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Abstract

Cytokines are bioactive proteins produced by many different cells of the immune system. Due to
their role in different inflammatory disease states and maintaining homeostasis, there is enormous
clinical interest in the quantitation of cytokines. The typical standard methods for quantitation of
cytokines are immunoassay-based techniques including enzyme-linked immusorbent assays
(ELISA) and bead-based immunoassays read by either standard or modified flow cytometers. A
review of recent developments in analytical methods for measurements of cytokine proteins is
provided. This review briefly covers cytokine biology and the analysis challenges associated with
measurement of these biomarker proteins for understanding both health and disease. New
techniques applied to immunoassay-based assays are presented along with the uses of aptamers,
electrochemistry, mass spectrometry, optical resonator-based methods. Methods used for
elucidating the release of cytokines from single cells as well as in vivo collection methods are
described.
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1. Introduction

Cytokines and chemoattractant cytokines known as chemokines are highly localized soluble
signaling proteins produced by many cells of the immune system (neutrophils, monocytes,
macrophages, B-cells, and T-cells) to regulate immune responses [1-3]. These proteins are
widespread through mammals and interestingly, recently discovered in invertebrates [4, 5].
There are several different families of cytokine proteins and the number of identified
proteins continues to grow. For example the interleukin family is categorized in numerical
order (up to IL-38) and other families include those describing functional activity such as
the tumor necrosis family. Cytokines differ not only in their function, but also have a wide
variety of molecular weight ranges from approximately 6 to 70 kDa.
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Cytokines act as mediators and modulators within highly localized environments and
regulate immunological responses, hematopoietic development, and cell-to-cell
communication as well as host responses to infectious agents and inflammatory stimuli [6].
They interact with each other in complex ways that may be additive, synergistic or
antagonistic, or may involve the induction of one cytokine by another. Cytokines are
pleiotropic which refers to their ability to address multiple targets and physiological effects
as shown in Figure 1. The term cytokine redundancy is associated with cytokine pleiotropy
and is a common feature of some cytokines [7]. The physiological effects of cytokines often
depend on the relative concentrations of several cytokines [8]. This illustrates the
importance of recognizing that cytokines influence physiology via networks (Figure 1) [9,
10]. Furthermore, since cytokines work in networks, it is significantly important to be able
to measure multiple cytokines in a single sample. Some examples of cytokine properties and
analysis challenges combined with an overview of approaches aimed to meet these
challenges is provided in Figure 2.

Cytokine production is often transient and tightly regulated. Due to the high biological
activity of most cytokines, their homeostatic concentration in body fluids is low, e.g.
picomolar concentrations [11]. However, if required, the concentration of cytokines can
increase up to 1,000-fold. In healthy individuals, cytokines are either not detectable or
present at pg/mL concentrations in body fluid or tissues. Elevated concentrations of
cytokines indicate activation of cytokine pathways associated with inflammation or disease
progression [12]. For this reason, cytokine measurements are important as these proteins are
widely used as biomarkers to understand and predict disease progression and monitor the
effects of treatment [13]. Since cytokines are biomarkers of inflammatory-based diseases,
nearly every type of disease has involvement of cytokines as potential biomarkers. Some
recent representative reviews for these different diseases and the roles for cytokines are
provided here: Alloreactivity (rejection to clinical transplantation) [14, 15], Alzheimer’s
[16], asthma [17], atherosclerosis [18], colon cancer [19], cancer [20, 21], depression [22],
heart disease [23, 24], HIV [25], kidney injury [26], Parkinson’s disease [27], sepsis [28],
and rheumatoid arthritis [29]. As a result, understanding of the cytokine orchestra and its
regulation abnormalities in these diseases could ultimately lead to promising and specific
treatments for patients [30, 31].

1.1. Cytokine Soluble Receptors

Cytokine receptors may be both membrane-bound at the cell surface and soluble. Soluble
cytokine receptors regulate cytokine activity by functioning as either agonists or antagonists
of cytokine signaling. Soluble receptors are common for many cytokines as part of the
homeostatic process and prevents cytokine levels to approach what is known as a cytokine
storm,” also known as hypercytokinemia, an immune reaction with highly elevated levels of
various cytokines that can lead to death. A comprehensive, although dated, review of
cytokine soluble receptors is available [32]. Soluble receptors for cytokines include: sIL-1-
RI, sIL-1-RIl, sIL-2-Ra, sIL-2-Rp, sIL-4-R, sIL-6-Ra, sIL-6-Rp, sIL-7-R, sIL-9-R, s-mpl,
SLIF-R, sCNTF-R, sG-CSF-R, sECF-R, sTGF-B-R, sPDGF-R, sSNGF-R, sTNF-RI, sSTNF-
RII, sIFNa, and sIFNy. If the cytokine is bound to its soluble receptor in a biological sample
it typically cannot be quantified with an immunoassay-based measurement. This is
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important biological information to know about these proteins since if there is a significant
upregulation in these receptors, the absolute cytokine concentrations observed may be lower
than anticipated.

2. Standard Cytokine Assays

Accurate and sensitive methods for the measurement and detection of cytokines are an
obvious prerequisite for the study of cytokine biology, biochemistry, the possible
involvement of these molecules in pathology, and establishing the potency of cytokine
medicinal products intended for therapeutic use [33]. Therefore, cytokines are important
biomarkers to monitor the effect of drugs influencing the immune system or inflammation
[34]. Many standard assay procedures exist for measurement of cytokines from different
mammalian systems and have been reviewed [35]. Most analysts are familiar with
understanding the possible components within the sample matrix that may affect or interfere
with the measurement as being critical to measurement success. Some of these issues and a
brief discussion of the many common assays available for cytokine measurements are
provided below.

2.1 Commercially Available Assays — Bioassay, ELISA, ELISPOT/ FluoroSpot, and PCR

The common methods for detecting cytokines have been reviewed and include bioassays
[33, 34, 36, 37], ELISA methods, Enzyme Linked Immuno Spot Assays (ELISPOT) which
allow detection of cytokines from single cells [38-40] and indirect methods to determine
gene expression for cytokine production (PCR). The FluoroSpot assay is a modification of
the ELISPOT assay that uses a bound fluorophore instead of an enzyme reaction. These
assays are now available to measure two separate cytokines from the same cell by using
different anti-cytokine antibodies. ELISPOT is similar to ELISA in that cytokines produced
from individually sorted cells (typically performed on a cell sorter (flow cytometer) are
determined [41]. One of the advantages of this approach is that low frequency cells
producing cytokines can be quickly identified and sorted.

Bioassays determine active concentrations of cytokines by determining outcomes for
biological processes that are driven by cytokines. These processes include cellular
proliferation or production of other cytokines. While the length of time necessary to perform
most bioassays is a concern, a significant advantage of these assays is their ability to
discriminate active vs. inactive forms of cytokines [36, 37, 42]. A wide variety of
commercially available cytokine bioassays can be sourced for humans and mice, but much
fewer for rats and other species. However, when compared to the availability of ELISA Kits
and antibodies, there are far fewer bioassays available for cytokines.

ELISA platforms are widely available and used for quantifying cytokines. Most cytokine
ELISA measurements typically require approximately 100 pL of sample. With the increased
understanding that cytokines are part of an overall signaling network [9], there has been a
greater interest in assays that allow for detection of more than one cytokine or are
multiplexed in their analyte measurement capability. These multiplexed assays including
protein arrays and bead-based immunoassays are discussed in a separate section below.
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Polymerase chain reaction (PCR) methods for measuring the regulation of cytokine gene
expression are also commonly used for studies involving cytokines. This is a mature
technology for cytokine RNA expression measurements that more than two decades ago
allowed for measurements from as few as 20 cells. With improved technology for handling
picoliter sized volumes from advances in microfluidics [43, 44], instruments that can
perform PCR on a single cell are available and have been used for single-cell studies of
cytokine expression [45].

2.2. Multiplexed Based Immunoassays: Protein Arrays and Bead-Based

The physical release of soluble cytokines and other soluble released factors from cells has
now been “omed” and is called the secretome [46]. Elucidating the secretome or the
cytokine network as described above requires analysis tools that have multiplexing
capability. Significant advances in miniaturization, lithography, and fluidics have paved the
way for commercially available multiplexed assays for measuring cytokines. These assays
are briefly described below to allow the focus of this review to be on hew methods for
measuring cytokines.

2.2.1. Bead-Based Immunoassay—NMuicrosphere-based immunoassays that can be
monitored with flow cytometry platforms have been developed allowing highly sensitive
and multiplexed measurements of cytokines within low microliter volume samples [47-51].
These platforms incorporate sets of microspheres (~ 5 to 7 pm o0.d.) identifiable by the
concentration of fluorophores embedded into the beads that serve as the solid support for the
immunoassay. The flow cytometry system is capable of discriminating the fluorophore
intensity in the bead set as well as the mean fluorescence intensity (MFI) for the labeled
detection antibody (Figure 3) [52]. With high affinity antibodies and rapid reaction kinetics
in solution, microsphere-based multiplexed immunoassays for flow cytometry provide a
more rapid, specific and reproducible analysis method that has a three to four logarithmic
range of sensitivity compared with one to two logs for ELISAs [53].

2.2.2. Micropatterned Antibody Cytokine Arrays—Similar to the bead-based
immunoassays, there has been a tremendous interest in development of multiplexed protein
arrays. Antibodies have been patterned onto surfaces using photolithography and have
retained their activity [54]. This has led to the development of commercial arrays used for
cytokine detection that were able to detect 1-15 pg/mL of IFN-y, IL-1p, IL-2, IL-4, IL-6,
IL-12, IL-13, and TNF-a in 15 pL using a sandwich ELISA with Cy-5 streptavidin used as
the marker vs. biotinylated detection antibodies [55]. The use of antibody microarrays and
all the cytokines that have been detected with this technique has been extensively reviewed
[56].

A comparison between the competitive assay vs. sandwich assay approach for five
cytokines, IL-1B, MIP-1B, TGF-f1, TNF-a, and VEGF on a protein array was performed
[57]. If possible, competitive assays would be preferred since washing steps as well as the
assay time would be significantly reduced. It was found that a sandwich assay was preferred
as there was less variability observed. This was contributed to many factors one of which
includes the possibility of altered binding affinity for fluorescent-labeled cytokines.
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Chip- or slide-based protein arrays for cytokines both commercially available and created in
house by various researchers have seen wide application. These arrays have the capacity to
measure a few cytokines to more than 30 in a sample. Using protein microarrays, cytokines
have been detected from cell culture [58], wound fluids [59], dermal [60, 61] and pancreatic
fluid [61] and to determine the effectiveness of antiviral therapies [62]. Zajac et al.,
described a protein microarray for measurement of IL-1f, IL-6, IL-8, IL-13, MIP-1f, and
TNF-a using quantum dots [63]. Modified chips from a commercial vendor have been used
for measuring 80 cytokines from tear fluid [64].

2.3. Challenges and Validation

There are challenges associated with measurements of cytokines using protein microarrays
including quality control and necessary algorithms to transform the data into meaningful
clinical results [65]. For example, Wu and Grainger used different additives as a means to
stabilize the cytokine antibodies for human IL-1f, IL-4, and TNF-a spotted onto a
microarray [66]. With their approach, the chips were stable for 1 month at 4°C. Additional
concerns for multiplexed assays both on chips and bead-based have been raised regarding
quality control, low precision between assays, and general lack of reference methods [67].
Others have modified the surfaces to prevent non-specific adsorption using nonfouling
polymer brushes [68].

There has been a significant interest in the validation of these different types of assays.
Different studies have reported different outcomes for these kits. A common observation is
differences in absolute cytokine concentrations outputted for the same samples when
multiplexed kits are compared to standard ELISA measurements [50, 69, 70]. Others have
found issues between different kits with respect to the coefficient of variation and other
figures of merit [71, 72].

In a large international validation study, 12 laboratories located in four countries compared
many different immunoassay platforms for detection of human cytokines, IL-1 and IL-6
[73]. The different platforms included standard ELISA, Luminex bead-based assays (both
commercial and in-house created) and electro-chemiluminescence assays. In general, the
intra-laboratory comparisons were within expected ranges. There were large inter-laboratory
variations among the different platforms. The Luminex assays had the lowest inter-
laboratory reproducibility.

3. Precautions during data interpretation sample preparation, and quality

control

Whiteside has written many thorough articles describing many potential concerns with
different aspects of cytokine measurements [34, 74]. Typical points include issues of
protease degradation as well as activation of cytokine release due to the collection and
processing of samples. As proteins, cytokines can be degraded in biological samples due to
the presence of proteases. Other analytical concerns include sample handling and storage
stability especially with freeze-thaw cycles. As mentioned in Section 1, cytokines bound to
their soluble receptor are typically not quantified using immunoassay measurements.
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3.1. Sample Storage and other Sample Processing-Related Issues

With the increased use of biological therapeutics applied to diseases to affect an immune
response, e.g., cancer, multiple sclerosis, and rheumatoid arthritis, there is tremendous
interest in understanding how cytokine responses are modulated by these different
treatments. Thus, it is important to be able to compare cytokine concentrations across
multiple studies and from —80°C stored samples that may have been stored for years. Zhou
et al., have provided an overview of the many issues related to collection of samples that
will be quantified for cytokines as well as issues of storage since cytokines have a short half-
life and freeze-thaw cycles should be avoided [75]. In a recent study, Butterfield et al.,
reported several technical issues that were observed for cytokine analyses of healthy sera
and melanoma patients whose sera was measured within a few months of blood draw vs.
samples that were stored at —80°C for five years [76]. In this work, they investigated the
cytokines: IL-4, IL-6, IL-8, IL-10, TNF-a, IFN-y, GM-CSF. Important observations
included the following: 1) Interleukin-8, IL-8 (CXCLS8) increased four- to six-fold in old
patient samples. 2) MCP-1 (CCL2) increased four- to six-fold in new patient samples and
over ten-fold in healthy donor samples. 3) IL-10 was variable in different samples. These
observations were similar to those reported by de Jager, et al. [77]. In the work of de Jager,
et al., the effects of anticoagulants, long term storage, and freeze-thaw cycles were
investigated for human IL-1a, IL-B, IL-2, IL-4, IL-5, IL-6, IL-8 (CXCLS8), IL-10, IL-12,
IL-12, IL-15, IL-17, IL-18, TNF-a, and IFN-y. The studies from Butterfield et al. and de
Jager et al. also mentioned the instability of cytokines after incurring several freeze-thaw
cycles.

Gu et al., asked the question about repeated measures of cytokines and whether in some
cases these are reliable long-term biomarkers [78]. This is important as frequently only one
measurement of different cytokines will be used with no comparative measure. They tested
41 cytokines using the Luminex xMap system and found that only 16 of these 41 cytokine
biomarkers had sufficient sensitivity and reproducibility within sera samples. Others have
also asked similar questions with respect to the reliability of these different markers.
Clendenen tested the reliability of measurements from healthy and menopausal women two
years apart and found among 31 cytokines, cytokine soluble receptors, or growth factors that
22 were a reliable measurement [79].

The different variables that affect assays for cytokines have been reviewed including issues
regarding variability in standards [80, 81]. Other sample preparation problems have included
cytokine removal during albumin depletion steps [82] and protein/antibody interference of
mM alcohol concentrations [83].

4. Needs for New Assay Developments Beyond the Standard Techniques

Standard diagnostic measurements for cytokines require long incubation times and extensive
workflows. The significant diagnostic importance of cytokines has yielded humerous
transduction platforms for cytokine quantification. The rationale for creating specific sensors
to cytokines is that such quantitative information about these relevant biomarkers would add
significant value to clinicians to determine treatment course [84, 85]. The desire for point of
care measurements is primarily based on obtaining rapid answers while significantly
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reducing the personnel necessary to perform accepted antibody-based measurements
(ELISA or flow-cytometry-based assays). Several requirements are necessary for such
devices to ultimately replace the accepted diagnostic measurement systems that have
immunoassays as their base. The primary issue is that any sensor or method measure
proteins at clinically-relevant concentrations in the presence of many potential interferrents
from a biological sample. Another driving force is the desire to perhaps only run a few
samples at a time rather than full plates with immunoassays.

5. Immunoassay Improvements

Standard immunoassays for cytokines use detection antibodies that provide for colorimetric
detection using absorbance-based plate readers. Knowing that cytokine basal levels are near
or below pg/mL concentrations, there has been a great interest in extending the low limits of
detection for cytokine immunoassays into the fg/mL or lower levels. Using I-labeling with
multiphotons to increase sensitivity to fg/mL is one such example [86]. Different platforms
have been proposed for these purposes including use of bioluminescence and immunoPCR
methods that use the amplification of nucleic acids as a means to improve detection limits
(Figure 4). The use of electrochemiluminescence as a means to decrease detection limits is
discussed in the electrochemistry subsection of this review.

5.1. Bioluminescent Proteins

Bioluminenescent proteins are used as alternate labeling schemes since the light is produced
from a biochemical reaction and there is no background from autofluorescence [87]. The
photoprotein, aequorin, has been used for different cytokine mRNA analyses with PCR [88,
89]. Aequorin and derivatives have been engineered for use in cytokine immunoassays with
reported detection limits for IL-1B, IL-6, and IL-8 in the low pg/mL range [90].

5.2. Immuno-PCR

The incorporation of DNA strands into an analysis has been widely used for amplification
processes during detection of biomolecules and has been extensively reviewed [91]. There
are many different variations of using the concepts of adding DNA and amplifying the
signal using polymerase chain reaction (PCR) methods. Given the diversity of possibilities
to both ligate the nucleic acid sequence to an antibody combined with the variety of
transduction methods for nucleic acid amplification, it is not surprising that immuno-PCR
methods have a wide variety of methods and schemes reported in the literature [92].
Compared to standard ELISA methods, the immuno-PCR methods have been reported to
provide anywhere from 10-100,000 fold improvements in the limit of detection (LOD). In
general, these assays appear to have ranges of LOD between 1000 to 100,000 molecules (~
0.016 to 16 amol). For example, detection limits using an immuno-PCR method for TNF-a
quantification has reported detection limits in the 1-10 fg/mL range. While many different
variations of the immuno-PCR process have been summarized in the above-mentioned
review article [91], the most common methods for measurement of protein antigens include
coupling of single-stranded DNA to antibodies and performing a variety of amplification
methods described below.
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5.2.1. Rolling circle amplification—Rolling circle amplification (RCA) is a signal
amplification technique that has been applied to cytokine analysis [93]. Like many other
new techniques in cytokine assay development, RCA is aimed towards the capability of
detecting cytokine proteins on a microarray-based chip device. In this method, the detection
antibody to a specified cytokine antigen is biotinylated. Then, an additional antibody that
binds to the biotin-labeled detection antibody and has a specific oligonucleotide primer is
added to the detection well. Circular DNA that binds to this primer is then added with the
appropriate nucleotides and DNA polymerase. This process initiates the rolling-circle
amplification leading to a long DNA concatamer to which fluorescently-labeled
complementary oligonucleotide probes will bind.

In the studies by Schweitzer and colleagues, 75 different cytokines were tested in the RCA
platform [93]. A comprehensive comparison between the RCA platform vs. standard ELISA
was provided. The assay sensitivity for the RCA vs. ELISA was either equivalent or actually
higher (higher concentrations of the LOD as compared to ELISA). The same research group
also used this assay to detect the different cytokine kinetics after LPS and TNF-a induction
of Langerhans cells and dendritic cells.

5.2.2. BioBar Code—The bio-barcode amplification approach was originally conceived
by Mirkin’s research group and uses the concept of immobilizing short oligonucleotides
onto gold nanoparticles [94]. This approach allows for the amplification of signal to occur
via oligonucleotide binding processes without the need to perform PCR. For cytokine
detection, the method was modified to include the bio-barcode DNA into porous silica
nanoparticles to which a capture antibody to the protein antigen has been immobilized. A
second amine modified nanoparticle has a secondary antibody attached to it to allow for
capture of the entire complex of the protein and the associated silica particle. This is then
removed from the sample using a magnet and the resulting excess bio-barcode
oligonucleotide strands are released to attach to complementary oligonucleotides on Au
nanoparticles. This has been demonstrated for use with interleukin-2 in serum samples. A
semi-log response was obtained in buffer solutions for IL-2, but became nonlinear when
applied to human serum samples suggesting either antibody cross reactivity or other non-
specific binding issues. Detection limits of 30 aM (10718 M) or 0.45 fg/mL for IL-2 were
reported [95, 96].

5.2.3. Proximity Ligation—In this PCR-based method, two separate antibodies are
prepared with oligonucleotide chains [97]. When these antibodies bind to the antigen, this
allows the oligonucleotide chains to be close enough together to perform a ligation and
amplification procedure. This method has been used for detection of IL-2, IL-4, PDGF-BB,
and VEGEF. In their original paper describing this method for cytokine analysis, the authors
demonstrated sensitivity down to approximately 10718 M or 0.015 fg/mL for each of the
proteins listed above in 1 uL samples [98]. This method has been improved by using dual
fluorophore readouts [99] and by adding additional probes [100].
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6 Antibody-Based Flow Assays

6.1. Immunochemistry-based Liquid Chromatographic Separations

In an attempt to overcome many of the limitations of standard immunoassays including:
long preparation times (8-24 hrs), measurement of only one analyte at a time, and potential
cross reactivity of antibodies, separations-based methods that could increase throughput as
well as allow for more than one analyte to be quantified (multiplexing) have been described
for many different proteins [101]. One reported immunochromatographic method for
cytokines described the separation of granulocyte colony stimulating factor (GCSF) from its
pegylated form [102]. Pegylated cytokines are commonly used in pharmaceutical-based
immunotherapy as a means to increase half-life.

Schnek, et al. created an immunochromatographic method for IL-4 [11]. The detection limit
was 50 pM for a 20 pL injection (750 pg/mL for ~ 15 kDa IL-4) of standards and 500 pM
for IL-4 in cell culture medium. Liquid chromatography with different types of column
chemistries was applied to separate cytokines. Separated cytokines were passed into a
reactor to which fluorescently-labeled antibodies were added. Excess antibody was removed
via a cytokine-immobilized column allowing only complexes of the cytokine bound to the
fluorescently-labeled Ab to be quantified. The assay was influenced by solvent ionic
strength as salt content of greater than 165 mM diminished the response. Reaction times
were optimized to approximately a minute in the outflowing reactor. Interestingly, mobile
phases that contained methanol linearly decreased the detection output for IL-4 from 0 to 80
viv% methanol. At 80% (v/v) of methanol there was no response. Different retention
behavior for the cytokines IL-2, IL-10, and IL-12 that could not be predicted based on
cytokine molecular weight was reported.

Variants of interferon-a (IFN-a) have been used as biological therapy for various diseases
including hepatitis B and C, melanoma, and leukemia. Using immobilized antibodies in a
capillary column, Chaves, and Queiroz, immobilized antibodies against the variant, IFN-a,,
in a capillary tube to capture the therapeutic target. Captured protein was then quantified
using LC-fluorescence methods. The detection range was 0.006 million international units
(MIU)/mL (~ 120 ng/mL) to 3 MIU/mL International units are preferred as a means to
standardize activity levels across manufacturers for this therapeutic product [103]. The
World Health Organization states that 11,000 IU can be made using 220 ng of IFN-a.

6.2. Capillary Electrophoresis/Immunochemistry-based Separations

Capillary electrophoretic immunoaffinity chromatography has been described for cytokine
measurements. In this technique, capture antibodies are immobilized into the fused silica
capillary or onto a chip-based device (Figure 5). The cytokines are then labeled with a
fluorescent dye. In the initial report of this work, cytokines are captured and then released
via acidic wash separated using the capillary electrophoresis and detected using laser
induced fluorescence (LIF) [104]. This work was then extended to using a recycling method
with antibodies for 30 separate analytes immobilized onto glass beads. The reported

1http://vaw.nibsc.org/documents/ifu/94—784.pdf
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detection limits were in the pg/mL range and a usage of these beads was reported to be 200
times [105]. Several different cytokines have been detected using immunoaffinity capillary
electrophoretic approaches including the use of receptors as an alternative to antibodies
[106-111].

6.3. Antibody flow-based assays

A flow-based assay using fluorescent-labeled antibodies against 1L-10 that were co-injected
with samples to be quantified has been reported [112]. IL-10 was bound to an affinity
support to capture the labeled-antibodies that are not bound to 1L-10 from the sample. The
LOD from cell media was reported to be 2.5 nM (45 ng/mL; ~18 kDa for IL-10 monomer)
with a sample throughput of 20 samples/hr. The IL-10 assay performance was not affected
by the presence of 50 nM IL-6, IL-8 or TNF-a. Similar approaches were performed for IL-8
with quantifiable levels of approximately 5 nM (40 ng/mL for ~ 8 kDa for IL-8) [113, 114].

Worsley et al described a lateral flow assay for IL-6 and TNF-a that was able to detect these
two important cytokines into the 7-10 pg/mL range in plasma [115]. Using up-converting
phosphor technology, IL-10 was detected at a targeted level of 100 pg/mL [116].

Qiu et al. described a flow-based immunoassay for IL-8 [117]. In their work, they created
the necessary microfluidics for the cassette and used polymeric microbeads created by the
Walt laboratory [118]. Polymeric beads with antibodies against VEGF and IL-8 were
created and the assay was performed for detection of IL-8 at a concentration of 125 nM (~ 1
ug/mL assuming ~ 8 kDa for 1L-8).

Cesaro-Tadic and colleagues were able to create a high-sensitivity chip for measurement of
TNF-a. This fluorescence-based assay used Eu-based chelates for the detection step.
Capture times for TNF-a had to be optimized to 12 minutes since 3 to 5 minutes did not
provide appropriate assay sensitivity. Assay LOD was reported to be 20 pg/mL [119].

A microfluidic chip for interleukin-2 (IL-2), interleukin-4 (IL-4), and tumor necrosis factor-
alpha (TNF-a) has been prepared that incorporates a fluorescent probe into a polymer
material to demarcate the antibodies that have been immobilized to that chip [120]. This is
similar in concept to the Luminex bead-based assay system. Detection limits for standard
solutions were comparable to ELISA and Luminex assays in the 1-10 pg/mL range for these
three cytokines.

6.4. Microfluidics and Lab on a Chip

McDevitt and colleagues created a total analysis system that was modified to be able to
quantify bead-based immunoassays for c-reactive protein (CRP) and IL-6 [121]. This is part
of an ongoing effort by this team to create programmable bio-chips (Figure 6) [122]. The
applications of these lab-on-a-chip devices have included measuring different cytokines in
salivary fluid. In these studies IL-1f, IL-6, and TNF-a were measured in different groups for
studies of periodontal disease. The cytokines exhibited detection limits and ranges which
were equivalent to those found for standard ELISA [123].
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Other microfluidic platforms for cytokine measurements have also been described. Using an
electrowetting-based digital microfluidics platform, Sista and colleagues developed a total
analysis system for IL-6 and insulin using magnetic beads [124]. The performance of the
IL-6 assay seemed to be within the range typically observed for a standard ELISA
measurement. The overall reaction time for the assay was 7 minutes. Other chip based
methods have been described for I1L-8 [125], IL-10 [126] plus IL-6 and TNF-a [127].

7. Aptamer Assays

Aptamers are single strands of either DNA or RNA oligonucleotides or nucleic acid ligands
that can be used to bind different analytes with high specificity and affinity and are selected
from large combinatorial libraries [128]. Their uses as molecular recognition agents and
possible substitutes for antibodies in chemical analysis have been widely recognized [129-
132]. The major advantages of aptamers are principally their stability and synthetic chemical
creation rather than production from animals. This chemical stability allows apatmers to be
reused numerous times. Aptamers are created by a process known as SELEX [133, 134].
There has been a recent emerging interest in using aptamers for various proteomics
applications as selection agents [135, 136]. However, despite the enormous interest in these
potential antibody substitutes, the number of aptamers that bind different cytokines is
currently quite limited [137]. The vast majority of aptamer applications have involved using
the aptamer as a substitute for an antibody in an immunoassay-type platform although a few
interesting exceptions exist using electrochemical-based detection platforms and others
including aptamer-labeled pores [138, 139]. Reported aptamers that bind cytokines include:
interferon-y (IFN-y) [140]; interleukin-6 (IL-6) [141]; IL-17 [142]; IL-32 [143]; oncostatin
M, a member of the IL-6 family [144]; platelet derived growth factor (PDGF) [145]; tumor
necrosis factor-a [146, 147], and vascular endothelial growth factor (VEGF) [148]. Among
these cytokines, new analytical chemistry assays or devices have been described using
aptamers against IFN-y, PDGF and VEGF.

The Revzin group has published several papers describing various diagnostic methods for
cytokine detection using a human IFN-y aptamer [140, 149-151]. IFN-y is an important
inflammatory cytokine during host defense [152]. It is a heavily glycosylated protein with
molecular weights reported between 15 and 25 kDa. They created different modifications of
a previously published IFN-y aptamer sequence [153]. One of the advantages of aptamers is
the ability to use them as molecular beacons where a quencher of fluorescence is bound to a
DNA strand that binds the aptamer as shown in Figure 7 allowing for measurement of
fluorescence resonance energy transfer (FRET). The advantage of the molecular beacon
approach can lead to single-step assays without the need for time consuming washing steps
that are required for a standard immunoassay. The aptamer FRET sensor worked in culture
media where the concentrations of other proteins would exceed that for IFN-y by 100 to
10,000 fold. For the culture media, an approximate 20 to 30% loss in signal from serum
possibly due to non-specific binding was observed. A linear range of 5 to 100 nM (~ 100
ng/mL =5 nM assuming an approximate molecular weight of 20,000 Da) was observed for
this sensor. The FRET based sensor from this group has been integrated into arrays and has
been used to detect the amount of IFN-y released from a single cell as 7.9 fg/cell/hr [149,
151].
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This group went on to create an electrochemical sensor by conjugating a methylene blue
redox probe to the IFN-y aptamer [140]. This aptamer was attached to a gold electrode. A
significant finding was the need to optimize the density of the aptamer onto the gold
electrode. A reported detection limit of 0.6 nM or 1 ng/mL IFN-y was reported [135].

One of the advantages of using aptamers as compared to antibodies for specific target
capture is their ability to be reused despite the use of harsh protein denaturing conditions.
For the IFN-y aptamer immobilized to a fluidic chip, 7 M urea was passed through during
multiple catch and release cycles [149]. After four cycles of these harsh conditions, the
aptamer was still able to capture IFN-y.

Besides IFN-y, aptamers to platelet derived growth factor (PDGF), particularly the “B”
chain, PDGF-BB, have been widely reported and used in various detection schemes. One of
the most sensitive methods that is available is what is termed the “proximity dependent
DNA ligation assay” since it allows for amplification of the signal using PCR [97]. Using
this method, Frederiksson and colleagues were able to detect as little as 40 zmol (10721 mol)
of PDGF-BB (MW ~ 24 kDa) in pL biological samples (~ 10 pg/mL in 1 pL sample) using a
redesigned aptamer to PDGF-BB [145]. Using an aptamer against PDGF-BB and gold
nanoparticles, Li et al., reported detection limits of 83 amol/L (1.9 fg/mL) and a linear range
from 1 fmol/L to 100 pmol/L (24 fg/mL to 2.4 ng/mL)[154].

Weihong Tan’s research group has demonstrated the use of a molecular beacon approach
with FRET measurements to discriminate between PDGF-BB and the variant PDGF-AA
[155]. In this work, they modified an aptamer developed by Green, et al.[156]. They
demonstrate different levels of fluorescence quenching between the different variants of
PDGF, PDGF-BB, PDGF-AA and PDGF-AB with PDGF-BB quenching the FRET the
most. Reported detection limits were in the 10 nM range for PDGF-BB (~ 240 ng/mL). This
group has continued developing and improving their aptamer-based FRET detection by
testing different fluorophore combinations and gold nanoparticles [157, 158].

An aptamer-based capillary electrophoresis separation that was capable of identifying
PDGF-AA, PDGF-AB, PDGF-BB and their receptors has been reported by Le’s group[159].
Using the same aptamer for PDGF-BB that many others have used [156], this group was
able to use the differential electrophoretic mobility differences between the aptamer bound
to the PDGF-BB vs. the other forms as a means to quantify these proteins. The detection
limits were in the low nM range for all three PDGF variants. Similarly, the PDGF receptor a
was detected in the nM range.

The rolling circle amplification (RCA) approach has been used with the PDGF-BB aptamer
[160]. Using a similar type of amplification approach called strand displacement
amplification and a PDGF-BB aptamer, a detection limit of 0.9 pM has been reported [161].
Others have also reported on different variations of RCA with aptamers for cytokine
detection [162, 163].

The company Somalogic has focused on developing an extensive selection of aptamers to
different biomarkers [130, 164]. The main driving force for designing these different targets
is to allow for a rapid production of much-needed, reproducible, and stable affinity agents to
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new targets as they are discovered in biomedical research. Such reagents could then be kept
in a large database of affinity reagents that would include both antibodies and aptamers for
use in different proteomics applications [165]. There have been new aptamers made to
different cytokine proteins with detection limits reported in the 10 fM range for IL-6 (1.4
pg/mL) and VEGF (0.27 pg/mL) [166]. While there have been some papers that highlight
the work of this company, most of their work has been published in the patent literature for
biomarkers of many different diseases especially different cancers. These aptamers
developed by this company are designed to have slow dissociation off rates to facilitate their
use in a variety of proteomics applications.

8. Mass Spectrometry

Cytokines are low abundance proteins with endogenous concentrations in the pg/mL range.
Despite the wide spread use of mass spectrometry for qualitative proteomic studies,
detection and quantitation of low abundance proteins is a significant challenge to using mass
spectrometry as a means to quantify cytokines. Indeed there are many advantages to using
mass spectrometry based approaches to measure proteins rather than immunoassays [167].
Since peptide fragments, rather than whole proteins, are used to confirm protein identity,
there are significant challenges for low-abundance protein quantitation [168]. These
challenges include differences in digestion processes due to different protein amino acid
sequences and structure combined with efficiency of labeling techniques used for
quantifying the peptides [169, 170]. While it is theoretically possible to detect cytokines
from approximately 100 L samples using mass spectrometry, typically detection suffers
greatly from matrix interferences and/or suppression. For example, even with affinity
capture, a series of interferon proteins spiked into serum could not be detected below 1
ng/mL using LC-ion trap MS, LC-Orbitrap MS or LC-FTMS [171]. Thus, antibody-capture
techniques are commonly employed for quantifying low abundance proteins. Additionally,
many studies with cytokines are performed in cell culture where concentrations are often
much higher than found in a more tightly regulated in vivo environment. The measurement
of the cytokine secretome from activated monocytes using label-free mass spectrometry
approaches has been reported [172]. Others have also recently reported on the secretome of
macrophages [173].

Many studies involving the detection of cytokines have focused on the use of specific cell
types or sets to maximize the cytokine output. For example, a study that focused on mass
spectrometry based detection of interleukin-2 (IL-2) from highly specialized T-cells used a
variety of chromatographic, mass spectrometric (Orbitrap), and bioinformatics approaches to
weed out IL-2’s signature peptides from the complex sample [174]. That is, in the spectral
searches any peptide fragments not related to proteins derived from T-cells were removed
from the search. Note that concentrations of IL-2 were in the low ng/mL range that was
easily detected by the standard ELISA approach with an LOD of 7 pg/mL.

Insulin-like growth factor-1 (IGF-1) is a growth hormone that is implicated in different
disease states and is believed to also be an important component to balance during exercise
[175, 176]. Using a triple-quadrupole MS/MS method, Bredehoft and co-workers developed
a mass spectrometry assay that could be used for doping control of IGF-1 and many of its
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synthetic analogs which are designed for faster clearance [177]. The LLOD for IGF-1 and
the analogs were reported to be in the 20 to 50 ng/mL range. The significant advantage of
the mass spectrometry method as compared to the standard radioimmunoassay detection
method is that the MS method allows for exact typing of the manufacturer source of
synthetic analogs by its ability to provide molecular weight information about the peptide
products formed during the collisionally-induced dissociation (CID) event in the triple
quadrupole.

A commercially-available click chemistry technique that placed an azide group onto the
proteins of interest that can be captured with a special column has been used within cell
cultures to capture different synthesized proteins including cytokines. Using this technique
combined with stable isotope labeling (SILAC) in different types of cultured cells using
various conditions (normal, starvation and lipopolysaccharide, LPS) different cytokines
were identified [178]. Under normal conditions only IL-6 and IL-11 could be identified at
ng/mL concentrations. With starvation conditions, more cytokines and chemokines were
measured including IL-6, IL-11, CXCL1, CXCL5 and TGF-p, When LPS was given, 12
cytokines were identified from a macrophage culture.

A common method to quantify cytokines and other low-abundance proteins is to use
antibodies to capture either the entire protein or specific peptide fragments. Affinity capture
has been used for IFN-y, IL-4, TNF-a using MALDI and 30 to 40 ng per spot [179]. The
different isoforms of monocyte chemoattractant protein-4/CCL13 have been identified using
immunoaffinity capture [180]. Additionally, matrix effects were noted in a SELDI-TOF
experiment attempting to measure the chemokine, CCL18 [181].

A method involving quantitative labeling and immuno-capture of peptides is SISCAPA
(Stable Isotope Standards and Capture by Anti-Peptide Antibodies) was developed and
tested using LC-MS in SRM with standards of the cytokines, IL-6 and TNF-a (Figure 8)
[182]. This technique has been used to measure IL-33 in plasma in the range of 1.5-5000
ng/mL[183]. This work has been extended to use with a series of cytokines with reports of
average detection limits around 10 ng/mL [184].

8.1. Mass Cytometry

Fluorescence spectroscopic methods for detection are limited by the number of available
fluorophores and the knowledge that many fluorophores show spectral overlaps. Keeping
this in mind, there has been increasing interest in using selective mass tags to allow for
multiplexed mass spectrometric detection of various analytes. With appropriate (nv2)
resolution of the mass analyzer, mass spectrometry allows for a highly multiplexed analysis
of targeted analytes when a mass tag is placed onto different solutes.

Recently, there has been interest in the use of lanthanide or other metal tags for
immunoassays [185, 186]. These assays involve conjugating polymeric materials with
different lanthanides to antibodies providing a unique mass spectral signature for
immunoassays. These assays have been used for different immunoassays including a
demonstration for human-derived platelet-derived growth factor (hPDGF) and its isoform
(hPDGF-AA) using a terbium-labeled antibody combined with inductively coupled plasma-
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MS detection [187]. The concept has been expanded to measure a variety of different
cellular components related to immune responses [188].

9. Electrochemical Based Methods

Electrochemical-based methods for protein detection have been used for different
immunoassays for quite some time. The primary advantage for electrochemical methods is
the inexpensive equipment necessary for the measurement and the high sensitivity
associated with particularly amperometric-based measurements. The use of electrochemical
techniques combined with aptamer sensing has been reviewed [189]. Electrochemistry-
based techniques for cancer biomarker detection have been reviewed [20].

9.1. Amperometric-Based Protein Measurements

Electrochemical measurements using labeled antibodies that produce electroactive substrates
that can be measured using amperometric detection have been of interest for decades and
have been extensively reviewed [190-193]. With the advent of magnetic beads that can be
immobilized with antibodies and moved around easily on microfluidic systems,
electrochemical methods for protein detection have become more popular.

While many groups have described the creation of electrochemical immunoassays for
proteins, only a few have focused on measurements of cytokines. In particular the Rusling
group has published many papers describing different variants of electrochemical
immunoassay for measurements of cytokines and other proteins related to dysfunction
caused by cancer [194]. Different materials have been used including carbon nanotubes in
combination with electrochemiluminescence gave detection limits of 0.25 pg/mL for IL-6 in
serum [195]. More recently nanostructured arrays have been created with the use of
horseradish-peroxidase labeled antibodies for highly sensitive detection of IL-6, IL-8, VEGF
and VEGF-C which resulted in detection limits in the 5 to 50 fg/mL range (Figure 9) [196].

Other groups have reported electrochemical assays for single cytokines. Using glucose
oxidase and ferrocene as a mediator, TNF-a, was detected in the range of 5 pg/mL to 10
ng/mL in spiked serum samples [197]. TNF-a has been detected using alkaline-phosphatase
labeled nanospheres in serum down to the 10 pg/mL level [198].

9.2. Electrochemiluminescence

Electrochemiluminescence or electrogenerated chemiluminescence occurs when a
chemiluminescence reaction is created with indirect chemical reporters that produce an
excited state via an electrochemical reaction [199]. For immunoassays, the common reagents
for this reaction are either phenantroline-ruthenium(l1) tris(bipyridyl), Ru(bpy)s2*
complexes, with tripropylamine (TPA) or luminol. Typically, a gold electrode is used to
oxidize Ru?* to Ru3* followed by the subsequent reduction of Ru3* by tripropylamine
(TPA) resulting in chemiluminescence. The theory and applications of
electrochemiluminescence for use in bioanalysis have been reviewed [200-202].

Electrochemiluminescence has been implemented for different cytokine immunoassays
resulting in often one or two orders of magnitude reduction in LOD down to the 1 pg/mL
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level [203]. Commercial immunoassays based on this technology are available from Meso
Scale Discovery (MSD) [204]. Comparisons between the MSD assays and flow cytometry
bead-based assays from Becton Dickinson (BD) for an array of cytokines showed nearly
equivalent lower limits of quantitation (LLOQ) between the two platforms [204]. The
Luminex platform, which is a different bead-based immunoassay, has also been compared to
the MesoScale Discovery platform and like the BD platform appears to be comparable
[205].

More recent applications of electrochemiluminescence have incorporated various nano-
based or chip-based strategies. The measurement of VEGF has been reported at the single-
bead level using electrochemiluminescence methods [206]. Using a tumor necrosis factor
antibody, the combination of quantum dots with electrochemiluminescence was reported
with antibody protein detection limits of 7 pg/mL [207]. Carbon nanotubes have been
employed in electrochemiluminescence detection schemes for IL-6 down to 0.25 pg/mL
[195]. Microfluidic-based devices using electrochemiluminescence have allowed for IL-6 to
be detected at the 10 fg/mL level in serum [208].

9.3. Other Reports using Electrochemical Methods

Using an electrochemical approach with a hairpin aptamer towards IFN-y, Zhang et al.,
reported subnanomolar detection of IFN-y [209]. Interleukin-6 (IL-6) has been quantified
using a capacitive-based biosensor [210]. TNF-a has been measured down to 57 fM using
electrochemical impedance spectroscopy [211]. Bettazzi and colleagues used a magnetic
bead based assay to measure TNF-a [212]

10. Optical Methods

Optical sensors have been widely employed for bioanalytical detection methods. Due to the
wide variety of available optical methods for detection, it is challenging to try to sort
through these different techniques as they relate to cytokine measurements. In general, it is
possible to break these methods down into bead-based methods where beads are optically
encoded to allow for multiplexed signal analysis, label-free methods that are used with
various types of plasmonic resonance/microcavities shifts, single-molecule techniques, and
general fluorescence techniques. A comprehensive overview of optical sensors can be found
in a recent book edited by Ligler and Taitt [213]. A recent review describing optical
biosensors for unlabeled targets provides a comprehensive table for detection capability of
many different types of optical sensors [214].

10.1. Optically Encoded Beads

Walt’s group has described 3.1 um fluorescently encoded polymeric beads that were used
for cytokine detection in human saliva [118]. In their work, the encoded beads were
combined with a fluorescent microscope for array analysis of ten cytokines (VEGF, EFG,
IP-10/CXCL10, IL-8/CXCL8, MCP-1/CCL2, TIMP-1, RANTES/CCL5, MIP-1p/CCL4,
Eotaxin-2 and IL-6) from 100 pL of sample with a total assay time of 2.5 hrs. While the
array detection limits were higher than ELISA measurements used for comparison, they
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were sufficient to allow for quantitation of cytokines in patient samples. Detection limits in
pM ranged from 8 to 469 pM for the different cytokines.

Theilacker et al., describe the use of 1 um beads for a multiplexed assay where the beads
were externally labeled with different intensity of select Alexa 488, Alexa 594 and Atto 680
dyes [215]. They measured human IL-6, IL-8, prostate specific antigen (PSA), and TNF-a
into the pg/mL range. However, interestingly they noted significant problems with the TNF-
a assay with non-specific interactions between the TNF-a capture antibody and the I1L-6 and
IL-8 detection antibodies.

10.2. Molecular Imprints — With Fluorescence Sensors

Molecular imprinting involves taking a specific target termed a template and then building a
scaffold surrounding it typically using polymers [216]. The main goal is to impart molecular
recognition capability based upon shape. There has been wide use of this approach for small
molecular templates particularly in the separations field for sample preparation or separation
of enantiomers. With the wide use and successful application of this technique for low
molecular weight solutes (< 1500 Da), there has been an interest in using proteins for
templates in order to create artificial receptors [217]. Artificial receptors created in different
materials would be expected to have far more chemical stability than biological receptors.

Sol-gels provide an improvement over the standard use of polymers for molecular
imprinting. The chemical aspects such as porosity, structure control and morphology can be
better achieved using sol-gel chemistry leading to many uses of these materials in chemical
analysis [218]. This has led to wide use of these materials for sensing capabilities [219, 220]
Bright’s group developed a xerogel sensor for human interleukin-1a with an integrated
luminescent reporter [221]. The sensor had less than a 2 min response time, was stable to
multiple cycles and could detect IL-1a with an LOD of 2 pg/mL in spiked samples. The
sensor was also stable for 4 months at room temperature.

Despite the great interest in molecular imprints for protein sensing, the progress towards
developing sensors that would meet clinical analysis needs has been limited. However, there
is a recent review describing the challenges of using molecular imprint technology for
protein detection[222]. Some have described how imprinting proteins can be challenging as
the protein itself may actually be too large to fit and the issue become one of binding sites
being accessible [223]. To overcome this potential problem, the possibility of epitope
mapping for imprinted materials has been described [224, 225]. There are many citations to
these papers, but none appear to be towards cytokines.

10.3. Surface Plasmon Resonance

Surface plasmon resonance requires a system with polarized light passing through a prism or
chip with a coated metal that acts like a mirror [226]. At a specific angle (the resonance
angle), the light will excite surface plasmons. Surface plasmons arise from the interaction of
free electrons in the metal with the polarized light resulting in a dip in the light intensity
resulting in the phenomenon called surface plasmon resonance (SPR). The resonance angle
is dependent on the optical properties (refractive indices) on both sides of the metal. When
molecules bind to the metal surface or to objects immobilized to the metal surface such as
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antibodies, the resonance angle changes allowing detection of binding events. For this
reason, SPR has been widely used as a means for obtaining label-free information about the
kinetics of various biological-based binding events (proteins/antibodies, ligands/receptors).
For example, Chou et al., measured IL-6 from cell culture using an SPR assay with the
Biacore 3000 instrument that had approximate detection limits of 1 ng/mL [227].

The group of Karl Booksh was the first to report an SPR-based sensor for measurement of
cytokines in physiologically-relevant samples [228]. A common challenge with SPR-based
sensors is the issue of overcoming signals produced via non-specific binding events onto the
sensor. This is especially challenging for SPR sensors used in samples that contain
biological materials. They report measuring IL-1f, IL-6, and TNF-a in cell culture media
samples down to the ~ 1 ng/mL range with maximum sensor response times reached in
approximately 10 minutes. Detection limits were improved 3-fold over the use of standard
CM-dextrans by using an N- hydroxysuccinimide ester of 16-mercaptohexadecanoic acid
(NHS-MHA) to coat the gold chip.

Other groups have reported the use of SPR. IL-6 has been measured from cell culture media.
To reduce non-specific interactions non-specific binding, a mixed self-assembled monolayer
of mercaptoundecanoic acid (MUA) and mercaptohexanol (MCH) was coated onto the chip
[227]. By adding gold nanorods, detection limits for TNF-a were reduced by 40-fold in an
SPR imaging study [229]. Using gold nanoparticles and an approach to reduce non-specific
binding, TNF-a was detected down to 54.9 pg/mL in spiked human serum [230]. To
determine the different TH1 responses from cells circulating in the blood, Rice and
colleagues used SPR imaging [231]. Bustos measured growth factors secreted from cells
using SPR [232]. Using unique protein-engineered albumin binding protein, interferon-y
(IFN-v) has been measured to the 0.2 nM level using SPR [233].

10.4 Nanoparticles and LSPR

Nanoparticles are known to exhibit localized surface plasmon resonance effects which have
become of significant interest to exploit for use in sensing applications [234]. Bolduc and
Masson have recently reviewed the advances in SPR sensors as well as localized surface
plasmon resonance (LSPR) devices [235]. Typically these gold nanoparticles exhibit similar
surface plasmon effects as typically observed in a standard gold thin film in common
instruments such as the Biacore. By lining gold nanoparticles with attached IL-1p antibodies
onto an optical fiber, a sensor was created with detection limits of 22 pg/mL with a detection
range of 32 to 250 pg/mL, which is comparable to a standard ELISA [236]. However, it
should be noted that 200 uL of sample was used for analysis which is twice as much as that
used in a standard ELISA. Using an LSPR approach, the release of TNF-a has been detected
being secreted from cells derived from clinical blood samples [237]. An LSPR sensor has
been used to measure recombinant IL-6 produced from E.Coli [238]. A fiber optic with gold
nanoparticles was used to measure TNF-a from synovial fluid with detection limits reported
of 34 pg/mL [239]. This group also measured IL-1f in a separate study down to 21 pg/mL
for the LOD [236]. Jeong and colleagues developed a fiber optic LSPR sensor for detection
of IFN-y and prostate specific antigen with detection limits for IFN-y in the low pg/mL
range [240].
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10.5. Single Molecule Detection

Despite significant efforts in immunology towards characterizing, classifying and
understanding cytokine regulation, there still remain significant needs towards
understanding how cytokines are released, regulated and secreted by immune cells [241].
Lacy and Snow clearly point out in a recent review that in many cases, the understanding of
these control mechanisms for cytokines remain a “significant ‘black box’ in immunology.”
Cytokines can be released via trafficking as well as granulocyte (vesicle) release. Given the
low concentrations of cytokines and the research significance to elucidate cell-to-cell
interactions, the use of single-molecule detection (SMD) strategies towards cytokine
measurements has a role to play in answering questions about cell-to-cell and other
cytokine-mediated interactions.

To apply SMD techniques to the study of any molecule requires a significant confinement in
volume to be able to have the sensitivity to make the measurement [242]. The use of noble
metal nanoparticles has been applied to the SMD of cytokines. Noble metals do not suffer
some of the problems of photobleaching associated with fluorophores and blinking
associated with quantum dots. The Xu research group at Old Dominion has described their
major progress towards creating stable noble metal nanoparticles that have been called
single molecule nanoparticle optical nanobiosensors (SMNOBS) that have been used for
sensing TNF-a [243]. This work demonstrated the ability to track the on-off kinetics of
TNF-a onto the Ag nanoparticles. A concentration range of 1 to 200 ng/mL was used for
TNF-a with 50 nM of the antibody-conjugated Ag nanoparticles.

The approach using TNF-a and SMNOBS was further investigated to determine TNF-a
binding and internalization into L929 cells [244]. The internalization processes of TNF-a
binding onto a single cell followed by the apoptotic response was followed using the
SMNOBS and an approach called far-field photostable optical nanoscopy (PHOTON). The
statistics for the numbers of TNF-a/receptor complexes necessary to achieve apoptosis was
measured in more than 20 separate single cells along with the time to achieve apoptosis was
measured. It was determined that a threshold number of complexes with TNF-a on these
cells was necessary to initiate apoptosis.

10.6. Microring Resonators

Bailey’s group has reviewed the various platforms for label-free sensing devices including
plasmonic, photonic, and mechanical [245]. An example of the readout for whispering-
gallery mode is shown in Figure 10. Luchansky et al., provide the theoretical framework
behind their microring sensors [246]. Luchansky and Bailey report measuring I1L-2 (15.5
kDa) down to 100 pg/mL (6.5 pM) by using a sandwich assay to increase the total mass
bound [247]. IL-2 was measured in Jurkat T-cells from culture. The assay takes
approximately 45 minutes to perform. The group also demonstrated similar effectiveness of
measurement for 1L-8 in vitro. The use of a sandwich assay improves the LOD because IL-2
by itself (50 ng/mL) gives a resonance shift, Apm, of ~ 20. Addition of the detection
antibody causes another resonance shift of Apm of ~ 40. In their work, they have 24 active
sensing rings on their microresonator of which 15 are used for actual sensing and the other 9
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are used as controls for nonspecific binding events, bulk changes to the refractive index and
possible thermal drift.

Using whispering-gallery mode which amplifies the number of times a target molecule is
interrogated, Armani and colleagues created a sensing device for IL-2 measurements in
serum. This device has a calibration range of 5 x 1071 M to 1 x 1076 M [248]. A simulation
of fluid flows needed in a microfluidic chip to obtain optimal performance with a similar
integrated photonic device for IL-6 has been described [249]. Dunn and colleagues have
measured different cytokines using whispering-gallery mode in microfluidic devices [250,
251].

10.6. New Platforms

Ruckstuhl, et al., describe a single use optical cell for immunoassays which only requires
approximately 15 minutes of sample preparation time based on an optical technical called
supercritical angle fluorescence [252]. This technique allows for a one step sandwich
immunoassay of IL-2 in an in vitro solution. Even though fluorescent molecules are
homogenous in the solution (as labeled detection antibodies), the technique requires
fluorescence to be emitted above the critical angle of the interface with the aqueous sample.
Detection limits for this assay based on 30 of the SN was 4.5 pg/mL for IL-2. Carter et al.,
report the use of Arrayed Imaging Reflectometry to detect multiple cytokines [253]. A fiber-
optic biosensor dip probe with diode laser excitation and a charged-coupled device
spectrometer and functions on a technique of sandwich immunoassay was used to measure
IL-6. Detection limit were low pM and an estimated IL-6 concentration in a patient with
lupus was 5.9 + 0.6 pM. Some samples had concentrations of IL-6 too low to detect [254,
255].

Choi et al., described a label-free measurement of TNF-a using their nanostructured
photonic crystal device containing a low refractive index UV-cured polymer and a high
refractive index layer of TiO, [256, 257]. Different designs with different fluidic geometries
were investigated. Each design had different reported strengths and weaknesses with respect
to equilibration time, instrument performance and sample volume needs. Detection limits for
TNF-a in phosphate buffered saline solutions were reported in the range of 16.7 to 48.4
ng/mL.

Adalsteinsson and colleagues described the use of ZnO nanorods as a means to increase the
detection limits of antibody arrays for cytokine detection [258]. Measuring IL-18 and TNF-
a in standards and urine samples, the detection limits for these two cytokines using an
Alexa-488 labeled detection antibody were in the low fg/mL range. The mechanism for
fluorescence enhancement using the ZnO nanorods relative to more standard polymeric
platforms such as PMMA, polystyrene (PS), or PS-b-PV/P is still being elucidated. The ZnO
nanorods appear to behave as efficient evanescent waveguides enabling fluorescence
enhancement.
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11. Detecting Cytokines Released from Cells and Single Cells

The immune system is highly plastic and many different cell types (T-cells and
macrophages) within this system can be activated to different polarization states. To be able
to detect these polarization states, there has been a significant interest in capturing these
cells followed by analysis of both their cytokine release as well as their release rates. While
flow cytometry is a powerful analytical tool to determine the types of inflammatory cells by
identification of cellular markers, direct flow cytometry of a single cell cannot be used to
determine the cytokine release from these cells.

Enzyme-linked immuno spot assays (ELISPOT) have been used to detect cytokine proteins
released from activated cells [13, 38—40]. There is currently a significant interest in the
chemical analysis of single cells [259-261]. The ELISPOT is not able to provide protein
production information from a single cell. The current multiplexing capability for ELISPOT
is two separate cytokines. Several new platforms have been designed to measure cytokine
output from captured immune cells. Lakowicz has improved on the ELISPOT assay by
including plasmonic nanoparticles to allow for real-time detection of TNF-a and IFN-y from
mouse macrophage [262]

Zhu et al., report a side-by-side array for T-cell capture (CD4 and CD8) followed by
measurement of cytokine detection of IFN-y and IL-2 in the ng/mL range from human blood
[263]. They followed up on this work by coating their wells with poly (ethylene glycol)
microwells and still had detection capability in the ng/mL range from T-cells evoked to
release cytokines [264].

Using microengraving technology to capture a small number of cells, the cytokine
production of IFN-vy, IL-2, IL-6, IL-17, and TNG-a were determined from different types of
cells [265]. Wells that were 1.25 x 10° um3 (50 um on each side) were created to capture
different inflammatory cells. Cells were captured and then subjected to various treatments to
elicit cytokine release and determine relative release rates of cytokines per second. With this
work they were able to get frequency histograms of cytokine production from different
labeled cells. This work has now been translated for use in clinical medicine by measuring
alterations in cytokine production from human CD8* cells [266]. The technique has been
used in other studies to determine production of cytokines from different T-cells [267]. An
aptamer to PDGF was completely redesigned to work in biological media and was attached
to a cell membrane to detect PDGF after cellular release [268].

12. In Vivo Methods

The significance of cytokine signaling within mammalian systems has led to much interest
in the ability to capture cytokine signaling events within mammalian systems. The majority
of the published papers related to unraveling the cytokine network use microdialysis
sampling.
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12.1 Direct Imaging Methods

12.1.1. Radiolabeled Cytokines—Determining levels of local inflammation in human
subjects is of significant clinical interest and different imaging techniques have been
described [269]. Cytokines are known to be upregulated during inflammation. Attempts to
non-invasively image this protein upregulation in experimental animals and humans has
been made possible through the use of radiolabeled cytokines using different methods [270,
271]. The advantage of radiolabeled probes or radiolabeled pharmaceuticals is that these
allow for the visualization and quantitation of physiological processes in vivo [272].
However, despite the critical clinical need for targeting specific cytokines related to
inflammatory responses, there have been observed challenges in the field with creating and
implementing these imaging procedures. For some cytokines, adverse physiological effects
were noted after administration even at low doses of 10 ng/kg such as IL-1. However, IL-1
receptor antagonist (IL-1ra) did not cause the adverse effects that IL-1 did [273]. Other
issues with cytokines are the non-specific adsorption that can be observed. Even though
there are some problems, there still are different groups reporting work with labeled
cytokines [274, 275].

Despite the exquisite selectivity of having labelled-cytokine proteins, the imaging of
inflammation states has shifted to using F-labeled deoxy-glucose techniques (18F-DG).

12.1.2. Nanoparticles—The use of nanoparticles in medicine as contrast agents has seen
wide application space. The chemical nature of nanoparticles allows them to be used
imaging techniques involving either light adsorption, emission or magnetic properties.
Targeting the imaging of cytokines using nanoparticle technology is an emerging field. The
Wang and Kotov group have been making steady progress towards developing imaging
agents for TNF-a in arthritis applications [276, 277]. In particular, the group has made
extensive use of photoacoustic imaging because it is becoming widely used in diagnostics
since it combines advantages of light and ultrasound.

IL-13 peptides are useful in identifying glial tumors since these tumors have a specific
receptor for the peptide. In order to image the binding interaction using an MR instrument,
the contrast provided by a standard contrast agent such as gadolinium (Gd) has to be
optimized. The use of metallofullerenes has allowed for more specific uses of Gd [278].

12.2 Microdialysis Sampling of Cytokines

Microdialysis sampling has been well-described in the literature for different applications in
neuroscience and pharmaceutics [279, 280]. The technique involves using catheters or
probes with semi-permeable membranes and microliter-per-minute perfusion flow rates to
sample from living tissues. Microdialysis sampling of cytokines has been reviewed [281,
282].

A limitation of the microdialysis sampling technique for cytokine localized collection and
subsequent quantitation is the relatively large volume of sample required. ELISAS typically
require 100 uL of sample for the detection of a single cytokine. Collection of this volume at
a moderate microdialysis sampling flow rate of 1 uL/min would require nearly a two hour
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sampling time which would result in low temporal resolution. Such poor temporal resolution
would be unacceptable for very acute immune responses. Thus, when using microdialysis
sampling for in vivo protein collection, there is a severe tradeoff between temporal
resolution and the need for high extraction efficiency. This problem is exacerbated by the
knowledge that simultaneous measurement of multiple cytokines reveals more about the
underlying biological processes than a single measurement. A standard ELISA method can
only analyze one single cytokine per well. The ability to measure multiple cytokines
simultaneously is extremely important in a variety of physiological conditions because the
concentration fluctuations of one cytokine often induce changes in other networked
cytokines. For these reasons, many microdialysis samples from both laboratory animals and
humans have used either the multiplexed-bead based assay approach for quantitation or
microarrays due to the low microliter sample volume needs combined with multiplexing
capability [283-285].

The application of microdialysis is now emerging as potentially the most successful
approach for clinical in vivo studies in both healthy and diseased subjects to recover targeted
cytokine molecules from the sites of action in tissue. Commercially available microdialysis
probes with a 100 kDa MWCO membrane are commonly used for in vivo microdialysis of
cytokines. However, the extraction efficiency across these membranes is quite low, e.g., 3%
at 1.0 uL/min for a 10 mm probe. Other researchers create their own dialysis probes in-
house using 3,000 kDa MWCO membranes. Given the wide use of the microdialysis
sampling technique for studies in the brain and other tissues [286-288], it is likely continued
use of it in the clinic for cytokine collection will remain.

13. Summary and Conclusions

Cytokines are important biomarkers that are measured in a variety of clinical contexts. Many
of the new methods described for cytokine measurement aim to greatly reduce the time
necessary for ELISA development. Additionally, limited sample volumes (microliters) in
some cases drives the development of methods capable of measuring cytokines in a few
microliters. With the exception of the electrochemical-based methods, the amplification
methods (e.g., immune-PCR), and a few of the optical methods, nearly all the new
techniques for cytokine measurement have either equivalent or higher detection limits that
standard ELISA (~10-1000 pg/mL range).

Cytokine measurements with different techniques is a highly active field of study and the
enormous number of citations to cytokine measurements was far higher than we originally
anticipated. We apologize to authors whose important work we may have not cited. Finding
many of these papers in the published literature was actually challenging. For example,
persons who measure IL-6 or TNF-a may not refer to these as cytokines in their
manuscripts. Additionally, performing a substance identifier search on these particular
protein names in SciFinder Scholar with a cross-reference to “analytical study” does not
provide any citations. Therefore, we were left with searching authors that we knew, their
citations, combined with judiciously-chosen search strings. Nonetheless, a significant body
of work remained to be reviewed and this literature continues to grow.
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Highlights
e Cytokines are important biomarkers related to immune responses
e Chemical analysis is challenging due to pg/mL concentrations

» Different chemical methods to analyze cytokines are reviewed.
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Abbreviated Example of the Cytokine Network

\

Figure 1.
An abbreviated version of the cytokine network highlighting the molecular communication

between different cell types in the immune system.
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Figure 2.
Overview of cytokine properties, detection needs and the different methods that have been

used to meet these detection challenges.
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Figure 3.
Overview of bead-based immunoassays. Different color-coded beads with dyes that

fluoresce either red or green are used. The instrument measures the bead color intensity and
the mean fluorescence intensity of the labeled detection antibody which is typically labeled
with a streptavidin/phycoerythrin (PE) conjugate.
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Figure 4.
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DNA-L.abeI/ng Electrochemiluminesce
Techniques

* Immuno-PCR

+ Rolling Circle PCR

+ Bio-BarCode PCR

+ Proximity Ligation
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e
\ |
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fg/mL LOD No Autofluorecence

Reaction Control via
Electrode Potential

High Sensitivity

Overview of immunoassay improvements. Note that aequorin requires calcium activation to
achieve its photo-protein state. Additionally, several steps are included in the
electrochemiluminescence. These steps are outlined in the text and in other review articles

describing these techniques.
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Immobilized Capture Ab
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Capillary electrophoresis with immunoaffinity capture. The example electrophorogram is
reprinted with permission from: Detection of cerebral spinal fluid-associated chemokines in
birth traumatized premature babies by chip-based immunoaffinity CE, T.M. Phillips and E.
Wellner, Electrophoresis. 2013 34(11):1530-8. John Wiley & Sons. doi: 10.1002/elps.

201200634.
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Figure 6.
Example of a programmable biochip. A) Capture antibody is immobilized to porous agarose.

Detection antibodies are labeled with appropriate quantum dots to allow spectral
discrimination. B) Agarose beads are driven into wells through a pressurized system. C) The
design features of the chip are shown with the fluid lines. D) A modeling analysis of the
overall pressures in the chip. Reprinted with permission from: JV Jokerst, J Chou, JP Camp,
J Wong, A Lennart, AA Pollard, PN Floriano, N Christodoulides, GW Simmons, Y Zhou,
MF Ali, JT McDevitt, Location of Biomarkers and Reagents within Agarose Beads of a
Programmable Bionano-chip. Small. 2011, 7(5): 613-624. John Wiley & Sons, Inc. doi:
10.1002/smll.201002089
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Figure 7.
Aptamer-based FRET assay for IFN-y. Reprinted with permission from: N Tuleuova; CN

Jones; J Yan; E Ramanculov; Y Yokobayashi; A Revzin; Anal. Chem. 2010, 82, 1851-1857.
DOI: 10.1021/ac9025237 Copyright © 2010 American Chemical Society
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Figure 8.
Example of a multiplexed electrochemical-based immunoassay. The magnetic beads are

coated with horseradish peroxidase (HRP) that reacts with hydrogen peroxide and
hydroquinone (HQ) to give a product that is measured at —0.3V vs. Ag/AgCI. The bottom
picture (B) shows the multiplexed channels. Reprinted with permission from: R Malhotra; V
Patel; BV Chikkaveeraiah; BS Munge; SC Cheong; RB Zain; MT Abraham; DK Dey; JS
Gutkind; JF Rusling; Anal. Chem. 2012, 84, 6249-6255. DOI: 10.1021/ac301392g
Copyright © 2012 American Chemical Society
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Figure 9.

Schematic illustrating the Stable | sotope Standards and Capture by Anti-Peptide Antibodies
(SISCAPA) approach. The targeted peptides from the cytokines are listed in black. The
peptide sequence denoted in red (GSGC) is added to allow for a more immunogenic
response during antibody production. Polyclonal antibodies are retrieved and immobilized
for affinity chromatography capture followed by RPLC-separation and MS/MS detection.
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Figure 10.
Example of whispering gallery mode. Glass beads that exhibit a resonance are immobilized

with capture antibodies. As the beads come into resonance with the incident wavelength, the
increase in intensity can be observed. Analyte addition to the beads causes this resonance
wavelength to shift. The change in the wavelength is proportional to analyte concentration.
The photograph of the beads in resonance are reprinted with permission from: HA
Huckabay, SM Wildgen, RC Dunn, Label-free detection of ovarian cancer biomarkers using
whispering gallery mode imaging. Biosensors and Bioelectronics, Volume 45, 2013, 223 —
229. © Elsevier. dx.doi.org/10.1016/j.bi0s.2013.01.072.
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