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The trend for improved more precise diagnostics and management of disease heavily relies on the
measurement of panels of biomarkers in physiological samples of patients. Ideally, the ultimate goal
would be to detect as many clinically relevant biomarkers as possible in a single drop of blood, achieving
quick, sensitive, reproducible, and affordable detection in small volume physiological samples.
Bioluminescent (BL) proteins provide many of the desired characteristics required for such labels, includ-
ing detection at extremely low concentrations, no interference from physiological fluids leading to excel-
lent detection limits, and compatibility with many miniaturized systems. However, to date the use of BL
proteins has been restricted by their limited multiplexing capabilities. BL proteins typically exhibit a single
emission profile and decay kinetics making the simultaneous detection of multiple analytes difficult.
Recent progresses in this area include the use of two different engineered luminescent proteins to
achieve resolved signals via one-dimensional time resolution. This approach, however, to date only lead
to a dual analyte detection. Herein, we have demonstrated that using a two-dimensional approach that
combines both temporal and spatial resolution, we can expand the multiplexing capabilities of biolumi-
nescent proteins. To that end, the photoprotein aequorin (AEQ) has been employed for the simultaneous
detection of three separate analytes in a single well, differentiated through the use of three discrete time/
wavelength windows. Through a combination of site-specific mutations and synthetic coelenterazines
“semi-synthetic” AEQ variants have been developed with altered emission profiles and decay kinetics. In
this study, two AEQ mutant proteins were genetically conjugated to three pro-inflammatory cytokines
(tumor necrosis factor alpha, interleukins 6 and 8) resulting in AEQ-labeled cytokines. These fusion pro-

Received 13th February 2019,
Accepted 10th April 2019

DOI: 10.1039/c9an00297a

teins were combined with synthetic coelenterazines resulting in proteins with differing emission maxima
and half-lives to allow for the simultaneous detection of all three cytokines in a single sample. The validity
of the assay was demonstrated in serum by employing human physiological samples and comparing our

rsc.li/analyst results with commercially available individual tests for each of the three cytokines.

undoubtedly helped in the identification of new biomarkers
that are proving to be key in the more precise diagnosis and

Introduction

Precise and effective disease diagnosis largely depends on the
knowledge of disease-specific biomarkers." In a majority of
cases, multiple biomarkers are necessary to accurately diag-
nose a disease. The boom of translational science has
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monitoring of disease. While biomarker identification has
soared and contributed to the field of precise medicine,
analytical detection technologies for the newly discovered bio-
markers still rely on traditional techniques. The most common
technique for detection of biological markers is the enzyme-
linked immunosorbent assay (ELISA), which is designed for
the analysis of only one analyte per sample, and, typically,
uses quite large volumes of samples for accurate diagnosis.
Detection of multiple biomarkers or panels of biomarkers is a
trend that has proved to be effective in precise medicine for
diagnosis and management of disease. Often, the biomarkers
are used to assess the effectiveness of treatment, and, there-
fore, their analysis needs to be performed often, requiring
drawing samples from patients on daily, weekly, or monthly
regimes. While the value of obtaining the information needed
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for precise management of disease outweighs any other draw-
backs, there are some important parameters affecting patient’s
overall health and comfort, as well as financial burdens that
need to be considered. If the panel of biomarkers needs to be
detected in blood, then, this undoubtedly increases the physi-
cal burden in patients, especially for paediatric, elderly, and
chronically ill individuals. Thus, there is a need for a better
solution for monitoring these patients. A potential solution to
this problem will involve the implementation of highly sensi-
tive assays that can perform rapid and reliable detection in
small volumes of physiological samples. The development of
such assays come with a series of non-trivial requirements,
that include detection of low levels of a target biomarker/
analyte selectively in the presence of other components in a
complex physiological sample, versatility to be incorporated
into miniaturized analytical platforms, reproducibility, accu-
racy, and precision of the analysis. Moreover, small volume
detection also highlights the need for technologies that can
detect more than one biomarker without interferences from
others present in the same sample, i.e., multiplex detection.

State-of-the-art multiplex detection methods include micro-
array assays™” and bead array assays."” For protein microarray
assays, the immobilized capture reagents specific for distinct
analytes are arrayed at fixed positions on a solid surface.
Quantitative signals are read through each microspot to realize
simultaneous detection of multiple analytes. Unlike microar-
ray assays, the bead array assays are based on pre-coated and
internally dyed spherical beads instead of planar surface. Each
bead population coated with distinct binding reagents are
identified by its specific fluorescent spectra. The intensity of a
second signal from the reporting label is measured as the
quantitative identifier.

All of these commercially available assays are based on
either fluorescence or absorbance. While very valuable newly
discovered biomarkers are present in physiological fluids at
very low concentrations, neither absorbance nor fluorescence-
based assays can reach such low detection limits. Luminescent
proteins, including luciferases are inherently endowed with
distinct advantages over absorbance or fluorescent reporters
for use as labels in bioassays. For instance, bioluminescence is
a biochemically-driven reaction that eliminates the need of an
external light source, therefore, eliminating background fluo-
rescence, resulting in a higher signal-to-noise ratio when com-
pared to fluorescence. This makes bioluminescent protein
labels well suited for use in ultra-sensitive detection.
Bioluminescent proteins are highly biocompatible, having
been expressed in a variety of biological systems.® Benefiting
from these properties, bioluminescent proteins have estab-
lished them-selves as vital components of the biosensing
toolbox for an assortment of applications including in vivo
imaging, immunoassays, in vivo indicators, drug discovery,
and the study of protein-protein interactions.”** Although,
both photoproteins and luciferases are enzymes that catalyzes
the oxidation of their corresponding substrates, in the case of
photoproteins, the formation of the peroxide intermediate is
the rate limiting step and is very slow. Therefore, photopro-
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teins have a slow turnover when compared to the luciferases
thus the intensity of the emitted light is proportional to the
amount of the protein. On the other hand, luciferases have
high turnover numbers, and intensity of their light emission is
dependent on the amount of their substrate.">'® However,
unlike fluorescence-based detection, which can be performed
at multiple emission wavelengths using different fluorophores
or fluorescent proteins, bioluminescence proteins have lagged
the versatility of their fluorescent label counterparts. This is
due to the lack of diversity in the emission profiles, as well as
the broadness of their emission spectra. Several analogues of
luciferins with different emission wavelengths, decay half-
lives, thermostability, etc., have been developed.'”>° However,
unlike multiplex fluorescence-based detection utilizing fluoro-
phores or fluorescent proteins, photoproteins, have not been
employed in multiplex detection due to the broadness of their
bioluminescence emission spectrum, which hinders their sim-
ultaneous measurement. Only those variants that have large
Stokes shifts or significantly altered bioluminescence kinetics
(longer or shorter emission times) can be successfully
employed in multiplex analytical applications. Strategies to
address this inherent shortcoming of bioluminescence pro-
teins have been explored successfully to expand the utility of
bioluminescent proteins in multiplex assays. Recent progress
in this area includes using two different naturally available
luminescent proteins to achieve resolved signals,*! genetically
engineered bioluminescent proteins exhibiting tuned emission
profiles,>** and genetically mutated photoproteins, specifi-
cally aequorin, differentiated through time resolution.>* The
previous studies advanced the versatility and practicality of
bioluminescent assays, but still are limited to the detection of
only two analytes by employing a one-dimensional approach
that either uses spectrally distinct or time-resolved mutants. In
this study, we designed a two-dimensional approach that
employs time and spectral resolution to design and develop as
multiplexed assay to measure three biomarkers of inflam-
mation simultaneously in a single sample solution. This is the
first time that a combination of space and time resolution in
bioluminescence detection has been employed to expand the
application of bioluminescence proteins in multiplex analysis.
Specifically, the photoprotein aequorin (AEQ) was engineered
and employed for the simultaneous detection of three separate
biomarker analytes in a single well, the signals of which are
differentiated through the use of three discrete time/wave-
length windows (Fig. 1).

Aequorin, native of the jellyfish Aequorea victoria, is a
22 kDa bioluminescent photoprotein with the active complex
consisting of apoaequorin, imidazopyrazine chromophore coe-
lenterazine contained in the protein’s hydrophobic core, and
molecular oxygen. The binding of calcium to the EF-hands in
aequorin triggers a conformational change in the protein
leading to the oxidation of coelenterazine to an excited state,
which upon relaxation results in the emission of light with a
Amax ~469 nm.>>?® Aequorin has been mutated both site-
specifically and randomly to generate mutant proteins display-
ing altered emission maxima, emission decay half-lives, and
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Fig. 1 A schematic of the simultaneous competitive assay for TNF-a,
IL-6, and IL-8 using semi-synthetic aequorin mutants.

thermostability.””*>° Our group has also introduced non-
natural amino acids by global and site-selective incorporation
into the protein that confer a series of unique spectral,
thermal and half-life characteristic to the newly created var-
iants.'® Additionally, introducing synthetic coelenterazine ana-
logues creates “semi-synthetic” aequorins that have also
shown altered bioluminescent properties.>'* These different
aequorin variants or semi-synthetic AEQs have spatial and
temporal space features that can make them amenable to sim-
ultaneous multi-analyte detection in a single well, expanding
the applications of AEQ in not only sensitive, but also versatile
and miniaturized analytical systems. Herein, we report the
development of a multiplex assay for three main pro-inflam-
matory cytokines, namely tumour necrosis factor alpha, inter-
leukin 6 and interleukin 8, (TNF-a, IL-6, IL-8) as model bio-
markers to demonstrate the detection capabilities of the semi-
synthetic AEQ variants. Cytokines play an important role in a
variety of biological processes, including inflammation,
disease pathogenesis, cancer progression and response to
inflammation, and are established markers of a variety of dis-
eases with inflammatory components, including, among
others, rheumatoid arthritis, Crohn’s disease, ulcerative
colitis, cardiovascular diseases, diabetes, cancer, lupus, and
hyperalgesia.>*® These cytokines are routinely analyzed when
diagnosing and managing the health of patients suffering
from these chronic or long-term diseases.>” We chose cyto-
kines as model analytes since there are commercially available
ELISA kit albeit for individual cytokines, which will help in
validating our assay. Although, highly sensitive multiplexed
fluorescent bead-based system are available for cytokine ana-
lysis, these are flow-based systems whereas our system and
ELISAs are direct measurement systems and hence not com-
parable. Flow based systems are very expensive and it is un-
likely to be found in all labs whereas ELISA systems are less
expensive and more likely to be easily available. Given this and
the fact that, as stated earlier, small volume detection is highly
desirable in the health management of patients with long-
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term illnesses, we believe that rapid, sensitive, multiplex
assays for the detection of biomarkers such as cytokines could
demonstrate applicability of AEQ in multiplex analysis using a
two-dimensional approach. This could contribute to improved
clinical diagnostics and management of disease in precision
medicine.

Results and discussion

Recently, the need for small volume analysis in clinical
samples has been highlighted by both the scientific and non-
scientific press. This is in part due to the controversy gener-
ated by the company Theranos and their widely publicized
small volume test, which failed short on the delivery of their
promised technology.*®**' While, unfortunately, Theranos’
misfortune in not being able to demonstrate without question
that their tests conform to the analytical parameters needed
for a reliable clinical assay, it has also highlighted further the
absolute need for better technology that can achieve sensitive,
reproducible and low detection assays in small volume physio-
logical samples. This is even more pressing given the fast pace
discovery of new biomarkers and the trend of modern medi-
cine to use the levels of these biomarkers in the diagnosis and
management of disease. In addition, the issue of detection of
panels of biomarkers and the burden imposed on patients
when drawing large volumes of blood frequently is also an
important consideration that highlights the need for techno-
logies that can perform biological assays in small volumes.
Granted, this is not a trivial task, and we must recognize that
the current move towards miniaturization of a number of
analytical methods that can reliably detect low analyte concen-
trations in physiological samples requires, among other para-
meters, extremely sensitive labels. The ability to multiplex
assays under such conditions would also greatly improve the
value of the newly discovered biomarkers in diagnostic and
monitoring of disease. Bioluminescent labels can provide us
with the required miniaturization potential and sensitivity,
however, to date there have been few examples of their use in
multiplex assays. The multiplex assay described herein is
based on well-known immunoassay principles. In that respect,
already developed individual bioluminescent
immunoassays using aequorin and other photoproteins as
labels for a variety of analytes, thus demonstrating the compat-
ibility of these type of assays for detection of any target
analytes.®>** In addition, aequorin has been used in a dual
analyte assay based on time resolution,>® while obelin mutants
and luciferases have been applied in dual-color assays.>>** By
taking a two-dimensional approach and combining both time
and wavelength resolutions, the bioluminescent multiplexing
capabilities can be expanded even further in bioanalytical and
medical applications. Herein, three pro-inflammatory cyto-
kines (TNF-a, IL-6 and IL-8) were chosen as biomarker candi-
dates for the proof of principle for a multiplex detection
system based on the premise that their simultaneous detection
would be beneficial in the diagnosis of a number of
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diseases.’>**™*” Indeed, these cytokines are routinely employed
in the management of among others, rheumatoid arthritis,
Crohn’s disease, ulcerative colitis, cardiovascular diseases, dia-
betes, cancer, lupus, and hyperalgesia.>*™°

Previous work in our laboratory focused on the use of a
series of genetic-based strategies to generate aequorin variants
paired with synthetic coelenterazines that resulted in semi-syn-
thetic aequorins with altered wavelength emission maxima
and decay kinetics.>” Taking this work and the individual
characteristics and potential of these newly pre-pared proteins
as bioluminescent labels in assays into consideration, we
selected aequorin mutants Y82F and F113W as labels for the
development of the multiplex assay. The X-ray crystal structure
of aequorin mutants is shown in Fig. 2.

In our work, the genes of the cytokine proteins were fused
to the genes of the aequorin mutants. Optimal expression of
the TNFa-Y82F and IL8-F113W fusion proteins was achieved
by introducing the plasmids into E. coli BL21 (DE3) pLysS
strain, while the IL6-Y82F was expressed in a Rosetta (DE3)
E. coli strain. Purity of the proteins was verified by SDS-PAGE
(see ESIt). Activities and emission characteristics of the pro-
teins were determined in a commercial luminometer.

Previous studies have shown that certain genetic mutations
and different synthetic coelenterazines can result in altered
emission characteristics of aequorin.”” To evaluate the effect
of genetically linked cytokines on the bioluminescence emis-
sion of aequorin, each fusion protein was paired with an array
of synthetic coelenterazines (Fig. 3), and characterized with
respect to the wavelength emission maxima (Table 1A) and bio-
luminescence decay kinetics (Table 1B).

A broad range of bioluminescence emission half-lives was
observed ranging from 0.10 s to 19.98 s. In addition, the wave-

Fig. 2 Three-dimensional crystal structure of aequorin with the
locations of the Tyr82 and Phell3 highlighted. The dotted lines display
the interactions between aequorin and coelenterazine. The tyrosine
residue at position 82 was substituted by phenylalanine to decrease the
H-bond interaction, and thus red-shifted the emission wavelength. On
the other hand, the phenylalanine at position 113 was substituted by
tryptophan to increase the n-n interaction, and therefore blue-shifted
the emission wavelength.
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Fig. 3 Chemical structures of commercially available, native and syn-
thetic coelenterazine analogues.

Table 1 Wavelength emission maxima and half-life of the different
semi-synthetic cytokine-aequorin fusion proteins

A. TNFo-Y82F IL6-Y82F IL8-F113W
A emission max A emission max A emission max
Coelenterazine (nm) (nm) (nm)
nty 501 501 480
i 511 511 481
f 509 509 488
ip 482 480 464
hep 479 478 463
h 504 503 479
p 483 477 460
fep 493 492 472
n 507 498 477
B. TNFa-Y82F IL6-Y82F IL8-F113W
Coelenterazine Halflife (s) Halflife (s) Halflife (s)
ntv 1.12 1.06 2.56
i 13.53 19.98 11.65
f 0.67 0.72 0.56
ip 0.48 0.46 0.35
hep 0.15 0.14 0.10
h 0.26 0.26 0.34
cp 0.19 0.21 0.21
fep 0.33 0.31 0.20
n 3.14 3.17 7.37

length emission maxima exhibited were also investigated. The
emission profile through the entire spectra was recorded by a
cooled CCD camera and the wavelength corresponding to the
maximal bioluminescent intensity was determined. A maximal
wavelength separation of 51 nm was obtained ranging from
460 nm to 511 nm. Based on these results, aequorin mutants
with coelenterazines cp, f, and i were selected for the establish-
ment of three distinct time/wavelength windows in which the
simultaneous discrimination of the three separate biolumines-

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/C9AN00297A

Published on 18 April 2019. Downloaded by University of Miami on 5/3/2019 2:24:48 PM.

Analyst

cent signals can be achieved. The fusion protein TNFa-Y82F
was paired with coelenterazine f, IL6-Y82F with coelenterazine
i, and IL8-F113W with coelenterazine cp. This allows for TNF-a
to be detected during the 0-6 s interval using a 520 nm filter.
IL-6 can be detected in the 6-25 s interval also with the
520 nm filter, and IL-8 can be distinguished in the 0-6 s inter-
val using a 420 nm filter. Wavelength resolution between the
TNFoa-Y82F and IL8-F113W signals was achieved using the
band pass filters of 420 nm and 520 nm, allowing for the
detection of both TNF-a and IL-8 in the 0-6 s kinetic window
(Fig. 4A). After 6 s the only bioluminescent signal left being
emitted results from the IL6-Y82F emission, thus, in the 6-25
s kinetic window with the 520 nm filter, IL-6 can be detected
as demonstrated in Fig. 4B.
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Fig. 4 (A) Emission spectra profiles of the three cytokine-aequorin
fusion proteins paired with their respective coelenterazines selected for
the study. (B) The emission decay kinetics of the three fusion protein/
coelenterazine combinations: W TNFa-Y82F with coelenterazine f, a
IL6-Y82F with coelenterazine /, and @ IL8-F113W with coelenterazine
cp.
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Serial dilutions were made of each cytokine-aequorin
fusion protein to determine the optimal concentration to use
in the development of the multiplex assay. Concentrations of
1.04 x 10~® M for TNFa-Y82F with coelenterazine f; 7.00 x 10~%
M for IL6-Y82F with coelenterazine 7, and 5.81 x 10~® M for
IL8-F113W with coelenterazine cp were selected for the studies
based on the fact that these concentrations allowed for signifi-
cant amount of signal over the back-ground while minimizing
the amounts of reagents used. Additionally, binder-dilution
studies with the respective anti-human cytokine antibodies
were performed to optimize the antibody concentrations
needed in the assay. For this purpose, anti-mouse IgG coated
plates were utilized to allow for optimal orientation of the anti-
cytokine antibodies (all mouse IgG) in the wells. Antibody con-
centrations of 1 pg mL™" for TNF-a and IL-6, 0.5 pg mL ™" for
IL-8 were found to be most favourable in terms of the dynamic
detection range of the assay. Initially, the dose response-plots
for the desired cytokines were executed individually to allow
for individual optimization of each cytokine assay. Each of the
interleukins were detected within their relevant elevated con-
centration ranges (~10 pg-10 000 pg)** " with detection limits
of 53 pg mL ™" for TNF-a, 184 pg mL ™" for IL-6 and 37 pg mL ™"
for IL-8 (Fig. 5).

Each cytokine was then assayed in the presence of the other
two cytokines in a single well (Fig. 6).

A similar protocol was followed for the individual dose-
response curves with the exception that all three of the anti-
bodies, standards, and fusion proteins were added to each
well. Two of the cytokine concentrations were held constant
while the third was increased through the desired range to
demonstrate that the observed change was only affected by the
expected fusion protein signal. The concentrations of the two
cytokines were held constant at 1000 pg mL™', which is a
typical elevated concentration of these cytokines in patients
with typical for inflammatory disease. This was chosen to
simulate the actual concentrations in physiological samples
and to demonstrate that even though the fixed concentration
is high, it does not interfere with the assay for the target cyto-
kine. As expected, the 0-6 s and 420 nm windows were only
affected by the response for IL-8, and the 6-25 s and 520 nm
windows only counted the signals responsible to IL-6.
However, as expected, the 0-6 s and 520 nm window were
affected by the response for not only TNF-a, but also the other
two analytes. Therefore, a signal deconvolution algorithm
(see equation below) was used to subtract the signals response
to IL-6 and IL-8 to resolve this issue.

[signalyyy., = signalsyg nm 065 — 0-72375(signal g, o6
— blankysonm 0—65s) — 1.56604(signals,nm 65

— blankszg nm 6-255)]

In the equation, 1.56604 is the ratio of signal intensity
between 0-6 s and 6-25 s emitted by IL6-Y82F, and 0.72375 is
the ratio between signal intensity emitted by IL8-F113W in
520 nm and 420 nm channels. Dose-response curves for the
simultaneous detection of three cytokines showed a similar
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Fig. 5 Individual dose-response curves of the three cytokines in a
buffered solution. (A) TNF-a. (B) IL-6. (C) IL-8. All points are the mean of
three measurements + one standard deviation. Error bars that are not
visible are obstructed by the point.

profile as the individual cytokines, thus detecting the analytes
in the relevant concentration range with detection limits of
250 pg mL™" for TNF-a, 213 pg mL™~" for IL-6 and 19 pg mL™"
for IL-8. Additionally, the multiplex assay was performed using
human serum as the sample matrix. The inherent ability of
bioluminescent-based assays to be performed directly in phys-
iological fluids without the need of sample preparation steps
has numerous advantages, such as the ease of the overall
analytical method, lower probability to introduce error in the
analysis, amenability for incorporation into a variety of plat-
forms, and reduction of the time of analysis. To that end, our

Analyst

View Article Online

Analyst

3000+

2000+ i

1000+

Bioluminescence Intensity
(RLU)

12 -1 -10 -9 -8 -7 -6

log (TNF-o, g/mL)

4500-
4000-
< 3500+

+4
~ 3000+

2500+

Bioluminescence Intensity
L

2000 T L] L] T T 1 1
13 12 11 10 -9 -8 -7 -6
log (IL-6, g/mL)

6000

4000+

2000+

Bioluminescence Intensity
(RLU)

0 T L] T T L] 1 1
43 12 11 10 -9 -8 -7 -6
log (IL-8, g/mL)

Fig. 6 Simultaneous dose-response curves of all three analytes in a
single well in a buffered solution. The response in the specific time/
wavelength window of interest for each cytokine is plotted separately
for ease of viewing. (A) TNF-a. (B) IL-6. (C) IL-8. All points are the mean
of three measurements + one standard deviation. Error bars that are not
visible are obstructed by the point.

multiplex assay showed high sensitivity and specificity in
human serum, detecting the desired analyte with a four order
of magnitude dynamic range that encompasses the physiologi-
cal levels of the three target cytokines. Specifically, detection
limits of 252 pg mL™" for TNF-a, 16 pg mL™" for IL-6 and 13
pg mL™" for IL-8, (Fig. 7) were obtained. Some of the assay
characteristics such as Z'-Factor and EC;, values are summar-
ized in Table 2.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Simultaneous dose-response curves of all three cytokines in
human serum in a single well. The response in the specific time/wave-
length window of interest for each cytokine is plotted separately for
ease of viewing. (A) TNF-a. (B) IL-6. (C) IL-8. All points are the mean of
three measurements + one standard deviation. Error bars that are not
visible are obstructed by the point.

Table 2 Comparison of serum levels of TNF-q, IL-6 and IL-8 measured
by the bioluminescence assay and ELISA kits

Z'-Factor ECso (M)

Buffer Serum Buffer Serum
TNF-a 0.84 0.84 1.40 x 107° 2.36 x107°
IL-6 0.84 0.69 1.27 x107° 2.20 x 107°
IL-8 0.90 0.91 4.50 x 107*° 3.29 x 107

This journal is © The Royal Society of Chemistry 2019
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Table 3 Comparison of serum levels of TNF-q, IL-6 and IL-8 measured
by the bioluminescence assay and ELISA kits

TNF-a IL-6 IL-8
-1 -1 -1
(pgmL™) (pg mL™) (pg mL™)
Bioluminescence assay 563 + 55 119+ 8 60 +3
ELISA 547 + 23 127 £ 2 62+1
p-Value 0.7331 0.4488 0.2783

The reproducibility of all the assays was verified by calculat-
ing their coefficient of variation (CV). The intra-assay coeffi-
cient of variation is smaller than 10% and the inter-assay
coefficient of variation is smaller than 13% for all data points.
Finally, to demonstrate the accuracy of our multiplex assay, we
validated our newly developed multiplex assay by determining
the levels of TNF-a, IL-6 and IL-8 in human serum spiked with
the three analytes. Our assays were also compared to commer-
cially available ELISA kits for each of the three individual cyto-
kines. The levels measured by our multiplex one pot assay
were within 10% difference from those obtained with the three
commercial ELISA assays for each individual cytokine, demon-
strating validation of our multiplex assay against three individ-
ual commercial cytokine assays (Table 3). Importantly, the
p-values of TNF-a, IL-6 and IL-8 are 0.7331, 0.4488, and 0.2783
respectively, which demonstrates that the results from our bio-
luminescence-based assays and those of the commercial ELISA
tests are not significantly different. Additionally, the recovery
rates of TNF-a, IL-6 and IL-8 are 112%, 119%, and 112%
respectively, which are similar to the results from the individ-
ual ELISA kits. Typically, the most expensive component of
immunoassays are the antibodies, and given that we can
produce our fusion proteins using bacterial expression
systems, the cost of our assay (~$0.25 per analysis) is compar-
able to commercially available kits for cytokine analysis
(~$0.22 per analysis). In terms of complexity of the assay, our
multiplex assay is based on direct detection of each analyte
when bound to its corresponding labelled antibody, as
opposed to commercial cytokine assays that are based on sand-
wich-type principles. Therefore, our assays have inherently
fewer steps (2 steps) than the commercial ones (5 steps or
more), and their assay time is significantly reduced; our assay
can be performed in <2 h, whereas, commercially available kits
can take >6 h. Multiplex fluorescence bead-based assay for
cytokines with superior sensitivities are available commer-
cially. However, the sandwich-format, antibodies used, and
flow-based system of fluorescence bead assay platform is
different from our approach of direct measurement. Hence we
did not use this platform for comparison.

Experimental
Reagents and apparatus

Standard human proteins and monoclonal antibodies were
purchased from Abcam and R&D systems. Bioluminescence
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measurements were made on a Polarstar Optima luminometer
from BMG Labtech. Emission spectra was taken on a custom-
made SpectroScan from Sciencewares. The complete list of
reagents and apparatus is listed in the ESL.}

Construction of cytokine-aequorin mutant fusion proteins

Three different fusion protein constructs were developed for
assaying tumor necrosis factor alpha (TNF-a), interleukins 6
(IL-6), and 8 (IL-8) simultaneously. The Y82F and F113W
aequorin mutants were utilized due to their altered emission
spectra. The cytokine coding sequences were genetically
attached to the aequorin mutants of choice via overlap poly-
merase chain reaction (PCR). Aequorin mutant F113W was
genetically fused to the 3’ end of IL-8 (IL8-F113W) and
aequorin mutant Y82F was genetically attached to the 3’ end
of both TNF-a (TNFa-Y82F) and IL-6 (IL6-Y82F). All of the
fusion proteins were expressed in Escherichia coli (E. coli)
cells and purified through Ni-NTA affinity chromatography.
The primers and specifics for each overlap PCR as well as the
protein expression and purification procedures are provided
in ESL.{

Decay half-life and emission spectra of cytokine-aequorin
fusion proteins

The emission characteristics of each cytokine-aequorin fusion
protein were examined with an array of coelenterazine ana-
logues (coelenterazine ntv, i, f, c¢p, hep, fep, n, fep, h).
Bioluminescent signals were collected on Polarstar Optima
and SpectroScan (ESIt).

Individual cytokine dose-response curves

Anti-mouse IgG coated plates were employed for experiments
performed with antibodies. The antibody concentration used
for TNF-a and IL-6 was 1 pg mL™', and for IL-8 was 0.5
pg mL™". Fusion protein concentrations used in the study were
as follows: TNFo-Y82F with coelenterazine £ 1.04 x 107° M,
IL6-Y82F with coelenterazine i- 7.00 x 10~® M, and IL8-F113W
with coelenterazine cp- 5.81 x 10”® M. The bioluminescent
intensity was measured using the Polarstar Optima through
dual luminescence emission detection with two kinetic
windows. Channel A contained a 420 nm filter and channel B
housed a 520 nm filter. The first kinetic window consisted of
the 0-6 s time frame and the second window was 6-25 s. The
experimental details of concentration optimization, binder
dilution study, as well as individual and simultaneous multi-
plexed response study are provided in ESL.{

Simultaneous multiplex cytokine dose-response curves in
buffer and human serum

For the dose-response curves in buffer, an aliquot of the
mixture of three anti-human cytokine antibodies in the same
concentrations as used for the individual dose response plots
listed above was added to each well. After removing the anti-
body solution, each cytokine standard solution was then
added to the wells. For each of the cytokines, the response was
examined in a dose-dependent manner while the concen-
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tration of the other two cytokines was held constant at 1000
pg mL™". The mixture of three cytokine-aequorin fusion pro-
teins was then added to the wells for the establishment of the
competitive bioluminescent assay.

The same procedure was followed for the dose-response
curve generated using human serum with the exception of the
additions of the standard solutions. In order to establish a
calibration plot, aliquots of human serum were spiked with
the cytokines of interest to the final desired concentrations.

Conclusions

The increasing number of biomarkers available have helped to
improve the precision and accuracy of diagnostics and man-
agement of disease. However, they also have placed a burden
in patients who need to have drawn large volumes of blood for
the detection of panels of biomarkers, a process that needs to
be repeated as frequently as, on occasions, on a daily basis if
the patients require close management of their therapeutic
regime or their disease progression. This has highlighted the
need for small volume clinical analysis, which dictates that
assays require reagents that achieve the detection limits
needed while performing in a fast reproducible, sensitive
manner in complex physiological samples. Moreover, it is
important that those assays require little or no sample prepa-
ration and are as simple as possible in order to be amenable
for incorporation into miniaturized analytical platforms. In
that regard, bioluminescent assays have emerged as exciting
alternatives to traditional colorimetric and fluorescent assays.
Bioluminescent proteins have shown their usefulness as labels
in multiplex analysis and could be key in the advancement of
a “one-blood draw, one-pot for all” assay methods for bio-
markers. Indeed, the proven ability of bioluminescent proteins
as labels in small volume assays"> makes them ideal for use in
miniaturized platforms. To that end, herein, we demonstrate
the multiplexed detection of three cytokines in a biolumines-
cent assay format. Specifically, the system was able to respond
quickly and efficiently in a dose-dependent manner over
several orders of magnitude, including at physiological and
elevated ranges for the target cytokine protein biomarkers of
interest. Previously, dual-analyte bioluminescent assays have
been reported either based on spectral or time resolved biolu-
minescent proteins. The novelty of this work is the demon-
stration of a platform that uses both spatial and temporal
resolution to detect and quantify multiple analytes based on
bioluminescent labels. As the bioluminescent labels continue
to improve and novel bioluminescent proteins with shifted
emissions wavelengths and half-lives are produced, it will
result in further enhancing the multiplexing capability, ie.,
number of analytes that can be detected via bioluminescence.
The high sensitivity of aequorin allows for easy quantification
even in small volumes and high-throughput screening.®
Moreover, in prior work we also demonstrated that bio-
luminescence-based detection is compatible and amenable for
incorporation into microfluidic platforms.**

This journal is © The Royal Society of Chemistry 2019
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