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ABSTRACT: Hormones produced by glands in the endocrine system and neuro- ', GOMARKERS ,
transmitters produced by the nervous system control many bodily functions. The con- | — e b
centrations of these molecules in the body are an indication of its state, hence the use of | oA . wnw%:
the term biomarker. Excess concentrations of biomarkers, such as cortisol, serotonin, |.oauou oomme __ weyroTansupriERs!
epinephrine, and dopamine, are released by the body in response to a variety of con- :' ?\: 0 H (l ’:
ditions, for example, emotional state (euphoria, stress) and disease. The development of = - N2 !
simple, low-cost modalities for point-of-use (PoU) measurements of biomarkers levels in Sweal - - Tears S !
various bodily fluids (blood, urine, sweat, saliva) as opposed to conventional hospital or P ': . !
lab settings is receiving increasing attention. This paper starts with a review of the basic ! \Ilmmunoa—s;; £ c,,: i (l !
properties of 12 primary stress-induced biomarkers: origin in the body (i.., if they ! - =¥ =1 S0
are produced as hormones, neurotransmitters, or both), chemical composition, mole- | fectochemical  Aptamer assay Gt
cular weight (small/medium size molecules and polymers, ranging from ~100 Da to | — SENSORS g o8 3

~100 kDa), and hydro- or lipophilic nature. Next is presented a detailed review of the

published literature regarding the concentration of these biomarkers found in several bodily fluids that can serve as the medium
for determination of the condition of the subject: blood, urine, saliva, sweat, and, to a lesser degree, interstitial tissue fluid. The
concentration of various biomarkers in most fluids covers a range of 5—6 orders of magnitude, from hundreds of nanograms per
milliliter (~1 uM) down to a few picograms per milliliter (sub-1 pM). Mechanisms and materials for point-of-use biomarker
sensors are summarized, and key properties are reviewed. Next, selected methods for detecting these biomarkers are reviewed,
including antibody- and aptamer-based colorimetric assays and electrochemical and optical detection. Illustrative examples from
the literature are discussed for each key sensor approach. Finally, the review outlines key challenges of the field and provides a

look ahead to future prospects.

KEYWORDS: stress biomarkers, blood, sweat, urine, saliva, sensors, point-of-use

In the world of mechanics, the relationship between an
applied force (stress) on an object results in a certain
amount of deformation (strain) depending on its materials
properties. In the biological world, stress has more complex
results. For example, plants can be put under stress by envi-
ronmental factors (such as extremes of temperature or
moisture) and/or attack by herbivores, insects, or pathogens.1
The stress triggers specific biological responses in plants
designed to counteract the effect (for example, by reducing
water elimination during drought conditions) or to repel the
attackers (through the release of chemicals).' In animals and,
in particular, in sentient human beings, the effect of stress is
made more complex yet by the ability to recognize the con-
dition.” This cognitive aspect can lead to an increase in the
effect of stress or its reduction depending on the specific
stressor and the emotional and physical makeup of the indi-
vidual under stress.” Stress can take many forms,* from short-
term extreme situations (such as the fight-or-flight response
caused by a potential personal attack) to long-term chronic
stress of a lower level (such as caused by health issues).’
Monitoring the stress level on a routine (and sometimes
continuous) basis is becoming very important for many groups,
including those in stressful occupations (armed forces
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personnel, police, firefighters, emergency personnel), athletes,
and individuals with certain medical conditions or wanting
to improve their overall health status. To monitor stress levels
while performing regular duties or activities in the home
requires a sensing methodology that can produce relatively
simple, compact, and low-cost instruments. Since many
individuals that would be interested in stress monitoring are
fundamentally healthy, the label point-of-use (PoU) device is
more appropriate than the commonly used point-of-care
(PoC) descriptor.

This review focuses on properties of stress-related bio-
markers and associated detection methods suitable for PoU situ-
ations. A general definition of biomarkers has been established’
by the American National Institutes of Health (NIH) and the
Food and Drug Administration (FDA) as “A defined char-
acteristic that is measured as an indicator of normal biological
processes, pathogenic processes, or responses to an exposure
or intervention, including therapeutic interventions. Molecular,
histologic, radiographic, or physiologic characteristics are types
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Figure 1. Endocrine and nervous systems control body functions using signals carried by hormones and neurotransmitters.

of biomarkers.” For the purpose of this review, a much nar-
rower definition is used, namely biomarkers that are molecules
present in biological fluids and whose concentrations vary with
the stress level of the individual. In the review, a series of
biomarkers are considered in detail in the following bodily
fluids: blood (or plasma), saliva, sweat, urine, and tissue inter-
stitial fluid. The paper contains a review of the key properties
of stress biomarker molecules (such as origin, molecular
weight, hydrophilic/phobic) and a compendium of their con-
centrations reported in biofluids. Since the review is intended
to provide information and hopefully useful guidance to the
sensor community, an overview of detection mechanisms and
examples of biosensors is also provided, along with an intro-
duction to the origin and nature of stress biomarkers in the
human body.

B STRESS BIOMARKERS AND SELECTED
PROPERTIES AND CONCENTRATIONS

The body responds to stress by the release of certain molecules
which play key roles in mediating its effect.” This includes
hormones released by the endocrine (glandular) system® and
neurotransmitters released by the nervous system.”'’ The
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endocrine system consists of multiple glands which control,
regulate, or trigger many functions in the body. The endocrine
system and the nervous system interact in order to maintain a
stable equilibrium (“homeostasis”) in the body.'' A much-
simplified illustration'” of the endocrine system is shown in
Figure la. For example, the thyroid gland controls the
metabolism'® while adrenal glands trigger the “fight-or-flight”
response to a stressful situation.'* This control function is
accomplished by the generation of molecules (hormones) that
communicate the signal from the gland to the target cell in
selected tissues and organs.'” Hormones are typically released
into the bloodstream, where they travel until they reach their
target (Figure 1b). Certain hormones are hydrophilic and can
travel readily in blood vessels.'® When they reach the cell tar-
get, hydrophilic hormones impart their “signal” by attaching to
cell surface receptors.'” Hydrophobic hormones travel in the
bloodstream with the aid of carrier proteins and are injected
into the cell nucleus'® where they attach to intracellular (nuclear)
receptors.'””” Since this review is focused on biomarkers related
to stress, the interaction of biomarkers with nuclear receptors
that are primarily involved in gene regulation”' via transcription
factors, while very important, are not discussed here.
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The nervous system is illustrated in Figure Ic, also in a
much-simplified fashion. It consists of the central nervous sys-
tem (the brain and the spinal cord) and the peripheral nervous
system (motor and sensory nerves)‘22 Neurotransmitters are
molecules that act as chemical messengers” which transmit
nerve signals from a specific originating nerve cell (neuron) to
a specific target, such another neuron, muscle, or gland cell
As illustrated in Figure 1d, the neural signal (“action potential”)
travels along the neuron body (“axon”) until it reaches a
synapse, the gap between the axon terminal of one neuron and
the receiving terminal (“dendrite”) of another neuron.” Signal
transmission across the synapse occurs as the axon action poten-
tial causes neurotransmitters to be released in the presynaptic
neuron that can then bind to receptors in the postsynaptic
membrane where it can release a secondary signal.”® Among
other functions, the nervous system controls involuntary body
operations, such as those of the heart, lungs, and stomach,
through the neurotransmission process. Other neurotransmit-
ters can affect mood and response to stress.”” Excitatory neuro-
transmitters stimulate activity, while inhibitory neurotransmitters
control overacting stimulation and produce a balanced mood.*®

As illustrated in Figure 2, biomarker structures include mole-
cules of various sizes and molecular weights, ranging from small
molecules, such as the catecholamines (dopamine, epinephrine,
etc.), to large protein molecules, such as BDNF and IL-6. While
in this review we have focused on hormone and neuro-
transmitter biomarkers, we do want to point out that there are
other biomarker types (such as enzymes, metabolic biomarkers)
that can be related to stress and human performance and have
been detected through PoU platforms. One such example is
the enzyme salivary a-amylase which is a digestive enzyme and
an indicator for chronic (rather than short-term) stress con-
ditions and is found in high concentrations in saliva.”’

One of the goals of this literature survey is to provide an
overview of key stress biomarkers and of their concentrations
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that can serve as a roadmap for future development of sen-
sors for specific markers in selected biological fluids. Properties
of these biomarker molecules are summarized in Table 1.
Figure 3 plots the results of the literature review for selected
biomarker concentrations (under healthy physiological con-
ditions) in key body fluids as a function of their molecular
weight: (a) whole blood; (b) urine; (c) saliva; (d) sweat; and
(e) interstitial fluid in tissues.
A few general observations can be made from Figure 3:

e biomarker concentrations range over 6 orders of
magnitude, from pg/mL to pug/mL;

biomarkers with the highest concentrations are usually
small molecules;

biomarker concentration tends to decrease with
molecular weight; this decrease is even more pro-
nounced in terms of molar concentration;

most common biomarkers are serotonin (highest in
whole blood), dopamine (highest in urine), and cortisol
(highest in sweat, close second in blood); a-amylase has
a very high concentration in saliva (~ 1 mg/mL).

In Figure 3, the biomarkers have been color coded based on
their solubility properties: red, lipophilic; blue, hydrophilic;
green, amphiphilic. For many detection techniques, the bio-
marker molecular weight, physical size, and solubility are key
factors in the specifics of the measurement.’” For example,
in immunochemical assays based on antibody—antigen inter-
action, the analyte target molecular weight, size, and structure
are key factors in determining the type of assay to be devel-
oped. The sandwich assay (antibody—analyte—antibody) is
utilized for large analyte molecules that have multiple antibody
binding sites (epitopes), whereas for small analyte molecules
the competitive assay (antibody—analyte) approach is generally
used.””* The solubility properties of the biomarkers are the
result of their molecular structure: polar terminal groups

DOI: 10.1021/acssensors.8b00726
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Figure 3. Biomarker concentration as a function of molecular weight in bodily fluids. Color code: red, lipophilic; blue, hydrophilic; green,

amphiphilic.

render the molecule water-soluble, whereas nonpolar hydro-
carbon chains yield hydrophobic properties.”” Lipophilic
biomarkers can become attached to lipids or proteins present
in the solution,”* with the bound molecule having different
properties than the free analyte. Hydrophilic, amino acid
biomarkers are considered to have surface-based interaction
with protein molecules, through hydrogen bonding,**
Selected properties of 13 stress-related biomarkers obtained
from an extensive literature survey are shown in Table 1. The
list includes hormones (such as cortisol, troponin), neuro-
transmitters (such as dopamine, serotonin), and biomarkers
that are generated by both the endocrine and nervous systems
(such as epinephrine, norepinephrine). One enzyme biomarker
(a-amylase) is also included for reasons discussed below. The
biomarker properties summarized in Table 1 include the origin
and transport mechanism in the body, molecular type and
weight, physiological concentrations in relevant bodily fluids
(e.g., blood, urine, sweat, saliva), and related health conditions
that occur when the concentration is outside the normal range.
The concentration format most frequently found in the liter-
ature is in units of weight per unit volume (such as ng/mL).
For convenience, the calculated equivalent molar concentra-
tion is also listed for biomarkers consisting of small molecules.
Key references regarding the concentration of each biomarker

2029

are also included in Table 1. The biomarker concentration can
be obtained with a variety of sensing techniques, including
colorimetric,®® electrochemical,®® immunochemical detection
techniques,”” mass spectrometry,”® and nuclear magnetic
resonance.

As can be seen in Table 1, a range of concentrations are
reported for most biomarkers found in various bodily fluids.
In a few cases, the concentration ranges reported are fairly
narrow (ca. £50%), but in many cases the reported range can
vary by more than an order of magnitude. In select cases, the
biomarker concentration is known to vary during the 24 h
cycle, with cortisol and DHEA (dehydroepiandrosterone)
being two such examples.””** It is also likely that the bio-
marker type and concentration detected can be partially
dependent on measurement technique, the condition of the
instrumentation, and sample extraction and condition.*""** For
example, the concentration of cortisol in sweat detected using
ELISA is generally reported in the range of 8—142 ng/mL.
However, measurements using HPLC-MS have reported a
considerably lower concentration range.”> The authors
indicated that possible reasons for the lower concentration
which they reported include the higher selectivity of their
technique which differentiates between closely related hor-
mones and metabolites with similar structures.

DOI: 10.1021/acssensors.8b00726
ACS Sens. 2018, 3, 2025—2044
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Table 2. Glossary for Materials and Components Used in Bioassays

biological and
material terms

simple description

analyte target molecule being identified and measured

aptamer small single stranded oligonucleotide that folds into well-defined 3D structure and interacts with high affinity and specificity with target
molecule

antibody protective protein (generally of high molecular weight) produced by immune system in response to presence of antigen

antigen foreign protein evoking an immune response (either alone or after conjugating with a larger protein molecule) and is capable of binding with a
product (such as antibody or T cell) of the immune response

biomarker biological molecule found in blood, body fluids, or tissues that may signal abnormal process, condition, or disease

carbon nanotube, hexagonal lattice of carbon rolled into cylinder with ~100 nm and 1—2 nm sheet thickness; CNTs can be fabricated with single outer wall of

CNT
high thermal conductivity

carbon or multiple walls (cylinder inside other cylinders of carbon); CNTs possess extraordinary electrical conductivity, high tensile strength,

nanoparticle, NP; ultrafine particle spanning 1—100 nm in diameter; physical and chemical properties of NPs depend on particle size and shape, and can vary

metal, Au;
magnetic
drug delivery

from parent metal (e.g, magnetic NPs show superparamagnetic property which leads to higher magnetic susceptibility than traditional
paramagnets); functionalized NPs have many uses in biomedical applications, e.g., imaging of cells and tissue, target molecule labeling, and

While some more detailed information on most of the bio-
markers in Table 1 is presented in the next sections of the
review, key biomarkers that feature prominently in one or
more bodily fluids are serotonin, cortisol, dopamine, BDNF,
and NPY. The ranges of molar concentration and the equiv-
alent number of molecules per milliliter of these S biomarkers
in blood (plasma), urine, sweat, and saliva are shown in Figure 4.
Cortisol is the only biomarker present in fairly large concen-
trations in all four bodily fluids. Serotonin and dopamine
appear in significant quantities in blood and urine. BDNF is
present in blood and saliva, at slightly smaller weight con-
centrations than cortisol. NPY and BDNF are polymers with
larger molecular weights (as opposed to the small molecule
nature of the other three biomarkers), which are found with
low weight concentration and even lower molar concentration
in most biofluids.

Bl POINT-OF-USE SENSORS FOR STRESS
BIOMARKERS

Traditional analytical methods for detecting and measuring
biomarkers include X-ray diffraction (XRD), mass spectrom-
etry (MS),* nuclear magnetic resonance (NMR), and liquid
or gas chromatography (LC/GC).”” These analytical methods
(see brief descriptions in Table 3) can provide a wealth of
information about the analytes present in the sample under

2030

test, such as structure, molecular weight, concentration, and
identification, with high selectivity and precision over a wide
dynamic range. However, the equipment associated with these
methods represents a significant investment, requires operation
by highly trained personnel, and frequently requires specialized
laboratory space. In addition to the high cost aspect is the
length of time required for full analysis.

There has been considerable growth in development/inves-
tigation of point of care/use diagnostic platform for stress and
human performance measurement™ in order to bring the
biomarker measurement process closer to the individual and to
reduce the cost. Point of care/use (PoC/PoU) diagnostics play
an important role in guiding timely patient care in primary care
settings.”” PoU devices for biosensing applications designed to
detect and quantify target molecules (such as proteins, nucleic
acids, disease-specific antigens) are important tools of wide
interest in medical diagnostics. Considerable progress has
taken place in the development of sensitive and specific PoU
detection systems,” with selective focus toward detection of
biomarkers in biological fluids where detection specificity is a
key factor. A glossary of commonly used terms in biosensing
technology is given in Table 2.

Sensors to detect and measure the concentration of various
biomarkers require transducers that convert energy from one
form to another.”’ They are typically fabricated by immo-
bilizing a biological receptor material on the surface of a

DOI: 10.1021/acssensors.8b00726
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suitable transducer that converts the generated biochemical
signal into quantifiable electronic signals.”” Historically, trans-
ducers referred to conversion between mechanical and elec-
trical signals, such as that occurring in piezoelectric crystals.”
However, over time, a broader definition has become accepted
that includes other energy converting mechanisms. As sche-
matically illustrated in Figure S, the presence of biomarkers in
biological fluids can be detected using a variety of transduction
mechanisms.

Fluid sample

Analyte

Output Signal
Types

Electrical Optical (Colorimetric)

|

Magnetic

Chemical

Figure 5. Biomarker sensor methods.

Target analytes are either directly detected or indirectly
detected by their chemical interaction with biological receptor
molecules (antibody, aptamer, DNA, RNA). A recent review of
signal amplification and transduction approaches in PoC/PoU
diagnostic systems using microfluidics technology was
published by Jung et al.”* Techniques for PoC/PoU detection
of biomarkers specifically in bodily fluids have been reported
using immunoassay,” surface plasmon resonance,” electro-
chemical reaction,”” fluorescence,”® and chemiluminescence.””

Prominent material platforms used in fabricating PoU bio-
sensor devices are primarily paper (cellulose, nitrocellulose),
glass, and flexible polymers. The latter includes polydimethyl-
siloxane (PDMS), poly(methyl methacrylate) (PMMA), and
cyclic olefin polymer (COP) and copolymer (COC). Less fre-
quently silicon platforms are also reported. Substrate selection
is a function of many factors, including detection mechanism,
biocompatibility, sensitivity, multiplexing ability, device reus-
ability, and cost.

Paper-based platforms are usually lateral flow assay (LFA)-
based, either immunoassays or chemical colorimetric assays.
Lateral flow immunoassays (LFIA) consist of prefabricated
strips of a carrier material, different parts of which are assem-
bled on a plastic backing. These components typically are
sample application pad, conjugate and/or blocking pad, nitro-
cellulose (NC) transport membrane and absorption (“wick”)
pad. The NC membrane contains immobilized reagents that
interact with the analgrte solution and form the test and control
lines for the assay.'”” The sample application pad is made of
cellulose or glass fibers. The liquid sample is dispensed onto
the pad to start the assay. The conjugate pad typically contains
labeled immobilized biorecognition molecules that are released
upon contact with the input liquid. A schematic of a typical
LFA strip is shown in Figure 8a.

The NC analytical membrane is the most critical part of the
assay and it determines the sensitivity of the assay. Properties
of the NC membrane that affect assay reproducibility and sen-
sitivity'”' include sample flow rate, porosity, wicking rate,
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nonspecific adsorption on test and control lines. The adsor-
bent pad functions as a sink at the end of the strip.'”" Impor-
tant features of LEA-based biomarker sensing'®” include assay
rapidity, one step analysis, low operational cost, simple instru-
mentation, user-friendly format, little or no interference due to
chromatographic separation, high specificity, good sensitivity,
long-term stability under different set of environmental con-
ditions, and portability. Most importantly, since the sample
flows in the device due to the capillary force, no external fluidic
controls are needed. Therefore, a small package and a low cost
can be obtained. Some of the challenges of this approach
include sample liquid evaporation, vulnerability to environ-
mental condition such as humidity, protein (present in target
sample) incompatibility with surfactants that impacts its bind-
ing ability with the membrane, and occasional inconsistency in
flow characteristics due to desiccation,'® which sometimes can
compromise assay Sensitivity.104

Polymeric materials have been identified as attractive sub-
strates for PoU devices owing to their mechanical flexibility,
light weight, mass fabrication capacity, low cost, and avail-
ability in different grades with multiple varying physical/
chemical properties as per device/functionality requirement,'*
including optical transparency, heat conductivity, electro-
chemical resistance, and biofluid compatibility.'"®® Polymers,
such as PDMS, PMMA, polypropylene, and hydrogels, have
high optical transmissivity in both UV and visible range.
Hence, they can be used in various optical detection platforms,
for example, photonic nanosensing'®’ and SPR.'”® PET
(polyethylene terephthalate) is a polymer with high heat
conductivity and stability at very high temperature (melting
point of 260 °C), which would be suitable for temperature
controlled biological reactions.'”” COC and COP polymers are
electrochemically inert and have high optical transparency, and
hence, they can be used in electrochemical immunosensing
approaches with optical detection transduction.'”* Polymers
can also be engineered into thin, flexible, bendable substrates
with self-healing capability''* that can be used for implantable
and wearable devices.'"" Unlike capillary flow in the paper-
based platform, polymer-based devices require pump-con-
trolled flow, which can deliver liquid with great precision, but
in a more complex overall system and at a much higher price
point.

Silicon based MEMs biosensors have also been reported for
PoU biosensor applications,''” either in nanowire form'"” or in
the form of primary substrate.''* Biosensor devices fabricated
on silicon wafers have application limited to in vitro
biosensing, owing to their in vivo incompatibility. Hence, Si
based integrated circuits require biocompatible packaging in
order to be used within living tissue. Interestingly, nano-
structured porous Si based biosensors have gained popular-
ity in recent years115 owing to their attractive features, such
as ease of fabrication, tailored morphological structure,
versatile surface chemistry,''® and higher biocompatibility
than Si.""”

In this review, the reported techniques for PoU detection of
stress and key human biomarkers in different body fluids are
reviewed. Biomarker detection can either use a separate “label”
for detection or be “label-free”, as illustrated schematically in
Figure 6. Labeled detection is generally implemented by use of
functionalized nanoparticles, performing various functions.
A common example is the use of Au nanoparticles for optical
detection in the form of a color change in the presence of a
specific biomarker.”> Another example is the use of functionalized
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Figure 6. Mechanisms and materials for point-of-use biomarker sensors.

magnetic nanoparticles. When these particles are conjugated
with an antibody complex specific to the target biomarker
an external magnetic field can be used to separate out the
antigen—antibody magnetic nanoparticle complex.'**'** Label-
free detection techniques include optical spectroscopy.

A comprehensive literature survey was conducted regard-
ing the various methods used for the PoU/PoC detection of
6 stress-related biomarkers (cortisol, troponin, dopamine,
NPY, IL-6 and BDNF) in bodily fluids and/or buffer solution.
The detailed results of the survey are contained in Tables 4—6,
including the biofluid medium, the detection method, and the
limit of detection.

A listing of materials, components and fabrication equip-
ment utilized in each case has been included in an extended
version of Tables 4—6 in the Supporting Information. Using
information from the Supporting Information table allows for a
comparison of various approaches for suitability in specific
applications. An example of this comparative analysis is shown
in Table 7 for the detection of cortisol. It is hoped that similar
analyses for other biomarkers would be useful for the readers
of this review.

The detection process starts with obtaining a sample of the
desired bodily fluid (e.g, blood, urine, saliva), which is then
introduced into or onto a “detection” device. In the so-called
“dipstick” approach, the device is simply a small vial containing
the recognition molecules for the analyte of interest along with
the label molecules. Many commercial and experimental PoU
test devices use the lateral flow assay (LFA) platform where
the liquid sample under test is dispensed onto a device con-
sisting of a stack of porous membranes.'** This allows for the
fluid sample to flow without the need of external pumps or
other accessories.'”’ The label and recognition molecules are
contained in various regions of the LFA stack and upon hydra-
tion by the sample interact with the relevant biomarker as it
flows through the device.'*”">* Biorecognition molecules are
immobilized in two stripes, the “test” and “control” lines,
downstream from the sample dispensing location, where they
can interact with the target analyte.

A variety of approaches have been developed for the detec-
tion of biological analytes in LFAs.'**'** Some of the main
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approaches are illustrated in Figure 7. The biorecognition mol-
ecule can be an antibody (in which case the platform is known
as an immunoassay, LFIA), an aptamer (short sequences of
single stranded nucleic acids), or an enzyme. The selection of
the biorecognition element is based on its ability to bind to the
target analyte with high affinity and selectivity. The simplest
approach (Figure 7a) uses direct detection of the analyte cap-
tured by the biorecognition molecules immobilized in the test
and control lines. Reporter (or label) molecules are introduced
that will bind to the analyte and generate a measurable (usually
optical) signal. For many analytes, the signal and specificity pro-
duced in the direct detection method is too low. Improvements
in LOD and specificity are obtained using the “sandwich” detec-
tion approach (Figure 7b), where a second biorecognition mole-
cule (efficiently conjugated to a detection label) is introduced
to form a sandwich structure with the analyte held in between.
In the competitive detection scheme (Figure 7c) a known
amount of preconjugated analyte is introduced together with the
unknown amount of target analyte, with both competing for the
fixed number of binding sites of the biorecognition molecules
immobilized on the surface. In this case increases in the target
analyte concentration result in a decreasing detected signal.
Colorimetric detection is widely utilized in well-established
commercial technology PoC diagnostic devices, such as the
urine test strip (Figure 8b) where a single strip simultaneously
detects multiple biomarkers in urine, and pregnancy tests strips
(Figure 8c). The basic format of colorimetric LFA biosensors
utilizes a nitrocellulose membrane strip onto which test and
control lines are formed by preimmobilizing specific reagents.
Upon activation during contact with the target sample, a
change of color or visibility of the test or control line (or both)
occurs depending upon the designed chemistry. This is the
indicator of the presence of target biomolecules in the
sample.'** As shown in the example of Figure 8d,” detection
of the cardiac stress biomarker troponin 1 is reported using
AuNPs of different sizes (10 nm, 40 nm). It is observed that
increasing troponin 1 concentration leads to higher visibility
test line. Improved results are obtained with simultaneous
use of both 10 and 40 nm AuNPs, yielding a reported LOD
of 10 ng/mL. Colorimetric detection can also be implemented

DOI: 10.1021/acssensors.8b00726
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Table 4. Selected Published Highlights of Cortisol and Troponin Biosensors

biofluid LOD, range detection mechanism ref
cortisol
saliva 1 pM to 10 nM immuno-EC impedance 144
saliva 0.3—60 ng/mL immunoassay-coupled with chemiluminescence 145
saliva serum  ~10 pg/mL aptamer-AuNP based EC detection 146
serum 10—80 uM Au nanowire-based EC detection coupled with immunoassay 147
plasma, pg/mL range EC luminescence immunoassay, immunochemiluminescent assay 148
saliva, urine
saliva 0.36 ng/mL SPR coupled with immunoassay 149
saliva 0.1-10 ng/mL EC immunoassay with fluid control design for on-chip pretreatment of sample 150
sweat, saliva 0.1 ng/mL (cortisol) 0.1 mM lactate electrochemical chronoamperometric detection 151
sweat 1 pg/mL (synthetic sweat); 1 ng/mL (human electric double layer modulated biosensing 152
sweat; range 10—200 ng/mL)
troponin
buffer 1-100 ng/mL EC detection of antitroponin and troponin interaction on conducting paper using aniline 153
polymerization on screen-printed paper electrode
plasma 0.03—6.5 ng/mL (linear range) optomagnetic biosensor—sandwich immunoassay performed on stationary liquid assay 154
serum 0.01-5 ng/mL (PBS); 0.07—6.9 ng/mL (human capacitive biosensor coupled with immunoassay 155
serum)
buffer 0.092—46 ng/mL SiNW based FET sensor responsive toward interaction between immobilized troponin 156
antibody and protein
plasma 0.1 ng/mL photonic crystal total internal reflection (PC-TIR) 157
Table S. Selected Publication Highlights of Dopamine Biosensors
biofluid LOD, range detection mechanism ref
dopamine
buffer (PBS) 0.085—700 ng/mL SPR using D3 dopamine receptor as recognition element (SPR coupled with 158
immunoassay)
buffer 2.5 uM colorimetric detection, plasmon absorbance of Au-NP mediated by exposure of 159
dopamine, adrenaline, NE
buffer in vivo (corpus 1-5 uM (dopamine and serotonin) electrochemical detection of CNT coated carbon fiber microelectrode for 160
striatum of rat) simultaneous detection of dopamine and serotonin
in vivo (rats) physiological range (sensor responds to  voltammetry microsensor 161
dopamine release)
buffer 10 uM SPR sensor chip (Au—film: molecular imprinted polymer gel; AuNP immobilized 162
polymer gel)
buffer 33 nM to 3.33 mM colorimetric detection, AuNP—dopamine interaction in presence of melamine 163
buffer 20 pM; range 0.1—10 000 nM fluorescence intensity (ds-DNA and CuNP) quenching with increasing DA 164
concentration
buffer 50 nM for DA; 250 nM for 5-HT dynamic pulse voltametric sensing 165
buffer 0.5 uM (linear range: 10 uM to 1 mM) self-powered triboelectric nanosensing 166
serum 0.04 uM (linear range: 0.5—100 uM) electrochemical detection 167
buffer, cell culture media, 107 M SERS 168
simulated body fluids
serum CSF 20 nM colorimetric detection using modified AuNP 169

in solution phase with AuNPs as the primary agent,'® as shown
in Figure 8e where AuNPs aggregate and change color linearly
upon exposure to the biomarker dopamine, serotonin, and
adrenaline."” Change in color can be quantified with absorption
spectroscopy to evaluate the biomarker concentration.

Other detection approaches aim to provide an indication of
the presence and concentration of specific biomarkers without
the need for an optical label. For example, ion sensitive (IS)
field effect transistors (FET)'®° take advantage of changes in
current that result when ions in solution come in contact with
an ion-selective membrane in the gate region of the FET.""’
ISFET biosensors utilize recognition molecules immobilized
on the gate insulator to capture specific biomolecules from the
analyte solution.'®” In turn, the charges associated with the
biomolecules modify the current flow in the ISFET."'®

Selected examples of the prominent detection techniques
reported for stress biomarker detection in point of use platform
are discussed in the following sections.
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Immunoassay. Immunoassay detection technique is based
on interaction of a target analyte (protein, nucleic acid, and
antigen) with its corresponding antibody. The antigen—
antibody complex formation is a measure of the concentration
of the antigen present in target sample. Typically, the antibody
is labeled with nanoparticles (Au, magnetic, fluorescence, and
chemiluminescent enzyme) to provide a detection signal.
Transduction in immunoassays can be visual/colorimetric,
fluorescence based, and chemiluminescence based.

Visual/Colorimetric. A common approach implemented
through immunoassay is colorimetric detection wherein a color
change is detected and the intensity of the color is an indi-
cation of the concentration of the biomarker molecule.'”® This
approach uses a reporting probe or “label” (such as Au nano-
particles, AuNPs) attached to a recognition molecule (such as
antibodies or DNA/RNA aptamers)118 that will selectively
bind with the molecule of interest in order to indicate its pres-
ence and evaluate its concentration in the sample under test.'”’

DOI: 10.1021/acssensors.8b00726
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Table 6. Selected Publication Highlights of NPY, IL-6, and
BDNF Biosensors
biofluid LOD, range detection mechanism ref
NPY
buffer 10 pM range ELISA (AuNP enhanced) 178
saliva
buffer pM level from EC detection coupled with electro 179
sub-nL sample kinetic sample preconcentration
buffer 10 pM aptamer functionalized NPY detection 180
IL-6
serum, 1 pg/mL ELISA 170
synovial
fluid
serum 0.5 pg/mL EC immune-sensing (CNT based) 97
(calf)
serum IL-6, IL-8, 5-15 EC immunosensing detection 171
(human)  fg/mL
buffer 4.7 pg/mL graphene oxide-based amperometric 172
field effect transistor (FET) sensing
buffer 0.38 pg/mL (range photoelectrochemical immunoassay 173
1 pg/mL—100
ng/mL)
BDNF
buffer CSF pg/mL impedance measurement, interaction of 174
BDNF and BDNF antibody
immobilized on electrode surface.
serum 5-7 ng/mL SPR sensor chip 175
plasma 0.1-2 ng/mL electrochemical, immunosensing 176
serum S pg/mL (linear electrochemical, immunosensing 177

range 0.01-100
ng/ 'mL)

Colorimetric immunoassay is usually implemented in solution
phase or on paper (lateral flow, chromatographic paper). The
detection strategy of colorimetric immunoassay is based upon
biochemistry of the assay design, such that there is an element
of color change when contact occurs with the target analyte.
AuNPs are a common label used in colorimetric assays
because of their high sensitivity and superior capability of
visual detection with the naked eye.'”” Gold nanoparticles have
high affinity toward biomolecules. The optical 9properties of
AuNPs are dependent on shape (spherical'”™ or aniso-
tropic'*) and size, and on ability to aggregate and change
color upon interaction with analytes in target samples.'*"'”
Solutions containing AuNP colloidal suspensions normally
appear reddish in color due to coherent oscillations (so-called
surface plasmons) of surface electrons induced by the elec-
tromagnetic field of incident visible light."”® For example,
AuNPs with 13 nm diameter exhibit peak absorption at a
wavelength of ~520 nm and appear red to the eye.'”” The
absorption plasmon spectral band varies slightly with AuNP
size. With increase in size of the AuNPs, the surface plasmon
band becomes broader and a red shift is observed due to
non-homogenous polarization of surface electrons.'”” Upon
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Figure 7. Detection approaches for point-of-use lateral flow assays.
Adapted with permission from ref 182. Copyright 2008 American
Chemical Society.

interaction of the AuNPs with the target analyte molecules, the
NPs aggregate into a cluster (which can be considered as
a single large particle), resulting in a change in color of the
solution from red to blue. The level of aggregation and resulting
change in color intensity are dependent upon the analyte
concentration.

Fluorescence. Use of fluorescent labels (such as dyes,
proteins) in immunoassay has become more prominent over
the past decade primarily because of higher assay sensitivity
and quantitative measurement. In fluorescence-based assays,
the capture mechanism remains the same, wherein the target
analyte interacts with an antibody or aptamer labeled with fluo-
rescent dye. The fluorescence signal is measured in a separate
reader system, where excitation of the fluorescent molecules is
externally provided and the emitted light (proportional to the
target analyte concentration) is measured.'”® In addition to
fluorophores consisting of organic molecules, inorganic quan-
tum dots are used in bioassays owing to their high emission
brightness level, size-tunable fluorescence emission, narrow
spectral line widths, large absorption coefficients, and excellent
stability against photobleaching.'”

Chemiluminescence. Chemiluminescence (CL) can occur
during certain chemical reactions where relaxation of molecules

Table 7. Comparative Analysis for the Detection of Cortisol Using Methods Reported in the Literature”

biomarker label, detection method preparation complexity — key component no.  instrumentation and material cost LOD ref
cortisol Ab-EIS medium 6 medium ng/mL 181
Ab-chemiluminescence enzyme medium 7 medium ng/mL 145
aptamer-AuNP-EC high 14 high pg/mL 146

AuNW-Ab-EC high 12 high ng/mL 147

Ab-ECLIA medium S medium pg/mL 148

Ab-SPR medium 7 medium ng/mL 149

Ab-EC medium 11 medium ng/mL 150

“A comprehensive list for other stress biomarkers is found in Tables 4—6 and in the Supplementary Information.
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occurs by emission of light rather than transfer of thermal
energy.'”” Chemiluminescence can be the product of certain
reactions involving the mixing of reagents (oxidants and cata-
lysts, such as enzymes), whereas bioluminescence involves
living organisms and enzymes (luciferases). A CL reaction
widely used in forensic investigations involves the use of
luminol (small organic molecule) that produces a light emit-
ting fingerprint of very minute traces of blood, catalyzed by
iron in blood hemoglobin. CL has received considerable atten-
tion for biomarker assays by virtue of its simplicity, low
detection limit, wide calibration range, and inexpensive
instrumentation.””® The principle of the immunoassay tech-
nique remains the same, only the detection is enhanced by
enzymatic CL reaction. As an example, salivary cortisol detec-
tion using CL-LFIA has been reported.* This is a competitive
immunoassay, where cortisol (in saliva) and horseradish
peroxidase (HRP)-cortisol conjugate compete for anticortisol
antibody. The visual signal is generated by enzymatic activity
of the CL substrate with HRP—cortisol bound to antibody.
The test line signal intensity is inversely proportional to cortisol
concentration in saliva, with a reported LOD of ~0.3 ng/mL.
Chemiluminescence platform is dependent upon high efficiency
optoelectronic components that would facilitate maximum
collection of generated light or luminescence, such as
photodiodes, photomultiplier tubes, CMOS, and thin film
photosensors.””"
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Electrochemical Detection. Electrochemical detection of
biomarkers offers robust quantitative measurement using
relatively simple and low-cost instrumentation.””” The EC
technique is very sensitive and capable of detecting analytes in
the femtomolar range. An electrochemical detection setup gen-
erally contains several electrodes (working, reference, and
counter electrodes) and a solution containing the electro-
chemically active species. Upon application of potential,
changes in the redox status of the target analyte can be
detected and quantified. Various forms of EC detection
(current flow at fixed or varying potential, AC and/or DC)
are widely utilized. EC effects have been used as transducers
for immunoassays. Figure 9 schematically illustrates a typical
example of EC: immunoassay for detection of cortisol in
saliva.”> Here, zinc oxide in the form of nanoflakes or nano-
rods is used as the working electrode and platinum as reference
electrode. Anticortisol antibodies immobilized on the working
electrode surface bind with cortisol in saliva samples via elec-
trostatic interaction, with the immobilized antibody quantified
through cyclic voltammetry.”” In this case, the LOD for
cortisol is reported to be in the range of 1 pM.

In general, electrochemical detection offers very high sen-
sitivity and has been extensively implemented for detection of
stress biomarkers in body fluids. Arya et al."** report cortisol
detection in saliva (range 1 pM to 10 nM) by using EC imped-
ance spectroscopy, tracking the interaction between cortisol in

DOI: 10.1021/acssensors.8b00726
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target sample and antibody immobilized in the bioelectrode
surface. Highly sensitive cortisol detection biosensor for both
saliva and serum is reported146 using aptamer-AuNP complex
as the labeling agent immobilized on graphene coated carbon
electrode surface. LOD for this work is 10 pg/mL, which is
excellent. Jagadeesan et al.">” report detection of cardiac stress
biomarker troponin. The EC detection is performed on con-
ducting paper substrate. Dopamine is an electrochemically
active biomarker,"® and hence, it can be detected directly
without using immunoassay conjugation. Clark et al.'®" report
a voltammetry microsensor using single carbon fibers encap-
sulated within fused silica as working electrodes for in vivo
detection of dopamine in mice and rats.

Surface Plasmon Resonance. Surface plasmon resonance
is an optical, label-free biosensing method, where detection
depends on refractive index changes upon binding between
target analyte (protein, nucleic acid, antigen) and cor-
responding capture molecules immobilized at the measure-
ment site. Surface plasmons (SPS) are coherent electronic
oscillations existing at the interface between two materials,
changing dielectric function at the metal—dielectric surface.
These evanescent waves propagate along the interface between
a dielectric and a metal, with a decay length on the order of the
oscillation wavelength.”** Surface plasmons are very sensitive
to changes in the boundary conditions, resulting in a high-
resolution sensing method for biomarker detection in an
external medium. Figure 10 illustrates the basic principle of an
SPR biosensor.”® The biomolecular recognition element is
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immobilized on the metal surface, where it can capture the
target analyte producing a local increase in refractive index.
In turn, this alters the propagation constant of surface plasmons,
which can be measured using various optical methods (such as
intensity modulation, wavelength modulation). The excitation of
SPs at the metal—dielectric interface results in the transfer of
energy from incident photons to SPs. The optical reflection
intensity measured as a function of incident angle or wavelength
reveals a sharp dip at the resonance angle or wavelength, which
is strongly affected by the presence of captured analyte molec-
ules. For sensor applications, the refractive index change of a
thin layer in contact with the metal surface of the sensor is moni-
tored by measuring the spectral shift of the resonance dip.”*"**
Common biorecognition elements used are antibodies, RNA
aptamers, AuNPs, and magnetic nanoparticles. Sensitivity and
selectivity of the SPR detection process highly depend on proper
immobilization of biorecognition molecule on the SPR chip.””

In recent years, SPR based biosensing has been widely used
for detection of stress biomarkers in different body fluids.
Stevens et al. report'*’ a portable SPR-based biosensor system
fabricated on a Au surface combined with competitive immu-
noassay for quantitative detection of cortisol in saliva, illustrated
in Figure 11. A gold surface SPR sensor chip was coated with
cortisol-conjugated BSA (or plain BSA for the reference
channel), followed by introduction of monoclonal anticortisol
antibody. Upon introduction of varying concentration of
cortisol in target body fluid (saliva in this case), change in
refractive index slopes due to antibody binding with the
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cortisol-conjugated BSA surface was used to measure cortisol.
The cortisol LOD reported is ~1 ng/mL.

The detection of dopamine has been reported'>® using the
SPR sensing approach. D3-dopamine receptor has been used
as recognition molecule of dopamine. Au-coated glass sub-
strates were used as SPR sensor chips, where dopamine-BSA
conjugate (DA-BSA) was homogeneously immobilized through
physical adsorption. The indirect competitive interaction of

dopamine receptor and DA-BSA with target dopamine was
studied by SPR, with a linear detection range reported to be
between 0.085 and 700 ng/mL. This simple assay procedure
has potential to be incorporated for measurement of dopamine
in actual biofluids. Plasmonic interaction of AuNPs is another
SPR-based technique for detection of biomarkers.””® The
exposure of AuNPs in certain liquid environments results in
their aggregation and a corresponding colorimetric signal. The
absorbance of aggregated AuNPs upon exposure to certain
biomarkers can be used as a method for quantification of
biomarkers."*’

B SUMMARY, CHALLENGES, AND FUTURE
PROSPECTS

In this review, we have discussed some of the basic properties
of primary stress biomarkers (hormones and neurotransmit-
ters), including their molecular structure, weight, and hydro-
philic or lipophilic nature. Most importantly, their concen-
trations in various bodily fluids (blood, urine, saliva, and sweat)
were summarized. The ultimate goal is to use this information
for the design of improved PoC/PoU sensors that are able to
detect relevant concentrations of the biomarkers in a low cost,
easy to use package.

Current sensor options for biomarker detection were briefly
reviewed. In reviewing the properties of biomarkers and sensor
options, several challenges are apparent. Different biomarkers
can have very different concentrations in any one fluid (by as
much as S orders of magnitude), and the concentration of a
given biomarker is likely to change significantly from fluid to
fluid. For example, serotonin is found in relatively high con-
centrations (~100 ng/mL) in blood, urine, and tissue inter-
stitial fluid, while it is effectively absent (<lpg/mL) in saliva
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of cortisol and dopamine in buffer solution indicating the separation between absorption peaks and related ability to distinguish between these two

biomarkers.
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and sweat. Cortisol is found in similarly high concentrations in
blood and urine. Interestingly, cortisol is also found in roughly
the same concentration in sweat, whereas serotonin is absent.
Cortisol is found in saliva at a concentration 100X lower than
in the other bodily fluids (~1 ng/mL). In saliva, the detec-
tion of a-amylase with a significantly higher concentration
(~1 mg/mL) is an option for stress level evaluation.

It is clear that high sensitivity is needed for accurate bio-
marker detection. It is likely that no one single sensor concept
will work for the detection of all biomarkers. However, it may
be possible to define subsets that can be served by one main
biomarker type (e.g., small molecules vs polymers or hormones
vs enzyme). Looking forward, another potentially important
new direction is the simultaneous detection of multiple bio-
markers that would combine to provide greater insight into the
status of the individual being tested. A new approach that we
are investigating is based on the optical absorption of stress
biomarkers at near-UV wavelengths in order to develop simple
point-of-use measurement systems that do not require the use
of labels, recognition molecules, and complex measurement
techniques and equipment. The principal idea behind the label-
free optical detection approach (illustrated in Figure 12) is
harnessing the absorption properties of each biomarker, which
present unique UV absorption profiles tied to their molecular
structure. Optical measurements can be performed with min-
iature stand-alone spectrometers, such as the NanoDrop One
UV—vis spectrophotometer (Nanodrop Inc.,, Thermo Fisher
Scientific), as shown in Figure 12b. An example is shown in
Figure 12c that illustrates the ability to distinguish between
the absorption of dopamine (with a peak at ~204 nm) and
cortisol (at ~247 nm) in buffer soutions. This biomarker sen-
sor approach can be extended to their detection in various
biofluids (sweat, plasma, urine, and saliva). For eventual PoC/
PoU implementation, we envision low cost optoelectronic inte-
gration with a LED light source and photodiode signal
detection.
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B VOCABULARY

biomarker, biological molecule found in body fluids (cf. blood,
urine) or tissues that may signal an abnormal physiological
condition or disease; hormone, chemical messenger of the
endocrine system; neurotransmitter, chemical messenger of the
nervous system; enzyme, biomolecular catalyst enabling a
specific chemical reaction; labeled detection, target biomole-
cule detection by attaching a secondary molecule (“tag”) that
can be readily detected through its intrinsic properties, most
commonly fluorescence, also magnetic, electrochemical, etc,;
label-free detection, direct target biomolecule detection based
on its properties (such as optical absorption, electrical
conductivity, etc.) without the use of a tag.
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Expanded Table 4

Summary of publication highlights of cortisol, troponin, dopamine, IL-6 NPY, and BDNF biosensing
(with list of materials, biosensor substrate, components and equipment utilized).
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Serum
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IpM - 10
nM
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ng/mL
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pg/mL

10-80 uM

Immuno-EC impedance

Immunoassay-coupled
with chemiluminescence

Aptamer-AuNP based EC
detection

Au nanowire-based EC
detection coupled with
immunoassay
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Dithiobis (succinimidyl
propionate)

Sodium borohydride
Monoclonal cortisol antibody
Hydrocortisone

Bio electrodes (EA-Gly/C-
Mab/DTSP/IDUE)

Si wafer

Cortisol standard

Polyclonal anti-horseradish
peroxidase (hrp) antibody
Polyclonal anti-cortisol antibody
HRP—conjugate cortisol
Salivettes cotton swabs

LFA strips

Elisa chemiluminescent substrate
for hrp

Graphene-modified glassy
carbon electrodes

Graphene oxide

SU-8

Ag/AgCl electrode
Polysilsesquioxane (PSQ)
HAuCl4

Sodium citrate

Cortisol aptamer

Ethyl acetate

Triamcinolone

Amicon ultrafilters

Elisa kit

Radioimmunoassay kit
Graphite powder

Cortisone

Hydrocortisone

Anti-cortisol ab
3a-hydroxysteroid
dehydrogenase

1-Ethyl-3-[3-
dimethylaminopropyl]
carbodiimide hydrochloride
EZ-link sulfo-NHS-LC-biotin
Strepatavidin

DL-thioctic acid

Modified gold (Au) nanowires
Ag/AgCl

Pt

Silicon chip
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Sweat, (cortisol)
Saliva
0.1 mM

lactate

1 pg/mL
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ng/mL)

Sweat

EC luminescence
immunoassay,
immunochemiluminescent
assay

SPR coupled with
immunoassay

EC immunoassay with

fluid control design for on-

chip pretreatment of saliva
sample for testing

electrochemical
chronoamperometric
detection

Electric Double Layer
modulated biosensing

Commercial
ECLIA and
ICLA kit

Spreeta
sensor chip
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Instr.)
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ECLIA kit (Roche)

ICLIA kit (Diasorin)

Urine collection

Saliva collection

Plasma collection

Spreeta 2000 sensor chip
Cortisol conjugated BSA
Monoclonal anti cortisol
antibody

Salivette cotton swabs
Aminolink plus immobilization
kit

Salivary cortisol enzyme
immunoassay kit
Hydrophillic hollow fiber
(minntech) flow cell
Monoclonal anti-cortisol
antibody
Cortisol-21-hemisuccinate
Glucose oxidase

Sulfuric acid

Hydrogen peroxide
5-carboxy-1-pentanethiol
N-hydroxysulfosuccinimide
1-ethy1-3-carbodiimide
Cortisol standard

Pt electrodes (WE, CE, RE)
Graphene oxide
N-hydroxysuccinimide
N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride
(EDC)

Cortisol

Uric acid

D(+) glucose

L-(+)-lactic acid
L-ascorbic acid

K;3[Fe (CN)s]

Ku[Fe (CN)s]

Anti-cortisol antibody
Anti-lactate dehydrogenase
Artificial sweat and saliva
Carbon screen-printed electrodes
Ag/AgCl

Polyamide substrates
Dithiobis [succinimidyl
propionate]

Dimethyl sulfoxide (DMSO)
a -cortisol antibody
Cortisol hormone

IL-1p antigen

Parylene C

ZnO thin film deposited
Gold electrode
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Mechanism
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Buffer

Plasma

Serum

Buffer

Plasma

1-100
ng/mL

0.03-6.5
ng/mL

0.01-5
ng/mL
(PBS);

0.07-6.9
ng/mL

(human
serum)

0.092 — 46
ng/mL

0.1 ng/mL

EC detection of anti-
troponin and troponin

interaction on conducting Cog:;glng
paper using aniline
polymerization on screen- substrate
printed paper electrode
Optomagnetic biosensor — Plastic
sandwich immunoassay .
performed on stationary d;zrl;zfrzl:ie
liquid assay
Capacitive biosensor Si
coupled with immunoassay
SiNW based FET sensor
responsive towards
interaction between si
immobilized troponin
antibody and protein
PC-TIR
(PC-TIR) Photonic Crystal | sensor chip
Total Internal Reflection on PDMS
substrate
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9.
10.

Whatman filter paper

Aniline

Graphite, silver powder
(conductive ink)

Electro polymerization and electro-
chemical characterization

SPPE (WE), Pt (AE), Ag/AgCl
(RE)

[Fe(CN)s]> ™~

Superparamagnetic particles
functionalized with carboxylic acid
group

Antibody pairs recognizing various 11
epitopes on cTnl

Monoclonal antibody A34780359P

Goat polyclonal capture antibody

Human troponin complex

Lyophilized human troponin T
Monoclonal goat anti-human tnt
2-Aminoethanothiol

25% Glutaraldehyde 12
Glycine

Al electrode deposited on Si.

Si <100> wafer

SOI wafers (6 in., p-type (1 0 0), :
1020 cm)

Aldehyde
(3-aminopropyl)triethoxysilane
(APTES),

Glutaraldehyde 13
Ethanolamine

Phosphate buffered saline, BSA

TMAH, 99.9999%)

CTnl protein

Monoclonal antibody

5-layer PC using Titania, Silica,

Silcon

PDMS

3-Aminopropyltriethoxysilane

CTnl antibodies.

Carboxylmethylated (CM) Dextran
2-(N-morpholino)ethanesulfonic

acid

1-Ethyl-3(3-dimethyl amino-

propyl) carbodiimide
N-hydroxysuccinimide

Lyophilized human plasma

3.8% Trisodium citrate

10
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Detection Substrate

Mechanism

Components

Buffer
(PBS)

Buffer

Buffer

In vivo

(corpus
striatum

of rat)

In vivo
(rats)

Buffer

Buffer

0.085 to
700
ng/mL

2.5 uM

1-5uM

(dopamine
and

serotonin)

Physiol.
range
(sensor
responds
to
dopamine
release in
Vivo)

10 pM

33nM —
3.33 mM

SPR using D3 dopamine

.. Au sputtered
receptor as recognition

element (SPR coupled with on Si
. substrate
immunoassay)
Colorimetric detection,
plasmon absorbance of Au- | Solution test,
NP mediated by exposure of in vial
dopamine, adrenaline, NE
Electrochemical detection of Soln. pha
CNT coated carbon fiber O phase
microelectrode for .
. . In vivo
simultaneous detection of
} . electrode
dopamine and serotonin (in .
. implant
Vivo)
Carbon fiber
in polyimide
Voltammetry microsensor covered
fused-silica
capillary
SPR sensor chip (Au — film: Polymer gel

Molecular imprinted
polymer gel; AuNP
immobilized MI polymer

imprinted on
Au sputtered

gel) glass
Colorimetric detection — Quartz
AuNP-DA interaction in
Cuvette

presence of melamine
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D3 dopamine receptor

Dopamine hydrochloride
N-Hydroxisuccinide
Dicyclohexicarboximide 15
3,4 dihydroxyphenol acetic acid
DOPA alanine

Ascorbic acid

Template stripped gold slides
Cetyltrimethylammonium
chloride

Dopamine, I-dopa, adrenaline,
noradrenaline

Hydrogen tetrachloroaurate
L-tyrosine

Tyrosinase

Dopamine & serotonin
hydrochloride

Carbon-fiber microelectrodes
Electrode responses to fast
concentration changes tested 17
using stainless steel HPLC loop

flow injector

Single-walled carbon nanotubes

HNO:;

Nafion

16

Single carbon fiber

Fused silica

2-propanol

Devcon two-component epoxy
Silver connector

18

Dopamine

Acrylic acid

2,2'-azobis
(2,4dimethlvarelonitrile)
N-isopropylacrylamide
N,n’-methylenbisacrylamide (bis)
Tetraoctylammonium bromide
Hydrogen tetrachloroaurat

Allyl mercaptan

Decanethiol

. 11-Mercaptoundecanoic acid
. Sodium borohydride
. Au-sputtered cover glass

Chloroauric acid trihydrate
Sodium citrate

Melamine

Dopamine hydrochloride
Tris base

20
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Buffer

Buffer

Serum

Buffer
Cell
culture
media

Simulated

body
fluids

Serum
CSF

20pM

Range:
0.1-

10,000
nM

50 nM for
DA;
250 nM
for 5-HT.

0.5 uM
(Linear
range:

10 uM to
1 mM)

0.04 uM
(Linear
range
0.5-100
nM)

0.1 nM

20 nM

Fluorescence intensity (ds-
DNA and CuNP) quenching
with increasing dopamine
concentration

Dynamic pulse voltametric
sensing of DA, HT in AA

Self-powered triboelectric
nanosensing

Electrochemical Detection

SERS

Colorimetric detection using
modified AuNP

Quartz
fluorescence
cell

CnF on Si
substrate

PMMA

Graphene

Si/Si02

Solution
processing

SR I ] ° 1 O R W = R ] S P D D =
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9.

10.
11.
12.

Dopamine hydrochloride
CuSOs4-5H-0

Ascorbic acid

MOPS buffer

DNA templates

CNF grown on Si substrate
AgCl electrode

Nitric acid

DA (5-hydroxytyramine)
5-HT (5-hydroxytryptamine)
Tris buffer

Ascorbic acid

PMMA

PTFE

Aluminum
Trishydroxymethylaminomethane
DA hydrochloride

AA, and UA solutions
Phosphate

Au deposition

Graphite powder

S5-HT

DA

Glucose

Ascorbic acid

H>02

Uric acid (UA)

N, N-dimethylformamide
toluene, chloroform, hexane

. NaH2PO4, NaOH, H3PO4.
. Ag/AgCl, Pt

. H2SO4:H3PO4

. KMnOa4

. Alumina paste

Si wafer

Polystyrene (PS) nanospheres
Si02/8Si

Ethanol.

Piranha soln.

Cr film

HF solution

Monolayer graphene

PMMA

. CuCly

Chloroauric acid
Sodium borohydride
Natural beta-CD.
Dopamine

Buffer

a-CSF

Human serum
Glucose

Lactic acid
Ascorbic acid

Uric acid
2-phenylethylaminepyrocatechol)

21

22

23

24

25

26
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Mechanism

Components

Serum,
Synovial
fluid

Serum
(calf)

Serum
(human)

Buffer

Buffer

I pg/mL ELISA Microtiter plate
s EC immune-sensing Bl p.lane
P&mL | (CNT based) LS
graphite disks
IL-6
5 fg/mL; . .
IL-8 dEgielé?iI:rllmosensmg PDMS
10 fg/mL
Graphene Oxide-
47 based amperometric
) L Field Effect Si0;
Pg Transistor (FET)
sensing
0.38
pg/mL
(range Photoelectrochemical ITO
1 pg/mL | Immunoassay
—100
ng/mL)
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11.

13.
14.
15.
16.
17.
18.

N

11-6 27
Monoclonal anti il-6 ab

ELISA

Monoclonal antihuman IL-6 antibody

Biotinylated antihuman IL-6 antibody

Recombinant human IL-6 in calf serum 28
Streptavidin-horseradish peroxidase (HRP)
Single-walled carbon nanotubes

Carboxylated multiwalled carbon nanotubes
Microfluidic device fabricated on PDMS

Antibodies for IL-6, IL-8, VEGF, and VEGF-C
Protein standards

Biotinylated horseradish peroxidase
Streptavidin-coated magnetic beads

Immortalized HaCat cells

Oral keratinocyte cells 29
Oral cancer cell lines

Glutathione-decorated AuNps
Poly(diallydimethylammonium chloride)

(PDDA)

. 1-[3-(Dimethylamino)- propyl]-3-

ethylcarbodiimide hydrochloride (EDC)
N-hydroxysulfosuccinimide (NHSS) solutions
Graphite flakes

IL-6 protein and antibody

H2S04, KMnOs, H202 30
Silicon dioxide chips
1-Pyrenebutanoic acid
Succinimidyl ester (PBSE) linker
TiO2 powder

Cadmium nitrate

Sodium sulfide, methanol
Cadmium chloride

Sodium hydroxide

Selenium powder

Sodium borohydride
Thiolglycolic acid

Chitosan powder
1-Ethyl-3-(3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC)
Ascorbic acid

Glutaraldehyde

Anti-IL-6

Human IL-6

Human Interleukin-8
Carcinoembryonic antigen
Prostate- specific antigen(PSA)
Human IgG

31
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Detection
Mechanism

Substrate

Components

10 pM
Buffer range
Saliva

pM
level
from
sub
nanoliter
sample

Buffer

Buffer 10 pM

ELISA (AuNP
enhanced)

EC detection coupled
with electrokinetic
sample pre-
concentration

Aptamer
functionalized NPY
detection

Paper

Microfluidic
chip on quartz
substrate
bonded to glass
coverslip

COC polymer

S BNl Nl ©0 = ©0 [ g (o i) =

9.

10.
11.
12.

NPY

Rabbit Igg

Goat anti-rabbit igg conjugated with alkaline
phosphate

Goat anti-rabbit igg

P-nitrophenyl phosphate

Mouse anti-human npy monoclonal antibody
1-Step ultra tmbelisa

Supersignal elisa pico chemiluminescent
substrate

Quantablu fluorogenic peroxidase substrate k

32

. Ap and horseradish peroxidase (hrp) lightning

link enzyme labeling kit

. Thiol- and carboxyl modified poly(ethylene

glycol)

Fluorescently labeled NPY
Orexin A

Quartz substrate

Glassy carbon electrode (GCE) 33
Graphene oxide

Nafion

HAuCl4

Ag/AgCl reference

NPY aptamer
6-mercapto-1 hexanol
Buffer

Pristine graphite
N-heptane

Exfoliated graphene sheets 34
Cyclic olefin copolymer
Shipley Microposit S1813
HAuCl4, HF

MCH solution

Ag/AgCl, Pt electrodes
NPY



Biofluid LOD Detection

Mechanism

Substrate

Components

Impedance
measurement -
Buffer %g]grlr\}]ﬁ interaction of BDNF
CSF e and BDNF antibody
sensitivity . .
immobilized on
electrode surface.
5-7
Serum ng/mL SPR sensor chip
Plasma 0.1-2 E.lectrochemlc;al -
ng/mL immunosensing
5 pg/mL
(linear
S range Electrochemical —
0.01 — immunosensing
100
ng/mL)

Biosensor chip
(Pt/Ti electrode
system
fabricated on
Si/Si0Oz coupled
with PDMS
microfluidic
channel)

Si02

polysterene
(PS) substrate

Glass

SORPNAUALCN S NOUALD - 0RO U AW

12.
13.

S O

10.
. BDNF
12.
13.
14.

Si wafer, with SiO2 deposition

Pt/Ti electrode (deposited and patterned on
Si/Si02)

PDMS chip (microfluidic channel)
3-(ethoxydimethylsilyl) propylamine solution
Polyvinyl pyrrolidone-aldehyde solution
Sodium borohydride

Glutaraldehyde solution

Bdnf antibody

Recombinant bdnf

Artificial cerebrospinal fluid

Si02

ZnO

Cr, Ag deposited

Biotinylated-anti-ZnO antibody

Cover glass

BDNF propeptide

CyS5-labeled anti-BDNF antibody

BDNF antigen and anti BDNF antibody
Gold chloride (HAuCI)

50% (w/w) glutaraldehyde

Potassium ferricyanide (FiCN, 99.0%)
Cystamine

Potassium chloride (KCl, >99.0%)
Phosphate buffered solution

Sulfuric acid (H2S04, 98%) 37
2-Propanol (99.5%)

Immobilized tris(2-carboxyethyl) phosphine

(TCEP)

35

36

. Tris- (hydroxymethyl)aminomethane (tris,

>99.9%)

Hydrogen peroxide (H202)
Polysterene (PS) substrate
Thionine (THI)

PBS

Dopamine

Multiwalled CNT

AA, Uric Acid

BSA

Chitosan 38
D Glucose

BDNF ELISA

Human hemoglobin

Anti BDNF
Human serum samples
Ag/AgCl
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