charge Silicon nanowire Label-free Yes 3.2 pM 2013
(ref. 48)
DNA detection Magnetism LC-oscillator Magnetic particle Yes 100 pM 2014
(probe) (ref. 49)
DNA detection Cyclic voltammetry  Au electrodes Label-free Yes 10 aM 2014
(ref. 50)
DNA amplification & Fluorescence SPAD EvaGreen® dye No 1 copy 2014
detection (ref. 51)
DNA detection Nuclear spin Spiral coil Magnetic particle No 50 pM 2016
(probe) (ref. 52)
Protein C-reactive protein Mass Cantilever Label-free Yes 1ugmL™" 2009
(ref. 53)
Avidin Nuclear spin Spiral coil Magnetic particle No 5 nM 2009
(off-chip) (probe) (ref. 54)
hMAM cancer marker Mass SAW transducer  Label-free Yes 1.5 ug 2010
mL™" (ref. 55)
Protein G Impedance Au electrodes Label-free Yes N/A 2010
(ref. 42)
hCG cancer marker Nuclear spin Spiral coil Magnetic particle No 5 nM 2011
(probe) (ref. 56)
Human serum albumin Magnetism Hall sensor Magnetic particle Yes 1ngmL™" 2013
(probe) (ref. 57)
SLPI cancer marker Magnetism GMR spin-valve =~ Magnetic particle Yes 10 fM 2013
sensor (off chip) (probe) (ref. 58)
Cardiac troponin I Charge Silicon nanowire Label-free Yes 10 fM 2013
protein (ref. 48)
Cytokines (IL8, IFN, Chemiluminescence Photodetector Horseradish Yes 3pgmL™" 2014
TNFa) peroxidase (ref. 59)
C-reactive protein Capacitance Au electrodes Label-free Yes 0.5 mg 2015
L (ref. 60)
Streptavidin Fluorescence Photodetector Qdot 800 fluorophore Yes 48 zmol 2015
(ref. 61)
TNF-alpha & NT-probnp Magnetism Hall sensor Magnetic particle Yes 0.8 pg 2015
(probe) mL™" (ref. 62)
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Lowest
amount
Targets Applications Sensing parameters Transducers Labeling Immobilization reported  Year
Multi-analyte Chemiluminescence Photodetector Horseradish Yes 45 ng 2015
peroxidase mL™" (ref. 63)
ferritin
Human IgG Nuclear spin Spiral coil Magnetic particle No 5 nM 2016
(probe) (ref. 52)
Mouse IgG Magnetism Microcoil Magnetic particle Yes 100 pg 2016
(off-chip) (probe) mL ™" (ref. 64)
Cells/bacteria Bovine aortic smooth Capacitance Metal electrodes  Label-free No 20 x 20 2007
muscle cell monitoring pum? (ref. 65)
MDA-MB-231 breast Capacitance Metal electrodes  Label-free No 20 x 20 2008
cancer cell monitoring pum? (ref. 66)
Bladder cancer cell Nuclear spin Spiral coil Magnetic particle No 17.5 cells 2011
detection (probe) per pL (ref. 56)
MCF-7 breast cancer cell Fluorescence SPAD 5D10 monoclonal No Single cell 2012
detection antibody (ref. 67)
MCF-7 breast cancer cell Impedance Au electrodes Label-free No Single cell 2012
detection (ref. 68)
RBC flow cytometer Impedance Metal electrodes  Label-free No Single cell 2012
(ref. 69)
Cardiac progenitor cell ~ Magnetism LC-oscillator Magnetic particle No N/A 2012
monitoring (target) (ref. 70)
HeLa cell counting Optics CMOS image Label-free No 25 cells 2014
sensor per mL (ref. 71)
Mouse embryonic Magnetism Excitation & Magnetic particle No Single cell 2014
fibroblast cell pickup coils (target) (ref. 72)
Complete blood count  Optics CMOS image Label-free No N/A 2014
sensor (ref. 73)
HelLa cell counting Cyclic voltammetry  Au electrodes Label-free No N/A 2015
(ref. 74)
MCF7, BEAS, & K562 Capacitance Au electrodes Label-free No N/A 2015
cancer cell monitoring (ref. 75)
Multiple cell monitoring Multi-modal Au electrodes &  Label-free No N/A 2015
photodetector (ref. 76)
HepG2 cancer cell Optics CMOS image Label-free No 5000 cells 2015
monitoring sensor per mL (ref. 77)

samples arising from labeled magnetic particles (nano-parti-
cles) into an electrical signal; 4. mechanical-based - transduc-
ing the mechanical properties, namely the mass of the tar-
gets, to an electrical signal; 5. nuclear magnetic resonance
(NMR)-based - transducing the nuclear spin from the sam-
ple, which is affected by the magnetic susceptibility, to an
electrical signal. Details of each transducing mechanism and
its corresponding example from Table 1 will be presented
next.

Electrical-based

The capability of the CMOS chip to seamlessly handle electri-
cal signals, such as current, impedance and capacitance, is
ascribed to direct electronic detection biosensors, which are
the most popular type of CMOS biosensors for in vitro diag-
nosis [Fig. 2(a)]. The electrical properties serve as a reliable
measure to quantify the concentration of analyte inside the
samples. The electrode acting as substrate for probe immobi-
lization is usually formed by the top metal layer, which offers
great feasibility for the downscaling of CMOS technologies,
and is expandable to form an array for multi-targeting.

This journal is © The Royal Society of Chemistry 2016

A popular approach is electrochemical impedance spectro-
scopy (EIS), where the impedance between the electrodes is
monitored over a range of frequencies. This provides details
of the impedance changes of the solution and the electrode-
solution interface. EIS has been involved in detecting affinity-
based biosensing, which explores the binding events between
the probe (ie., complementary oligonucleotides, antibody/
antigen) and the target within the samples. The probe can be
immobilized on the electrodes with special chemical post-
processing.”® Upon hybridization between the probe and tar-
get, the double-layer capacitance of the electrode-electrolyte
interface decreases due to the increased thickness, together
with the decreased dielectric constant, whereas the charge-
transfer resistance increases, since the attached target par-
tially blocks the flow of the ions.”® Thus, the system is capa-
ble of quantifying the analyte of interest by detecting the im-
pedance between the electrodes. For instance, Manickam
et al. showed a versatile EIS biosensor array on a CMOS
chip.”? This fully integrated and label-free detecting platform
is capable of quantifying different DNA and protein targets
inside the samples with corresponding immobilized probes

Lab Chip, 2016, 16, 3664-3681 | 3667
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Fig. 2 Architecture and operation of different CMOS biomolecule transducing mechanisms. (a) Electrical-based detection (excluding the FET-type
biosensors). An extra layer of noble and biocompatible metal, such as gold, is deposited on the original built-in metal layer. The capturing probe is
then immobilized on the gold electrode to capture the target. Upon hybridization, the electrical properties, such as impedance or charge, are
sensed directly by the readout circuit. (b) Optical-based detection. The capturing probe is immobilized on a solid substrate, such as glass or the
built-in passivation layer atop the CMOS chip. Then, a fluorescence-labeled or chemiluminescence-labeled target will bind with the probe and
other unbound biomolecules will be washed away. The CMOS photodetector, which is formed by the embedded PN-junction, transduces the opti-
cal signal to current for subsequent signal processing. (c) Magnetic-based detection. The capturing probe is immobilized on a solid substrate, such
as glass or the built-in passivation layer atop the CMOS chip. Then, the sample labeled with magnetic particles will mix with the capturing probe.
The matched target will be captured and unbound objects will then be rinsed off. A magnetic transducer, such as an LC-oscillator or Hall sensor
will transduce the magnetism of the sample to electrical signals, which will be subsequently processed by the readout circuit. (d) Mechanical-
based detection with cantilever. A cantilever can be exploited to transduce the mass attached to it to electrical signals, such as resistance. A gold
layer is deposited on the cantilever for growing the capturing probe on it. In order to allow the cantilever to bend upon attaching the biomolecule,
the neighbouring insulating dielectrics and the base of the cantilever are etched away. A piezoresistor can be adopted to transduce the bending
force on the cantilever to a resistance change, and the readout circuit will detect this variation. (¢) Mechanical-based detection with SAW trans-
ducer. A complete SAW transducer consists of three modules, the input metal interdigital transducer (IDT), the piezoelectric delay line, which the
acoustic wave travels through, and the output metal IDT. The input IDT generates the SAW. Then, the wave travels through the delay line to the
output IDT, where the SAW is transduced back to the electrical signal. The bio-functionalized gold layer atop the delay line captures the entity un-
der analysis. The increased mass here will affect the characteristics of the delay line, resulting in a change in resonant frequency, amplitude, or
phase shift on the SAW, which can then be detected on the output IDT. (f) NMR-based detection. NMR focuses on the measurement of the NMR
signals from the samples. First, the magnetic particle functionalized with the capture probes reacts with the sample under analysis. Then, the mix-
ture will be placed atop the spiral sensing coil to perform the NMR experiment. The existence of a target inside the sample incurs particle aggrega-
tion, thus a larger micro-cluster will be formed, changing the spin-spin relaxation time of the NMR signal from the sample.

on the electrodes. Alternatively, the capacitance between the
electrodes can also be used to detect the target upon the hy-
bridization of DNA.®® Lee et al. reported a CMOS label-free
capacitive biosensor for detecting DNA from the H5N1 vi-
rus.*® Instead of observing the complex impedance of the

3668 | Lab Chip, 2016, 16, 3664-3681

electrodes, this capacitive biosensor only focuses on the mea-
surement of the capacitance of the electrodes, thus the cir-
cuit design can be simplified. The capacitive sensing mecha-
nism is also an adequate candidate for cell monitoring.
Prakash et al. presented a CMOS platform for cancer cell

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Cell culturing and monitoring with CMOS capacitive sensing
chip. (a) A photograph showing the overall chip with dual in-line pack-
age. A well encloses the cell culturing site and the CMOS chip is in the
center of the well. The bond wires of the chip are protected by the
polymer. (b) Photomicrograph of the electrode. Since the system mea-
sures only the capacitance of the single electrode, the built-in passiv-
ation layer, such as silicon nitride and silicon dioxide, can be preserved
without further post-processing. This simplifies the hardware prepara-
tion steps for biosensing. (c) The experimental results for cancer cell
MDA-MB-231 culturing. The capacitance at a specific site increases
due to the proliferation of the cancer cells, ascribed to the increased
number of cells, allowing real-time monitoring of the growth of the
cancer cells. Reproduced with permission from ref. 66. Copyright
2008 Elsevier.

MDA-MB-231 proliferation monitoring [Fig. 3(a)].*® Since the
capacitance can be sensed without removing the passivation
layer, post-processing on the CMOS chip can be obviated
[Fig. 3(b)]. The underlying principle is the insulating nature

This journal is © The Royal Society of Chemistry 2016
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of the cell, together with the counterionic polarization in the
surrounding aqueous medium on exposure to low-frequency
electric fields, which accounts for the capacitive behavior of
the cell [Fig. 3(c)].

Alternatively, voltammetric, amperometric and potentio-
metric techniques monitor the electrochemical reactions (i.e.,
charge transfer) within the samples directly. These electro-
chemical reactions are related to the concentration of the
analytes. With a specific readout circuit, such as a
potentiostat, these electrochemical reactions can be mea-
sured and the concentration of the biomolecule can be quan-
tified. Levine et al. described a CMOS multiplexed electro-
chemical microsystem with a 4 x 4 electrode array for DNA
detection.*” By sweeping the voltage between the electrodes,
the current produced by a redox label on the target DNA se-
quence can be recorded by the on-chip electronics.

With the advance of post-processing in standard CMOS
chips, special field-effect transistor (FET) biosensors, which
sense the charges of ions/electrons from the target, such as
ion sensitive FETs (ISFETs)** and silicon nanowire (NW),***8
also show promise for biomolecule detection. Compared to
the standard electrical-based biosensors shown in Fig. 2(a),
these have a different architecture and usually require further
post-processing. Their operations are similar to MOSFET: the
target concentration alters the charges on the surface of the
FET, thus the physical properties of the channel are altered.
For instance, Huang et al. reported a CMOS wireless biomo-
lecular sensing system based on polysilicon NW.*® The resis-
tance of the n-type doped polysilicon NW decreases upon the
hybridization of complementary DNA on the NW, since the
electrons in the NW are repelled from the surface. Thus, by
detecting the resistance of the NW, the quantity of DNA in-
side the samples can be identified.

Optical-based

As the dominant detection modality for existing diagnostic
tools is within the visible range of fluorescence spectroscopy,
optical sensing still plays an important role in CMOS bio-
sensing platforms, since conventional immunoassay proto-
cols, such as ELISA, can migrate to the CMOS chip. The prin-
ciple of fluorescent biomolecule assay is the detection of a
fluorescence signal from a labeled fluorescent tag after wash-
ing the unconjugated tag. Upon excitation from an external
light source, these fluorescent labels emit a signal at a longer
wavelength due to Stokes shifting. Then, the designated
transducer, such as a photodetector, which is implemented
by an embedded PN-junction available in the standard CMOS
process, can collect these signals and transduce them to the
electrical domain (i.e., voltage or current) for signal amplifi-
cation and conditioning [Fig. 2(b)].

In order to integrate the fluorescence module into a CMOS
chip, several considerations have to be taken into account.
Firstly, since the signals are in the optical domain, the metal
layers above the photodetector should be avoided to prevent
blocking the signal. Secondly, as the intensity of the excita-
tion signal is usually much stronger than the fluorescent

Lab Chip, 2016, 16, 3664-3681 | 3669
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signal, its presence at the photodetector will saturate it, thus
causing system malfunctioning. Jang et al. proposed a CMOS
fluorescence-based biosensor microarray for DNA detection.*®
To filter the excitation signal and prevent it from reaching
the photodetector, a separate 20 layer thin-film long-pass op-
tical filter has to be put atop the CMOS chip. This filter re-
jects the excitation signal at 532 nm by 98 dB, while preserv-
ing a low passband attenuation of 1 dB. Furthermore, to
direct the fluorescence signals with the photodetector, a
fiber-optical faceplate was fabricated to guide the signals
along the vertical direction. These CMOS-incompatible mod-
ules restrict the integration and raise the system cost. To this
end, Huang et al. proposed an integrated time-resolved fluo-
rescence detection CMOS array sensor suitable for DNA de-
tection.>® Instead of removing the excitation signal by an op-
tical filter, the proposed system adopts a time-gated
arrangement to monitor the fluorescent decay of the labels
after excitation. This scheme leads to a high signal-to-
background ratio without any external filters. Lately, a fully
integrated CMOS fluorescence biosensor with an on-chip
nanophotonic filter was proposed.®’ The design included an
integrated optical filter obtained with back-end-of-line copper
layers. This filter can suppress the excitation light without
any external filtering/collimation, facilitating the integration
of the entailed CMOS electronics and optical filters for fluo-
rescent assays.

Similar to fluorescent detection, the chemiluminescent sig-
nal can also be detected from the signaling tag with a photo-
detector. The chemiluminescent tag, which emits a light sig-
nal based on the chemical reaction, averts the external light
source to excite them. This prevents the saturation of the
photodiode. Furthermore, the avoidance of an optical filter
shortens the distance from the signaling tag to the surface of
the photodetector, which fulfills the criteria for supercritical
angle luminescence (SAL) and enables efficient signal detec-
tion.*" Sandeau et al. proposed a large-area CMOS bio-pixel ar-
ray for multiplex biosensing.>® The high refraction index of
the silicon substrate enables the SAL phenomenon and thus
the direction of light emission from the chemiluminescent
tag is confined to the surface, and the sensitivity is boosted by
100 fold compared to the standard microplate reader.

For larger biological objects, such as cells and bacteria, di-
rect optical detection without a labeling tag is also feasible by
using a high-speed CMOS image sensor. With the advance of
CMOS imaging technologies, real-time cell monitoring and
counting can also be achieved on a CMOS chip directly. The
appearance of the objects blocks the photon from arriving at
the CMOS image sensor, thus the system can count and mon-
itor the activity of the cells/bacteria. Different cell monitoring
systems based on CMOSs have been described in the litera-
ture. Saeki et al. proposed a lens-free cell counting device for
HelLa cells with a microcavity array’* [Fig. 4(a) and (b)]. The
cells are trapped on the microcavity array by applying a nega-
tive pressure underneath. Hence, the cells trapped inside the
microcavity block the light from the light emitting diode and
create a shadow on the CMOS image sensor, thus the CMOS
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Cell on the

CMOS sensor

microcavity

Fig. 4 Lens-free cell/micro-particle counting system with CMOS
image sensor. (a) The overall platform of the digital cell counting
device. (b) A micrograph of the microcavity array for cell trapping. The
sample under analysis is put atop the micro-cavity array. Then, the
suspended cells/micro-particles will be pulled toward and trapped in
the cavities by the negative pressure. This negative pressure is pro-
duced by a peristaltic pump, which extracts the air inside the chamber.
(c) Detection principle of the system. The light from the external UV
light source will arrive at the CMOS image sensor through the unoccu-
pied cavity, while the trapped cell on the cavity blocks the light from
arriving at the CMOS image sensor. (d) The schematics of the expected
CMOS image acquired from (c). Since the cell blocks the UV light from
passing through the cavity, the pixels under the occupied cavity will
report a darker region, while the pixels under the vacant cavity will re-
port a brighter result. Thus, the number of cells on the microcavity ar-
ray can be identified from the result from the CMOS image sensor.
Reproduced with permission from ref. 71. Copyright 2014 Saeki et al.

image sensor can enumerate the cells on the array
[Fig. 4(c) and (d)].

Magnetic-based

Magnetism has recently become a tantalizing mechanism for
biomolecule detection. Ascribed to the absence of magnetic
signal in the sample and background, magnetism originating
from the labeled magnetic micro- or nano-particles can be
clearly detected from the samples. In addition, as the mag-
netic field can penetrate the insulating dielectric layers, di-
rect contact between the samples and the transducers is
avoided. This simplifies the hardware preparation of the
CMOS chip before the assay. The basic operation is to grow
an immobilization layer on a surface proximal to the trans-
ducer, similar to the electrical- and optical-based biosensors.
Then, the magnetic-labeled sample can be placed on the
transducer for hybridization. After a washing step to flush
the unbound biomolecules and magnetic particles, the target
of interest with magnetic particles will stay on the surface,
allowing the transducer to detect the corresponding signal if
the target exists inside the sample [Fig. 2(c)].

This journal is © The Royal Society of Chemistry 2016
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There are diverse transducers to convert this magnetism
to an electrical signal. For instance, a Hall sensor can be
adopted to sense the magnetic field and transduce it to volt-
age/current signals. The Hall sensor, composed of n-type sili-
con, can offer moderate mobility (i.e., sensitivity) yet be fully
compatible with the CMOS process. The current carriers in
the sensor experience a Lorentz force when there is a mag-
netic field orthogonal to the direction of current flow applied
to them. This causes charge deflection and allows electronic
detection. Gambini et al. proposed a CMOS Hall sensor array
for immunoassays.”” A Hall sensor was adopted to perform
the relaxation measurement on the magnetic field and trans-
duce this to a voltage signal. With the bound magnetic parti-
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Fig. 5 magnetic-based handheld diagnostic device for antigen and
nucleic acid detection. (a) The overall platform of the diagnostic
device. The CMOS chip is easily plugged in on the print circuit board
with a cartridge. (b) The disposable cartridge with the CMOS chip. The
CMOS chip is attached to the cartridge with silver epoxy and
connected with bond wire to the carrier leads. This arrangement
enables a disposable, low-cost and multiplexed assay, and simplifies
the sample handling module, such as microfluidic, to manage the sam-
ple to the sensing sites. (c) The CMOS chip. It has 48 on-chip sensing
sites, together with 16 reference sensors. Each coil, together with its
own capacitor, forms an LC-oscillator, which has an oscillating fre-
quency inversely proportional to the square root of the inductance of
the coil. The surface of the chip is biofunctionalized for probe immobi-
lization. The sample with the magnetic particle is then applied on the
surface of the chip, followed by a washing step to rinse the unbound
molecules and magnetic particles. The bound magnetic particles in-
crease the inductance of the coils, thus by detecting the oscillation
frequency, the concentration of the target at a specific site can be se-
lectively evaluated. (d) The experimental results for DNA detection. The
frequency shift of the oscillation frequency is commensurate with the
concentration of the target. With the novel magnetic freezing scheme,
a limit-of-detection of 100 pM DNA can be achieved. Reproduced with
permission from ref. 49. Copyright 2014 RSC Publishing.
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cles, the relaxation of the magnetic field from the particles
relaxes to zero, according to the Néel relaxation mechanism.
Thus, by detecting this relaxation time, the concentration of
the magnetic particles (i.e., the target concentration) can be
detected. Alternatively, an inductor can also be employed to
sense the magnetism of the samples. As the inductance is
heavily affected by the proximal magnetic susceptibility, the
target can be quantified by detecting its inductance. Pai et al.
presented a CMOS magnetic biosensor array for DNA and
protein detection using an embedded LC-oscillator (L and C
represent the inductor and capacitor), where the inductor im-
plementation uses the top metal layer of the CMOS chip
[Fig. 5(a)~(c)].** The bound magnetic particles are detected
from the oscillation frequency of the oscillator. They demon-
strated the detection of DNA with a concentration of 100 pM
by a novel magnetic freezing technique to reduce the sensor
noise [Fig. 5(d)].

Mechanical-based

Mass is a fundamental parameter for analyzing the concen-
tration of a target by utilizing an immobilized probe on the
transducer without a labeling process. The probes capture
the targets in the samples and thus the mass on the trans-
ducer increases. Then, a specific transducer converts the
mass variation to an electronic signal.

An example of this kind of mechanical transducer is the
cantilever [Fig. 2(d)]. This senses the concentration of the an-
alyte by the mass attached to the cantilever, and it is
designed to work in a static or dynamic mode.®* In the static
mode, only one surface of the cantilever is bio-functionalized
and thus bending occurs statically in one direction. While
working in the dynamic mode, the entire cantilever operates
in the capture of the targets, with its resonant frequency sen-
sitive to the mass attached. By adopting a special design and
post-processing, such as etching and additional layer deposit-
ing, the CMOS chip is capable of embodying a cantilever and
transduces the mass attached to electrical signals. If the tar-
gets are presented in the samples, the probe will seize the
targets, raising the mass of the cantilever as a mechanical ef-
fect. This event can be detected from the resistance, resonant
frequency, or optical deflection of the cantilever, depending
on the design and criteria of the platforms. Chen et al. dem-
onstrated a silicon-based micro-cantilever to detect C-reactive
protein from a sample.”® The deflection ascribed to the addi-
tional mass on the cantilever is detected by the displacement
of an optical beam, which is reflected by the surface of the
cantilever and detected by another photodetector chip. Yet,
the separate modules and the inclusion of the optical gadgets
(i.e., laser beam generator, lens and mirror) restrict the inte-
gration of the systems, and reduce their applicability outside
the laboratory. Subsequently, an integrated cantilever system-
on-chip for label-free DNA hepatitis B virus detection was
proposed by the same group.”® In this work, the deflection of
the cantilever is detected by an embedded n+ polysilicon
piezoresistor, whose resistance varies depending upon the
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Fig. 6 A CMOS cantilever-based biosensor for DNA detection. (a) The
operation procedures of the biosensor. After post-processing to imple-
ment the cantilever on the CMOS chip, the captured DNA is immobilized
on the Au surface of the cantilever. Then, the cantilever is immersed in
the PBS buffer and the sample of interest is injected around the cantile-
ver to allow hybridization of DNA. After washing off the unbound bio-
molecules, the cantilever is left to dry. After all of the water molecules
are evaporated, the matched target DNA will stay on the Au surface.
Their masses incur bending of the cantilever and an embedded
piezoresistor implemented by N+ polysilicon is entailed to sense this
bending, and transduce it to variation of its own resistance, causing a
frequency shift on the ring-type oscillator. (b) An SEM image showing
the cantilevers. In order to allow the cantilever to bend freely in air, the
surrounding materials, such as the insulating dielectrics and p-substrate
underneath, have to be etched away, creating a suspended cantilever.
(c) Experimental results for the biosensor. The resistance variation of the
polysilicon piezoresistor, attributed to the bending of the cantilever, in-
curs a deviation of the oscillating frequency. After DNA sample injection,
and washing and drying steps, the final steady-state frequency can be
measured to selectively quantify the concentration of the target DNA in-
side the sample, with a limit-of-detection of 1 pM, from the hepatitis B
virus. Reproduced with permission from ref. 46. Copyright 2013 IEEE.
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bending of the cantilever [Fig. 6(a) and (b)]. Hence, the opti-
cal gadgets can be eliminated, allowing the integration of the
cantilever with the readout circuitry. They demonstrated the
detection of DNA from the hepatitis B virus after washing
and drying of water molecules from the cantilever, with a
sensitivity as low as 1 pM [Fig. 6(c)].

Another novel type of mechanical transducer in CMOSs is
the surface acoustic wave (SAW) transducer [Fig. 2(e)], which
detects the acoustic wave transmission pattern between two
transducers. When the target binds with the immobilized
probe in the acoustic wave transmission path (delay line), the
properties of the output will change, thus allowing mass de-
tection.®® Tigli et al. proposed a SAW biosensor in CMOS
technology to detect the cancer marker, human mammaglobin
(hMAM).>® By adopting a post-processing step, a piezoelectric
zinc oxide layer can be deposited on the CMOS chip. This zinc
oxide layer affects the resonant frequency of the SAW along
the delay line, according to the mass attached to it, permitting
the quantification of the hMAM biomarker.

NMR-based

Recently, nuclear magnetic resonance (NMR) has gained pop-
ularity for biomolecule detection. The underlying physics of
NMR is the exchange of energy between the nuclear spins of
the nuclei and the radio-frequency magnetic field in the pres-
ence of a static magnetic field. Similar to the magnetic sens-
ing scheme, NMR-based biosensors rely on magnetic labels
to selectively detect the target. Yet, they indirectly detect
these magnetic labels from the "H NMR signals of aqueous
samples. The spin-spin relaxation time of the NMR signals
will be disturbed by the magnetization and the size of the
magnetic nanoparticles.®® The probe-decorated magnetic
nanoparticles stay mono-dispersed before mixing with the
target. After mixing with the target inside the samples, the
probe binds with the target and thus the magnetic nano-
particles gather and form micro-clusters. These micro-
clusters have a larger size and different magnetization, and
thus the relaxation time of the sample will change accord-
ingly. By detecting the NMR signals from the samples, the
concentration of the target can be quantified from their
spin-spin relaxation time. A NMR spiral sensing coil
implemented by a top metal layer transduces between the
electrical signals from the readout circuit and the magnetic
field generated by the nuclear spins [Fig. 2(f)]. Compared to
the direct magnetic sensing scheme, the NMR-based tech-
nique radically eases the hardware preparation, since immo-
bilization is not required.

The versatility and flexibility of NMR-based biosensing en-
able different types of biomolecule assays. While NMR-based
detection was originally performed with a discrete
prototype,® ' significant efforts have evolved to integrate
the electronics and detecting coil into a single CMOS chip for
portable and low-cost assays. For instance, Sun et al. reported
a one-chip NMR system to detect protein, cancer markers
and bladder cancer cells inside 5 pL samples,”® equipped

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 The handheld micro-NMR relaxometer for chemical or bio-
logical assays. (a) The proposed micro-NMR platform. This consists
of five main modules: 1. portable magnet for magnetizing the pro-
tons from the samples. 2. A micro-NMR chip for performing the
NMR experiment. 3. System PCB for biasing and powering the chip.
4. The field programmable gate array for controlling the hardware
and also communicating with the host (computer). 5 current driver
to inject the current to the auxiliary coil of the magnet to stabilize
the magnet field and safeguard the operation. The CMOS chip com-
prises an NMR transceiver, NMR sensing coil and Hall sensor to
sense the magnetic field variation from the magnet. The sample un-
der assay is put atop the sensing coil for analysis. Benefitting from
the versatility of the NMR experiment, different assays such as bio-
molecule targeting and protein state analysis can be performed on
this platform, rendering it suitable for healthcare, the food industry
and colloidal applications. (b) The biomolecule targeting results. The
platform can selectively detect the concentration of the target by
analyzing the spin-spin relaxation time from the detected NMR sig-
nals. By entailing different probes, the platform is capable of
detecting different kinds of biomolecules, such as human immuno-
globulin G and DNA derived from Enterococcus faecalis without
post-processing on the CMOS chip. Reproduced with permission
from ref. 52. Copyright 2016 IEEE.

with a transceiver along with the sensing coil to perform
the NMR experiment and enable lab-on-a-chip operation.
Also, we demonstrated an integrated NMR system with an
on-chip sensing coil and magnetic field stabilization module
[Fig. 7(a)].>® This stabilization module enhances the robust-
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ness of the platform against ambient variations, such as tem-
perature. The functionality of the platform has been evinced
by the detection of human immunoglobulin G and synthe-
sized DNA from Enterococcus faecalis in 2.5 pL samples
[Fig. 7(b) and (c)].

l1l. In vitro diagnostic applications

In vitro diagnosis focuses on analyzing targets from speci-
mens. Different biological objects, such as protein, DNA or
cell/bacteria, can be targeted. This section introduces assays
with CMOS biosensors and their biological applications suit-
able for in vitro diagnosis, according to Table 1.

Immunoassay

The prevailing assay for detecting protein-based targets is the
enzyme immunoassay. It is based on an enzyme-labeled anti-
body (antigen) to detect the target antibody (antigen). The
most dominating method of enzyme immunoassay is the
enzyme-linked immunosorbent assay (ELISA).”> By observ-
ing a visual signal, such as a color change from an enzyme
or fluorescent label, the concentration of a target inside a
sample can be quantified. ELISA is referred as the golden
standard in the clinical laboratory for a broad range of
applications, such as dengue,”® cancer markers,”* and H5N1
influenza.”®

Despite the popularity of ELISA in conventional laborato-
ries, ELISA is labor-intensive and time-consuming, limiting
its prevalence in resource-limited areas (e.g., forest). In this
regard, significant efforts have been focused on migrating
the immunoassay to a CMOS chip for superior performance
and small-form factor. Klapproth et al. demonstrated a multi-
analyte CMOS sensor to measure multiple sandwich-ELISA re-
actions performed on the CMOS chip.®® The chemilumines-
cence is recorded by the on-chip photodetector working in
the reverse-bias region. This allows parallel detection of dif-
ferent biological targets, such as immunoglobulin E and myo-
globin, and shows comparable results to the clinical proto-
cols. Alternatively, Kuo et al. reported a smart CMOS assay
system-on-chip platform for rapid blood screening with a
Hall sensor to transduce the magnetic field generated by an
on-chip magnetic coil to a voltage signal®® [Fig. 8(a)]. An an-
odic aluminium oxide membrane filters the biomarkers from
the blood sample. Then, the filtered sample is pumped to the
Hall sensor array for immunoassay by the electrolytic
electrodes [Fig. 8(b)]. With the bound magnetic particles, the
magnetic field generated by the coil will be enhanced. The
system is capable of detecting a biological target, such as tu-
mor necrosis factor-o for anti-tumor response and N-terminal
pro-brain natriuretic peptide for heart failure response, from
whole blood [Fig. 8(c)].

DNA hybridization assay

Diagnosis with DNA biomolecules has a broad range of appli-
cations, such as mutation in DNA sequences for cancer
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Fig. 8 Smart CMOS system-on-chip platform for rapid blood screening
test for risk prediction. (a) The experimental procedure of the platform.
Firstly, the blood under analysis is put atop the anodic aluminium oxide
membrane. The biomarkers will be diffused to the mixing reservoir and
separated from other blood cells (>1 um). After filtration, the filtered sample
in the mixing reservoir, together with the bio-functionalized magnetic bead,
will be pumped to the sensing site by the force from the electrolytic
pumping. Upon capturing by the coated antibody at the surface of the
CMOS chips, the target and the magnetic bead will be seized, while the un-
bound magnetic bead will be flushed away by the magnetic force from the
on-chip coil. Thus, the Hall sensor can sense the magnetic bead and iden-
tify the concentration of the targeted biomarker. (b) A photograph showing
the electrolytic pumping and magnetic flushing. At first, the sample is on
the right of the sensing reservoir. Then, a voltage is applied on the electro-
lytic electrodes and bubbles are formed as a consequence. The bubbles
here induce a gas force and pump the sample to the sensing reservoir. Af-
ter the sample arrives at the sensing site, the immobilized antibodies cap-
ture the targets and the magnetics beads. Then, the unbound magnetic
beads will be flushed away by the on-chip coil. (c) The experimental result
(TNF-alpha) of the immunoassay. The Hall sensor detects the target analyte
from the magnetic beads on the sensing site. The system can detect 0.8 pg
mL™? to 80 ng mL™? of TNF-alpha and NT-proBNP from whole blood.
Reproduced with permission from ref. 62. Copyright 2015 IEEE.
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prediction®® and pathogen detection. Detection of the specific
DNA is grounded on DNA hybridization detection. DNA hy-
bridization is a molecular biology technique used to identify
a sequence of interest, which is analogous to immunoassay.
A single strand DNA complementary to the target DNA acts
as a probe and is used to selectively detect the target. If the
target DNA is complementary to the designated probe, DNA
hybridization occurs and double-stranded DNA will be
formed. Then, the detector will detect the designated signal-
ing tag to quantify the target DNA inside the sample.
Conventionally, DNA detection relied on fluorescence-
based detection similar to immunoassay.’” This shares simi-
lar drawbacks with the immunoassay, such as bulky optical
instruments. Thus, considerable efforts have been geared to-
wards implementing the DNA assay tool with a CMOS chip
for multifarious biological purposes. For instance, Jafari et al.
proposed a nanostructured CMOS ultra-wideband label-free
PCR-free DNA detection system.’® This supports 54 channel
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Fig. 9 Integrated qPCR system on CMOS chip. (a) The CMOS chip and
illustrations of its functions. The chip has three main modules to
enable on-chip gPCR. An electrowetting-on-dielectric device serves as
an electronic-automated droplet management module to extract the
target, PCR reagents, buffer, and intercalator dye from the reservoirs,
and guides them to different electrodes for mixing and subsequent op-
erations by applying a voltage on corresponding electrodes. A thermal
module, which is formed by a resistive heater and temperature sensor,
regulates the temperature of the droplets to perform thermal cycling
for a polymerase-chain-reaction. A single photon avalanche diode is
embodied on the CMOS chip to detect the fluorescent emission from
the target DNA in real-time for gPCR. (b) Experimental results of the
qPCR. The fluorescent signal from the sample increases with the PCR
cycle. The gPCR system achieves a linear relationship between the cy-
cle threshold and logarithm of the initial DNA concentration from 1 to
10 000 copies per 1.2 nL of droplets, resulting in a 40 000 fold reduc-
tion of the reagent consumption. Reproduced with permission from
ref. 51. Copyright 2014 RSC Publishing.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6lc01002d

Open Access Article. Published on 09 September 2016. Downloaded on 6/24/2026 4:08:55 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

fast-scan cyclic voltammetry DNA analysis. The electrical-
based transducing mechanism here enables the complete
integration of the platform, including the transducers
(electrodes), current readout circuit, waveform generator for
cyclic voltammetry, and transmitter for communication. The
system demonstrated label-free detection of prostate cancer
synthetic DNA without DNA amplification, featuring a detec-
tion range from 10 aM to 10 uM. In another study, Norian
et al implemented an integrated CMOS quantitative-
polymerase-chain-reaction (qPCR) lab-on-chip platform by
integrating a thermal module, a digital microfluidic module
and a single-photon avalanche diode (SPAD) on a single
CMOS chip [Fig. 9(a)].>* The proposed platform achieved fully
integrated qPCR instrumentation, with proof-of-concept de-
tection of DNA from Staphylococcus aureus with a detection
limit down to 1 copy per 1.2 nL droplets, reducing the re-
agent consumption by 40 000x [Fig. 9(b)].

Cell/bacteria diagnosis

Cell level diagnosis also plays a significant role in the IVD
field. An example is the counting of CD4+ T cells in human
whole blood to spot the human immunodeficiency virus
(HIV) infection. CD4+ T cells are a type of white blood cell
that is essential to the human immune system. Upon infec-
tion by the HIV virus, the CD4+ T cells are depleted and
thus the immune system is degenerated. An efficient ap-
proach to diagnosing and monitoring HIV infection is
CD4+ T cell counting. Flow cytometry is the golden stan-
dard for counting CD4+ T cells.”® The basic principle is to
enumerate the CD4+ T cells passing through the detector
during continuous flow of the sample. The appearance of
the CD4+ T cells will alter the parameters of interest, such
as impedance, or the light beam on the photodetector,
such that the number of cells inside the samples can be
counted. Yet, a conventional flow cytometer requires bulky
detection tools and a large volume of sample. In this re-
gard, Lee et al. proposed a CMOS impedance cytometer to
monitor the flow inside the PDMS microchannel.®® They
utilized the cytometer to diagnose the rigidity of the red
blood cells (RBC). A rigid RBC opposes deformation caused
by shear stress in the medium, and is related to distinctive
diseases, which offers a potential for micro-circulation
study.

Another key application of cell-level diagnosis is cell
monitoring for growth, cytotoxicity, and virus detection in-
side the cell. Monitoring the cellular activity (i.e., cell divi-
sion, apoptosis, and necrosis) using electronics enables
real-time automated assay on designated cells, when com-
pared with the traditional microscopic approach. There
have been efforts to monitor the cells using different
electronic-based techniques, such as impedance sensing
and imaging for different diagnostic purposes. For in-
stance, Chi et al. proposed a CMOS 3 x 3 multi-modal cell-
assay platform for cellular assay [Fig. 10(a) and (b)].”®
Benefitting from the high integration level of the CMOS
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Fig. 10 CMOS multi-modal sensor array for cell-based assay. (a) Sche-
matic of the multi-modal cell-based assay platform. The entire plat-
form consists of a 3 x 3 sensor array and each pixel consists of a
photodiode, a temperature sensor (shared within a pixel group), a volt-
age amplifier, and an impedance detector for multi-modal study and
monitoring of the cultured cells exposed to drug or pathogen stimula-
tion. (b) A micrograph of the CMOS cellular sensor chip. The chip con-
tains 9 pixel groups for individual cell-based assay and each pixel
group further contains 16 individual pixels. Each pixel is formed by a
gold plated electrode for action potential and impedance reading with
a photodiode. (c) Real-time experimental results from the biolumines-
cence experiment at 2 pixels. The human ovarian cancer cell emits lu-
minescence upon the addition of luciferin, enabling verification of cell
viability. The photodiode captures this bioluminescence and the read-
out circuit processes the signal for subsequent analysis. Reproduced
with permission from ref. 76. Copyright 2015 IEEE.

Time (sec)

technology, different types of sensors, such as photodiodes,
temperature sensors, and impedometers, are integrated
within a single pixel, rendering it a promising platform
for joint-modality cellular physiological monitoring. Vari-
ous cells, such as ovarian cancer cells and human
cardiomyocytes have been entailed for biological experi-
ments and verification [Fig. 10(c)]. Recently, Laborde et al.
reported a 256 x 256 nanocapacitor array for real-time im-
aging of microparticles and living cells on a CMOS chip.””
By simultaneously exploring the benefits of CMOS technol-
ogies, they achieved label-free and high-throughput moni-
toring of different cancer cells with attofarad resolution on
the sub-micrometer scale.
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IV. Discussion and selection guide

Since there is high diversification of the characteristics and
properties of CMOSs in vitro biosensors, as shown in Table 1,
we aim to summarize a selection guide and provide a radar
chart of each transducing method. Herein, we analyze and
discuss the properties, requisites, and limitations of CMOS
biosensors, based on their transducing mechanisms, evalu-
ated in terms of the integration level, labeling scheme, hard-
ware preparation, operation steps, and specificity.

Integration level

For cost and size minimization, the integration of all neces-
sary hardware of the biosensor into a unified platform is de-
sirable. Electrical-based detection is an ideal solution for
sensing both small biomolecules (DNA and proteins) and
large biological objects (cells and bacteria). External non-
electronic gadgets (e.g., light sources, optical filters, or mag-
nets) can be avoided. Similarly, mechanical-based detection
is a promising method of biosensing, except for the case of
utilizing a laser beam for detecting cantilever deflection.>
Traditionally, magnetic-based detection involves either a per-
manent magnet*® or external coil®® to magnetize and sense
magnetic particles. Yet, there have been certain efforts to
eliminate these external gadgets by implementing the coil-
on-chip®® or adopting the LC-oscillator*® to sense magnetic
particles. Optical-based biomolecule detection, especially for
fluorescence, shares the same drawbacks as centralized
benchtop assay, such as the need for excitation light sources.
NMR-based detection, in this perspective, is difficult for inte-
gration since it involves a large permanent magnet (typical
size of the magnet for NMR: 8 cm in diameter; 5.5 cm in
height) for performing the NMR experiments. Furthermore,
the magnetic field generated by the permanent magnet is
temperature-dependent, and calibration is required to ensure
proper operation.>*%°

Labeling

The labeling process determines the effort and difficulties as-
sociated with preparing the sample and corresponding
probes. Label-free assay is preferable, as it does not require
complicated signal tags, such as fluorescence, redox-active
molecules, and magnetic particle labeling on the sample and
probe to detect the target. Electrical and mechanical-based
detection are superior in this area since they both support
label-free detection. While certain studies entailed redox tag-
ging for signaling,*" most of the electrical/mechanical-based
biosensors are label-free, simplifying the sample preparation
before the assay. On the other hand, NMR-based biosensors
utilize magnetic particles functionalized with the capturing
probe for detection. The labeling process restricts the experi-
ments when compared with electrical/mechanical-based bio-
sensors. Nevertheless, since surface functionalization only en-
tails a probe, instead of a target, the sample under assay can
remain unprocessed. Optical/magnetic-based biosensors in-
volve attaching fluorescent, luminescent or magnetic labels
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on the target for assaying, which substantially increases the
effort and cost of the assay. Yet, a sandwich-based bioassay
technique can be applied to circumvent labeling the target to
reduce the number of sample preparation steps.

Hardware preparation

Hardware preparation indicates the procedures required to
prepare the hardware after receiving the standard CMOS chip
from the foundry and before the assay, which include CMOS
post-processing: etching, chemical deposition, or immobiliza-
tion of the capturing probe. Certainly, an ideal biosensor
should avoid these steps to reduce the cost and simplify the
assay. NMR-based biosensors are promising in this regard as
they do not entail any surface modification, plating or probe
immobilization steps (i.e., the chip is used as received).
While the optical/magnetic-based biosensors do not necessar-
ily involve post-processing on the CMOS chip, since there is
no direct contact, immobilization of the probe on the sub-
strate is still required. This substrate may be an external ep-
oxy container, glass plate, or on-chip Au electrode. Electrical/
mechanical-based biosensors involve complex post-
processing steps to deposit a biocompatible Au layer on the
pre-defined electrodes, and immobilize the necessary probe.
Especially for the cantilever, the silicon substrate underneath
has to be etched away to allow bending or oscillating of the
cantilever. These post-processing steps greatly raise the cost
and difficulty involved in preparing biosensors.

Operation

The operation denotes the procedures required to perform
the assay, e.g., washing and drying. An ideal CMOS biosensor
should involve only a sample-loading step to detect the tar-
get. For small biomolecule sensing, the NMR-based biosensor
stands out as a tantalizing solution since it does not encom-
pass any washing step after the mixing of the probe and sam-
ple. Still, for cellular detection, a washing step is included to
rinse off unbound magnetic particles. On the other hand,
electrical-based detection has a facile operation procedure for
small biomolecules. Despite certain studies involving a wash-
ing step after hybridization to remove the unbound target on
the surface, the change in electrical properties upon hybridi-
zation can be detected without further washing steps. Fluo-
rescent and magnetic-based biosensors encompass a washing
step to remove the unbound molecule, similar to the conven-
tional ELISA. Nevertheless, they are promising for cellular
sensing, since the washing step is omitted in this case.
Mechanical-based biosensing is confined by the operation
procedures, since it entails both washing and drying steps to
rinse off the unbound molecules, and drying of the surface
of the cantilever. These steps are time-consuming and re-
quire considerable labor.

Specificity

The archetypal and ultimate goal of CMOS biosensors is to
detect desired biomolecules in samples. Yet, for complex bio-
logical media (e.g., blood plasma and serum), the sample
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matrix effect will incur non-specific binding and confound
the detection limit of the system. For instance, albumin, the
most abundant protein inside blood plasma, may exist with a
concentration of 600 uM (i.e. ~1 billion times above the de-
sired detection limit).”® The non-specific binding of albumin
with the probe leads to a background biological noise floor,
creating a false positive on the output of the diagnostic tool.
Additionally, other physical parameters, such as temperature
or the pH of the sample, may affect the diagnosis. While
these interferences can possibly be suppressed by hardware
techniques, such as differential detection (i.e., comparing the
experimental result with a reference result), the additional
measurement increases the hardware cost and the sample
consumption. The specificity of optical-based and magnetic-
based detection is outstanding as the detections rely on label-
ing process and multi-step protocols. Any undesired signaling
tag will be removed from the sensing region after the rinsing
step. In contrast, electrical-based detection is prone to the
sample matrix effect, due to the non-specific absorption of
other biomolecules.'’”™" Especially for EIS, the impedance
is affected not only by non-specific absorption from the
sample matrix, but also the constitution of the media (ie.,
conductivity of the media and permittivity of the cells).
This poses a detrimental effect on the measurement. A
mechanical-based detector is sensitive to non-specific bind-
ing of the biomolecule and ambient temperature interfer-
ence. Yet, the washing and drying steps reduce the influence
from non-specific binding. Finally, NMR-based detection,
similar to magnetic-based detection, shows high specificity,
ascribed to the adoption of surface functionalized magnetic
nanoparticles. Yet, the spin-spin relaxation time of the sam-
ple correlates with the viscosity as well as the composition
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ple’®). This restricts direct measurement from complex
media.

Summary

Electrical-based transducing mechanisms are generally the
most widespread and favorable detection schemes for CMOS
IVD tools, since they can provide label-free biomolecule de-
tection and cellular monitoring without bulky external com-
ponents, such as optical filters or permanent magnets. Fur-
thermore, the ease of operation (i.e., no washing and drying
steps) promises fast assays and befits the PoC applications.
Yet, the hardware preparation on CMOS chips and the neces-
sity for direct contacts pose certain limits on electrical-based
detection, especially when interfacing with other microfluidic
networks.'®® Furthermore, the external influence requires
delicate systematic design to achieve better specificity.
Mechanical-based biomolecule detection, constrained by its
complexity of hardware preparation and experimental proce-
dure, shows limited exposure for CMOS IVD tools.

In contrast, despite the labeling step and non-integrated
gadgets, optical-based detection is still popular for CMOS
IVD tools, since the conventional laboratory protocols, such
as ELISA and PCR, can be transferred smoothly to the
CMOS chip. This increases the consistency of the experimen-
tal results of CMOS IVD tools with the centralized benchtop
assay. Its capability of detecting light transmittance also ren-
ders it a promising scheme for cellular assay. Alternatively,
magnetic-based detection is similar to optical-based detec-
tion for biomolecule targeting, as both require labeling and
several mixing and washing steps. The lack of magnetic sub-
stance inside the biological sample enables sensitive and

and state of the media (i.e. oxygenation of the blood sam-  specific biomolecule quantification for magnetic-based
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Fig. 11 A radar chart showing the conceptual requisites to perform in vitro diagnosis on biomolecule targets with different transducing mechanisms.
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detection. Furthermore, the high specificity of the labeling
schemes for optical-based and magnetic-based detection
guarantees the robustness of the systems against matrix ef-
fects from complex biological media. NMR-based detection is
a promising solution for CMOS IVD tools when the prepara-
tions of the CMOS chip and sample beforehand have to be
minimized. Also, the contactless properties of NMR facilitate
the integration of the NMR electronics with sample manage-
ment networks.®”'** Yet, the relatively weak NMR signal
limits the sensitivity of NMR-based detection and the perma-
nent magnet hinders the miniaturization of the overall
platform.

A conceptual radar chart is plotted in Fig. 11, showing, in
general, the overall strengths and weaknesses of the above
characteristics of the biosensors, using distinct transducing
mechanisms. Obviously, there are many applications for
in vitro diagnosis, especially for cellular level study (cell
counting, monitoring, or flow cytometry), thus Fig. 11 is eval-
uated mainly on their performance for biomolecule (DNA
and protein) targeting. Also, there are exceptional cases. For
instance, Peng et al. reported an NMR-based label-free plat-
form (with discrete electronics) for detecting malaria in
whole blood by detecting the variation in spin-spin relaxa-
tion time of NMR signals from paramagnetic hemozoin
particles.'®®

V. Conclusions and future prospects

Driven by the world's booming and longevous population in
the coming century, there will be a huge market for efficient,
low-cost and easy-to-use PoC devices for rapid yet sensitive
in vitro diagnosis in both developed and developing coun-
tries. CMOS technology offers a platform to implement these
IVD tools, which is attributed to its capability for monolithi-
cally integrating transducers and signal processing units on
the same chip, which can be mass-produced to minimize the
cost. Furthermore, benefitting from the continuous improve-
ment of CMOS processes and post-processing techniques, a
multifaceted variety of biosensors have been proposed with
superior performances. There are different ways to achieve
molecular and cellular biosensing on CMOS chips. The ne-
cessity and complexity of each transducing mechanism en-
tails a balance of different design goals (e.g., cost) and con-
straints. Thus, the development of an ideal CMOS biosensor
should require profound knowledge, not only in microelec-
tronics, but also in biology and chemistry, to secure success-
ful multi-disciplinary research.

The advances in CMOS biosensors will continue with the
downscaling of CMOS technology, offering a higher integra-
tion level, and better signal processing for a lower detection
limit, and supporting more complex operations, such as next-
generation sequencing.'’® Yet, the post-processing of the
CMOS device should be limited and the labelling of the sig-
naling tag should be avoided to suppress the manufacturing
cost and the preparation time of the experiments, in order
that the overall cost can be competitive with other PoC tech-
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nologies, such as test-strip devices. Furthermore, it is also of
importance to manage the sample matrix effects of biosen-
sors from complex media and include different functions
such as multiplexing®® and DNA amplification*”*" in an inte-
grated platform, along with the CMOS biosensors. In addi-
tion, as sample management is still a challenge for CMOS
chips, extra efforts should be entailed to seamlessly integrate
the sample management network and the CMOS biosensor
with the aid of channel microfluidic networks'®”°° or digital
microfluidic arrays,'*""'® rendering these CMOS biosensors
as truly lab-on-a-chip platforms. In our opinion, these CMOS
biosensors will ultimately provide global patients with an effi-
cient and powerful IVD solution to improve their living

quality.
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