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Abstract

Systemic inflammatory disorders resulting from infection, trauma, surgery, and severe disease
conditions pose serious threats to human health leading to organ dysfunction, organ failure, and
mortality. The highly complex and dynamic nature of the immune system experiencing acute
inflammation makes immunomodulatory therapy blocking pro-inflammatory cytokines very
challenging. Successful therapy requires the ability to determine appropriate anti-cytokine drugs to
be delivered at a right dose in a timely manner. Label-free micro- and nano-biosensors hold the
potential to overcome the current challenges, enabling cytokine-targeted treatments to be tailored
according to the immune status of an individual host with their unique cytokine biomarker
detection capabilities. This review studies the recent progress in label-free cytokine biosensors,
summarizes their performances and potential merits, and discusses future directions for their
advancements to meet challenges towards personalized anti-cytokine drug delivery.
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1. Introduction

1.1. Cytokines: key clinical targets

The immune system provides a critical mechanism for a living organism to protect itself
against invasions of external pathogens. Despite the conceptually clear role of the immune
system, pathways underlying the defense mechanism are so complex and yet to be fully
understood. The complexity of the immune defense system originates from dynamic
functional interactions between biomolecules, cells, and organs over time. Among these
players, cytokines are key biomolecules acting as mediators and modulators of the complex
functional interactions and responses of the immune system [1-3]. They are soluble low-
molecular-weight proteins secreted by immune cells and responsible for regulation of host
defense, tissue homeostasis, cell-to-cell communication, and inflammatory reaction. The
physiologic actions of cytokines are most apparent in the systemic inflammatory response
syndrome (SIRS) that results from an excessive production of pro-inflammatory cytokines,
such as IL-6 and TNF-a. These highly inflammatory responses cytokines are counteracted
by certain anti-inflammatory cytokines, including IL-10, transforming growth factor (TGF-
), and IL-4, which attempt to restore immunological equilibrium. The multifaceted roles of
cytokines in maintaining a tightly regulated balance of immunity have attracted enormous
clinical interest in quantification of these biomolecules and its application for infectious
disease treatment and drug development [4]. Previous studies suggest that quantification of
cytokine-based immune fingerprints provides a more accurate way of stratifying and
diagnosing bacterial infections than conventional methods based on symptoms, initial
clinical observations, and basic laboratory markers [5, 6].

There has been an explosion in the use of immunotherapies for treating autoimmune
diseases, infection [7], cancer [8], and other immune-related deficiencies [9, 10]. Among
these therapies, cytokine-targeted methods aiming to establish a normal balance of the
cytokine network in the host have shown great promise for some inflammatory diseases,
such as rheumatoid arthritis and Crohn’s disease [11, 12]. Quantifying cytokines secreted by
isolated immune cells or by whole blood test allows immune responses to be monitored,
providing clinically and immunologically useful information related to infectious diseases,
cancer, autoimmune diseases, allergy transplantation, and drug discovery [13]. Multiplexed
detection of different cytokines in a single sample has been proven powerful for obtaining a
more complete picture of immunity owing to the highly networked nature of their functions
[14].

1.2 Current challenges: lack of real-time information on patients’ immune status

The conventional “gold standard” methods for cytokine quantification are immunoassay-
based techniques including enzyme-linked immusorbent assay (ELISA) and bead-based
immunoassay, whose signals are detected either by flow cytometers or plate readers.
Involving sample incubation, detector antibody incubation, and labeling reagent incubation
processes as well as multiple washing steps, these methods require a minimum assay time
(defined as a minimum time between sampling and detection) of 3 — 8 hours in a current
centralized clinical laboratory setting. In an ideal scenario, cytokine-targeted
immunomodulatory therapy should be tailored to an individual’s immune status determined
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by quantifying a panel of cytokines. However, the setting of acute inflammatory diseases,
imposes serious limitations on personalized immunomdulatory therapy, where appropriate
cytokine-blockade drugs are to be delivered at a right dose in a timely manner to patients
whose immune response may vary from individual to individual. Such immune status
variations are exemplified by the dynamic transition of the immune status of sepsis patients
from an initial pro-inflammatory phase to an anti-inflammatory phase within a short period
of time (several hours to a few days). The pro-inflammatory phase at the early stage of the
disease, termed “cytokine storm,” contributes to multiple organ dysfunction syndrome
(MODS), prolonged chronic immune dysfunction [15], or mortality. The long assay lead
time and labor intensiveness of the aforementioned gold standard methods and other similar
sensing techniques based on labeled immunoassay inherently fall short of providing the
urgently needed cytokine-based immune status information. Thus, this creates a huge
technological gap between the clinical demand for rapid, sensitive assays of cytokine levels
and the currently available assay techniques. The absence of accurate and rapid diagnostic
methods renders the immunomodulation of acute inflammatory states highly empirical with
no access to information allowing individualized selection and use of appropriate drugs [16].
Indeed, several review papers suggest that the failure of immunomodulatory therapy could
be attributed to the lack of appropriate techniques to monitor inflammatory biomarkers and
host defense responses across highly heterogeneous patient cohorts during the course of
disease development [17-21]. We anticipate that future intensive care of acute inflammatory
diseases will need personalized immunomodulatory drug delivery based on real-time
information of cytokine-mediated immune response [21, 22]. Such a monitoring mechanism
will permit fine-tuned immune control with a system feedback loop during the therapy (Fig.
1).

1.3 Potential of label-free cytokine biosensors

The clinical and immunological relevance of cytokine measurement has promoted recent
effort to develop a wide variety of cytokine biosensors [23]. Of particular importance are
their rapid, sensitive, sample-efficient bioanalysis capabilities. These biosensors are
imperative components for the immune status monitoring system discussed above. For
example, immune modulation in sepsis would require sensitivity to detect TNF-a, one of
common sepsis biomarker cytokines, with a cut-off concentration value as low as 11.5
pg/mL in some cases [24]. Additional challenges exist in infants and children who need
assays that spare clinical samples since their blood volumes are significantly less than those
of adults.

Recent advances in nanomaterial synthesis [25, 26], nano optics [27-30],
nanoelectrochemistry [31], nanomechanics [32, 33], and microfluidics [34] have brought
together breakthroughs in label-free micro- and nano-biosensing for biomolecular analysis.
Nanomaterial-based sensors offer excellent sensitivity in detecting analyte molecules.
Integrated in a microfluidic system, these sensors allow for high-throughput parallel
detection of biomarkers arrays, which is highly desirable for translation from benchtop
discovery to clinical validation. The miniaturized system size yields a large surface-to-
volume ratio in a small-volume environment while also reducing the diffusion distance of
the reagent molecules. These features lead to rapid detection resulting from enhanced
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analyte-sensor interactions. Label-free biosensing eliminates the use of labeling molecules
that experience photobleaching and interfere with analyte binding events. This approach
would further add real-time analyte detection capability and enhanced selectivity to cytokine
assays [35]. A system incorporating label-free cytokine micro-/nano-biosensors holds great
potential to meet requirements of immediate diagnosis. In this review paper, we summarize
recent progress in micro- and nano-biosensors implemented for cytokine detection, critically
evaluate their performance in terms of potential of enabling guided, personalized
immunomodulatory therapy against acute inflammatory diseases, and discuss future
challenges and directions of the research field.

2 Label-free cytokine biosensing

2.1 Label-free bioanalysis: Why is it necessary?

The research community has seen increasing interest in label-free biomolecular analysis
techniques. This is evidenced by an increasing number of review papers on this topic over
the last five years. Such interest emerges along with a wider awareness of technical and
practical advantages offered by label-free biosensing. For example, reviews by Qavi [36]
and Hunt and Armani [37] well delineate these advantages against shortcomings of
conventional methods involving a labeling process. Elimination of labeling agents, such as
isotopes, fluorophores, enzymes, and nanoparticles, enables researchers to avoid adverse
effects on biomolecular binding events, to achieve quantitative measurements (labeling
could be only qualitative due to the inconsistent binding behavior of labels to analytes), and
to save cost and time.

Label-free biosensing also enables researchers to study the binding kinetics of analyte
molecules on a sensor surface. Labeling-based methods employing dye or fluorophore
molecules experience signal decay over time as a result of photobleaching. In contrast, label-
free bioanalysis allows continuous acquisition of signals during a binding assay, which
provides time-course information of the binding event of biomolecules. This unique sensing
feature bears an additional merit. Users of label-free biosensors can precisely determine the
near-endpoint of the incubation process required for analyte molecules to settle on a sensor
surface from the sensor response curve over the binding event. One does not need to wait for
the system to reach steady state to quantify the analytes if the resulting reduction in
sensitivity does not seriously compromise the assay; an initial slope of the sensor response
curve, or initial rate of binding, could be correlated to the analyte concentration [38]. In this
way, a long incubation process can be eliminated from the entire assay, thereby enabling
rapid analyte detection. This is a significant merit brought by label-free methods.

In the context of cytokine-based immune monitoring, however, the ability to quantify
analytes in a label-free fashion has a more profound significance. Immune cells experience
alterations in their functions in response to infection and tissue dysfunction, often causing
the immune system to experience a dynamic transition from a pro-inflammatory phase to an
anti-inflammatory phase. Quantifying cytokines in bloodstream, lymph nodes, or tissue
alone may not be sufficient for monitoring of rapidly changing immune status during the
course of disease development. Building predictive models of immunity requires more
comprehensive monitoring of the complex and dynamic cytokine-mediated functional
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behavior of immune cells. Real-time observation of cellular cytokine secretion in response
to stimulation mimicking a pathogenic attack provides the means to probe such behavior.
Conventional imaging techniques enabled by labeling are capable of obtaining information
about the physical behavior of cells of interest. But the information obtained by cellular
imaging is qualitative. Precise determination of the cellular behavior requires the
quantitative cytokine production rate. Obviously, the rate carries critical information about
the magnitude and time constant of the cellular time-varying response. Researchers can only
access such information from label-free quantification of cell-secreted cytokines.

2.2. Label-free sensing principles

The common processes of label-free bioanalysis include (1) construction of sensing
elements on a solid surface, (2) binding of analyte biomolecules onto the surfaces of the
sensing elements, and (3) acquisition of sensor signal readouts using a transduction
principle. Creation of sensing elements entails immobilization of recognition substances (i.e.
receptors) of the sensor surface, such as proteins, peptides, or nucleic acids. Ideal receptors
identify and capture target analytes with excellent specificity, binding affinity, and chemical
stability. In the case of protein surface immobilization, it is necessary to create an
environment that retains the original activity of the protein. To this end, researchers usually
use biopolymers to immobilize the protein in a controlled manner [39]. This approach also
reduces non-specific adsorption of analytes to the sensor surface, thus enabling
discrimination between specific and non-specific bindings [40]. The binding of the analytes
changes the sensor surface property or the near-field environment of the sensor surface. The
property change is read out as an output signal by means of a transduction mechanism
involving nanoscale mechanics, electromechanical interaction, photon transmission, electron
transport, or photon-electron interaction. Conjugation of an analyte to other proteins,
enzymes, or nanomaterials could amplify a signal resulting from a transduction process.
Such transduction amplification often incorporates the process of sandwich immunoassay,
where the analyte is sandwiched between capture and secondary antibodies. Sandwich
immunoassay is a common method in label-based biosensing, which requires more assay
steps than those reporting the surface binding of an unconjugated analyte. However, we
include some of biosensing studies incorporating the sandwich immunoassay-based signal
amplification scheme in our review as long as the secondary antibodies do not carry an agent
directly acting as a label generating the signal. Based on the signal transduction mechanisms
described above, we categorize label-free micro- and nano-biosensors as mechanical,
electrical, optical transduction, and plasmonic sensors. Now, we review these sensors
implemented in label-free cytokine quantification and evaluate their (a) analyte type, (b)
sensitivity (or limit of detection), (c) detection range, (d) sample volume, and (e)
multiplexity. These performance metrics are key factors to determine whether the biosensor
is suitable for enabling the aforementioned cytokine-based immune status monitoring.

2.3 Mechanical cytokine biosensors

Mechanical biosensing processes detect surface binding events of biological molecules by
means of mechanical deflections or dynamic resonance shifts of the transducer system
resulting from surface stress or mass changes. The most representative mechanical micro-
and nano-biosensors are (1) microcantilevers fabricated on a silicon chip using
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semiconductor micromachining technologies, (2) acoustic wave sensors based on integrated
piezoelectric mechanical transduction, and (3) quartz crystal microbalance mass sensors.
These sensors allow researchers to detect a wide range of biomolecules, including nucleic
acids, proteins, and lipids [33].

Microcantilever biosensing uses deflection-based or resonance-based measurement
depending on the signal generation mechanism. Deflection-based measurement detects
surface stress caused by analyte binding on a cantilever surface. The surface stress gives rise
to a cantilever deflection, which is measured using a probe laser and a position sensitive
detector. In contrast, resonance-based measurement detects the resonance shift of an
oscillating microcantilever due to a mass increase upon analyte surface binding. While the
resonance-based measurement yields higher sensitivity, we find that deflection-based
measurement is a common technique for cytokine detection. The resonance-based
measurement is highly susceptible to damping effect in a liquid, potentially showing error-
bearing variation with solution composition [36].

The sensitivity of deflection cantilevers is determined by their mechanical properties (e.g.
Young’s modulus), structural designs, and surface properties. A significant challenge lies in
achieving sufficient sensitivity for cytokine detection since the molecular sizes of cytokines
are much smaller than other more commonly detected disease biomarker proteins, such as
prostate-specific antigen (PSA) [41]. To address this, Dutta et al. [42] introduced
nanostructured, colloid-like features to a gold-coated microcantilver surface and detected
IL-1p in PBS buffer with 2-fold higher sensitivity than a smooth surface. The sensitivity
improvement is attributed to a larger analyte binding area provided by the nanostructured
surface. But the LOD of their sensors is 10 ng/mL, still remaining several orders of
magnitude larger than desirable for clinical use. In a more recent study, van den Hurk and
Evoy [43] investigated the impact of selection of linker molecules on the sensitivity of
deflection microcantilever measurements of IFN-y in PBS buffer. They found linking
procedures using gluteraldehyde and prolinker B are effective to yield better sensitivity.

Other mechanical transduction mechanisms for cytokine detection reported in literature
include surface acoustic wave sensing and quartz microbalance measurement.
Krishnamoorthy et al. [44] performed detection of IL-6 in serum using a ZnO-based guided
shear horizontal surface acoustic wave (SH-SAW) biosensor. The biosensor has an active
sensing window between lithographically patterned comb-shaped electrodes acting as
interdigitated input and output transducers on the ZnO acoustic wave guiding film. The
researchers measured the total mass of proteins attached to the sensor surface, which was
determined by the total sample volume and concentration. Bahk et al. [45] used a quartz
crystal microbalance (QCM) biosensor with antibody-immobilized gold electrodes. They
demonstrated an improvement of selectivity and sensitivity in QCM-based detection of
TNF-a in PBS buffer using a sandwich immunoassay configuration that incorporates
magnetic particle-conjugated secondary antibodies. A magnetic force applied to the analyte-
bound particles amplified the resonance shift due to the TNF-a surface binding, which
resulted in the sensitivity enhancement of the sensor.
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The miniaturization of sensor systems enhances their speed by increasing the mechanical
bandwidth. The bandwidth of micro- and nano-mechanical transducers is typically around a
few kHz. These devices can respond to a mechanical step input within a millisecond or a
shorter period of time. Among these mechanical cytokine biosensors described above, the
deflection microcantilevers developed by Dutta et al. [42] achieved the shortest assay time
of ~ 20 min. This time scale is much longer than the dynamic response time of these
devices. This means that the analyte binding kinetics governs the speed of the entire assay
process. The aforementioned assay time appears to have been arbitrarily determined before
the cantilever deflection reaches steady state. In this case, the binding kinetics-governed
assay may be completed at any time point where the sensor yields a sufficiently detectable
signal for the lower bound for the analyte concentration. Other mechanical cytokine
biosensors reviewed here require an assay time on the order of 1 — 2 h. The length of the
assay is highly affected by the sample flow rate. A higher flow rate allows convection to
dominate the transport of the analyte molecules reaching the sensor surface. Indeed, Dutta et
al. [42] employed a sample flow rate as high as 0.1 mL/min and achieved the short assay
time mentioned above. Strong convection yields a higher analyte binding rate as it prevents
the generation of a large analyte depletion region near the sensor surface, and facilitates the
rapid sensor response. The longer assay time is probably attributed to a slower sensor
response resulting from weak convection or lack of convection, where slow diffusion
dominates in the analyte transport mechanism. The QCM biosensor-based cytokine
detection by Bahk et al. [45] required the longest assay time (>2 h). The researchers of this
study performed the measurement by simply depositing a stationary cytokine-containing
solution onto the sensor surface with no sample flow. Regardless of the transduction
mechanisms, the same principle applies to determining the speed of assays employing the
micro- and nano-scale label-free biosensors.

2.4 Electrochemical cytokine biosensors

The principle of electrochemical biosensing methods is based on an electrical signal change
associated with analyte binding onto electroactive sensing elements of a circuit. Correlating
the signal change with the quantity of analyte enables the measurement. Electrical
biosensors are a promising candidate for point-of-care analysis under limited resources since
they are suitable for integration in a system compatible with complementary metal-oxide-
semiconductor (CMOS) technology. Such integration can be facilitated by low power
consumption and ease of miniaturization demonstrated by these sensors [46, 47]. Electrical
biosensors are constructed by immaobilizing receptors, such as antibodies and synthetic
nucleic acids (i.e., aptamers), on lithographically patterned microelectrodes or electrical
nanomaterials. The signal measurement in cytokine biosensing reported in literature has
been performed by electrochemical impedance spectroscopy (EIS) [48, 49], amperometric
detection [49, 50], capacitive affinity detection [51], and nanoelectronic field-effect
transistor (FET) biosensing [52, 53].

EIS-based methods measure the impedance of an electrochemical cell while applying an AC
potential across the cell using electrodes. With antibodies immobilized on its surface, one of
these electrodes (working electrode) serves as the sensing element. The impedance data
provides information about charge transfer processes at the interface between the sensing
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electrode and the solution of the electrochemical cell, which is affected by the presence of
the analytes bound to the sensing element. Previous studies show that an electrode geometry
incorporating arrayed interdigitated features provide higher sensitivity for biosensors [54—
56]. Using a device incorporating this electrode geometry, Pui et al. [49] has recently
demonstrated high-sensitivity (1pg/mL-level) detection of TNF-a in cell culture medium
originating from LPS-stimulated Jurkat cells. The same research group [48] has further
achieved detection of TNF-a eluted from non-diluted human serum. To eliminate
undesirable background interference, the researchers depleted albumin and IgG molecules
from the original serum using antibody-coated magnetic beads. They later eluted TNF-a
using similar beads and loaded the effluent to their EIS biochip, thus advancing their
cytokine biosensing technique for more practical use in a clinical setting.

Amperometric sensing is another electrical chemical label-free cytokine detection method
similar to EIS. The difference is that this method measures variations of electrical current
(Faradic current) across an electrochemical cell with a varying AC potential and employs
enzymes to amplify the signal associated with analyte biding events. In amperometric
biosensing, the measured current provides a sensing output signature. Liu et al. [50]
quantified IFN-y in serum with an electrical chemical aptamer-based biosensor. The sensor
is a DNA hairpin carrying IFN-y-binding aptamer, conjugated with a methylene blue redox
tag, and immobilized on a gold electrode by self-assembly. The binding of IFN-vy unfolds the
hairpin-structured sensor. The structural change decreases the efficiency of electron transfer
from the redox label to the electrode. The resulting reduction in Faradaic current serves as
an output-sensing signature. By utilizing the redox tag, the researchers achieved high
sensitivity and specificity for IFN-y detection even in the presence of background serum
proteins.

Recent advances in the fields of nanomaterial synthesis and nanomanufacturing have
propelled tremendous research efforts to develop novel nanoscale biosensors. Field-effect
transistor (FET) devices incorporating semiconducting/conducting nanomaterials, such as
silicon nanowires [57], carbon nanotubes [58, 59], graphenes [60, 61], and other two-
dimensional layered materials [62, 63], have been proven to be promising candidates for
protein analysis owing to their high performance. The large surface-to-volume ratio and
unique electronic properties of these materials yield high sensitivity to biochemical
modifications at their surfaces. In addition, FET biosensors typically exhibit real-time
response and high sensing selectivity. In FET-based biosensing, binding of analyte
molecules at the semiconductor channel surface with immobilized receptors varies the
channel surface potential and modulates the channel conductance. Measuring the
conductance variations allows for quantifying the analyte in solution in contact with the
transistor channel.

In regards to cytokine biosensing, Pui et al. [52] demonstrated very fast (20 s) and
ultrasensitive (0.1 pg/mL) cytokine detection using silicon nanowire biosensors. The
biosensors allowed them to simultaneously monitor the time-course (not real-time)
variations of TNF-a and IL-8 in a supernatant of macrophage cell culture and in serum of
rats under LPS stimulation. The study found that the serum cytokine levels monotonically
increased at a certain time point but sharply decreased after reaching a peak value while the
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cytokine levels in the cell culture medium continuously increased with time. The transient
characteristics of the cytokine variation in the animal models clearly illustrate the complex
nature of the immune response of living organisms that involves the anti-inflammatory
reaction. The common drawback of these biosensors is their high manufacturing cost.
However, Hakim et al. [53] have recently developed a low-cost top-down silicon nanowire
fabrication method based on simple and mature photolithography, thin film technology, and
plasma etching, which are similar to those used for manufacturing a thin film transistor
(TFT) displays. Antibody-functionalized nanowire sensors detected IL-8 and TNF-a in BPS
buffer over a large range of concentrations of 0.2pg/mL — 200 pg/m. Such a large detection
range could be highly advantageous for future use in multiplex immunoassays. More
recently, Nam et al. [64] have demonstrated high-sensitivity (1 pg/mL) detection of TNF-a
in BPS buffer using a FET biosensor consisting of two-dimensional (2D) atomically layered
MoS; transitional metal dichalcogenide semiconducting sheet. Due to their compatibility to
cost-effective manufacturing and transport properties highly sensitive to external stimuli,
FET biosensors based on 2D atomically layered materials could be emerging alternatives for
ultrasensitive label-free biosensing applications.

The FET nano-biosensors reviewed here hold great potential to be integrated in a portable,
standalone electronic module system owing to their CMQOS technology compatibility. These
biosensors would be highly suitable for point-of-care (POC) clinical applications requiring
immediate detection of cytokine biomarkers. However, the devices are susceptible to
biofouling and non-specific binding on active sensor surfaces. These issues pose serious
challenges against FET-based cytokine biosensing that involves complex, physiological
solutions [35]. Thus, practical implementation of the FET nano-biosensors needs to be
coupled with a mechanism permitting sample purification and device operation in a purified
buffer as discussed later. In addition, we find no study demonstrating multiplexed cytokine
detection using FET nano-biosensors. Comprehensive monitoring of the complex immune
response requires further advancements in FET-based biosensing that enable simultaneous
detection of multiple cytokine species for the same sample.

2.5 Optical cytokine biosensors

Optical biosensing provides a significant foundation for robust, label-free detection of
biomolecules. Optical signal signatures originate from refractive index changes near a solid
light-guiding microstructure upon analyte surface binding. Theses signatures typically take
the form of changes in the light reflection, transmission, or absorbance properties of a
sensing structure. Compared to mechanical or electrical biosensing methods, optical sensors
are easier to operate in aqueous solutions since they eliminate issues, such as fluidic
damping and electrical short-circuit formation. Furthermore, optical biosensing does not
suffer from signal noise owing to pH or ion concentration variations in a buffer solution. For
these reasons, it is not surprising that quite a few studies have implemented optical methods
for label-free cytokine biosensing. Currently, resonance cavity-based measurement using
optical devices, such as photonic crystals and optical resonators, is the most common
approach used for cytokine detection.
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The mechanism of photonic crystal resonators is based on optical bandgap engineering,
which leads to spatial confinement of light at a particular wavelength into periodic optical
nanostructures. Compared to other optical resonator biosensors, planar photonic crystal
biosensors confine less resonant electromagnetic energy in a solid light-guiding structure,
which enables stronger light-matter interaction. Mandal et al. [65] developed a planar
photonic crystal biosensor to perform multiplexed cytokine (1L-4, IL-6, IL-8) detection. The
sensitivity is 0.35nm resonance shift per nanometer of surface bounded molecule. The
lowest detectable analyte mass by this sensor is 63 ag, which corresponds to a surface mass
coverage of 7.5 pg/mmZ. In their design, the cytokine detection range is from 1-100ug/mL.
Although the 1-D photonic crystal resonator is less sensitive due to its low Q-factor, the
sensitivity could be further improved by designing a narrower line-width. Another example
of photonic crystal resonators was demonstrated by Choi et al. [66]. The researchers
integrated photonic crystal resonators with a microchannel structure to quantify the analyte
with a sample volume as small as 300 pL and the limit of detection is 16.7 ng/mL. Besides,
the detection dynamic range of the biosensor is 3 orders of magnitude, which is larger than
those of other similar photonic crystal resonators. The relatively low sensitivity of photonic
crystal biosensors still remains to be improved.

An optical resonator consists of a circular or periodic hollow-shaped microstructure that
confines incident light at a specific wavelength and allows the confined light to circulate in a
closed path. The wavelength-specific light confinement in the microstructure is called
optical resonance. An optical resonator biosensor is constructed by immaobilizing receptors
on its microstructure surfaces. Analyte binding to the receptors changes the refractive index
surrounding the sensor surface, causing the resonant wavelength to shift. Correlation
between the resonant wavelength shift and the analyte concentration in a sample allows for
quantification of targeted biomolecules. Optical resonator biosensors usually exhibit
significantly distinct selectivity towards the resonant wavelength owing to high quality
factor (Q). The high selectivity is desirable for achieving high sensitivity.

Luchansky et al. [67] demonstrated the first cytokine detection based on silicon photonic
microring resonators. The researchers successfully measured IL-2 and 1L-8 secreted from
Jurkat T lymphocytes in serum-containing cell culture media. To enhance the overall
resonant wavelength shift, they introduced the sandwich immunoassay scheme involving
heavy secondary antibodies. The limit of detection of the microring resonators is 100 pg/mL.
In their following report [38], they constructed the silicon photonic microring resonators in
an array form and simultaneously measured four cytokines, IL-2, IL-4, IL-5 and TNF-a with
a one-step sandwich immunoassay process. To prove high antibody-antigen binding
specificity, they also conducted a negative control test confirming the negligible effect of
non-specific binding. Finally, they measured the temporal IL-2 secretion profiles of three
primary T-cells (ThO, Thi, Th2 cells) and Jurkat T-cell using the silicon photonic microring
resonator arrays.

Armani et al. [68] developed a whispering gallery mode (WGM) resonator biosensor with a
toroidal microcavity structure using a simple three-step microfabrication process. Incident
light was optically coupled with the resonator via a tapered optical fiber while precisely
controlling the fiber position with respect to the microcavity. The loss of light circulating in
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WGM resonators is normally extremely small, which results in ultrahigh Q biosensing. The
researchers demonstrated the sensor performance using a series of IL-2 cytokine
concentration ranging from 1071 to 1076 M and obtained a calibration curve showing the
extremely high dynamic range (12 orders) and single-molecular level detection limit (~5 fg/
mL). Detection of IL-2 in fetal bovine serum using the WGM resonator sensor validated its
utility in a clinically relevant setting. The result showed that pure serum would not induce
any resonance wavelength shift. But the detection limit of IL-2 was somewhat poorer in
serum than in pure buffer. This could be attributed to the presence of background substances
in serum.

We find that both of the microring device [67] and the WGM resonator [68] described above
enabled highly rapid, label-free cytokine detection with a sample loading-to-answer time of
~5 min. The rapid detection is possible because the analyte concentration is quantified from
the initial curve of analyte binding kinetics that is obtained much prior to establishment of
the equilibrium state. In general, the non-equilibrium detection approach compromises
sensitivity. However, the particular WGM resonator biosensor discussed here still showed
the single-molecule detection capability. Armani et al. [68] originally attributed such
extremely high sensitivity to improved resolution in measuring resonant shifts due to the
ultrahigh Q (108) of the resonator and an enhanced resonant shift resulting from local
heating of the resonator surface by light-analyte interaction. However, another research
group [69] later invalidated the explanation based on the opto-thermal effect. At present, the
physics behind the ultrahigh sensitivity is yet to be fully understood.

Although the microring and WGM resonators show higher sensitivity, the 1-D photonic
crystal resonator may be easier to implement for multiplexed detection. The alignment of
multiple tapered optical fiber waveguides to microtoroid, microring, and microdisk
resonator structures is complicated and requires much manual precision and labor. Besides,
the 1D photonic crystal resonator with the small cavity size provides a larger free spectral
range (FSR) over 200nm, where most WGM sensors are ~3-5nm. The larger FSR permits
more resonant peaks to enable multiplexed detection [65].

To eliminate the stringent optical alignment requirements prohibiting easy implementation
of optical resonators in multiplexed detection, Huckabay et al. [70] demonstrated WGM
resonator-based cytokine biosensing with fluorescently labeled glass microspheres. A total
internal reflection microscope based on free space optics was used to couple evanescent
field light to the microspheres distributed on a glass slide surface. The fluorescent dye
(Alexa Fluor 633) served as the sensor reporters, whose emission intensity variation allowed
for measuring the analyte concentration. The researchers performed muliplexed analyte
detection by utilizing two groups of microspheres with distinct sizes (38um and 53pum in
diameter), which were conjugated with CA-125 and TNF-a antibodies, respectively. The
limit of detection achieved for the TNF-a detection using these microsphere WGM
resonators was about 240 pg/mL. Unlike all the other resonators described above, the
microsphere WGM resonator biosensors require no precisely aligned optical waveguides for
sensor-light coupling. Furthermore, no sophisticated microfabrication is needed for
constructing these resonators. The measurement only employs sensor structures as simple as
disperse high-dielectric microspheres on a glass substrate.
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2.6 Plasmonic cytokine biosensors- SPR & LSPR

Plasmonic biosensors, first demonstrated in 1983 [71], has been extensively studied over the
last decade. The principle of the plasmonic biosensors relies on the interaction of
electromagnetic (EM) radiation on a noble metal in contact with a surrounding dielectric
medium. Specifically, when the collective motion of the free electrons in a metal resonates
with incident light of particular wavelength, it gives rise to surface-confined EM modes that
are commonly referred to as “surface plasmons (SPs).” SPs possess an evanescent field at
the boundaries between the metal and the dielectric region. The evanescent field of SPs
decays exponentially into the dielectric region, which is extremely sensitive to the local
refractive index change on the metal surface. The RI change induced by the temporal or
irreversible adsorption of biomolecules in the vicinity of the metal—dielectric interface
results in the alternation of the resonant condition of SPs. Such a change can be traced in
real time, which enables label-free quantitative analysis of biomolecular surface density,
protein binding kinetics, and analyte-antibody interactions. Generally, SPs emerge under
two settings: (1) surface plasmon resonance (SPR), where propagating SPs are excited on a
metallic thin film and (2) localized surface plasmon resonance (LSPR), where sub-
wavelength-sized metal nanoparticles are excited by an external light source.

SPR biosensors are perhaps the most widely used optical label-free sensing technique for
detection of biological and chemical analytes. However, the SPR biosensors based on the
Kretschmann configuration suffer from several fundamental limitations, making the clinical
applications of SPR technique challenging. First of all, the traditional SPR technique still
requires bulky optical instruments, including a prism coupler, which hinders the sensor
miniaturization and integration with other functional systems. Moreover, the SPR
evanescent field exhibits a longer penetration depth typically on the order of half of the
resonance wavelength (a few hundreds of nm). The size of the penetration depth is much
larger than the typical sizes of target biomolecules [72]. As a result, SPR biosensors are
susceptive to background noise caused by fluctuations of the bulk refractive index, and
suffer from limited sensitivity that usually lies between 1077 and 1078 in refractive index
unit (RIV) [72, 73], which corresponds to a detection limit in the range of pM-nM. The
limited sensitivity has become one of the most critical issues in translating the SPR
technique to clinical applications. Many of clinical settings require detection of small
analytes (i.e. cytokines) at concentrations typically falling in the range of fM to pM. An
improvement of the low sensitivity typically requires additional steps involving the use of
secondary antibodies or compounds.

For example, Chou et al. [74] achieved a detection limit down to 1.3 ng/mL for IL-6 in cell
culture medium by combining the SPR technique with a sandwich immunoassay that uses
secondary antibody as a signal-amplifying agent. This assay allowed the researchers to
spontaneously monitor IL-6 secretion by LPS stimulated human fibroblast MRC5-CVI cells.
More recently, Martinez-Perdigueroa et al. [75] introduced gold nanoparticles, instead of the
secondary antibodies, for signal amplification. This method improved TNF-a detection
sensitivity to 11.6 pg/mL (211fM) and 54.4 pg/mL (989 fM) in spiked buffer and human
serum, respectively. The approach of adding the secondary recognition elements induces an
overall increase in molecular weight and significantly enhances the measured signal. Despite
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the improved sensing performance, this methodology complicates overall procedures and
inevitably increases the number of assay steps.

Researchers have explored alternative SPR excitation methods using fiber-optics [76] to
improve the sensor performance for cytokine detection. Battaglia et al. [76] demonstrated
the first fiber-optic SPR biosensor to detect IL-1, IL-6, and TNF-a in BSA solution and
spiked cell culture medium and achieved a LOD at or below 1 ng/mL. However, such
sensitivity still fails to meet the clinical requirements. A recent theoretic study suggests that
optimization of the intrinsic properties of SPR would further improve the sensitivity [77].
Improving the optical characteristics of the metal thin film, or altering the dielectric
surroundings may provide the desirable result. It has been reported that the use of a
multilayer thin film consisting of noble and ferromagnetic metals (Au/Co/Au) yields a four-
fold sensitivity enhancement over conventional SPR biosensors [78]. Long-range surface
plasmon resonance (LR-SPR) sensors have also displayed a significantly improved
sensitivity of approximately 2.5 x 1078 RIU (~40 fM in terms of concentration) [79].

Recent advances in nanomaterials and nanofabrication have brought LSPR-based plasmonic
biosensing technologies that show great promise in providing fast, real-time label-free
detection of biological species[72, 80, 81]. The highly localized confinement of a strong EM
field in the LSPR effect generates an evanescence field in the near field of a metal
nanostructure. Functionalization of such a metal nanostructure with receptors allows for
forming a nanoscale LSPR biosensor. The evanescent field surrounding the LSPR biosensor
can be directly excited by an EM illumination using free space optics. This eliminates the
need for bulky optics for EM coupling required for SPR biosensing. As a direct
consequence, biomolecules attached to the nanoparticle surface occupy a space covering a
larger fraction of the volume of the evanescent-field, potentially yielding high sensitivity
that allows for detection of tiny biomolecules in a low amount. Owing to the extremely
small size scale and the ease of signal acquisition, the LSPR-based biosensing is highly
desirable for sensor miniaturization, integration, and multiplexing.

Huang et al. [82] demonstrated, for the first time, using silver nanoparticles as optical LSPR
biosensors to detect TNF-a molecules at a single molecular level with unprecedentedly high
selectivity. But such excellent sensing performance comes with a long analysis time required
for the analyte binding event to reach equilibrium. This makes it undesirable to implement
such an assay for rapid immune diagnosis with high statistical accuracy. By integrating the
LSPR biosensors with fiber optics, Chiang et al. and Huang et al. detected IL-13 and TNF-a
at tens of pg/mL within less than 10 mins [83, 84]. However, these sensors need to dip the
fiber probe into a large volume of sample for detection, making the implementation of such
sensors for clinical application impractical. In addition, the coupled fiber-optics were highly
sensitive to the bulk refractive index change and resulted in error and poor assay
repeatability in measuring cytokines in a complex clinical medium. More recently, Chen et
al. [85] developed a LSPR biosensing device using micropatterned gold nanorod arrays and
demonstrated parallel multiplexed serum cytokine detection under a condition simulating a
real clinical setting. Instead of using individual nanoparticles as sensing elements, the
researchers patterned an ensemble of isolated gold nanorods into microarrays and
functionalized them with antibodies. The gold nanorod LSPR biosensor microarrays allowed
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for high-throughput analysis of six cytokine biomarkers in a 1uL sample of serum at
concentration ranging from 10 — 10,000 pg/mL within 40 minutes. So far, the biosensor
developed by these researchers shows the highest multiplexing capability across all the
devices reviewed here.

2.7 Comparative label-free cytokine biosensor performances and theoretical limits

A most common approach to rapid immune status monitoring required in systemic
inflammatory disorder diagnosis involves detection of cytokines in serum extracted from
centrifuged blood. The use of purified cytokines in phosphate-buffered saline (PBS) solution
rather serves the purpose of demonstrating and/or calibrating biosensors. Cytokine detection
coupled with cell culture is more relevant to functional analysis of immune cells in the post
pro-inflammatory phase. Fig. 2 compares the sensitivity and speed of label-free cytokine
biosensors used in serum or buffer solution together with theoretical sensor performance
predictions following the modeling approach described below. Detailed specifications of
these biosensors are provided in Table 1. Ideal cytokine detection in the common critical
care setting needs to meet stringent requirements, such as sensitivity reaching the 10 pg/mL
level [24] and speed permitting analyte analysis with a sampling-to-answer time < 30 min,
which is estimated accounting for the fact that the immune status could change within a few
hours, while holding multiplexing power to detect a wide variety of cytokine species in
serum. Sample-sparing capability is desirable for these biosensors but may not be so critical
as the other metrics unless the analysis targets children and infants. Our comparative study
reveals that biosensors based on electrochemical and LSPR plasmonic detection schemes are
close to meet the clinical requirements. The performances of the mechanical and optical
biosensors are still far from meeting these requirements. Their sensitivity needs to improve
by more than two orders of magnitude for cytokine detection.

There are primarily three factors determining the theoretical limit of detection and speed of a
biosensing system: (1) inherent biosensor sensitivity towards analyte binding events; (2)
sample delivery; and (3) affinity between target analytes and receptors [92]. For example, an
optical resonator biosensor exhibits high sensitivity to a small amount of molecules due to
the high Q value, which eliminates the need for a large sensing area. In contrast, the sensing
area of an SPR-based plasmonic biosensor is much larger, which leads to more capacity to
capture target analytes. But the SPR sensor requires a larger number of molecules bounded
on its surface for sufficient signal acquisition because of its poorer inherent sensitivity. To
fully predict sensing performance across different types of biosensors, one must understand
the detailed microscopic view of micro/nanoscale analyte-sensor interactions involving mass
transport and analyte reaction kinetics.

The theoretical limit of detection (LOD) can be estimated by knowing the available binding
site on the sensor surface (By), the minimum number of detectable molecules (N_op), and
the equilibrium dissociation constant (Kp) of the specific analyte/antibody pair. By coupling
those parameters with first-order Langmuir Kinetics, the total number of surface-bound
molecules (Bgg) at steady state as well as the corresponding LOD are given by
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Assuming that the receptor molecules have the same surface coverage density regardless of
the sensor material, the relation shown in equation (2) allows us to calculate the LOD as a
function of By/N|_ op, which is equivalent to the surface area divided by the minimum
detectable number of surface-bound analyte molecules for a given value of Kp. (Fig. 3).
Although it difficult to use this relation to predict the LOD of a particular biosensor because
of the inability to precisely determine most of the parameters described here, it still provides
insight into how the LOD could be improved for the sensor.

Biosensors normally operate between binding kinetics-limited and mass-transport-limited
regimes [92]. In mass-transport-limited regime, the analyte biding events take place at a very
high rate, and the physics determining the sensor performance is the diffusion and
convection of sample fluid. The kinetics-limited regime emerges when the surface binding
reaction is very slow. Here, we can estimate the assay time required for a low-concentration
sample from the time required for the analyte surface binding kinetics to reach equilibrium.
In the transient process before the system reaches its equilibrium state, an analyte depletion
zone evolves near the sensor surface, which leads to a competition between reaction and
diffusion. Accounting for the reaction-diffusion competition, the time constant (i.e., time
scale) required for the analyte binding event to reach equilibrium zis given by

T:(koﬁ—i—cokzon)_l = 7, for thereaction- limited regime (Da < 1) (3)

7=Da - 7, for the diffusion- limited regime (Da > 1) (4

where p, — honxbm +L is Damkohler number, which is an important index to evaluate whether
the system is reaction-limited or diffusion-limited, ko (Kot ) is the association (dissociation)
rate for a specific analyte-receptor pair, by, is the surface binding site density, L is the length
of the sensor parallel to the flow, D is the diffusion constant of the analyte, F is the
dimensionless collection flux which is determined by Peclet number and the sensor
geometry as described in reference [92].

Since the binding affinity of cytokines towards their receptors is usually weak (Kp ~ 107° —
10~10Mm), cytokine biosensors are primarily operated in the reaction-limit regime. According
to equation (3), zis primarily determined by the binding affinity and concentration of the
analyte. If the data acquisition takes place after the signal reaches the plateau, the theoretical
assay time is equal to z It is still possible to set a fixed assay time shorter than the
equilibrium time and to only measure the binding rate from a transient data curve while
sacrificing the sensor sensitivity.
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3 Microfluidics-based cytokine immunoassay

3.1 microfluidic sensor integration and miniaturization: label-free biosensing enabler

Modern advances in microfabrication technologies have driven an increasing number of
studies to integrate biosensors in a microfluidic platform with sophisticated on-chip fluidic
channels, chamber, and valves. What is the motivation of such efforts? The microfluidic
environment creates a short sample-to-sensor distance positioning analyte molecules in close
proximity to receptors on the sensor surface. It reduces the time required for the molecules
to reach the sensor receptors by diffusion. The small volume of the microfluidic
environment generates strong convection at a small sample flow rate. The coupling of
diffusion and convection in the microfluidic volume enhances analyte transport, and
therefore resulting in efficient sample delivery and sample sparing capabilities for cytokine
analysis [96]. In addition, integration of biosensors in a microfluidic platform allows analyte
detection to be coupled with several advantageous functions leading to highly efficient
sample purification, reagent loading, parallel signal reading, and multiplexed analyte
detection. One can find studies synergistically coupling microfluidic integration and
miniaturization with label-free biosensing (Fig. 4)

Eliminating the use of labels in assays makes label-free biosensing methods susceptible to
false positives resulting from non-specific binding of background biomolecules. This
becomes a serious issue for assays involving complex physiological fluidic samples.
However, microfluidic integration of label-free biosensors could provide a way to mitigate
this problem. For example, Stern et al. [35] demonstrated label-free detection of cancer
biomarkers in whole blood using silicon nanoribbon-structured FET biosensors integrated in
a microfluidic chip. As described in Section 2.4, operation in a purified buffer solution is
highly desirable for reliable operation of FET nano-biosensors. The microfluidic system that
the researchers used for their study incorporates a mechanism that first captures the
biomarkers from a blood sample loaded to the chip and subsequently releases the analayte
molecules by photocleavage of crosslinkers after washing the sample (Fig. 4a). A similar
microfluidic analyte purification approach could be also employed for label-free cytokine
FET-based biosensing to obtain desirable sensitivity and specificity.

Label-free biosensor integration provides another significant advantage. Recent studies [38,
85] reviewed above have reported that integration of multi-arrayed label-free optical
biosensors in a microfluidic system enables researchers to perform parallel detection of
multiple cytokine species (Fig. 4b and Fig. 4c). In this case, the whole chip system may
incorporate microfluidic detection channel arrays, each integrating optical biosensors
constructed in an array form, and allow for high-throughput, duplicated, multiplexed
measurements of cytokines in a small-volume sample solution. The parallel analyte
detection capability enables researchers to probe the complex dynamics of the immune
system by simultaneously monitoring the time-course concentration variations of different
cytokine species. The high-throughput, duplicated measurements can obtain much
information from a single sample with a large set of data. The large data set enables analysis
with a high level of statistical confidence while reducing false-positive readouts resulting
from assay noise.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 17

3.2 label-free microfluidic cytokine secretion assay: potential key to rapid, comprehensive
immunofunctional analysis

Cytokine secretion assay provides an approach to probing the immune response during the
anti-inflammatory phase occurring after systemic inflammation. Involving immune cell
isolation, stimulation, and culture, followed by detection of cell-secreted cytokines, this
assay offers a comprehensive picture of immunity based on cellular functional phenotypes.
At the laboratory level, researchers usually employ enzyme-linked immunosorbent spot
(ELISpot) [97, 98] to quantify extracellular cytokine production as the standard technique.
Despite its multiplexing power and high sensitivity (~1 pg/mL), the need for the multi-step
procedure makes this method highly laborious and time-consuming (~3 days), normally
prohibiting its utility in rapid immune status monitoring for prognostic purposes in clinical
care. Measurement of cytokines in cell culture medium using label-free biosensors holds
potential to simplify and accelerate the assay procedure of this method. Once the anti-
inflammatory condition is identified, the host’s immune activity could be restored to its
normal status by using immune enhancing agents, such as granulocyte colony-stimulating
factor (GM-CSF), to prevent secondary infection leading to mortality. Indeed, cytokine
secretion assay is a good example that would enjoy technological merits brought by
synergistic integration of label-free biosensors in a microfluidic platform.

Specifically, biosensing can be performed together with on-chip isolation and confinement
of cells of interest under a microfluidic environment. Studies by Revzin’s group well
illustrate these merits. The group integrated the apatmer-based amperometric sensing
biosensors described in Section 2.4 in close vicinity to immune cells (e.g, CD4 cells and
monocytes) trapped within a microfluidic chamber. Using this approach, they demonstrated
continuous monitoring of cellular IFN-y and TNF-a secretion [99, 100] and simultaneously
detected cell-secreted IFN-y and TNF-a in a multiplexed configuration [101, 102].

Fig. 5 shows several examples of integrated microfluidics enabling on-chip cell isolation,
enrichment and confinement to achieve cell-based cytokine secretion assay. Huang et al.
[103] developed a microfluidic immunophenotying assay (MIPA) device incorporating a
surface-micromachined porous PDMS micromembrane for THP-1 (human monocytic cell
line) cells trapping and enrichment (Fig. 5a). The transparent PDMS micromembrane
provides optical access that enables on-chip cell enumeration to analyze the population of
the trapped cells. The authors then used this platform to perform in-situ cell endotoxin
stimulation, cell culture, and cytokine secretion measurement using a homogenous
immunoassay technique. The same research group extended a similar microfluidic approach
to label-free cytokine secretion assay using immune cell subpopulations isolated from whole
blood (Fig. 5b) [104]. In this study, 15 pm-diameter polystyrene microbeads specifically
conjugated with CD45 immune cells were mechanically trapped by high-density PDMS
micropillar arrays in a microfluidic chamber.

Gao et al. [105] developed a microfluidic device with a vacuum-actuatable PDMS valve
structure that creates an enclosed microenvironment for CD4 T-cell incubation and label-
free detection of cell-secreted cytokines. With the PDMS valve opened, cell-secreted
cytokines diffused and became bound to aptamers immobilized on an electrode at the center
of the chamber (Fig. 5c). A similar microfluidic design was also be utilized by the same
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group for continuous monitoring of both IFN-y and TNF-a secreted by T-cells [101] and of
intercellular communications (Fig. 5d) [100]. In the latter experiment, they created two
serially connected microfluidic chambers, each providing an enclosed microenvironment.
The upstream chamber contained mitogen-activated monocytes while the downstream
chamber had quiescent monocytes. Once TNF-a secreted by the upstream monocytes
accumulated to an adequate level, the PDMS valve structure was opened to allow TNF-a
diffusion, which activate downstream quiescent monocytes for TNF-a secretion.

The physical confinement of cells in an enclosed microenvironment is particularly
advantageous for label-free biosensing with limited sensitivity. The small volume of the
microenvironment results in enhanced concentration of cell-secreted cytokines. This
effectively compensates for the biosensor sensitivity. Continuous monitoring of cellular
cytokine secretion enabled by label-free biosensors integrated in a microfluidic system allow
for measuring the cytokine secretion rate of confined cells. The measured cytokine secretion
rate may serve as another important indicator of immune activity and facilitate development
of a predictive model showing how the immune system will respond to secondary infection.
Extracting the secretion rate from the initial slope of the cytokine production curve could
eliminate the need for a long incubation time to analyze the cellular immune response

4 Current challenges and future directions

Our review reveals several challenges facing the current label-free biosensors towards their
full translation to critical care based on personalized medicine. First, simultaneously
achieving sufficient sensitivity and speed poses a significant challenge.

Fig. 2 indicates that a majority of the current label-free biosensors requires assay time at
least 30—60 min for the analyte concentration of a few pg/mL. Such characteristic is
governed by the analyte diffusion, association, and dissociation rates based on Langmuir
isotherm across all the sensing modalities reviewed. It is not feasible to achieve a more rapid
measurement than predicted by theory while maintaining relatively high sensitivity in the
diffusion-based sensing scheme. However, the theoretical upper bound for sensor speed
could be pushed down by exerting external forces (i.e. shear flow [106] and electrokinetic
force [107]) to reduce the analyte depletion zone near the sensor surface. This approach
favors biosensors with extraordinary miniaturization capability, which can be readily
integrated with micro/nano sized fluidic channels and electrodes. Benefiting from modern
nanotechnology and nanomanufacturing, nanowire FET and nanoplasmonic LSPR
biosensors fit right into this category. Successful integration of nano-engineered biosensors
in a microfluidic platform could improve the speed of sensor response after sample loading
and provide other capabilities, including upstream on-chip sample preparation, fine
controlled sample handling and sparing, and multiplexed analyte detection. The increased
sensing speed can significantly shorten the overall assay time especially for measurements
requiring immediate answers in the clinical setting discussed in this review.

Our review also finds that another possible approach to achieve a rapid turn-around assay is
to continuously monitor the label-free biosensor response upon analyte binding for an
arbitrarily determined assay duration (i.e. <5 min) during which the sensor system never
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reaches binding equilibrium. The analyte concentration may be measured from the initial
slope of the sensor response curve upon sample introduction [38]. This methodology
sacrifices the sensor dynamic range at lower concentrations where the sensor response
cannot be clearly observed in such a short period of time. The initial sensor response
detection under the non-equilibrium low-concentration state would require ultra-sensitive
biosensors that optimally afford single- molecular detection in real time. As illustrated in
section 2.7 and Fig. 3, the surface binding sites (B;,) and the minimum detectable sensor
response upon analyte binding (N oq) determines the sensitivity of label-free biosensors.
The former (By,) is mainly dependent on the antibody density and the sensor surface-to-
volume ratio. The latter (N oq) relies mostly on the intrinsic properties of the sensor, which
are severely affected by the non-specific interactions especially for sensor operation in a
complex clinical sample. However, we find that recent progress on biochemistry [108] has
been made to develop reliable schemes for molecular immaobilization yielding increased
antibody surface coverage density. Proper surface biofunctionalization can also lead to
enhanced sensitivity by reducing background noise due to non-specific interactions of the
biomolecules. Together with this, novel nanofabrication and nanomaterial patterning
techniques may produce nanosturctured surfaces with rough inhomogenous features [109],
self-assembly monolayer [108], or, parallelly patterned nanosensors [85]. These
nanostructured surfaces will further enhance the sensitivity of label-free biosensors based on
any transduction modality with a high surface-to-volume ratio.

Besides the intrinsic properties of the sensor itself, the antigen-antibody binding affinity is
another factor that limits the label-free biosensor performance as shown in Eq. 2 and Fig. 3.
Generally, the equilibrium dissociation constants of cytokine-antibody complexes fall in the
range between 10710 M to 1079 M, which keeps the LOD of most of the current label-free
biosensors above the pg/mL level for cytokine detection. Thus, replacing the current
antibodies with new species showing higher binding affinity and specificity could gear up
the label-free biosensors towards a new level of sensing performance meeting clinical needs.

The second challenge lies in realizing multiplexing capability for label-free biosensors
without increasing complexity in their operations. Continued progress in fundamental
clinical discovery and patient care critically hinges on the availability of specific, reliable
assay systems capable of multiplexed detection from a single sample [110-112]. Modern
clinical treatments require techniques that can screen multiple protein biomarkers in order to
accurately diagnose patients’ diseased conditions. For example, cytokines secreted by T-
cells, such as TNF-a, IFN-v, IL-6, IL-10, and so forth are known to correlate with positive
or negative disease outcomes [113]. Thus, development of a reliable multiplexed biosensing
technique permitting simultaneous detection of these cytokines is needed to provide
discriminating power for diagnostic methods based on immune cell function analysis. This
principle also applies to personalized treatments of systemic inflammatory disorders. Yet,
only a handful of studies reviewed here have addressed this challenge so far. Optical and
plasmonic biosensors appear to be the most promising candidate to achieve high
multiplexity when their detection schemes are based on easy-to-implement free space optics
requiring no waveguide- or prism-based light coupling. High-multiplexity detection would
become more challenging for electrochemical biosensors. Future research needs to develop
methods to integrate arrayed structures of these sensors with a large number of electrodes
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and wires on a single platform for signal reading. A similar challenge will arise for system
integration of mechanical biosensors to achieve multiplexed detection whether their signal
reading employs an optical or mechanical method. Once these challenges are properly
addressed with development of low-cost device packaging schemes and user-friendly signal-
reading instruments, these label-free biosensors would undoubtedly become much more
powerful diagnostic platforms in terms of sample handling, throughput, speed, and cost
effectiveness as compared to the conventional ELISA method, which will surely facilitate
the wider use of such biosensors for future immune monitoring.

5 Conclusions

In this review, we have performed a comparative study with the aim to answer the following
question: Do label-free biosensors enable personalized immunomodulatory therapy for
systemic inflammatory diseases? The original rationale for our study of these biosensors is
that the less laborious nature of assays employing label-free biosensors would have the
potential to bring rapid cytokine-based immune status monitoring capabilities to the therapy.
Real-time monitoring of the time-varying condition of the immune system may allow for
tailoring the delivery of anti-cytokine drugs to the afflicted host with a clear picture of the
cytokine-mediated immune response. Of course, the answer to the key question above is
different for each device. Among those reviewed so far, biosensors based on FET nanowires
and LSPR metallic nanoparticles show the greatest promise to meet the criteria with their
practicality and device features simultaneously achieving the sensitivity and speed. But a
majority of reported biosensors would still find difficulty with meeting the stringent
requirements. It remains to be seen whether some of their existing shortcomings, such as
insufficient response speed, low sensitivity, lack of multiplexed detection capability, and
susceptivity to background noise in a complex physiological fluid, will be overcome or
whether the technology will become mature and make the devices user-friendly enough to
be adopted in a real clinical setting. We find potential solutions to these problems in
microfluidic biosensor integration, readily implementable sensor signal acquisition (e.g.
CMOS-compatible electronic signal reading and free space optics-based detection), sensor
surface nanoengineering, and high-affinity receptor design. Furthermore, the integration of
biosensors in a microfluidic platform significantly facilities cell-based immunofunctional
analysis based on cytokine secretion assay. Rapid analysis of the cytokine secretion
behaviors of immune cell subpopulations may provide the means to predict the immune
response of a host in a comprehensive and timely manner. While there are still many
challenges lying ahead, we believe that the continued development of label-free biosensing
technology will provide a powerful tool for immune status monitoring and pave the way to
personalized medicine treating systemic inflammatory disorders in the future.
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Fig. 1.
Concept of personalized immunomodulatory therapy for systemic inflammatory disease

enabled by rapid cytokine-based immune status monitoring. This concept is analogous to
feedback-loop system control theory used in system engineering that controls the behavior
of a dynamical system with an input.
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Fig. 2.
Regime map showing sensitivity versus assay time for different types of label-free

biosensors. The term of “sensitivity” refers to limit of detection (LOD) in pg/mL. The top
panels show the schematics of the sensor types. The color of each panel frame and of each
circled area of data points in the regime map identifies the same corresponding sensor type
shown above the panel. The black dashed lines show the theoretical limits of sensitivity and
assay time based on antibody-analyte binding kinetics. (left dashed line: lower bounds for
LOD and assay time in the analyte binding reaction-limited regime at Da<1; right dashed
line: lower bounds for LOD and assay time in the analyte diffusion-limited regime at
Da>10.) The light blue region shows the biosensor performance needed for acute
inflammatory cytokine secretion measurement to serve timely personalized anti-cytokine
drug delivery. FET nanowire, EIS, and LSPR biosensors exhibit sensitivity and assay time
approaching the desirable levels. Note that the FET nanowire biosensors in ref. [52] and [53]
(marked with stars * in the figure) show exceptional sensitivity and assay time beyond the
theoretical limit. The underlying mechanisms are unclear. An analyte mass of 15 kDa was
used to convert the sensitivity unit from grams per milliliter to molar concentration. The
assay time was determined assuming ko, = 1078 M~1.sec™1and kot = 1073 sec™?,
respectively. The top panel figures are reproduced from [86] (FET nanowire), [87]
(microcantilever), [88] (ring resonator), [89] (impedance) and [85] (LSPR) with permission.
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Fig. 3.

Calculated molecular limit of detection as a function of detectable binding ratio for label-
free biosensors based on Langmuir isotherm. The detectable binding ratio is defined by the
total available binding sites (B, divided by the minimum numbers of detectable bound
molecular (N,oq). The grey region shows the LOD of the label-free biosensors estimated
based on the values of dissociate constant (Kp) from commonly used cytokine antibodies in
literature [74, 93-95].
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Fig. 4.
Microfluidic integration of label-free biosensors enabling on-chip upstream sample

preparation and multiplexed cytokine detection. a. Processes of selectively purifying target
biomarker proteins from a whole blood sample using a microfluidic device with capture
antibodies immobilized to the device via photocleavable linkers. Reproduced from [35] with
permission. Upper left: The valve (red arrow) is open to the waste channel of the empty
device before sample loading. Upper right: The antibodies immobilized by the
photocleavable linkers selectively capture biomarker proteins from the loaded sample, which
is followed by a washing process. Lower left: Ultraviolet irradiation releases the captured
proteins with the valve closed. Lower right: The valve is open to the downstream chamber
with label-free electrochemical biosensor arrays, and the proteins are detected. b.
Multiplexed cytokine detection using silicon microring resonator arrays integrated in a
microfluidic system. Reproduced from [38] with permission. ¢c. Multiplexed cytokine
detection on a LSPR biosensor-arrayed microfluidic chip. Reproduced from [85] with
permission. The microfluidic integration of label-free biosensors in b and ¢ enables
massively parallel analysis of multiple cytokine analytes in a rapid manner.
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Fig. 5.

Integrated microfluidics enabling on-chip cell isolation, enrichment and confinement to
achieve cell-based cytokine secretion assay. a. Schematic of a microfluidic
immunophenotying assay (MIPA) device with a PDMS micromembrane to achieve on-chip
isolation and enrichment of THP-1 cells. Reproduced from [103] with permission. b. A
microfluidic platform to achieve label-free cytokine secretion assay using an integrated
LSPR biosensor. Endotoxin-stimulated target white blood cells are conjugated by
microbeads and mechanically trapped by micropillar arrays of the device for their cytokine
secretion analysis. Reproduced from [104] with permission. c. A microfluidic device with a
PDMS valve structure actuated by a vacuum pump for cell incubation and electrochemical
detection of cell-secreted cytokines in an enclosed microenvironment. Reproduced from
[105] with permission. The time-variation amperometric signal plot for IFN-y detection
shows that the microfluidic device can continuously monitor cellular cytokine secretion
dynamics. Reproduced from [101] with permission. d. A similar microfluidic device with
upstream and downstream microchambers is used to study cytokine-mediated cellular
communications. Reproduced from [100] with permission.
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