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Cytokine biosensors: the future of
infectious disease diagnosis?
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“…novel technologies will open new avenues in cytokine
analysis, for example, by enabling sensitive, single cell level
detection of multiple cytokines or by revealing dynamics of
cytokine release over time.”
Why detect cytokines?
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Blood carries evidence of infections, making blood analysis the first and often the
best means of diagnosis. The evidence
of infections is stored within memory
immune cells that arise during cellular
immune response and remain ‘on file’
in case disease reappears at a later time.
Hypothetically, all infections eliciting
cellular immunity leave behind disease
(antigen)-specific T- and B-lymphocytes.
These cells may therefore be queried to test
for previous exposure to infections. The
presence of disease-specific lymphocytes
is most frequently determined by monitoring production of cytokines – small signaling proteins released by immune cells
in response to antigenic stimulation. The
best example of this concept is monitoring
IFN-γ for diagnosis of tuberculosis (TB).
The methods for direct detection of
TB are either time consuming, as is the
case with sputum cultures, or expensive,
as is the case with x-rays. Therefore, the
field relies on indirect measurement of
antigenic responses in skin or blood to
quickly diagnose latent TB and identify candidates for further analysis. The
blood tests, called IFN-γ release assays,
are measuring response of antigen-stimulated T cells and are gradually supplanting the traditional tuberculin skin test [1] .
IFN-γ release assays are more quantitative
and faster than tuberculin skin test, and
importantly, are less likely to yield false
positive results in individuals vaccinated
with Bacille Calmette–Guerin. Beyond

detection of IFN-γ, there is a strong
interest in profiling other cytokines to
discriminate between active and latent
stages of TB [2–4] . For example, recent
studies have suggested that TNF-α secretion by CD4 + T cells can be used to discriminate active and latent TB [3] . Given
the ease of access, disease diagnosis based
on blood biomarkers such as cytokines is
appealing for diseases other than TB. For
example, granulocyte-colony stimulating
factor and IL-8 were shown to be possible
biomarkers of bacteremic pneumonia in
acute pneumonia diagnosis. Both of these
cytokines are responsible for enhancing
the antibacterial activity of neutrophils [5] .
In the case of viral infection, multiple
studies have described cytokines as correlates
of HIV progression or suppression [6] . In
these studies, presence of Th1 cytokines,
IFN-γ and IL-2 was associated with
suppression of HIV and was observed in
long-term nonprogressors, whereas Th2
cytokines were associated with rapid disease
progression. Monitoring the dynamics of
proinflammatory and anti-inflammatory
cytokines may also be important for
cytokine-interference therapy for HIV
infection, assisting in lowering the viral setpoint in patients [7] . For parasite infection,
cytokines also have an appreciable impact:
the polarization to Th2 response in severe
malaria infection usually results in higher
serum levels of TNF-α in conjunction with
lower IL-12 and IFN-γ levels. Therefore,
serum TNF-α level can assist in predicting
fatal outcomes [8] .
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What cytokine detection tools are available currently?

There are several powerful methods used for detection of
cytokines today, including real-time reverse-transcriptase PCR,
intracellular cytokine staining coupled with multiparameter
flow cytometry, and cytokine ELISA/enzyme-linked immunospot (ELISPOT) assay [9] . Of these approaches, reverse-transcriptase PCR is most sensitive as it amplifies minute quantities of cytokine mRNA; however, this approach requires skilled
labor, extensive laboratory infrastructure and expensive reagents.
Another commonly used cytokine detection assay is intracellular cytokine staining coupled with flow cytometry. Cytokine
secretion of stimulated cells is firstly blocked by inhibitors. Cells
are then fixed and permeated to allow the entering of labeled
antibodies to specifically recognize accumulated intracellular
cytokines. Although this method provides information that
matches cytokine production with specific cell phenotype, the
results may not accurately reflect the natural cytokine production
while the cells are alive. Moreover, this platform may be limited
in scenarios where downstream processing of cells is desired. Yet
another cytokine detection approach is single cell level ELISA,
called ELISPOT, where cells are seeded and stimulated on plates
coated with anticytokine antibodies. Once the cells are removed,
the signal is developed with an enzyme-conjugated secondary
antibody. This step reveals the presence of ‘cell footprints’ that
reflects the number of cytokine-secreting cells. ELISPOT has
been widely used for cytokine analysis in TB infection.
What are the new cytokine biosensors being
developed?

Biosensor is a term devised by bioanalytical chemists/bioengineers that describes an approach or device that converts a biological event (e.g., antigen binding) into a physical signal. A biosensor
is comprised of a biorecognition element (e.g., antibody), a transducer for signal generation and may also contain a cartridge for
sample processing and signal enhancement. The bioengineering
community has turned its attention to cytokine detection in the
past several years and is making interesting contributions on two
fronts: enhancing cytokine signal by miniaturizing volumes and
devising new biorecognition and signal transduction schemes.
Unlike cytokine levels in serum, where detection is only a function of the sensitivity and specificity of the assay, cellular release
of cytokines also depends on the assay design – for example, on
the volume into which cytokines are being produced. By keeping
the same number of cells but minimizing the volume, one can
amplify the signal by orders of magnitude. Small objects and
small volumes can be made with high precision and reproducibility using microfabrication approaches – a suite of processes
borrowed by bioengineers from semiconductor manufacturing
[10,11] . Building cell analysis platforms with micrometer-scale
dimensions allows isolating single cells for high-throughput
cell-by-cell analysis.
In a recent example of this concept, Heath and coworkers created a culture platform comprised of approximately 1000 compartments, each compartment being 3 nl in volume – large
enough to house from one to ten cells [12] . Each compartment
1080

also contained micrometer-scale stripes of antibodies for several
cytokines. This device was used to load CD8 T cells into the compartments and then detect multiple cytokines from single cells,
identifying heterogeneity of tumor-specific antigen responses in
this T-cell subset [12] .
In another interesting example of microfabrication technology
applied to cytokine detection, Love and colleagues have developed
a microengraving approach where wells large enough to house
single cells are molded into a silicone rubber sheet. After cell seeding, the microwells are covered with a glass slide, creating picolitre
volume compartments containing single cells. The surface of the
glass slide is precoated with anticytokine antibody and may be
immunostained to identify presence of the cytokines [13] .

“The bioengineering community has turned its

attention to cytokine detection in the past
several years and is making interesting
contributions on two fronts: enhancing cytokine
signal by miniaturizing volumes and devising new
biorecognition and signal transduction scheme.”
Our laboratory has used microarraying to print antibodies
against cell surface antigens adjacent to anticytokine antibodies.
These antibody microarrays were printed onto nonfouling hydrogel, encased inside a miniature flow cell called a microfluidic
device and then used to capture pure CD4 or CD8 cells as well
as several cytokines associated with each subset. Importantly, the
cell capture and cytokine sensing could be performed based on
an input of whole blood – that is, limited or no upstream blood
processing was required [14,15] .
What we have described so far are the efforts to redesign the
assay so as to decrease the volume of cytokine release assay and
to increase proximity of cytokine-producing cells to sensing
elements. These approaches do not alter the bottom line – the
need to use antibodies for cytokine detection. While sensitivity
and specificity of antibodies is unparalleled, the antibody-based
detection suffers from several limitations including the need
for multiple washing and labeling steps and lack of insight into
real-time dynamics of cellular release.
In light of these drawbacks, our laboratory has been pursuing
the use of aptamers for cytokine detection. Aptamers are nucleic
acids (either RNA or DNA) that are selected to bind specific target
molecules such as cytokines and have a number of advantages over
antibodies, including lower cost, chemical stability and potential
reusability [16] . Most importantly, aptamers can be engineered to
produce optically or electrochemically detectable signals upon binding to targets, allowing aptamer-based biosensors that are suitable for
real-time cytokine monitoring. In our laboratory, an IFN-γ aptamer
labeled with a primary fluorophore was engineered to form a beacon
with a complementary strand conjugated with a quenching fluorophore, using a Förster resonance energy transfer-based mechanism.
Upon introducing IFN-γ in solution, the IFN-γ will displace the
quencher strand, causing the fluorescence signal to increase [17] .
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In addition to the Förster resonance energy transfer-based optical
method, we have also demonstrated electrochemical biosensors for
IFN-γ and TNF-α detection. The aptamer molecules were designed
to hybridize into a hairpin structure, had a redox reporter molecule
attached on one end and were assembled on an electrode surface.
The binding of cytokines caused the hairpin structure to unfold and
resulted in decrease of electrical current detected at the electrode.
In line with the earlier discussion on miniaturization, devices were
designed such that aptamer-containing electrodes were located in the
immediate vicinity of small groups of T cells. Release of cytokines,
IFN-γ and TNF-α, was monitored continuously in near real time by
recording electrical signal from the electrode. This approach could
be used to detect cytokines released by as few as 15 cells, 20-min
postmitogenic stimulation and could be used to acquire hundreds
of cytokine data points over the course of hours [18,19] .
Moving forward, we envision that the use of cytokines as biomarkers of disease diagnosis or treatment will expand. Novel
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cytokine biosensors can help spur this trend by making cytokine
assays simpler and thus lowering the relatively high adaption
threshold of the current cytokine detection methods. In addition,
novel technologies will open new avenues in cytokine analysis,
for example, by enabling sensitive, single cell level detection of
multiple cytokines or by revealing dynamics of cytokine release
over time.
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