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Abstract

Squamous cell carcinomas of head and neck (HNSCC) are associated with immune, inflammatory
and angiogenic responses involving interleukin-6 (IL-6). This paper reports an ultrasensitive
electrochemical immunosensor for human IL-6 and proof-of-concept studies of IL-6 detection in
HNSCC cells. Single wall carbon nanotube (SWNT) forests with attached capture antibodies (Aby)
for IL-6 were used in an electrochemical sandwich immunoassay protocol using enzyme label
horseradish peroxidase (HRP) to measure very low (<30 pg mL™!) and elevated levels of IL-6. Two
levels of multi-enzyme labeling were used to measure a broad concentration range of IL-6 in a
representative panel of HNSCC cells. Secondary antibodies (Ab,) attached to carboxylated multiwall
carbon nanotubes with 106 HRP labels per 100 nm gave the highest sensitivity of 19.3 nA-mL (pg
IL-6)"! cm™2 and the best detection limit (DL) of 0.5 pg mL™! (25 fM) for IL-6 in 10 pL calf serum.
For more concentrated samples, biotinylated Ab, bound to streptavidin-HRP to provide 14—16 labels
per antigen was used. These immunosensors accurately measured secreted IL-6 in a wide range of
HNSCC cells demonstrated by excellent correlations with standard enzyme-linked immunosorbent
assays (ELISA), suggesting that SWINT immunosensors combined with multilabel detection have
excellent promise for detecting IL-6 in research and clinical applications.

INTRODUCTION

Development of devices for sensitive and reliable point-of-care measurement of biomarker
proteins for early cancer detection and treatment monitoring is a significant challenge.
However, the potential payoff is large since point-of-care analyses would reduce costs,
minimize sample decomposition, facilitate on-the-spot diagnosis, and alleviate patient stress.
Ideally, these measurements should be done cheaply, at high accuracy and sensitivity, and
require minimal technical expertise and system maintenance.

*To whom correspondence should be addressed. james.rusling@uconn.edu.
SUPPORTING INFORMATION AVAILABLE

Two additional figures illustrating phase contrast AFM images of carboxylated MWNTs before and after bioconjugation, linear
correlation plots and a statistical table correlating SWNT sensor results with ELISA are provided.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Malhotra et al.

Page 2

Interleukin-6 (IL-6), a multifunctional cytokine characterized as a regulator of immune and
inflammatory responses, ! is a suitable biomarker overexpressed by several types of cancer,
including head and neck squamous cell carcinoma (HNSCC). HNSCC affects nearly 44,000
patients and results in ~11,000 deaths per year in the U.S.2 Despite general advances in cancer
treatment, outcome remains poor for HNSCC patients primarily due to lack of measurable
biomarkers for early detection, and patients are often diagnosed at advanced stages.3 HNSCC
is associated with high IL-6 levels.4°5 Mean serum IL-6 in patients with HNSCC is >20 pg
mL ™! compared to <6 pg mL™! in healthy individuals. Compared to other secreted cancer
biomarkers such as prostate specific antigen (PSA) with normal patient serum levels in the ng
mL ™! range,® normal IL-6 levels are nearly 1000-fold lower, presenting a significant analytical
challenge. Both normal and elevated levels of IL-6 need to be measured accurately for reliable
early detection and monitoring of HNSCC.

Another complication is that single biomarkers often have inadequate predictive value, e.g.
~75% for PSA.® Predictive success approaching 100% can be achieved by measuring 5 to 10
biomarkers for a given cancer.” !l Thus, low-cost, accurate, multiprotein arrays for serum
analysis will be required for point-of-care cancer detection. Sensor development for IL-6 is
addressed in the present study to achieve the necessary ultrahigh sensitivity along the way to
development of electrochemical immunosensor arrays for simultaneous measurement of many
biomarkers.

Alternative methods for detection of protein biomarkers have yet to meet all requirements for
point-of-care use. Enzyme-linked immunosorbent assay (ELISA) is an important commercial
method with detection limits (DL)'2~14 approaching 1 pg mL ™1, but is difficult to adapt to
multiplexing and point-of-care. Bead-based immunoassays using electrochemiluminescence,
chemiluminescence or fluorescence provide DL approaching several pg mL™! but require
costly, high maintenance instruments for automated analyses.!>~17 Modern LC-MS
proteomics can achieve multiple biomarker measurements approaching the necessary
sensitivity and DL,'8:19 but current technology is too expensive, labor intensive, and complex
for routine diagnostics. Emerging methods for sensitive protein measurements, !¢ including
arrays based on optical,2? electrochemical?!-22 and nanotransistor?? detection, have been
reported, but most are in developmental stages and have yet to address IL-6 in real samples.

The present work utilizes electrochemical immunosensor protocols for detecting very low and
elevated cancer-related levels of IL-6 in experimental HNSCC cells. High sensitivity is
achieved by coupling multilabel amplification with nanostructured single wall nanotube
(SWNT) forest platforms. We reported on these strategies as previously developed for PSA,
24 and also employed for 4-protein arrays.25 The immunosensors are constructed on an
electrically conductive, high surface area, conductive platform featuring densely-packed,
upright SWNT forests with capture antibodies (Ab) attached to their ends. Antigen from the
sample binds to these Ab; molecules, and then an enzyme-labeled secondary antibody (Aby)
bioconjugate is added to bind to the antigen. Electrochemical detection of the label gives signals
proportional to the amount of antigen.

We combined several multilabel strategies to achieve moderate and ultrahigh sensitivity as
necessary for IL-6. The first approach utilizes bioconjugates denoted Ab,-biotin-streptavidin-
HRP. Here, after binding to IL-6 on the sensor surface, biotinylated Ab, specifically binds
streptavidin-HRP to provide 14—16 labels per antigen. We previously reported a detection limit
(DL) for this method of 30 pg mL ™! (1.5 fmol mL 1) for human IL-6 in calf serum.2® For
ultrahigh sensitivity detection, we employed a multilabeled HRP-multiwall carbon nanotube
(MWNT)-HPR-ADb, bioconjugate to obtain a 60-fold lower DL for IL-6. We show below that
these two approaches accurately measure IL-6 secreted from a panel of HNSCC cells over a
broad concentration range, and gave excellent correlations with standard ELISA assays. Most
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importantly, our work demonstrates strategies to detect a biomarker both well above and well
below normal serum levels in the range <6 pg mL ™!, suggesting the feasibility for incorporating
nanotube-based immunosensors into future multiprotein immunoarrays.

EXPERIMENTAL SECTION

Chemicals and Materials

Monoclonal anti-human Interleukin-6 (IL-6) antibody (clone no. 6708), biotinylated anti-
human IL-6 antibody, recombinant human IL-6 (carrier-free) in calf serum and streptavidin-
horseradish peroxidase (HRP) were from R&D systems, Inc. (Minneapolis, MN, USA). HRP
(MW 44000 Da), lyophilized 99% bovine serum albumin (BSA) and Tween-20 were from
Sigma Aldrich. Single-walled carbon nanotubes (HiPco) were from Carbon Nanotechnologies,
Inc. Carboxylated multiwalled carbon nanotubes were obtained from Nanocs, Inc. 2,2’-Azino-
Bis(3-ethylbenzthiazoline-6-sulfonic acid) was from Sigma. Immunoreagents were dissolved
in pH 7.2 phosphate saline (PBS) buffer (0.01 M phosphate, 0.14 M NaCl, 2.7 mM KCl). 1-
(3-(dimethylamino)-propyl)-3-ethylcarbodiimidehydrochloride (EDC) and N-
hydroxysulfosuccinimide (NHSS) were dissolved in water immediately before use.

Cell Lines and Conditions

The representative HNSCC cell lines (Cal27, HEp2, HN4, HN12, HN13, HN30) and
immortalized human skin keratinocyte, HaCaT cells27 are described elsewhere.28 OSCC3 and
UMSCCI17B cells were kindly provided by Drs. N. J. D'Silva and T. E. Carey, respectively,
University of Michigan. Normal oral keratinocytes (NOKsi) established from resected oral
gingival tissue and maintained in supplemented defined K-SFM media (Invitrogen) were used
as the controls. All cell lines were cultured as previously described in DMEM supplemented
with 10% fetal bovine serum (FBS), at 37°C in 95% air/5% CO,. For the collection of
conditioned media, cells were initially grown to 60-70% confluence, followed by serum
starvation (12—16 h) and then maintained in media without serum or supplements for 48 h
before collection, after which a brief centrifugation was used to remove cellular debris and the
samples was stored at —70°C. Similarly, conditioned media from serum starved HaCaT cells
with and without stimulation with TNF-alpha (20 ng/mL; Cell Sciences, MA, USA) were also
collected.

Transfections and Real-time Polymerase Chain Reaction Analysis

Pre-designed siRNA oligonucleotides were utilized to target human (Hs) IL-6 for knock-down
experiments. Two IL-6 sequences (si-IL-6-1: 5-CTCAAATAAATGGCTAACTTA-3'; si-
IL-6-2: 5'- CAGAACTTATGTTGTTCTCTA-3") together with AllStars Control siRNA (all
from Qiagen, Valencia, CA) were used to transfect (30 nM) into exponentially growing HN13
cells using HiPerFect transfection reagent and following the protocol recommended by the
manufactures (Qiagen). Transfected cells were incubated for 24 h followed by change of media
to serum free and left for an additional 48 h, when the conditioned media was collected and
processed as previously and, the attached cells were immediately lysed with Trizol (Invitrogen,
Carlsbad, CA) and processed for RNA extraction following the provided protocol. Next, 300
ng of total RNA was used as input for generating first-strand cDNA using the Superscript 11
first-Strand Synthesis SuperMix kit and following the provided protocol (Invitrogen). The
resulting DNA product was used as template (50 ng) for quantitative reverse transcription real-
time polymerase chain reaction (RT-PCR) of IL-6 using iQ SYBER Green Supermix, specific
primers and the iCycler apparatus (Bio-Rad, Hercules, CA). Primers were designed using
Primer-BLAST (NCBI) and included Hs. IL-6 (Forward: 5'-
AGTTCCTGCAGAAAAAGGCA-3'"; Reverse: 5'-~AAAGCTGCGCAGAATGAGAT-3') and
Hs. GAPDH (Forward: 5'-GAGTCAACGGATTTGGTCGT-3'"; Reverse: 5'-
TTGATTTTGGAGGGATCTCG-3").
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Fabrication of Inmunosensors

SWNT forests were assembled on abraded, ordinary basal plane pyrolytic graphite disks (A=
0.14 cm?) from shortened SWNT dispersions in DMF on a thin iron oxide-Nafion layer as
reported previously,?42? except that the iron oxide underlayer was deposited from pH 1.8, 31
mM FeClj solution. Quality of SWNT forests was confirmed by atomic force microscopy and
Raman spectroscopy as described previously.2? Capture antibody was attached by spotting 30
uL of freshly prepared 400 mM EDC and 100 mM NHSS in water onto the SWNT forest
sensors, washing after 10 min, then incubating 3 h at room temperature with 20 uLL 0.67 nmol
L1 (100 ug mL 1) primary anti-IL-6 antibody in pH 7.2 PBS buffer. The sensor was washed
with 0.05 % Tween-20 in PBS, and then PBS for 3 min each. The immunosensor was then
incubated for 1 h with 20 uLL 1% BSA in PBS, followed by washing with 0.05 % Tween-20 in
PBS and PBS for 3 min each. All washing steps were optimized to minimize non specific
binding (NSB) to achieve the necessary sensitivity.

For standardization, the immunosensor prepared as above was incubated for 1 h with 10 uL.
calf serum containing human IL-6, followed by washing with 0.05 % Tween-20 in PBS and
PBS for 3 min each. Then, the sensor was incubated with 10 uL of 1.1 pmol L™! biotinylated
secondary antibody (Ab,) in 0.1% BSA in pH 7.2 PBS buffer for 1 h, followed by washing
with 0.05 % Tween-20 in PBS and PBS for 3 min each. For moderate sensitivity, the sensor
was incubated with 10 pL streptavidin-HRP for 30 min, followed by washing with 0.05 %
Tween-20 in PBS and PBS for 3 min each. For high sensitivity, incubation with multilabel
Aby,-MWNT-HRP (described below) was substituted. The immunosensor was then placed in
an electrochemical cell containing 10 mL pH 7.2 PBS with 1 mM hydroquinone as mediator.
Rotating disk amperometry at 3000 rpm at —0.3 V vs SCE was done, and 0.4 mM H,0O, was
injected to develop the signal.

The same approach was used to analyze 10 pL samples of the conditioned media from the cell
cultures described above. These samples were also analyzed by a standard human IL-6 duo set
ELISA assay (DL 8 pg mL™1).30

Synthesis of Abo-MWNT-HRP Bioconjugates

Multiple HRPs and Ab, were attached to carboxylated MWNTs using an EDC/NHSS
amidization protocol with a reaction mixture 400:1 HRP:Ab, molar ratio as described
previously.2* Briefly, 1.5 mg oxidized MWNTs in 2 mL pH 7.0 0.01 M 2-(N-morpholino)
ethanesulfonic acid buffer (MES buffer) were sonicated 10 min to obtain a homogenous
dispersion. This dispersion was mixed with 1 mL 400 mM EDC and 100 mM NHSS in pH 7.0
PBS and vortexed 5 min, then centrifuged at 15000 rpm for 5 min and the supernatant discarded.
The buffer wash was repeated several times to remove excessive EDC and NHSS. 150 uL
Abs at 2.5 ug mL~! and 150 uL HRP at 1 mg mL™! was added to the mixture and stirred for
6 h, then centrifuged at 12000 rpm at 4°C for 10 min and the supernatant discarded. Washing
was crucial to remove free Ab, and HRP, and was repeated 4 times. 1 mL of 0.05 % Tween-20
in pH 7.2 PBS buffer was added to the bioconjugate precipitate collected and vortexed to form
a homogenous dispersion and stored in refrigerator at 4°C and diluted 10-fold with 0.1 % BSA
in PBS immediately before use.

Average height of atomic force microscopy (AFM) images of oxidized MWNTSs on mica before
bioconjugation was 25+2 nm, and length was 700+50 nm (see Supporting Information, Figure
1). AFM size analysis showed an increase of ~14 nm in height for the fully bioconjugated
Ab,-MWNT-HRP giving a diameter of 39+5 nm, consistent with the average thickness of a
monolayer of the major coating component HRP (4.0 x 6.7 x 11.7 nm, Brookhaven Protein
Database)3! on the 25 nm nanotubes.
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Bioconjugate dispersions were stable for ~10 days at 4 °C as shown by reproducible signals
for IL-6 standards in immunoassays. The amount of HRP per unit length MWNTSs was
determined by reacting the Ab,-MWNT-HRP dispersion with substrate 2,2’ -azino-bis-(3-
ethylbenz-thiazoline-6-sulfonic acid) (ABTS) and H202.32 The rate of formation of the soluble
product with an absorbance at 405 nm was monitored. This provided a linear increase in
absorbance of the product at 405nm. From these data, the concentration of active HRP in the
stock biotin-Ab,-MWNT-HRP dispersions was determined as 5.48 ug mL~!. Additionally, the
amount of active HRP was found to be 137 pmol mL™! of stock dispersion. Considering a
MWNT with an average diameter of 25 nm and an average length of 700 nm (from AFM) with
the enzyme activity data,33 106 active HRP labels per 100 nm length of the CNTs were
estimated.

Immunosensor Calibration

Our strategy (Figure 1) employed the moderate sensitivity Ab,-biotin-streptavidin-HRP label
system for most of the immunoassays. We previously presented calibration results for SWNT
immunosensors using this 14—16 label system,26 reporting a detection limit (DL) of 30 pg
mL ™! and sensitivity 3.6 nA-mL cm™2 (pg IL-6)"L. However, if levels of IL-6 in samples fell
near or below the detection limit of this assay, we reanalyzed using an ultrahigh sensitivity
Aby,-MWNT-HRP label system. Standardization of the assays employed pure IL-6 dissolved
in calf serum, which gives a good approximation to human serum in electrochemical
immunoarrays.

Calibration data for SWNT immunosensors featuring Ab,-MWNT-HRP bioconjugates with
106 HRPs per 100 nm of CNTs is shown in Figure 2. As in most immunoassays, a key to
achieving high sensitivity was minimizing non-specific binding (NSB), in this case utilizing
competitive binding of bovine serum albumin (BSA) and detergent along with an optimized
concentration of Ab,-MWNT-HRP (see experimental section). Figure 2A shows that the steady
state sensor current increased with IL-6 concentration in serum over a range of 0.5-30 pg
mL~1. Although this calibration is non-linear, it remains appropriate for samples up to and
slightly above 30 pg mL™!. Sensitivity as the slope of the calibration plot in the nearly linear
0.5-5 pg mL! region, (Figure 2B) was 19.3 nA-mL cm 2 (pg IL-6)"!, an increase of ~5 fold
compared with the Ab,-biotin-streptavidin-HRP system. Good device-to-device
reproducibility is illustrated by the small error bars. This approach provided a detection limit
of 0.5 pg mL~! (25 fM) as 3 times average noise plus the zero IL-6 control.

IL-6 Secreted by Human Squamous cells

We next used the immunosenors to determine secreted levels of IL-6 from in vitro cell
preparations. For the first study, HaCaT cells were stimulated with TNF-alpha, a cytokine
known to stimulate IL-6 secretion.3* As controls, we employed HN13 cells with high
endogenous levels of IL-6.27 that were subsequently transfected with predesigned siRNAs to
knock down human IL-6.27 Specifically, we used siRNA oligonucleotides designated si-IL-6-1
and si-IL-6-2 to knock down IL-6 in HN13 as well as HN13 treated with a control siRNA that
does not affect IL-6. HN13 cell lines knocked down by si-IL-6-1 are designated as HN13IL-6-1
and those knocked down by si-IL-6-2 as HN13IL-6-2. SWNT immunosensors were used to
detect IL-6 in the resulting conditioned media as shown in Figure 3(A). HaCaT treated with
TNF-alpha (HaCaT+) showed 15-fold increased IL-6 levels when compared to control cells
(HaCaT-) that gave minimal levels. The siRNA IL-6 knock down in HN13 cells resulted in
18-fold decreased IL-6 levels for HN13 treated with si-IL-6-1 (HN13IL-6-1) and 1.5-fold
decreased levels for HN13 treated with si-IL-6-2 (HN13IL-6-2), compared to control cells
without IL-6 knockdown, consisting of HN13 cells alone, and HN13 cells treated with siRNA
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(HN13 C). Conditioned media were also analyzed by ELISA for IL-6 and levels were
comparable to those determined by the immunosensors (Figure 3B). Results of a correlation
plot of the SWNT sensor data vs. ELISA (Supporting Information, Figure S2A) was analyzed
by linear regression and gave a slope of 0.99 £+ 0.02 and an intercept of —10.6 £ 9.2,
demonstrating very good correlation.

As a further measure of effectiveness of IL-6 knock down, total RNA extracted from HN13
cells treated with control siRNA and IL-6 siRNAs was subjected to reverse transcription real-
time quantitative polymerase chain reaction (RT-qPCR) analysis. As shown in Figure 3C,
mRNA levels decreased in those cells that were treated with siRNA to IL-6 in comparison to
control cells. Levels were normalized to mRNA expression levels of the house keeping gene
GAPDH, to reflect the amount of protein secreted into the conditioned media. These results
are consistent with the lower levels of IL-6 measured by the immunosensors in HN13 cells
subjected to IL-6 knock down.

Conditioned media from heterogeneous populations of ten different cell lines were then
analyzed to explore the generality of the sensing approach towards IL-6 detection in oral
carcinomas. Figure 4A illustrates the results along human IL-6 standards in serum at
comparable levels. Most of the cell lines (Cal27, HEp2, HN4, HN12, HN13, HN30) express
high levels of IL-6, ranging between 750—1005 pg mL ™!, but HaCaT and NOKsi demonstrated
low levels of the cytokine, ranging between 10—16 pg mL™!. Samples were also assayed by
ELISA and excellent correlation was found (Figure 4B). A linear correlation plot (SIfile, Figure
S2B) for SWNT immunosensors vs. ELISA gave slope 1.03 £0.03 and intercept of 4.8 +27.4,
indicating excellent correlation. Previous studies on these cell lines showed similar expression
levels of IL-6 in a subset of these cells.2” These results suggest the validity of using the
immunosensors for determination of IL-6 levels in samples for a range cancer cell types.

To confirm the IL-6 expression levels of the cells and the repeatability of the SWNT sensor,
we then independently grew a sub-set of the 10 cell lines, and analyzed the new conditioned
media. The results are shown along with human IL-6 standards (Figure 5A). Results for these
cells followed the same trends as in the previous analyses. Here, HaCaT cells were found to
express low levels of IL-6, ranging between 17.8 — 20.0 pg mL~!. Very high levels of IL-6
(>1000 pg mL 1) were expressed by HEp2, in accordance with ELISA results. Also, the
expression of IL-6 in other cell lines (Cal27, HN12, HN13, OSCC3) measured by SWNT
sensors were in excellent agreement with ELISA (Figure 5B). The slope of the correlation
graph (Sl file, Figure S2C) of the SWNT sensor results vs. ELISA was 0.89 + 0.14, with an
intercept of 18.8 + 111.9, again showing good correlation. T-tests indicated no significant
differences between the concentrations of all conditioned media samples measured by SWNT
sensors and ELISA (p> 0.05).

DISCUSSION

Results above demonstrate that nanostructured SWNT forest immunosensors combined with
multilabel detection strategies can accurately and reproducibly detect cancer biomarkers at
levels between 1 to thousands of pg mL~! in complex biological samples (Figure 3 to Figure
5). This range is also representative of IL-6 in the serum of disease-free and cancer patients.*
Two labeling levels were used to accommodate this wide range of concentrations. Using
Ab,-MWNT-HRP with 106 labels per 100 nm of CNT gave extremely high sensitivity of 19.3
nA-mL cm ™2 (pg IL-6)"! and an ultralow detection limit of 0.5 pg mL™! (Figure 2). This
immunosensor protocol is ~5-fold more sensitive compared to the alternative Ab,-biotin-
streptavidin-HRP4_;¢ labeling system, and the detection limit was 60-fold better. The
detection limit using Ab,-MWNT-HRP is also 16-fold better than that of the ELISA method
at 8 pg mL 1,30

Anal Chem. Author manuscript; available in PMC 2011 April 15.
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SWNT immunosensors showed very good reproducibility demonstrated by small device to
device standard deviations (Figure 2 to Figure 5) with both Ab,-biotin-streptavidin-
HRPj4_1¢ and biotin-Ab,-MWNT-HRP detection systems. In addition, good accuracy for IL-6
was demonstrated by good correlation of SWNT immunosensor results for IL-6 with ELISA
assays for a broad range of conditioned media samples. Selectivity was confirmed by accurate
detection of IL-6 in these media that also contain hundreds of other proteins. We previously
showed that SWNT sensor arrays similar to the one described here, but with the low sensitivity
protocol only, gave accurate determinations of IL-6 and 3 other protein biomarkers in the serum
of a limited set of prostate cancer patients.>

The present approach for IL-6 improved the sensitivity and DL of the method, and should be
readily adaptable to multiprotein arrays. Ideally, such an array could be integrated into low
cost microfluidic systems for automated point-of-care assays. Such devices are currently being
designed in our laboratories, and have the potential to increase predictive power by
simultaneously detecting panels of biomarkers for a given cancer.

In summary, we have demonstrated ultrasensitive, selective and accurate electrochemical
detection of IL-6 representative of normal patient to high cancer patient levels from a variety
of head and neck cancer cells. The detection limit of 0.5 pg mL ™! for IL-6 is 16-fold lower
than that of conventional ELISA and 60-fold lower than for our previously reported IL-6
immunosensors.23:2 SWNT immunosensor protocols described are suitable for measuring
other biomarkers, and could be easily adapted to array formats2> for the detection of multiple
protein biomarkers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Two strategies for multilabel detection in amperometric immunosensor (A) immunosensor
after treating with Ab,-biotin-streptavidin-HRP, providing 14 to 16 HRP’s on one Abj; (B)
immunosensor after treating with HRP-MWNT-Ab, bioconjugate having 106 active HRPs
(enzyme labels) per 100 nm of carboxylated carbon nanotubes. The final detection step involves
immersing the immunosensor in an electrochemical cell containing PBS buffer and mediator,
applying voltage and injecting a small amount of hydrogen peroxide.
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Figure 2.

Amperometric response for SWNT immunosensors incubated with human IL-6 in 10 uL calf
serum, then biotin-Ab,-MWNT-HRP (A) current at —0.3 V and rotating the electrode at 3000
rpm in PBS buffer containing 1 mM hydroquinone mediator and then injecting HyO; to 0.04
mM to develop the signal; (B) influence of IL-6 concentration on steady-state current (corrected
for background) for immunosensor using the bioconjugate. Error bars represent device-to-
device standard deviation (n = 3).
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Figure 3.

Amperometric response for SWNT immunosensors incubated with IL-6 in 10 pL calf serum
(pg mL™! labeled on curves, dashed lines) or conditioned media from cells treated with TNF-
alpha (HaCaT —/+) and those transfected with indicated siRNA oligonucleotides (HN13IL-6-1,
HN13IL-6-2, HN13 [non transfected] and HN13 C [control siRNA]; solid lines) for 1 h.
Conditioned media samples (HaCaT—, HaCaT+, HN13IL-6-1, HN13IL-6-2, HN13, HN13 C)
were analyzed using 10 uL 1.1 pmol L™! biotinylated secondary antibody (Ab,) in 0.1 % BSA
in pH 7.2 PBS buffer and 10 uL streptavidin-HRP except the one below 30 pg mL~! (HaCaT
—), which was analyzed using 10 pL Ab,-MWNT-HRP bioconjugates (A) current at —0.3 V
and 3000 rpm using 1 mM hydroquinone as mediator in PBS buffer, then injecting H,O, to
0.4 mM; (B) SWNT sensor results for conditioned media shown with results from ELISA for
the same samples; (C) gqRT-PCR analysis of RNA extracted from control and IL-6 siRNA
transfected cells and expression levels indicated (fold) are after normalization to levels of
GAPDH.
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Figure 4.

Amperometric response for SWNT immunosensors incubated with IL-6 in 10 pL calf serum
(pg mL~! labeled on curves, dashed lines) and conditioned media (HaCaT, Cal27, HEp2, HN4,
HN12, HN13, HN30, NOKsi, OSCC3, UMSCC17B) and serum free media, SF (solid lines)
for 1 h. Conditioned media samples (Cal27, HEp2, HN4, HN12, HN13, HN30, OSCC3,
UMSCCI17B) were analyzed using 10 uL 1.1 pmol L™! biotinylated secondary antibody
(Aby) in 0.1 % BSA in pH 7.2 PBS buffer and 10 pL streptavidin-HRP except those below 30
pgmL~! (HaCaT, NOKsi), which were analyzed using 10 uL Ab,-MWNT-HRP bioconjugates
(A) current at —0.3 V and 3000 rpm using 1 mM hydroquinone as mediator in PBS buffer, then
injecting H,O, to 0.4 mM; (B) SWNT sensor results for conditioned media shown with results
from ELISA (relative standard deviation [ RSD] £ 10%) for the same samples.
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Figure 5.

Amperometric response for SWNT immunosensors incubated with IL-6 in 10 pL calf serum
(pg mL™! labeled on curves, dashed lines) and a second set of conditioned media (Cal27,
HaCaT, HEp2, HN12, HN13, OSCC3) and control (solid lines) for 1 h. Conditioned media
samples (Cal27, HEp2, HN12, HN13, OSCC3) were analyzed using 10 uL 1.1 pmol L™!
biotinylated secondary antibody (Ab,) in 0.1 % BSA in pH 7.2 PBS buffer and 10 uL
streptavidin-HRP except the one below 30 pg mL~! (HaCaT), which was analyzed using 10
uL Ab,-MWNT-HRP bioconjugates (A) current at —0.3 V and 3000 rpm using 1 mM
hydroquinone as mediator in PBS buffer, then injecting H,O; to 0.4 mM; (B) SWNT sensor
results for conditioned media shown with results from ELISA (RSD + 10%) for the same

samples.
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