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The marriage of highly sensitive biosensor designs with the versatility in sample handling and fluidic
manipulation offered by lab-on-a-chip systems promises to yield powerful tools for analytical and, in
particular, diagnostic applications. The field where these two technologies meet is rapidly and almost
violently developing. Yet, solutions where the full potentials are being exploited are still surprisingly rare.
In the context of this review, sensor designs are often fairly advanced, whereas the lab-on-a-chip aspect
is still rather simplistic in many cases, albeit already offering significant improvements to existing
methods. Recent examples, showing a staggering variety of lab-on-a-chip systems for biosensing ap-
plications, are presented, tabularized for overview, and briefly discussed.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The field of biosensors is vast and complex to begin with. If you
add to it the possibility to combine a biosensing element with
microfluidic sample handling capabilities, the number of realiza-
tions described in the literature and being the subject of current
research efforts becomes almost, if not quite, astronomical. One
reason for the complexity of the field of biosensors is that the term
itself is often rather loosely defined, or, at least, means different
things to different people. In fact, it is often (erroneously) con-
sidered that a biosensor is a device that senses the presence (and
typically the quantity) of a biomolecule (such as a protein or a DNA
strand) or perhaps a cell. However, the guidelines for this journal
(Biosensors and Bioelectronics) stipulate that a biosensor needs to
incorporate a biological, biologically derived or biomimetic re-
cognition element in close integration with a transducing element
(http://www.journals.elsevier.com/biosensors-and-bioelectronics/).
In other words, there has to be a biological response (which can be
triggered by any type of analyte), which then is converted to an
electrical signal by means of an optical, electrochemical, thermo-
metric, piezoelectric, magnetic or micromechanical transducer. In
this review, we have attempted to adhere to this definition in or-
der to bring down the inherent complexity. Other authors have
also commented on the ambiguity of the term “biosensor” and in
particular the confusion of the terms “sensor” and “probe”
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(Borisov and Wolfbeis, 2008).

It is beneficial for a number of reasons to combine biosensor
designs with microfluidic circuits to improve the overall perfor-
mance of the sensing system. The main motivation here is cer-
tainly to improve transport of analyte from the sample volume to
the biorecognition element, in particular for surface-bound sen-
sing elements. The reduced dimensions and volumes in micro-
fluidic channels allow first of all to work with much less sample
than what otherwise might be used, making analysis on drops of
blood or even the contents of single cells possible. But, more im-
portantly, the reduced distances for analyte molecules to diffuse to
the biorecognition elements immediately yield a great gain in
response time, significantly improving conditions for diffusion-
limited processes. Moreover, specially designed channels can fur-
ther improve convective transport to the sensor surfaces by, e.g.,
including flow focusing or helical flows (Lynn et al., 2015; Lynn
and Homola, 2015). Expanding from pure microfluidics to more
fully developed lab-on-a-chip solutions, entire sample preparation
procedures can be incorporated prior to the sensing, such as se-
paration, enrichment, and labeling, to name but a few. All of these
pre-sensing steps can improve the actual detection step by re-
moving interfering species or by increasing the concentration of
analyte in the detection volume. When scanning the literature, one
finds indeed a wealth of papers that utilize microfluidics in order
to transport sample containing the analyte(s) of interest, but it is
somewhat surprising that most of the realizations are very basic,
often only comprising a single channel with an inlet and an outlet
and thus allowing not much more than to flush sample across the
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Table 1
Summary of recent advances in enzyme-based electrochemical sensors in microfluidic applications.

Analyte Biological recognition element LOD and/or Linear range Microfluidic chip features Reference

Amperometry

Glucose Glucose oxidase immobilized on paper n.a. PDMS flow cell Tan et al. (2012)

Adenosine- 5'-triphosphate Glycerol kinase and glycerol-3-phosphate oxidase 3.9uM PDMS chip, droplet based operation Itoh et al. (2012)

(ATP)

Phenol Tyrosinase immobilized on graphene micropillars 50 nM PDMS flow channel with 3D micropillars to enhance surface Liu et al. (2013)
area for enzyme immobilization

Ebstein-Barr Virus (EBV) Anti-EBV viral capsid antigen n.a. Meandering channel layout for immobilization and hydro- Horak et al.
phobic stop to prevent liquid leakage into the sensing area, (2014)

Acetylthiocholine

Glucose

Glucose, glutamine, glutamate

Glucose

Chronoamperometry

MicroRNA

Glucose

Cyclic voltammetry

Extracellular H,0, secreted

from hepatocytes
Cholesterol

Clenbuterol (CLB) in bovine

hair sample

Redox cycling

Mouse IgG and human cardiac

troponin I (cTnl)

Impedance spectroscopy

Cholesterol

Acetylcholinesterase enzyme immobilized on PMMA

Glucose oxidase immobilized on PMMA

Glucose oxidase, glutamate oxidase and glutaminase immobilized on

platinum thin-film electrodes

Glucose oxidase

Biotinylated DNA capture probes immobilized on streptavidin-coated
paramagnetic beads; Enzymatic reaction catalyzed with streptavidin

-alkaline phosphatase conjugate
Glucose oxidase

Horseradish peroxidase entrapped in PEG-hydrogel

Cholesterol esterase and cholesterol oxidase functionalized chitosan/

anatase titanium dioxide nanoparticles
Anti-CLB antibodies immobilized on magnetic microparticles

Antimouse IgG/anti-cTnl and alkaline phosphatase immobilized on

3D interdigitated indium tin oxide electrodes

Cholesterol esterase (ChEt) and cholesterol oxidase (ChOx) im-
mobilized on chitosan/anatase titanium dioxide nanoparticles
electrode

Cyclic voltammetry and amperometry

Glucose

Glucose oxidase

measurement range 0.1-0.9 mM

0.5 umol L~!

0.05-20 mM (glucose)
0.05-10 mM (glutamate)
0.1-20 mM (glutamine)
0.05 mM/0.2-43.5 mM

7 pmol L~'/0-1 nmol L~!

Measurement range: 0.5-50 mM

0.2-100 pM

0.65-10.3 mM

0.008 ng mL~'/0.027-800 ng mL~"

10 fg mL~"! (mouse IgG)

100 fg mL~! (cTnl)

0.2 mg dL~'/2-500 mg dL~"

0.29 mM

material: dry film photoresist, Vacrel™ 8100 on polyamide
substrate

Microfluidic chip (PMMA) with enzyme chamber and reaction
chamber

Flow channel (PMMA) with additional off channel detection

SU-8 flow channel with simultaneous determination of three
analytes

Droplet based microfluidic chip with electrochemical detection

inside droplets; the microfluidic electrochemical sensor was
tested with human blood serum samples

Gravi-Cell (DiagnoSwiss, Monthey, Switzerland)

PDMS channel, including four separate microreactors that fea-
ture prolonged blood analysis, automated background sub-
traction, autocalibration

PDMS flow channel
PDMS flow channel

PMMA microfluidic chip with integrated screen printed elec-
trodes; competitive immunoassay with alkaline phosphatase

Microfluidic glass chip with interdigitated electrodes on bot-
tom and ceiling of channel, which is channel formed by ad-
hesive tape

Three PDMS flow channels

PDMS centrifugal microfluidic device featuring a reservoir, a
mixing chamber, a spiral channel, a carbon-paste electrode
detector and a waste reservoir

Yoon et al. (2014)
Cerqueira et al.
(2014)

Badcker et al.

(2013)

Gu et al. (2014)

Bettazzi et al.
(2013)

Picher et al.
(2013)

Matharu et al.
(2013)
Ali et al. (2013)

Regiart et al.
(2013)

Han et al. (2014)

Ali et al. (2014)

Rattanarat et al.
(2015)
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sensor surface, or to bring two or more reagents together. Only
rarely do we find more advanced solutions or systems where
several (other) functionalities are integrated to come closer to the
goals of the lab-on-a-chip philosophy. The reasons for sticking
with a simple microfluidic cell can be manifold and differ from
case to case, ranging from putting an emphasis on the biosensor
design to a deliberate reduction of complexity and thus sacrificing
sophistication for the sake of reliable operation. However, it is
dangerous to view the microfluidic channel (and its design) as a
separate part, while it is in fact an integral part of what makes the
entire biosensing system work as intended. Some of the most
important design considerations for combining (planar) sensors
with microfluidic systems are laid out and explained in a paper by
Squires et al. (2008). Here, the interplay between channel di-
mensions, sensor dimensions, flow velocities, diffusional trans-
port, advective transport and reaction rate are explored and the
consequences of a bad design on the overall performance of the
sensor system are investigated. Undoubtedly, there are a number
of examples in the literature where microfluidic (bio)sensors un-
derperform on account of a flawed design or because they are
operated under sub-optimum conditions. Serendipitous cases of
sensor designs performing better than expected are further in-
dications that a better theoretical understanding and improved
models are still lacking.

For this review article, we have collected examples from the
literature from 2012 onwards describing sensors utilizing a bior-
ecognition element according to the definition given above. We
have attempted to achieve a rough structure by sorting the de-
scribed systems according to the used transduction principle, as
these are just slightly less numerous and less diverse than the
number of biorecognition elements exploited and investigated.
The latter include, among others, enzymes, antibodies, DNA
strands, aptamers, peptides, receptors, bacteria and other cells,
and either direct or indirect reactions and interactions of these
with the analyte(s) of interest. The complexity of the matter
combined with the ingenuity of the researchers in finding novel
approaches makes it almost impossible to avoid inclusion of
“borderline” cases on the one hand, and missing some papers
entirely, on the other hand. There are, in particular, many cases
where an enzyme is used to turn over a substrate and where the
product of this enzymatic reaction is then detected. Such instances
are clearly in a “greyzone” when held against the definition
mentioned earlier, especially when the enzyme is added like a
reagent and not really part of the sensor as such. We hope that the
readers will find this review nonetheless a great resource and a
starting point for further explorations. For a quick overview, the
main facts and findings from the cited papers are summarized in
several tables. The readers are also referred to recent related re-
views that might be of interest (Bunyakul and Baeumner, 2014;
Ferrier et al., 2015; Ge et al., 2014; Holzinger et al., 2014; Jiang
et al., 2014; Kelley et al., 2014; Muzyka, 2014; Reenen et al., 2014;
Rocha-Santos, 2014; Sang et al., 2014).

2. Microfluidic biosensors based on electrochemical
transduction

Electrochemical detection is generally based on the interplay
between electricity and chemistry and in terms of biosensors on
the signal generation via a biochemical recognition event, which
can be measured as a change in current, voltage, conductance or
impedance (Wang, 2006). Typically, in biosensors the electro-
chemical transducer measures a potential shift (potentiometric) or
a change in current triggered by a biorecognition (immobilization)
event under a fixed (amperometric) or variable potential
(voltammetric) (Grieshaber et al, 2008). Electrogenerated

chemiluminescence and photoelectrochemical bioanalysis are not
covered here, but interested readers are referred to recent reviews
in the field (Muzyka, 2014; Zhao et al., 2014).

Electrochemical biosensors are generally very sensitive, have a
rapid response and are often designed to be selective towards the
analyte in question (Han et al, 2013). Inherently, they are not
dependent on the optical path length or the optical properties of
the material. Easily miniaturized and incorporated into micro-
fluidic systems, they can often offer a less expensive read-out than
optical systems.

3. Enzyme based detection

Functionalization of electrodes with enzymes can make use of
their ability to selectively catalyze chemical reactions. The gener-
ated or consumed electroactive species can be detected via a
change in current. For example, enzyme based electrodes have
been intensively used for glucose determination (Ispas et al., 2012;
Kimmel et al., 2012; Liu et al., 2012c). Recent advances in enzyme-
based biosensor developments for microfluidic applications are
summarized in Table 1.

4. Affinity based detection

Electrochemical biosensors are very suitable for detecting affi-
nity based biorecognition events and an electrochemical signal can
be recorded from such a binding event. Amperometric detection is
the most common method of detection, but electrochemical im-
pedance spectroscopy (EIS) is also often applied in the field of
affinity-based biosensors. EIS offers the advantage of label free
detection of binding events and is a technique to determine the
complex electrical resistance of a system (Lisdat and Schéfer,
2008). Several electrochemical biosensor types, including im-
munoassays, DNA hybridization and signal switching aptamer
sensors have been studied and found application in microfluidic
systems. Real samples often have to be treated before they can be
introduced to the biosensor (Bunyakul and Baeumner, 2014), but
due to their specific binding capabilities, affinity based biosensors
are capable of handling complex sample matrixes and samples.
Real milk (Dapra et al., 2013), stool (Bunyakul et al., 2014), poultry
meat (Morant-Minana and Elizalde, 2015) and blood/serum
(Ferguson et al., 2013; He et al., 2013; Kim et al., 2013b; Seia et al.,
2014) have all been analyzed with microfluidic electrochemical
affinity sensors. Miniaturization, and integration into microfluidic
devices, often leads to faster analysis times and to efficient col-
lection of electroactive species due to improved transport (“non-
planar diffusion”) and thus a higher sensitivity of the sensor
(Ghosh Dastider et al., 2015; Hervas et al., 2012; Ben-Yoav et al.,
2012; Zuzuarregui et al., 2014).

For example, (Seia et al, 2014) could demonstrate that an
electrochemical immunosensor combined with a microfluidic chip
reduces the analysis time by a factor of 3.8 for thyrotropin (TSH)
compared to an ELISA test, and also improves the sensitivity. Re-
cent advances in affinity-based biosensor developments for mi-
crofluidic applications are summarized in Table 2.

5. Microfluidic applications highlights

Most articles screened for this review focus on the sensor de-
velopment and use simple microfluidic concepts such as flow cells
(Seenivasan et al., 2015; Song et al., 2013; Wang et al., 2014b; Zitka
et al,, 2013; Zuzuarregui et al., 2014) or (PDMS) flow channels,
some with a full lab-on-chip integration in mind (Morant-Mifiana
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and Elizalde, 2015; Vabbina et al., 2015). The following biosensors
are examples of more complex platforms towards integrated lab-
on-a-chip sensors:

Ferguson et al. (2013) implemented a vertical flow diffusion
filter (CDF) for the detection of doxorubicin, a chemotherapeutic
drug, in whole blood samples. Within the CDF, smaller target
molecules diffuse to the electrode where they are detected by a
signal switching aptamer sensor. The device had a LOD of 10 nM
and a dynamic range from 0.01-10 uM spanning the therapeutic
range of the drug.

Shin et al. (2013) have utilized a microfluidic PDMS flow
channel on Au structured glass for the detection of cell-secreted
metalloproteinase (MMP9), a key reporter in many pathological
processes. The group engineered a specific methylene blue (MB)
conjugated peptide with end-terminal cysteine for self-assembled
monolayer (SAM) immobilization on Au electrodes. MB is, besides
anthraquinone (AQ) and (Fe(CN)g)>~/4~ (FCN), a commonly used
redox reporter. Monocyte cells were immobilized next to the
electrode via antibody capture in PEG hydrogel. Proteolytic clea-
vage of the MB conjugated peptide causes a significant drop in
amperometric detection. A detection limit of 60 pM and a linear
range extending to 50 nM was reported.

Liu et al. (2012b) used a similar microfluidic cell capture ap-
proach to simultaneously detect the cytokines interferon gamma
(IFN-y) and tumor necrosis factor alpha (TNF-a) secreted from
human T-cells and monocytic cells. Instead of the proteolytic
cleavage, they chose the simpler and more specific dual-aptamer
approach, using two cytokine specific aptamers, labeled with MB
and AQ. Upon analyte binding, the aptamer hairpin unfolds and
the conformational change decreases the electron transfer, a de-
tectable amperometric drop for the respective redox mediator. The
sensor is highly specific with a LOD in the low ng mL~! range for
both cytokines.

Polydimethylsiloxane (PDMS) is a soft and deformable elasto-
mer and has been used extensively for micro valve applications.
Matharu et al. (2014) have adopted this approach and used a
three-layer microfluidic device, comprising an Au electrode glass
bottom layer, a microfluidic channel with microcups and a PDMS
control or actuation channel (Fig. 1). During cell seeding into the
microfluidic channel the disk-shaped microcups are pressed onto
the electrode surface by means of the actuation channel. Upon
microcup release, transforming growth factor-beta 1 (TGF-f1) re-
leased from the seeded cells can be amperometrically detected
with a signal switching aptamer sensor at LODs of 1 ngmL™".

A more complex and fully integrated microfluidic devices was
described by Kim et al. (2013b) comprising a centrifugal micro-
fluidic disk device for the detection of C-reactive protein (CRP), a
biomarker for cardiovascular disease, via horseradish peroxidase
(HRP) catalyzed 5-thio-2-nitrobenzoic acid (TNB) redox cycling.
The device integrates several loading, washing and reaction steps
with a sample to answer time of approximately 20 min and
213 pgmL~! LOD, a 4-fold increase to a stationary (no flow)
electrochemical reference measurement.

Ben-Yoav et al. (2015) presented a lab-on-a-chip device for
electrochemical analysis of DNA hybridization events. A new dual
layer microfluidic valved manipulation system (Fig. 2) integrated
into the device provides controlled and automated capabilities for
high throughput analysis. The device yields semilogarithmic dose
response and enables a theoretical detection limit of 1 nM of
complementary ssDNA target.

Itoh et al. (2012) presented a droplet-based microfluidic device
constructed for on-site determination of fish freshness (Fig. 3). The
droplet-based system allows mixing and metering of extracts,
enzymes and buffers with a sensing region located downstream.
The data obtained for jack mackerel extracts correlated well with
those obtained by high-performance liquid chromatography

(HPLC).

6. Microfluidic biosensors based on optical transduction

Due to the ease of interfacing microfluidic devices with the
conventional optical detection instruments commonly found in
laboratories (inverted fluorescence microscopes, digital CCD
cameras, simple LEDs and photodiodes set-ups, and even smart-
phones), optical detection is ubiquitous in microfluidic applica-
tions. Innovations in optical microfluidic technologies for point-of-
care diagnostics have been reviewed by Myers and Lee (2008).
Recent review articles have focused more specifically on label-free
optical biosensing platforms (Estevez et al., 2014; Fan et al., 2008;
Wang et al., 2013b) while biosensors based on measurement of
absorbance, reflectance and fluorescence have been reviewed ex-
tensively by Borisov and Wolfbeis (2008).

7. Fluorescence-based biosensors

Fluorescence-based biosensors are by far the most prevalent
type of biosensor encountered in microfluidic applications thanks
to their ease of implementation. They benefit from very low de-
tection limits, high selectivity and the wide array of fluorescence
labels available for tagging biomolecules. However, quantitative
analysis can be hindered by the auto-fluorescence generated by
the microfluidic chip material in the case of polymeric devices.
Recent advances in fluorescence-based biosensors in microfluidic
applications are summarized in Table 3.

8. Label-free and other non-fluorescence-based optical
biosensors

In evanescence wave-based biosensors, the probing light is
concentrated in an evanescent field, within a few hundred nan-
ometers of the sensor surface. Evanescence-based biosensors can
be used in fluorescence or label-free measurements. In fluores-
cence measurements, the light transmitted can be used to excite
fluorescently labeled analytes immobilized at the surface of the
waveguide. Only the fluorescent labels located in close vicinity of
the waveguide surface are excited, minimizing background fluor-
escence from the bulk solution. Evanescent wave fluorescence
biosensors are reviewed by Taitt et al. (2005). Evanescent wave
biosensors can also be used as a label-free technique. Indeed, these
biosensors are capable of detecting the refractive index (RI) change
induced by the analyte binding to their surface. Since the detection
signal does not scale down with the sample volume (Fan et al.,
2008), these sensors are especially attractive for use in micro-
fluidic applications.

Surface Plasmon Resonance (SPR) refers to the resonant oscil-
lation that occurs at the interface of two media with dielectric
constants of opposite signs, such as a metal (gold or silver) and a
dielectric material stimulated by incident light (Fan et al., 2008).
Localized SPR (LSPR), on the other hand, refers to the collective
resonant oscillation of conduction electrons at the surface of a
metal nanoparticle under the perturbation of incident light (Myers
and Lee, 2008). Conventional SPR sensing a prism, waveguide, fi-
ber optic or grating coupling (Fan et al., 2008) to excite propa-
gating plasmons on the surface of the gold or silver surface. On the
other hand, LSPR sensing requires no special coupling in-
strumentation and is typically performed with a white light source
(Myers and Lee, 2008). In both cases, when the analyte of interest
binds to the surface of the sensor, a marked shift in resonance
wavelength is observed. SPR and LSPR are near-field phenomena



Table 2

Summary of recent advances in affinity-based electrochemical sensors in microfluidic applications.

Analyte

Biological recognition element

LOD and/or Linear range

Microfluidic chip features

Reference

Impedance spectroscopy
ssDNA

Ampicillin kanamycin A
dsDNA

Liposomes HIV

Thrombin
Salmonella typhimurium

Lipoprotein LDL

ssDNA

Square wave voltammetry (SWV)

Cell secreted metalloproteinase
(MMP9)

Transforming growth factor-beta 1
(TGF-p1)

Interferon gamma (IFN- y) and tumor
necrosis factor alpha (TNF-a)

Campylobacter spp

Cell secreted cytokines: TNF-a and
INF-y

Doxorubicin (chemotherapeutic) and
kanamycin (antibiotic)

Amperometry
Vasopressin
TSH thyrotropin

C-reactive protein (CRP)

Myeloperoxidase (MPO), (cardiovas-
cular biomarker)

ssDNA (cyanobacteria nucleic acids)

Differential pulse voltammetry (DPV)

Lactoferrin (LF)

ssDNA modified Au electrodes

ssDNA aptamer immobilized on tosylate doped poly(3,4-ethy-
lenedioxythiophene) PEDOT-OH:TsO

ssDNA modified nanoporous alumina membrane

Antibody functionalized Au electrode

Aptamer modified magnetic beads

Monoclonal anti-salmonella antibodies immobilized on the
surface of an Au electrode

Anti-apolipoprotein B immobilized on CNT-NiO modified ITO

electrode
ssDNA self-assembled on Au electrode

Specific peptide immobilized on Au electrode
Aptamer modified Au electrode

Aptamers immobilized on Au electrode

DNA thiolated probe modified Au electrode

Aptamers immobilized on Au electrode

Aptamer probe immobilized on Au electrode

Aptamers immobilized on carbon nanotubes
Anti-TSH antibody immobilized on ZnO nanobeads

Antibody coated polystyrene beads

Anti-MPO coated magnetic beads

ssDNA capture probe immobilized on Au electrode

Goat anti-LF antibody modified paramagnetic beads

3.8 nM
100 pM (ampicillin) 10 nM (kanamycin
A)

n.a.

n.a. (HIV)
1000 liposomes uL~"

0.01-10 nM,
3000 CFU mL~!

6.3 pg ml~! (CNT-NiO)

1nM

60 pM to 50 nM

1-250 ng mL~"

6.35 ng mL~! (IFN-y) 5.46 ng mL~!
(TNF-a)

90 pM/1-25 nM

10 -100 ng mL~"' (0.58-5.8 nM) (TNF-
«) 0.06-10 nM (INF-y)

10 nM/0.01-10 pM

43 pM
0.00087 pUI mL~"

49pgmL !

0.200 ng mL~! (MPO Active) and
0.004 ng mL~" (MPO total)

6 pM

0.1 pgmL™!
0.195-100 pg mL~!

PDMS flow channel with improved analysis due to
dominant diffusion in microchannel
COC flow channel with detection in real milk samples

PDMS flow channel with integrated membrane;signal
enhancement with Ag modified AuNP

PDMS flow channel;

demonstrates liposome ion-release impedance
spectroscopy for virus detection

PDMS flow cell

PDMS flow channel;integration into microfluidic
channel improved detection limit

PDMS flow channel

PDMS microfluidic assay with 9 sensors and PDMS
valves.

Flow channel with detection cell

Glass-PDMS device with flow channel and PDMS val-
ving mechanism to avoid cell-electrode attachment
PDMS flow channel with PEG hydrogel Au electrode
array for cell capture

COP microfluidic cartridge, tested with poultry meat
samples

Cells were infused into the PDMS microfluidic device
and stimulated to commence cytokine production;
dual detection of two cell-secreted cytokines at the
same electrode

Flow diffusion filter;

dynamic range spanning the drug's therapeutic
range

PDMS flow channel

Microfluidic glass chip; cross-shaped channel layout
with 3 inlets for washing buffer, immobilization mo-
lecules and sample

Centrifugal microfluidic platform including sample
loading, washing and reaction steps; sample to answer
in less than 20 min

COP microfluidic chip;

amperometric steady state current under flow (MPO
activ) and peak current (MPO total) under stopped
flow

On-line hybridization leads to short assay time

(25 min)

Commercially available flow cell (CH Instrument Inc.,
TX, USA)

Ben-Yoav et al.
(2012)

Dapra et al. (2013)
Ye et al. (2013)

Dambhorst et al.
(2013)

Wang et al. (2014b)
Ghosh Dastider et al.
(2015)

Ali et al. (2015)

Ben-Yoav et al.
(2015)

Shin et al. (2013)
Matharu et al. (2014)
Liu et al. (2012b)
Morant-Mifiana and

Elizalde (2015)
Liu et al. (2015)

Ferguson et al.
(2013)

He et al. (2013)
Seia et al. (2014)

Kim et al. (2013b)

Moral-Vico et al.
(2015)

Olcer et al. (2015)

Zitka et al. (2013)
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Table 2 (continued )

Analyte

Biological recognition element

LOD and/or Linear range

Microfluidic chip features

Reference

ssDNA

Cyclic voltammetry
Cortisol

Cholera toxin (CT) subunit B
Endotoxin

Circulating tumor cells (CTC)

Cortisol

Redox Cycling
Secreted alkaline phosphatase (SEAP)

Miscellaneous
Adenosine

ssDNA modified MWCNTs

Anti-cortisol antibodies immobilized on Au electrodes

Capture: anti-CTB antibody modified magnetic beads

Capture: synthetic peptide immobilized on Au electrode

MC1R-antibodies immobilized in amino-functionalized silica
nanoparticles (n-SiNPs)-polypyrrole (PPy) nanocomposite
modified on working electrode surface of screen-printed elec-

trode (SPE)
Anti-cortisol antibody (Anti-Cab) immobilized on ZnO
nanostructures

Anti-SEAP modified sensor points (microwells)

Aptamer functionalized polystyrene microbeads trapped

within the paper fluidic channel

n.a. (detection of 1.36 uM and 13.6 uM)

10 pg mL~ /10 pM to 100 nM
31.7 ngmL~!
21.8 pgmL~' to 1 ng mL™!

20 cells mL~!

1pM

<5uM

11.8 uM

PDMS flow channel

Flow channel made of low temperature co-fired
ceramic
PDMS flow cell; detection in stool samples

Silicon based sensor embedded in methacrylate flow
cell
Flow cell

Potential for microfluidic integration; LOD in physio-
logical range and 100 times better then conventional
ELISA assay

256 microwell array for single cell analysis

Origami paper analytical device laminated in plastic;
the transducer is based on a concentration cell, which
acts as a battery to charge a capacitor that is subse-
quently read-out using a digital multimeter

Kim et al. (2013a)

Vasudev et al. (2013)

Bunyakul et al.
(2014)
Zuzuarregui et al.
(2014)
Seenivasan et al.
(2015)

Vabbina et al. (2015)

Sen et al. (2012)

Liu et al. (2012a)

*Abbreviations: Limit of detection (LOD), polydimethylsiloxane (PDMS), polymethylmethacylate (PMMA), cyclic olefin copolymer (COC), single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), gold nanoparticle (AuNP),

(Multi-walled) carbon nanotube ((MW)CNT).
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PDMS layer with
Microcups

Microfabricated Au
chip

Pressure released

+ Pressure applied

SWYV signal before
<« TGF-p binding

After TGF-p binding

Current

Potential

Fig. 1. (A) Microfluidic device composed of three layers: a glass slide with micropatterned Au electrodes, a PDMS layer with fluid channels and microcups, and another PDMS
layer for controlling the microcups. (B) Diagram showing actuation of microcups to protect electrodes during collagen coating and cell seeding into the channel. Reprinted

with permission from Matharu et al. (2014).

and therefore minimize background. Estevez et al. (2014) compare
the state-of-the-art of refractometric SPR and novel LSPR bio-
sensors. Interferometric sensing assesses binding events by mea-
suring the phase shift between two optical paths, one functiona-
lized with a biological recognition element, which can bind the
analyte of interest, and a reference (unfunctionalized) path. The
resulting interference pattern can be used to measure binding
events in the functionalized microchannel. Although absorbance
spectrometry is a standard technique employed in most bio-
chemical and analytical chemistry laboratories, its downscaling
suffers from the short absorbance pathlengths available in mi-
crofluidic devices. However, when quantification at low levels is
not necessary, colorimetric tests are easily implemented on

a
Counter Working Reference
electrodes  electrodes electrodes
(9 sensors in 3
x 3 layout) PDMS
microfluidics chip
b Top PDMS ¥ e
layert2— > @
Vertical valve @\ ’
configuration @ T TN & 4
'
Bottom PDMS 1] H|K -7
layer #1 — . ”1 "'P ,/’
Assay channels . ”
«
Top PDMS
layer #2 _—_’___".) '

Horizontal valve
configuration

microfluidic platforms. Chemical luminescence includes chemilu-
minescence, bioluminescence, and electrogenerated chemilumi-
nescence. Chemical luminescence is a method of choice for mi-
crofluidic applications due to the absence of an excitation source
and the resulting low backgrounds. Chemical luminescence-based
lab-on-chip and microfluidic platforms for bioanalysis have pre-
viously been reviewed by Mirasoli et al. (2012).

Finally, many bead-based assays rely on the measurement of
changes in scattered light due to the agglomeration of the micro-
or nanoparticles. Recent advances in label-free optical biosensors
and other non-fluorescence-based biosensors in microfluidic de-
vices are summarized in Table 4.

configuration
| (top left inlet is
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orizontal valv_(L_’ -
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(bottom right
inlet is
pressurized)

f—) 4 {Pressured ¢

Substrate \
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Fig. 2. Microfluidic valved arrayed electrochemical LOC. (A) Photographs of the fabricated arrayed electrochemical chip (3.5 cm x 4 cm). (B) Layout of the top valve con-
figuration (blue or red) and the bottom assay (green) channels. (C) A photograph of the entire assembled device. Assay channels are filled with green dye, and valve channels
are filled with either blue or red dye for horizontal or vertical assay channels orientation, respectively. (D) Photographs of the vertical (top) and the horizontal (bottom) valve
configurations with the resulted assay channels orientation filled with red and green dyes. Thick arrows indicate fluid flow direction. (E) Schematic demonstrating valve
actuation using hydraulic channel to pinch off the microfluidic assay channel below. Left - valve is opened when no pressure is applied. Right - valve is closed upon pressure

application. Reprinted with permission from Ben-Yoav et al. (2015).
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Fig. 3. Microdevice for fish freshness determination. (A) Expanded view. (B) Top view showing the layout of the flow channel network and sensor. The figure in the bottom
right shows the structure under the PDMS substrate. Reprinted with permission from Itoh et al. (2012).

9. Microfluidic applications highlights

In most microfluidic biosensing applications, the analyte of
interest needs to diffuse to the biorecognition-sensing element,
which is immobilized on a surface. Flow cell geometry therefore
has a strong impact on the performance of affinity-based bio-
sensors. Lynn et al. (2013) showed that the reduction of the flow
cell height can have drastic effects on the performance of an SPR-
based biosensor. The LOD for the detection of ssDNA decreased by
a factor of 4 when the cell height was reduced from 47 pm to
7 pm. On the other hand, Cohen et al. (2015) overcame the ad-
sorption kinetics reaction rate-limiting mechanism, which is dif-
fusion-controlled in standard immunoassays, by introducing the
microsphere-based assay into a simple microfluidic device which
performs mixing of the sample with turbulent flow profiles in the
reaction regions.

Most optical-based biosensors rely on conventional laboratory
instrumentation for detection, losing the main advantages of
portability and simplicity. However, some groups have worked on
the implementation of optical sensing elements directly on the
microfluidic platform. Duval et al. (2012) developed a nanopho-
tonic biosensor, the bimodal waveguide (BiMW) interferometer,
for direct on-chip detection. The authors integrated bimodal wa-
veguide interferometers with sub-micronic grating couplers for
efficient light in-coupling on a SU-8 microfluidic chip (Fig. 4).

Other efforts have focused on developing portable readout in-
strumentation. For example, Donolato et al. (2015) presented a
high-performance low-cost readout of a homogeneous assay using
a Blu-ray optical pickup unit (Fig. 5). The assay relies on optical
measurements of the dynamics of magnetic nanobeads in an os-
cillating magnetic field applied along the light propagation direc-
tion. The authors demonstrated that beads bound to coils of DNA
show different dynamics than freely rotating magnetic nanobeads.
Using this system, the authors have achieved a LOD of 10 pM and a
dynamic range of about two orders of magnitude, which is com-
parable to the performance obtained using costly and bulky

laboratory equipment. Novo et al. (2014) presented a point-of-care
prototype system by integrating capillary microfluidics with a
microfabricated photodiode array and electronic instrumentation
into a hand-held unit (Fig. 6). The platform integrated fluid flow
control and the photodiode signals were acquired, displayed and
processed by a simple graphical user interface using a computer.
The prototype performed integrated chemiluminescence ELISA
detection in about 15 min with a limit-of-detection of 2 nM for a
model chemiluminescence assay, a performance comparable to
traditional bench-top instrumentation. Personal intelligent de-
vices, such as smartphone cameras, can also be used to enhance
portability and simplicity. Chun et al. (2014) presented a paper-
based glucose biosensing system utilizing a smartphone as a signal
reader for the colorimetric assay. Li et al. (2014a) utilized a
smartphone to control elastomeric on-chip valves. In Comina et al.
(2015) the authors compared several commercially available
smartphones for implementation in quantitative glucose metering.
The LOC device integrates finger pumps, unidirectional valves,
calibration references and focusing optics.

Microfluidic devices can also be used to generate sensing ele-
ments in-situ. Seefeld et al. (2012) developed the on-chip, cell-free
synthesis of a protein microarray from a DNA microarray, which
can diffuse from the generator element directly to the detector
element of the chip and be used immediately for SPR protein
biosensing (Fig. 7). SadAbadi et al. (2013) advantageously used the
reducing properties of the cross-linking agent present in PDMS to
synthesize AuNPs in a PDMS microfluidic chip in-situ prior to SPR
sensing. Synthesis of nanoparticles in the microfluidic environ-
ment resulted in a marked improvement of the size distribution
with only 8% variation, compared with the macro-environment
that yielded about 67% variation in size.

Microfluidic platforms are increasingly being used for mon-
itoring cell activity and provide an ideal platform for the im-
plementation of whole-cell biosensors. Roda et al. (2013) took
advantage of the properties of magnetotactic bacteria, using mi-
crofluidics to move the cells between the incubation and detection



Table 3

Summary of recent advances in fluorescence-based biosensors in microfluidic applications.

Analyte

Biological recognition element

LOD and/or linear range

Microfluidic chip features

Reference

Cocaine
H5N1 antigen

cdcl,

Genes expressed by pa-
thogenic strains of Es-
cherichia coli 0157:H7

Thrombin, cytochrome C,
lysozyme

Cardiac troponin I (cTnlI)

Arsenic

E. coli
Galactose

Calf thymus DNA
dsDNA Hg(II)

ssDNA

Hg2+

Ag*

aminoglycoside anti-
biotics residues in food
(NEO)

Salmonella cells

Tumor necrosis factor
(TNF)-a anti-TNF-a
antibody

Measurement of fluid
shear stress (FSS)

Aptamer-conjugated tar-
get analytes (oral can-
cer biomarker)

HIV-p24 antigen

Hyper-methylated DNA
(hm-DNA)
Adenosine cocaine

Prostate-specific antigen

FITC-labeled aptamer immobilized on PDMS
Anti-H5N1 antibodies conjugated to polydiacetylene vesicles (PDAVs)
onto the surface of polystyrene (PS) microspheres

Genetically modified sensor cells based on the human keratinocyte cell
line HaCaT transfected with a HSP72-GFP reporter plasmid

DNA capture probes

DNA aptamers, targeting thrombin, cytochrome C, lysozyme

Monoclonal anti-cTnl capture antibodies

Escherichia coli bioreporter cells encapsulated in agarose

Aptamer-conjugated fluorescent nanoparticles (FluoSpheres™)
Monolith bound galactose oxidase

Ru(bpy)x(dppx)**
Syber Greenhairpin-Hg

FAM-ssDNA
ROX-ssDNA
ssDNA functionalized graphene oxide

Anti-salmonella polyclonal antibodies covalently immobilized on the
quantum dots

Anti-TNF-a microsphere-based sensors

Whole cell

Aptamer-functionalized microtubules

Monoclonal anti-p24 antibodies -coated polystyrene microbeads

Methyl-binding domain capture proteins

Aptamer functionalized microbeads

Antibody-functionlized QD-encoded microbeads

02 uM

30 ng mL~"' (absorbance) or 1 ng mL~! (laser scanning

confocal microscopy)
7 uM

n.a.

24 pgmL~!

10-100 pg As L~?

Single cells

n.a.

1.0 pg

4.5 nM (HIV)
12 nM (Hg)
946 x 108 M
9.67x10"¥M
121 nM (Hg?™)

47 nM (Ag™)
153 nM (NEO)

103 CFUmL ~!

0.02 ng mL~! (TNF-«) 100 ng mL~! (anti-TNF-«)

2 dynes cm 2

n.a. (detected 10 fM)

2-130 pgmL~ 1.

capture and elution of <1 ng ml~' hm-DNA

0.1 pM (adenosine) 0.5 pM (cocaine)

1ngmL™!

Fluorescence measurements on a PDMS

surface (no fluidics)

Only stability tested in a PDMS

microchannel

Used commercially available “pSlides” (Ibi-
di, Germany) to monitor cell cytotoxicity
fluorescence and impedimetric

measurements

Uses optical tweezers not applied yet to

microfluidics

FRET using graphene oxide includes capil-
lary electrophoresis separation

PMMA and double-sided adhesive tape

(3 M™ Adhesive Transfer Tape 9626) device
on-chip lenses machined with CO, laser
PDMS device with complete optical illumi-
nation/collection/detection system pow-
ered by a 12 V power supply

PDMS

Thiol-ene monolith

PDMS device for droplet microfluidics
PDMS device for droplet microfluidics

Droplet-based biosensor using graphene

oxide
Paper microfluidics

Uses superparamagnetic particles to sepa-
rate and concentrate the sample and
developed a portable fluorometer.

PDMS device featuring both laminar and
turbulent flow profiles in distinct regions of

the device

Inertial microfluidic device environment
with typical flow conditions to study the

impact of FSS.

Transport by electrophoresis and sieving on

a nanoporous hydrogel

Features smartphone controlled elasto-
meric on-chip valves and a compact pneu-

matic system

Features a pillar array for microfluidic solid

phase extraction

Combines a microfluidic bead-based array
chip with nanoparticle amplification and

quantum dots labels

Microfluidic device that combines suspen-
sion and the planar microarray format

Zhou et al. (2012)
Dong et al. (2013)

Hofmann et al.
(2013)

Manesse et al.
(2013)

Lin (2014)

Mohammed and
Desmulliez (2014)

Truffer et al.
(2014)

Chung et al.
(2015)
Lafleur et al.
(2015)
Xiang et al. 2012a
Chen et al.
(2015a)
Xiang et al.
(2012b)
Zhang et al.
(2015)

Kim et al. (2015)
Cohen et al.
(2015)

Varma and Vold-
man (2015)

Kim and Kim
2014

Li et al. (2014a)

De et al. (2014)

Zhang et al.
(2014)

Han et al. (2015)
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Table 3 (continued )

Analyte

Biological recognition element

LOD and/or linear range

Microfluidic chip features

Reference

Cholera toxin in stool
samples

Bisulfide

DNA, streptavidin

Cancer cells

DNA

Glucose alcohol

Mercury
DNA
Bisphenol A (BPA)

FAM labeled DNA

Superparamagnetic beads immobilized antibodies

Functionalized nanoparticle-glutathione-fluorescein isothiocyanate
probe

ssDNA-Cy3 optical molecular beacon probes on Au surface
Aptamer/graphene oxide (GO) complex

Nucleic acid modified magnetic beads and Ru(bpy);>* doped silica

nanoparticles

Glucose oxidase and alcohol oxidase conjugated CdSe/ZnS QDs and en-
trapped within a hydrogel

BSA coated AuNC
AgNP-bound DNA hairpin probes immobilized on glass
Fluorescence-labeled anti-BPA monoclonal antibodies

Probe DNA immobilized on paramagnetic beads

9.0ng mL~!
2 uM/5 uM to 50 uM
1 pM (60 amol) (streptavidin)

25 cells mL™1/2.5 x 10'-2.5 x 10 cells mL ™!

1 pmol

50 pM (glucose) 70 uM (alcohol)

0.6-60 pg L~
500 pM
0.06 pg L~1/0.5-100 pg L1

42.9pM

Mixing, capture and detection on-chip as
well as electrochemical detection
Droplet-based microfluidic chip/micro-
dialysis system

Simple line-shape microfluidic channel

Quantitative assay of 7 different cell sam-
ples at the same time by utilizing a parallel-
scale homogenous detection

PMMA device enclosing an absorbent pad;
the device combined elements of lateral
flow assays and microfluidic technology
The biosensor consists of three components
(quantum dot-enzyme conjugates, hydro-
gel microstructures, and a set of micro-
channels) that were hierarchically in-
tegrated into a microfluidic device

PDMS mixing device

Simple flow cell nanoplasmonic PDMS
device

Tapered fiber optic sensor embedded in
PMMA microfluidic device

Glass chip and magnetic button for para-
magnetic beads capture with detection in
real saliva samples; short analysis time
(15 min)

Bunyakul et al.
(2014)
Zhu et al. (2014)

Wang et al.

(2014a)
Cao et al. (2012)

Jin et al. (2012)

Jang et al. (2012)

Lafleur et al.
(2012)
Peng et al. (2012)

Long et al. (2014)

Wang et al.
(2013¢)

Abbreviations: Limit of detection (LOD), polydimethylsiloxane (PDMS), polymethylmethacylate (PMMA), cyclic olefin copolymer (COC), single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), gold nanoparticle (AuNP), gold

nanorods (AuNR), green fluorescent protein (GFP), bovine serum albumin (BSA), gold nanoclusters (AuNC), silver Nanoparticles (AgNP), quantum dots (QD), fluorescein (FAM).

(444
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Table 4

Summary of recent advances in label-free biosensors and other non-fluorescence-based optical biosensors in microfluidic applications.

Analyte Biological recognition element LOD and/or linear range Microfluidic chip features Reference
Evanescent-wave sensors
Rabbit anti-goat IgG Non-specific protein adsorption 1x 107> RIU or 200 ng mL~" protein Pyrex glass /oxidized silicon optical elements (grating, Grego
antibody waveguides) combined with microfluidic channels et al.
(simple flow chamber) cut-out in double-sided ad- (2012)
hesive tape with a glass lid
Listeria monocytogenes Anti-listeria. monocytogenes immobilized on TiO, film n.a. (detected concentrations as low as Birefringent waveguide biosensor Sim et al.
106 CFUmL™") (2012)
Optical resonators
Prostate specific antigen Anti-PSA antibody n.a Refractive index sensing using microring resonators Marty
(PSA) combined with commercial chips (Genalyte Inc., CA, et al.
USA) (2012)
Streptavidin Phospholipid ink (biotin) n.a PMMA device featuring photonic whispering gallery  Bog et al.
mode resonators and on-chip micro lasers (2013)
p-blockers Endogenous y-adrenergic receptor (p,-AR) ligands in A431 cells n.a PDMS device featuring a label-free resonant wave- Ferrie et al.
guide grating (RWG) biosensor providing a real-time (2013)
dynamic mass redistribution (DMR) signature
Streptavidin Unspecific serospecific polyclonal antibody probes 1 pg mm~? (streptavidin)10® CFU mL~" Microfluidic sample delivery channels are fabricated Janz et al.
E. coli bacteria (E. coli) monolithically on the chip the chip features a silicon (2013)
photonic wire waveguide folded into a spiral ring
resonator
Streptavidin Anti-streptavidin 3 x 10~ RIU (intrinsic LOD determined Silicon sensing device integrated with PDMS micro-  Wang
using NaCl) fluidics and refractive index sensing using phase- et al.
shifted Bragg gratings in a slot wave-guide (2013a)
Mouse IgG Biotinylated anti-mouse antibody n.a. SU-8 polymer dual ring resonator Salleh
et al.
(2013)
Surface Plasmon Resonance (SPR, LSPR)
Type A red blood cells Antibodies against type A red blood cells 2.3 x 106 RIU (bulk sensing) Long-range surface plasmon-polariton (LRSPP) chan-  Krupin
nels and waveguides etched in CYTOP™ et al.
(2013)
Soluble cell-surface glyco- Anti CD44 antibody 10.53 pM Device fabricated in thermoplastics by hot embossin; Malic et al.
protein sCD44 features monolithic integration of blazed nanogratings (2013)

Six cytokines in a complex
serum matrix

Bovine growth hormone
(BGH)

20-mer oligomers of ssDNA

Ovarian cancer marker
r-PAX8

RS-melagatran

Antibody-functionalized AuNR

Anti-BGH coated gold nanoparticles

Biotinylated oligonucleotides

Ovarian cancer marker antibodies

Human a-thrombin immobilized onto AuNR

11.43 pg mL~" (TNF-a),
6.46 pg mL~! (IFN-y),
20.56 pg mL~! (IL-2),
4.60 pg mL~! (IL-4),
11.29 pg mL~'(IL-6), and
10.97 pg mL~" (IL-10)
3.7 ngmL~" (185 pM)

5pM

5nM LOD/0.25-9.0 pg mL~'

0.9 nM

and pneumatic valves
Multiplex assay on a glass-PDMS device featuring a
AuNR array

AuNPs synthesized in-situ in PDMS device prior to SPR
sensing

Demonstrates that the reduction of the flow cell
height can have drastic effects on the performance of
an SPR-based biosensor

Nanohole array-based biosensors integrated with a
microfluidic concentration gradient generator

AuNRs were self-assembled onto the surface of the
inner wall of the glass microfluidic chip to serve as
LSPR transducers

Chen et al.

(2015b)

SadAbadi
et al.
(2013)
Lynn et al.
(2013)

Escobedo
et al.
(2013)
Guo et al.
(2012)
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Table 4 (continued )

Analyte Biological recognition element LOD and/or linear range Microfluidic chip features Reference
Anti-GFP and antiluciferase  GFP and luciferase n.a. Protein microarray generated directly on-chip for SPR Seefeld
sensing et al.
(2012)
Interferometry
Human thyroid stimulating hTSH antigen 3.3 x 1077 RIU, picomolar detection of PDMS device, integrated waveguides (Si3N,/SiO2), Duval et al.
hormone (hTSH) hTSH grating couplers and electronic data processing (2012)
Circulating tumor cells Anti-EpCAM antibody <1000-100,000 cells mL~! PMMA device with simple mixers and nanoporous Kumeria
(pancreatic cancer cells) anodic aluminum oxide sensing surface for label-free et al.
reflectometric interference spectroscopy (2012)
Glucose Glucose oxidase n.a. SU-8 device featuring Au electrodes - readout ob- Lee and
Galactose Galactose oxidase sensitivity: tained by scanning the electrical double layer optically Saraf
Ethanol Alcohol oxidase 0.51 pm mol~! (glucose) (2014)
2.45 pm mol ! (galactose)
0.63 pm mol ! (ethanol)
Scattering
Cryptosporidium parvum Anti-C. parvum conjugated polystyrene beads single oocyst/ PDMS/Y-shape mixer, integrated waveguides Angus
5 orders of magnitude linear range et al.
(2012)
Escherichia coli DNA coils Oligonucleotide coated magnetic nanobeads 10 pM of Escherichia coli DNA coils/ca. PMMA /centrifugal microfluidics integrated with Blue- Donolato
2 orders of magnitude linear range ray optical pickup et al.
(2015)
Viral RNA Nucleotide probe - coated magnetic beads 25 fg Integrated with optical fibers and micro-stirring Lin et al.
(2015)
Colorimetric, absorbance
Glucose Glucose oxidase 23.8 pmol L~ 1/0.1-2.5 mmol L~ ! Optofluidic sensor with channels machined directly in Cocovi-
the surface of a LED Solberg
et al.
(2012)
Propofol Molecularly imprinted polymers 0.0792-7.918 pg mL~! Molecularly imprinted polymer, COC chip substrate Hong et al.
(2012)
Casein Anti-casein antibody 100ng mL~! to 1 mg mL Simple PDMS/glass microfluidic device Zhang
et al.
(2013)
Glucose Glucose oxidase, horseradish peroxidase 0.7 mM (buffer standards) and 0.3 mM Paper microfluidic device with smartphone readout Chun et al.
(human serum) (2014)
p-hydroxybutyrate (BHBA) BHBA dehydrogenase 0.05 mM PDMS chip featuring mixing, incubation and reaction Weng
chambers et al.
(2015)
Cadmium, chromium, lead  AuNP immobilized antibodies 0.57-60.06 ppb (Cd) PDMS chip featuring a PMMA packed solid phase Date et al.
0.03-0.97 ppb (Cr) (2012)
0.04-5.28 ppb (Pb)
Glucose Glucose oxidase, horseradish peroxidase n. a. Quantitative glucose metering with integrated finger ~Comina
pumps, unidirectional valves, calibration references et al.
and focusing optics using a smartphone (2015)
Chemical luminescence
Anti-rabbit IgG Rabbit IgG antibody 2nM PDMS device with integrated optical detection setup Novo et al.
and chemiluminescence detection (2014)
DNA amplicons DNA probe 6.3 x 1072-1.94 x 10* pmol L' Paper based microfluidic device with chemilumines- Liu and
cence detection Zhang

2015

(44
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Tsai et al.
(2015)

Bioluminescence whole cell sensor array biochip fea-
turing an integrated temperature control and a 16-

member sensor array

5ugmL~! - (NA)

Whole cells

Nalidixic acid (NA)
Hydroquinone (HQ)

2pgmL~" - (HQ)

Li et al.

Graphene-modified porous Au-paper for

electrochemiluminescence

8.5x10" ¥ M/4.0x107"7-5.0x 10" M

DNA capture probe covalently bound to AgNPs on the surface of CaCO3/CMC

hybrid microspheres

ssDNA

(2014b)

Roda et al.
(2013)

Multilayered black and transparent PDMS chip; bio-

Magnetospirillum gryphiswaldense

Dimethyl sulfoxide and a

luminescent magnetic bacteria are moved by micro-
fluidics and trapped and concentrated in detection

chambers by an array of neodymium-iron-boron

magnets

bile acid (taur-

ochenodeoxycholic acid)

Mirasoli
et al.

specific probes, and coupled with a PDMS microfluidic (2012)

The portable device consists of a reaction chip, com-
layer for multiplex detection

80 pmol L~ (B19 genotype

oligonucleotides)

Oligonucleotide array

Parvovirus B19

prising a glass slide arrayed with three B19 genotype-

650 pmol L~! (amplified product of B19

genotype 1)
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areas of the chip where they were trapped by an array of neody-
mium-iron-boron magnets. However, the fluid flows generated
within microfluidic systems can generate fluid shear stress (FSS).
In microfluidic systems designed for cell-based studies, this FSS
may adversely affect cell health. Varma and Voldman (2015) de-
veloped and tested genetically encoded cell sensors that fluoresce
in a quantitative fashion upon FSS pathway activation. These cell
sensors could allow microfluidic device designers and end-user to
evaluate the impact of FSS upon their assay of interest.

Ultimately, no transduction system is perfect and microfluidic
devices offer the unique possibility to implement more than one
sensor on a chip. Bunyakul et al. (2014) demonstrated that or-
thogonal detection approaches, such as the fluorescent and elec-
trochemical systems, can assist in the identification of matrix ef-
fects of the transduction system itself.

10. Microfluidic biosensors based on micromechanical
transduction

Micromechanical transducers all work on the principle of
translating a mechanical exertion on a material, in the form of
force, displacement or mass change, into a detectable signal, either
directly or indirectly (Arlett et al., 2011; Tamayo et al., 2013). This
can be achieved through a number of different methods: surface
stress based sensors (Sang et al., 2014), such as microcantilevers
(Porwal et al., 2002) and membrane biosensors (Sang and Witte,
2010), where the binding of molecules to the material surface
results in a deflection of the material through electrostatic at-
traction or repulsion between the bound molecules; resonance
sensors (Bunde et al., 1998), such as quartz crystal microbalances
(QCM) (O’Sullivan and Guilbault, 1999) and acoustic sensors
(Voinova, 2009), where the binding of a cell or molecule changes
the resonance frequency of the sensor material; and conductive
sensors (Ramanathan et al, 2005), such as nanowire sensors
(Patolsky et al., 2007; Zhang and Ning, 2012) where the binding of
a cell or molecule changes the capacitance of the sensor material.
A summary of recent studies utilizing micromechanical sensors of
the above-mentioned types in microfluidic applications can be
found in Table 5.

11. Cantilevers

In microfluidics, and by extension potential lab-on-a-chip ap-
plications, the use of cantilevers is still the dominating transduc-
tion method in the micromechanical field. A common realization is
the incorporation of functionalized cantilevers directly in a mi-
crofluidic channel where they are exposed to the flow of a sample
solution, allowing the target analyte to come into contact with
sensing material present on the cantilever surface. Depending on
the composition of the cantilever this can lead to deflection of the
material, but cantilevers are also intrinsically suited to work as
resonance sensors, replacing QCMs in microfluidic applications.
Regardless of the transduction method, cantilevers are generally
used for direct detection of biological substances through binding
of a sensing element to the sensor surface. Antibodies are by far
the most commonly employed biorecognition elements as they
provide both a strong and specific binding to the target analyte.
This yields LODs in the nanomolar range (Bache et al., 2013; Yen
et al., 2013) for proteins, but also routinely in the picomolar range
(Park et al., 2012) and even, in some cases, into the attomolar
range (Yin et al., 2013). Also commonly used are DNA capture
probes, allowing, e.g., detection of harmful pathogens, such as HIV
in blood at a nanomolar range (Alodhayb et al., 2013), and apta-
mers for detection of proteins (Bosco et al., 2013).

*Abbreviations used: Abbreviations: Limit of detection (LOD), polydimethylsiloxane (PDMS), polymethylmethacylate (PMMA), cyclic olefin copolymer (COC), single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), gold

nanoparticle (AuNP), Refractive index unit (RIU), gold nanorods (AuNR), green fluorescent protein (GFP).
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On the less conventional side, cantilevers have also been used
in determining antibiotic resistance in bacteria (Longo et al., 2013),
where the death of an immobilized cell leads to a shift in surface
deflection, as well as identification of double stranded DNA (Xu
et al., 2014), where DNA is labeled, immobilized and subsequently
digested at specific cleavage sites, resulting in a characteristic
change in resonance. With multiple inlets for sample, enzyme, and
buffer, this can be seen as a simple lab-on-a-chip device (Fig. 8).

Independent of sensing element and transduction method,
cantilevers so far see a limitation in their usability for lab-on-a-
chip applications stemming from the lack of continuous detection
solutions. As is the case for many other biosensors, the im-
mobilized sensing element must be regenerated by the removal of
bound analyte, therefore requiring washing steps between each
analysis, making cantilevers ill-suited for monitoring purposes in
applications such as cell cultivation.

PMMA Top
PSATop

Fig. 5. Picture of a sensing platform incorporating a Sanyo Blu-ray optical pickup unit as a core element. (b) Schematic of the different PMMA and PSA layers forming the
structure of the microfluidic disk. The scale bars indicate a length of 2 cm. Reprinted with permission from Donolato et al. (2015).
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Fig. 6. Point of care prototype device details. (A) Photodiode amplification circuit schematics, (B) a hand-held prototype box: (top) bottom view of the amplifier circuit board
highlighting the socket where the printed circuit board is inserted; (middle) top view of the prototype box containing the amplifier circuit and the Teensy 3.0 micro-
controller; (bottom) perspective view of the closed aluminum prototype box and (C) magnified perspective view of the microfluidics integration apparatus: the photodiode
PCB and machined PMMA ensemble align and fix the microfluidic device to the photodiodes. Reprinted with permission from Novo et al. (2014).
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Fig. 7. Schematic diagram of the on-chip synthesis of protein microarray from DNA
microarray via surface in vitro transcription-translation. On the generator ele-
ments, the encoding dsDNA was covalently attached to the gold surface and mRNA
was transcribed with T7 RNA polymerase. Translated His-tagged protein diffused to
the adjacent detector elements and was captured by Cu(II)-NTA surface. Reprinted
with permission from Seefeld et al. (2012).

12. Acoustic sensors

A variation on resonance sensing, acoustic sensors offer a ro-
bust alternative to the resonance cantilevers. They are often di-
vided into surface acoustic wave (SAW) and bulk acoustic wave
(BAW) sensors with the difference being how the acoustic waves
propagate through the sensor material. In both cases the sensor

consists of a transmitting electrode and a receiving electrode,
connected by a resonating material. In the case of microfluidic
biosensors, only the resonator is included in the channel and it is
on this surface that the sensing element can be attached. While
not as common as the cantilever sensors, acoustic sensors have
nonetheless recently been shown to provide highly sensitive de-
tection of bacteriophages (Matatagui et al., 2013) and Jurkat cells
(Hao et al., 2013), using SAW, and pesticides (Chen et al., 2013),
using BAW, with antibodies as sensing elements. Demonstrating
the versatility of the acoustic sensors, (Gammoudi et al., 2014)
have also shown the detection of heavy metals in aqueous media
utilizing immobilized E. coli. The metabolic changes induced by the
heavy metals in the bacteria result in a detectable shift in re-
sonance, with a LOD of <1 pM for cadmium and mercury.

The non-invasive nature of acoustic sensors enables detection
in potential lab-on-a-chip applications without disturbing the
microfluidic channel geometry, providing a robust and easily in-
tegrateable sensor. The direct mechanism of detection does,
however, limit its use in continuous detection.

13. Conductive sensors

While it is the conductivity of the sample solution that is being
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Summary of recent studies utilizing micromechanical biosensing in microfluidic applications.

Analyte or detected

Biological recognition

Limit of detection (LOD) Microfluidic chip features

Reference

mechanism element
Deflection
HIV-DNA ssDNA 0.2 nM Flow cell with 8 silicon cantilevers in a circle Alodhayb et al. (2013)
formation
PDGF Aptamer 10 nM CD-like PMMA flow cell with cantilevers; DVD-ROM Bosco et al. (2013)
optical unit for detection
Antibiotic resistance E. coli, S. aureus N/A Flow cell with single cantilever Longo et al. (2013)
Troponin I antibody 1pgmL~! PDMS flow cell microcantilever sensor based on Yin et al. (2013)
(~42 aM?) contact angle analysis
suPAR antibody 5nM CD-like PMMA/glass flow cell with cantilevers; DVD- Bache et al. (2013)
ROM optical unit for detection
CRP antibody 1pgmL~! PDMS flow cell with single free-standing piezo- Yen et al. (2013)
(~8nM?) resistive microcantilever
Resonance
DNA-cleaving streptavidin, DNA-probe 8.8 pgHz ™' PDMS flow cell with silicon cantilevers Xu et al. (2014)
Insulin antibody 0.4 ng mL™! PDMS flow cell with microcantilever resonating at ~ Park et al. (2012)
(~70 pM?) air-liquid interface
M13 bacteriophage Antibody 5*107 pfu mL~! PDMS flow cell with cross channel Love-Wave Matatagui et al. 2013
sensor
Heavy metals (cadmium, E. coli <1pM PDMS flow cell with Love-Wave sensor Gammoudi et al.
mercury) (2014)
Pesticide (carbaryl) Antibody 3.2 ppb Flow cell with FBAR biosensor Chen et al. (2013)
(~16 pM?)
Jurkat cells Antibody 10° cells mL~! PMMA flow cells with SH-SAW sensors Hao et al. (2013)
Conductivity
Myoglobin, troponin I, CK-MB,  Antibody 50 fg/ml (BNP) PMMA flow cell with PANI nanowire sensor Lee et al. (2012)
BNP (~14 fM?)
ssDNA-RecA-dATP Interaction ssDNA 250 RecA molecules PDMS flow cell with silicon nanowire sensor Chiesa et al. (2012)
Thyrotropin Antibody 05mIUL™! PDMS flow cells with silicon nanowire sensor arrays Hemmild et al. (2014)
(89 nM*)
DNA hybridization PNA N/A PDMS flow cells with silicon nanowire sensor arrays De et al. (2013)
Streptavidin Biotin 0.6 pM PDMS/SU-8 flow cell with silicon nanoribbon Bjork et al. (2014)

Sensors

Abbreviations used: single stranded DNA (ssDNA), platelet-derived growth factor (PDGF), polymethylmethacrylate (PMMA), polydimethylsiloxane (PDMS), soluble ur-
okinase-type plasminogen activator receptor (suPAR), C-reactive protein (CRP), thin-film bulk acoustic resonator (FBAR), shear horizontal-surface acoustic wave (SH-SAW),

creatine kinase type MB (CK-MB), brain natriuretic peptide (BNP), polyaniline (PANI).

2 Conversion by author.
0.2 ml U/mg (Mariotti, 2011).

monitored in conductometry, micromechanical conductive sensors
rely upon changes in the conductivity of the sensor material itself.

Conductive nanowires are generally used for direct detection of
analytes through immobilized affinity recognition elements. The
binding of an analyte to such a sensing element changes the
conductivity of the nanowire material, resulting in a measurable
decrease in current. Recent studies using antibodies as sensing
elements have demonstrated LODs down to the femtomolar range
for certain substances such as pesticides (Chen et al., 2013), small
peptides (Lee et al., 2012), and hormones (Hemmild et al., 2014).
Conductive nanowires have also been used in more qualitative
sensing where interactions between a DNA repair protein (RecA)
and single stranded DNA can be detected with as few as 250 RecA
molecules (Chiesa et al., 2012). In another study, peptide nucleic
acid (PNA) has been used to follow DNA:PNA hybridization in
terms of kinetics, finding the related affinity constants (De et al.,
2013). A variation on the nanowire concept, nanoribbons have
recently been investigated for biosensing using biotin as sensing
element for streptavidin, providing a first proof of concept (Bjork
et al,, 2014).

The large variety of applications for conductive nanowire bio-
sensors in recent publications suggests that it is an attractive
method, with great potential, for research in diverse areas. So far,
the limitation of the method seems to be the lack of possibilities
for continuous detection, a drawback that is ever present for the

micromechanical sensors at large.

14. Miscellaneous
14.1. Thermometric

Thermometric or calorimetric sensors typically measure heat
(change in enthalpy or change in temperature) as a result of a
biochemical reaction or interaction, and transduce this change into
an electrical signal. Lee and co-authors provide a general overview
over microchip-based calorimeter designs (Lee et al., 2012). Min-
iaturized calorimeters are excellent tools for measuring binding
affinities, which makes them highly relevant for biosensing ap-
plications. The miniaturization also improves the time constants
associated with the measurements such that these devices can
potentially be used for high throughput screening. The authors
describe a variety of realizations of chip calorimeters, different
designs and different operation modes. Application examples in
biosensing are also given, as well as some discussion on how to
fluidically address the sensors. Here, the thermal properties of the
chosen materials are especially important since the relatively large
mass surrounding the channels can lead to an effective “sinking”
of heat, which has implications on the performance of the sensor.

Yakovleva et al. have recently published an article describing
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enzyme thermistors, which, according to the authors, have the
potential to become almost universal biosensors (Yakovleva et al.,
2013). In these devices, typically an enzyme reactor is coupled to a
thermistor, but other types of biorecognition elements can also be
used, such as whole cells, organelles or even tissue. These sensors
are often used in flow analysis settings, but the thermistor does
not need to be in fluidic contact with the enzyme reactor or the
effluent from this reactor, thus preventing fouling of the sensor
surface. While a label-free technique, measurement of a tem-
perature is not very specific. Some selectivity is then provided by,
e.g., the choice of enzyme. The authors describe the versatility of
enzyme thermistors for biosensing applications as well as different
designs. Those to be incorporated in microfluidic systems are
discussed, but the emphasis is mainly on the sensor components
and not so much on the fluidic parts.

Another microfluidic biosensor chip using a calorimetric
transducer was published by (Davaji and Lee, 2014). Here, the
fluidic transport is facilitated by a paper strip. In paper-based
microfluidics, the capillary action of the paper fiber network is
utilized to transport chemicals without the need for external
pumps or an external electric field. In the authors’ work, a paper
strip is impregnated with an enzyme at a specific location and
sample is moved over the strip by capillary action. When the
analyte arrives at the site of the enzymes the reaction starts and
the enthalpy change is measured (see Fig. 9). Feasibility of the
design was tested for glucose detection using glucose oxidase as
the immobilized enzyme.

In a final example, Trantum et al. utilized temperature changes
in a very different way to facilitate biosensing (Trantum et al.,
2013). They used antibody-covered microbeads inside small dro-
plets that were deposited onto a surface. Directed by the thermal
properties of the surface material and the cooling of the droplet
surface due to evaporation, so called Marangoni flows were

induced inside the droplets, transporting the beads closer together
and towards the center of the droplet. If the antigen was present,
immunoagglutination would happen, resulting in a visually de-
tectable spot. No antigen present would correspond to no spot,
while increasing concentrations of antigen would give increasing
spot sizes. An LOD of about 100 fM for a bacteriophage detection
was reported. While this represents the simplest microfluidic
realization possible, and does not really include a thermal trans-
ducer, it is a good example of the fantastic variety of biosensors
researchers have developed and continue to devise.

15. Magnetic sensors

In the field of magnetic transduction there are two major types
of sensors that are both used to detect the presence of magnetic
microbeads: magnetoresistive sensors and Hall-type sensors
(Llandro et al., 2010).

Magnetoresistive sensors work by a magnetic field changing
the resistance of a material, in this case the sensor. A magnetic
field is applied over the sensor and any magnetic bead in close
proximity. This induces a magnetic dipole in the bead, the mag-
netic field of which changes the resistance of the sensor material.
The change in voltage this leads to can then be detected (Wang
and Li, 2008).

In the case of Hall sensors a current is applied through a con-
ductor material in the presence of an external magnetic field. This
pushes the charge carriers to one side of the conductor, resulting
in a transverse electrical field with a potential known as the Hall
voltage. When a paramagnetic bead enters the magnetic field an
internal magnetic field is formed. This field is parallel to the ex-
ternal field. When the bead comes in close proximity to the con-
ductor a change in the Hall voltage can be detected due to the
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interaction of the magnetic fields (Besse et al., 2002). A summary
of recent studies utilizing magnetic sensors of the above-men-
tioned types in microfluidic applications can be found in Table 6.

16. Magnetoresistive sensors

Similar to micromechanical conductive biosensors, magnetor-
esistive biosensors transduce the biological sensing event by
measuring a change in resistance of the sensor material. The major
difference between the two methods being that the magnetor-
esistive sensor detects the analyte indirectly through labels con-
sisting of one or several magnetic nanobeads. Recent studies have
successfully utilized both antibodies and DNA-probes as sensing
material, achieving extremely sensitive detection with LODs in the
zeptomolar range. Zhi et al. (2014) showed detection of Hepatitis B
virus (HBV)-genotype in a microfluidic system capable of identi-
fying as few as 10 copies/ml. Furthermore, Lian et al. (2012)
showed a fully realized lab-on-a-chip solution (Fig. 10) for diag-
nosing acute myocardial infarction. Their system was capable of
multiplexed detection of up to 16 different targets, using magnetic
nanoparticles as tags, with LODs as low as 10 pg mL~! for human
derived proteins. Additionally, Fernandes et al. (2014) have shown
the continuous detection of magnetically labeled Streptococcus
agalactiae in raw milk through magnetoresistive cytometry.

Regardless of the high sensitivity of the magnetoresistive sen-
sors, their use in biosensing is so far quite limited, with the need
for labeling of analytes possibly playing a major part. Compared to
many of the other possible detection methods available for bio-
sensors, the magnetoresistive sensors require a relatively complex
protocol for detection.
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17. Hall-sensors

Cheaper and more tolerant to high magnetic fields, but gen-
erally regarded as less sensitive (Popovic et al., 2002), the Hall-
sensors offer a potentially mass producible alternative to the
magnetoresistive sensors. Recent applications are few but indeed
in much similar fields as what was described for the magnetor-
esistive sensors above. Rizzi et al. (2014) have shown detection of
specific point mutations in the human beta globin (HBB) gene with
LOD as low as 160 pM using a planar Hall effect bridge (PHEB)
sensor. Using the same basic principle the sensor was later adap-
ted for real time measurements of DNA-melting through tem-
perature control of the chip (Rizzi et al.,, 2015). The Hall-sensors
have also seen use in cytometry (Issadore et al., 2012) being able to
detect labeled mammalian cells in whole blood. The same study
even demonstrated possible differentiation between distinct cell
types through labels with varied magnetization properties, tai-
loring them for specific cell membrane markers.

18. Conclusions and future perspectives

This review has attempted to offer readers an overview of re-
cent examples of lab-on-a-chip solutions for biosensing applica-
tions. A number of tables are intended to provide the main salient
features and thus allow readers to dive into relevant references for
further study. Given the extreme variety in sensor designs, only
amplified by combining them with a wealth of different micro-
fluidic channel layouts, comparison between different realizations
would be complex and offer little benefit to the reader. Many so-
lutions presented in the literature are still very much at the proof-
of-concept state, but it is also already more than obvious that there
is enormous potential in bringing lab-on-a-chip's sample

Reaction Site

Glass
Substrate
Paper
Channel

View

Fig. 9. (a) Overview of the paper-based device, (b) top view and cross-sectional view of the reaction site and heat transfer with the thermal resistance equivalent model,
(c) fabricated paper-based microfluidic device with calorimetric detection, (d) knife plotter cut paper strips as a reaction substrate and a microfluidic channel. Reprinted with

permission from Davaji and Lee (2014).
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Table 6

Summary of recent studies utilizing magnetic biosensing in microfluidic applications.

Limit of detection
(LOD)

Analyte or detected mechanism Biological recogni-

tion element

Microfluidic chip feature Reference

Magnetoresistance

Multiple targets (antibody-biotin/
streptavidin-magnetic bead
sandwich)

Biotin-HBV-genotype (streptavidin- DNA-probe
magnetic beads)

Streptococcus agalactiae

Antibody
(419 zM?)

10 copies mL~!
(~17 zM?)
Antibody- protein Single bacteria

A-magnetic bead

Hall-effect

Biotin-human HBB-genotype DNA-probe 156 pM
(streptavidin-magnetic beads)

DNA-melting® DNA-probe N/A

Mammalian cells Antibody-TCO-Tz- Single cell

magnetic bead

10 pg mL~! Troponin I

Lab-on-a-chip solution with integrated storage wells; au-
tomatic control of protocol: analyte injection, antibody in-
jection, wash, magnetic nanoparticle injection, and wash
PDMS/glass flow cell with GMR sensor.

Lian et al. (2012)

Zhi et al. (2014)

Fernandes et al.
(2014)

PPDMS/silicon flow cytometry cell with spin-valve sensor

PMMA flow cell with PHEB sensor Rizzi et al. (2014)

PMMA flow cell with PHEB sensor
PPDMS/PHEMT-substrate flow cell with pHD sensor

Rizzi et al. (2015)
Issadore et al.
(2012)

Abbreviations used: hepatitis B virus (HBV), polydimethylsiloxane (PDMS), giant magnetoresistance (GMR), hemoglobin subunit beta (HBB), poly(methyl methacrylate)
(PMMA), planar Hall-effect bridge (PHEB), transcyclooctene (TCO), 1,2,4,5-tetrazine (Tz), pseudomorphic high-electron mobility transistor (PHEMT), micro-Hall detector

(mHD).
2 Conversion by author.
b Continuous detection.
€ Same detection mechanism as previously described (Rizzi et al. 2014).

preparation capabilities together with advanced biosensor designs.
The enormous advantages of being able to pre-process sample
solutions using microfluidics (e.g., cleaning them from interfering
species, increasing the concentration of low abundant proteins, or
labeling or tagging molecules to increase selectivity in the sensing
step) will only broaden the application areas for lab-on-a-chip/
biosensor systems and also relax some of the stringent require-
ments under which biosensors so far must be operated. Still, in-
herent challenges of biosensors stemming from the relative cost-
liness of the sensing material and its susceptibility to fouling, and
the resulting limited lifetime, will have to remain a focus of future
research. One way forward here is clearly by finding or designing
improved biological recognition elements, such as, e.g., aptamers
or locked nucleic acids (LNA). The other main focus will be on
bringing in materials that potentially can perform several im-
portant functions, such as provide structural support, be part of
the transduction chain, and avoid fouling and disruption of the
biorecognition process. Paradoxically, very novel materials such as
graphene and other nanomaterials, and tailor-made (conductive)
polymers may play a pivotal role here alongside materials already

Fig. 10. Schematic of the lab-on-a-chip solution by Lian et al. (2012) for diagnosis of
myocardial infarction. The bottom layer consists of a printed circuit board (PCB)
and a magnetic tunnel junction (MTJ) sensor chip with immobilized antibodies.
Reprinted with permission from Lian et al. (2012).

known for a long time, such as, e.g., paper. The number of pub-
lications on lab-on-a-chip/biosensor systems will certainly keep
on increasing in the coming years and thus mirror the stormy
development of this field. Substantial impact is to be expected in
several life science disciplines, from point-of-care diagnostics, and
food quality and environmental studies, to understanding and
developing new drug candidates for personalized therapeutics.
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