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Simultaneous detection of multiple bio-
markers, such as extracellular signaling molecules, is a
critical aspect in disease profiling and diagnostics. Precise
positioning of antibodies on surfaces, especially at the
micro- and nanoscale, is important for the improvement of
assays, biosensors, and diagnostics on the molecular level,
and therefore, the pursuit of device miniaturization for
parallel, fast, low-volume assays is a continuing challenge.
Here, we describe a multiplexed cytokine immunoassay
utilizing electron beam lithography and a trehalose
glycopolymer as a resist for the direct writing of antibodies
on silicon substrates, allowing for micro- and nanoscale

precision of protein immobilization. Specifically, anti-interleukin 6 (IL-6) and antitumor necrosis factor alpha (TNFa)
antibodies were directly patterned. Retention of the specific binding properties of the patterned antibodies was shown by
the capture of secreted cytokines from stimulated RAW 264.7 macrophages. A sandwich immunoassay was employed using
gold nanoparticles and enhancement with silver for the detection and visualization of bound cytokines to the patterns by
localized surface plasmon resonance detected with dark-field microscopy. Multiplexing with both IL-6 and TNFa on a
single chip was also successfully demonstrated with high specificity and in relevant cell culture conditions and at different
times after cell stimulation. The direct fabrication of capture antibody patterns for cytokine detection described here could

be useful for biosensing applications.

electron beam lithography, antibody patterning, trehalose glycopolymer, biosensor, localized surface plasmon resonance,

dark-field microscopy

xtracellular signaling molecules are secreted by cells in
response to a variety of factors, including temperature,
addition of drugs, chemicals, and other changes in the
surrounding environment. Therefore, knowing what types of
molecules and the amounts secreted would provide important
insight and information on the functional state of the cell. For
example, interleukin-6 (IL-6) and tumor necrosis factor alpha
(TNFa) are common cell-signaling proteins (cytokines) that
influence many aspects of the immune and inflammatory
response. These molecules are also important biomarkers;
elevated IL-6 or TNFa serum levels are associated with various
diseases, such as rheumatoid arthritis and prostate cancer."”
Thus, detection of these molecules secreted from cells is an
important undertaking.
Currently available and commonly used methods for
cytokine detection include intracellular cytokine cytometry
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(ICC) and enzyme-linked immunospot (ELISPOT) assays.3
ICC involves inhibiting stimulated cells from secreting
cytokines and then allowing labeled anticytokine antibodies
to permeate into the cells. This is coupled with flow cytometry
analysis. In the ELISPOT assay, cells are plated directly into
wells coated with anticytokine antibodies, and the released
cytokines are visualized by an enzyme-labeled detection
antibody. An important contribution toward improving
biosensor technology aims to miniaturize sample volumes and
for inline detection from live cells, where micro- and
nanofabrication approaches become highly desired. The
resulting benefits for miniaturization are better sensitivities
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and high-throughput analyses. Examples of developing
technologies for the detection of secreted cytokines from living
cells include a microfluidics platform for immobilizing anti-
bodies,” photolithography to fabricate gold electrodes for
modification with aptamers,” and nanoimprint lithography to
generate structures for cytokine biosensing.”

There are a variety of patterning techniques that have been
used for biomolecule immobilization with micro- and nanoscale
features."~'" Common techniques include inkjet printing,"'
stamping techniques such as microcontact printing'”"” and
nanoimprint lithography,'®'® scanning probe microsc%py
techniques such as dip-pen nanolithography (DPN),"*"
polymer pen lithography (PPL),"® and electron beam
lithography (EBL)."” ' Expectedly, each technique has
advantages and limitations. Stamping techniques allow for the
rapid generation of patterns but require template fabrication,
and preparing dense patterns with different biomolecules can
be difficult. DPN and PPL enable direct write methods with
nanoscale spacing between features but are limited in that most
often they are serial processes. EBL is also a serial process and
suffers from significantly longer exposure times; however, it
allows for the generation of user-designed patterns with high
resolution and nanoscale alignment capability, allowing for
multiplexing and high density patterns.”

Direct writing of proteins by EBL presents a challenge due to
the nature of the harsh processing conditions. EBL requires
high vacuum and involves high-energy irradiation with
electrons for patterning, which are not ideal for maintaining
protein bioactivity. Recently, we have reported that polymers
with trehalose side chains (PolyProtek) are able to stabilize
various proteins azgainst environmental stresses such as heat and
lyophilization.”~* We have also shown the utilization of
PolyProtek as a novel aqueous-based resist material that enables
the direct writing of proteins by EBL.”® PolyProtek was shown
to stabilize proteins under high vacuum and direct exposure to
high energy irradiation. Another material, silk, was also used as
a positive or negative resist for protein patterning with EBL as
shown by Kim et al.”” Herein, we demonstrate the ability to use
PolyProtek for direct write EBL of IL-6 or TNFa antibodies for
capture of these important biomolecules secreted from
stimulated macrophages. The patterns were visualized via
dark-field microscopy, exploiting the surface plasmon resonance
of silver-enhanced gold nanoparticle secondary antibodies.

RESULTS AND DISCUSSION

The amount of nonspecific adsorption is an important
consideration for any biosensor application because back-
ground adsorption increases noise and decreases signal, thus
reducing sensitivity.”® Therefore, surfaces were first passivated
to prevent nonspecific adsorption and ensure specific
recognition. This was achieved by the single-step surface
modification of grafting poly(ethylene glycol) (PEG)-silane
onto silicon surfaces. This passivation strategy allows for
ultrathin and stable protein-repellent PEG monolayers.”” The
surface immunoassay described in this report employed gold
nanoparticle-labeled analytes for detection. Gold nanoparticles
generate a localized surface plasmon resonance signal that can
be simply visualized using a dark-field optical microscope.
Reducing the nonspecific adsorption of gold nanoparticles and
primary antibodies helps eliminate background noise and thus
improve signal and sensitivity. The amount of nonspecifically
adsorbed neutravidin-conjugated gold nanoparticles was
evaluated for plain silicon substrates or silicon coated with

PEG-silane of different molecular weights (Figure 1). All
surfaces were incubated with 30 nm neutravidin-conjugated

Figure 1. Nonspecific adsorption of neutravidin-conjugated 30 nm
gold nanoparticles to treated silicon substrates: (a) bare silicon, (b)
PEG 400-silane, (c) PEG 2000-silane, and (d) PEG 5000-silane.

gold nanoparticle solutions for 18 h. Compared to the piranha-
cleaned silicon substrates (Figure 1a), the PEG 400 coating also
had considerable fouling (Figure 1b) while PEG 2000 showed a
slight reduction in protein adsorption (Figure lc). A PEG-
silane of molecular weight 5 kDa was required to significantly
reduce nonspecific adsorption to barely detectable levels
(Figure 1d). Specifically, a 95% reduction in protein adsorption
was observed compared to the bare silicon substrate. Therefore,
the S kDa PEG-silane coating was utilized in all subsequent
experiments.

The process of fabricating antibody patterns by direct
electron beam lithography is depicted in Figure 2. PEG-silane-
coated silicon substrates were spin-coated with an aqueous
solution containing the antibody, 0.5 wt %/vol PolyProtek, and
1 mM ascorbic acid. The resulting thickness for PEG-silane was
26.8 + 1.1 A, and the spin-coated antibody layer was 205.3 +
1.9 A, as measured by ellipsometry. When irradiated by
electrons, the trehalose polymer cross-links to the PEG-coated
silicon substrate likely by a mechanism similarly observed for
other polymers.’”*" The cross-linking results in a trehalose-
based hydrogel, which helps to stabilize and immobilize the
protein. Ascorbic acid is a known radical scavenger’> and
therefore can help protect proteins from e-beam radiation
damage.*® We verified this in our system by patterning without
or with 1 and 2 mM ascorbic acid, finding that 1 mM ascorbic
acid provided the highest signal by dark-field microscopy
(Figure S1). Thus, 1 mM ascorbic acid was added to the resist/
protein solutions hereafter. For multiplexed antibody patterns,
the chips were fabricated by resubjecting the substrate to
another round of e-beam processing of spin-coating with a
different antibody, aligning, and writing steps.

The direct e-beam writing and assay of antibodies was first
evaluated using human immunoglobulin G (IgG) to optimize
various parameters and components of the immunoassay
system. Silicon wafers were spin-coated with a solution
containing 0.5 wt %/vol PolyProtek, 1 mM ascorbic acid, and
1 mg/mL human IgG. The human IgG-coated surfaces was
patterned in an “Al1/Circle” shape (Figure 3c) with an area
dose of 25 C/cm? and after being processed, the chips were
sequentially incubated with biotinylated anti-human IgG and
neutravidin-conjugated 30 nm gold nanoparticles, followed by
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Figure 2. Direct electron beam patterning process for generating antibody patterns. An aqueous solution containing PolyProtek, ascorbic acid,
and target antibody is spin-coated on a PEG-silane-coated substrate and subsequently patterned by electron beam lithography. Non-cross-
linked areas are washed away. Multicomponent antibody patterns can be generated by spin-coating a new layer with a different antibody,

alignment and subsequent e-beam patterning, and rinsing.

a

Figure 3. Dark-field micrographs for the sandwich assay of human
IgG patterns. IgG patterns were incubated with biotin anti-human
IgG, neutravidin-conjugated gold nanoparticles, and silver
enhanced gold nanoparticles. Patterns are shown (a) before gold
nanoparticle incubation, (b) after gold nanoparticle incubation,
and (c) after silver enhancement. Scale bars = 35 um.

silver enhancement. Dark-field microscopy images were taken
from a reference pattern without neutravidin-conjugated gold
nanoparticles (Figure 3a), with bound gold nanoparticles
(Figure 3b) and the silver-enhanced gold nanoparticles pattern
(Figure 3c). The localized surface plasmon resonance (LSPR)
signal was observed for the gold nanoparticle sample; however,
silver enhancement greatly increased signal and thus sensitivity,
and this process was utilized for all further studies.

Cytokines IL-6 and TNFa were chosen for multiplexed
detection by the surface immunoassay because these secreted
cell-signaling molecules are commonly associated with macro-
phage activation. Cultured macrophages readily secrete the
signaling proteins to regulate the immune response upon
stimulation. RAW 264.7 mouse macrophages were stimulated
with lipopolysaccharide (LPS), a component of the outer
membrane in Gram-negative bacteria, to secrete IL-6, TNFa,
and many other cytokines into the cell culture media. An
enzyme-linked immunosorbent assay (ELISA) was performed
to detect the presence of IL-6 and TNFa in media (Figure 4).
Importantly, the results show that there are undetectable levels
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Figure 4. ELISA detection of IL-6 and TNFa« from LPS-stimulated
RAW 264.7 macrophages (5 X 10° cells). IL-6 X TNF« represents
anti-IL-6 capture antibody and biotinylated anti-TNFa antibody,
and TNFa X IL-6 represents anti-TNFa capture antibody and
biotinylated anti-IL-6 antibody. Media represents the amount of
detected cytokines from unstimulated macrophages.

of cytokines from unstimulated macrophages, and that the
secondary antibodies have high specificity for the target
antibody and no cross-reactivity. These properties are necessary
for translating the components toward a multiplex surface
immunoassay system.

Electron beam lithography was first used for direct writing of
anti-IL-6 and anti-TNFa antibody patterns on separately
patterned chips. The antibody patterns were sequentially
incubated with undiluted cell culture media from RAW 264.7
macrophages that were stimulated with LPS for 24 h. Then,
either biotinylated anti-IL-6 or biotinylated anti-TNFa was
added, followed by 30 nm neutravidin-conjugated gold
nanoparticles and the silver enhancement step. The signal
depended on the concentration of antibody used during spin-
coating. The concentration of antibody tested ranged from 1 to
S uM, with S uM resulting in the highest observed signal
(Figure S2). Not surprisingly, with increased antibody
concentrations, there was an increase in signal, which is likely
related to a higher density of bioactive antibodies following
electron beam processing. Both TNFa and IL-6 capture was
observed by dark-field microscopy with silver-enhanced gold
nanoparticles bound to micro-sized patterns of defined texts
and shapes (Figure Sab). The gold nanoparticles were
visualized on submicron patterns with scanning electron
microscopy, where the gold antibodies were observed as dots
on 500 X SO0 nm-sized squares (Figure Sc). Furthermore,
nanopatterns were fabricated. Anti-TNFa nanopatterns with
line widths of 150—180 nm were observed by atomic force
microscopy (AFM, Figure Sef). The line patterns were
fabricated in concentric shapes that were visualized by dark-
field microscopy as squares and circles (Figure S5d),
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Figure 5. Cytokine detection with a bound silver-enhanced gold
nanoparticle immunoassay on surface immobilized micro- and
nanopatterns. Two cytokines, (a) TNFa and (b) IL-6, were
detected from cell media of LPS-stimulated Raw 264.7 macro-
phages, scale bars = 35 ym. (c) Electron micrograph of anti-TNFa
submicron patterns, scale bar = 1 gm. Anti-TNFa nanopatterns
showing (d) dark-field micrograph cytokine detection immuno-
assay of circles and squares with nanometer line widths, scale bar =
20 um. (e) AFM of one of the circle patterns with 150 nm line
widths, and (f) AFM of one of the square patterns with 180 nm line
widths indicated by the arrows.

demonstrating that nanopatterns of active anti-TNFa were
achieved. These results confirm that the immunoassay
following the direct write of antibodies by EBL can be used
for the detection of cytokines in complex cell culture media.
Furthermore, these patterns of shapes, letters, and numbers
demonstrate the capability to generate arbitrary patterns with
high resolution.

Sensitivity to cytokine concentrations and detection limit are
both important considerations for immunoassays. The levels of
TNFa and IL-6 in LPS-stimulated macrophage culture media
were quantified by ELISA and used as a benchmark. From § X
10° cultured macrophages, the amount of TNFa and IL-6
detected was 43 and 53 ng/mlL, respectively. Patterns of anti-
TNFa and anti-IL-6 were incubated in varying dilutions
ranging from 200 ng/mL to 0 of TNFa or IL-6 from cell
media of stimulated macrophages and further developed. Figure
6 and Figure S3 show the sensitivity of the immunoassay to
TNFa and IL-6, respectively. Signals were strongly observed at
TNFa and IL-6 of 200 and 40 ng/mL concentrations, while
detection was visible above S pg/mL for TNFa and S0 pg/mL
for IL-6. This is comparable to the detection limit of ELISA,
which from the manufacturer’s kit (eBioscience) has a standard
curve range of 4—500 pg/mL.

Multiplexed antibody patterns to detect both IL-6 and TNFa
were then investigated. First, anti-TNFa patterns were
generated, and the process of spin-coating with anti-TNFa,
writing, and rinsing on the same substrate was repeated four
times. The signal-to-noise of the patterns was comparable
between the four processing and exposure cycles (Figure S4),
suggesting that the process is amenable to multiplex patterning.
Taking advantage of the alignment capabilities of electron beam
lithography, next anti-IL-6 and anti-TNFa patterns of “TNFa”
and “IL-6” were generated in close proximity. Following the
direct writing of anti-TNFa, another round of patterning was
performed with anti-IL-6 to achieve multicomponent antibody
patterns. The detection of both IL-6 and TNFa was observed
by visualization of their associated patterns (Figure 7a). The

Figure 7. Dark-field micrographs of multiple antibody patterning
and cytokine detection of IL-6 and TNFa. The generated patterns
were stained to detect for (a) both IL-6 and TNFa, or selectively
for (b) TNFa and (c) IL-6. Scale bars = 35 pm.

surface immunoassay also demonstrates high specificity toward
both cytokines, with slight cross-reactivity against IL-6. The
corresponding patterns were visible when stained for only
TNFa (Figure 7b) or for only IL-6 (Figure 7c).

Finally, the multiplexed patterns were used to monitor IL-6
and TNFa secretion over time. Multicomponent IL-6 and
TNFa patterns were directly incubated with RAW 264.7
macrophages. Upon addition of LPS to the cultured macro-
phages, the patterned chips (with “TNFa”/B2square shape for
TNFa and “IL-6"/Alcircle shape for IL-6) were then removed
from cell cultures at various time points over the course of 24 h.
Subsequent development of the immunoassay showed an
expected increase in LSPR signals and thus developing
visualization of the patterns incubated from 2 to 24 h (Figure
8). This steady increase in IL-6 and TNFa secretion over 24 h
is in agreement with levels reported in literature.”

a b c

Figure 6. Detection sensitivity of anti-TNFa patterns to varying
concentrations of TNF« in media: (a) 200 ng/mL, (b) 40 ng/mL,
(c) 500 pg/mL, (d) 50 pg/mL, (e) S pg/mL, and (f) 0. Scale bars =
20 pm.

Figure 8. Multiplexed detection of IL-6 and TNFa from stimulated
RAW 264.7 macrophages over time. Chips were directly incubated
in LPS-stimulated macrophages at time points: (a) 2 h, (b) 12 h,
and (c) 24 h. Scale bars = 35 ym.
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The detection of both cytokines, as well as the capability to
selectively detect one specific signaling protein from cellular
milieu, is essential for a multiplexed immunoassay system.
Using a trehalose glycopolymer, the antibodies retained their
binding activity even after subjection to repeated electron beam
processing conditions, such as vacuum and rinsing cycles,
exemplifying the use of PolyProtek as a stabilizing resist.
Furthermore, low amounts of nonspecific adsorption were
observed on the e-beam-generated patterns. Specifically, the
amount of gold nanoparticles bound to the opposing cytokine
pattern was greatly reduced (Figure 7b,c). The direct write
assay was capable of detection as low as cytokine concen-
trations of S pg/mL and could detect increasing concentrations
of the secreted proteins over time from live cells. The
combination of all these properties demonstrates that multi-
plexed patterns can be successfully patterned with this
technique, and that the detection of two different cytokines
in relevant cell culture conditions on these patterns is possible.
Electron beam lithography is a serial process, but there are
several new techniques in development. For example, stencil
masks or character projection technology allow for generation
of complex shapes with one exposure, and multiple electron
beams for parallel processes are being investigated.”**> The
process we describe herein should also be applicable to these
technologies.

CONCLUSIONS

We have successfully demonstrated a cytokine detection
method by directly patterning antibodies onto surfaces utilizing
PolyProtek and EBL. The patterned IL-6 and TNFa antibodies
retained their recognition properties, allowing for binding to
the respective cytokines released from LPS-stimulated macro-
phages. Capture of the cytokines was successfully detected via a
sandwich immunoassay visualized from LSPR of silver-
enhanced gold nanoparticles bound to the patterns. Multi-
plexed cytokine detection was also shown to specifically
visualize IL-6 and TNFa concentrations in relevant cell culture
conditions. These results demonstrate the potential of this
patterning technique for developing biosensors and diagnostic
assays.

MATERIALS AND METHODS

Materials. The S kDa mPEG-silane was purchased from Creative
PEGWorks. Silicon wafers were purchased from Cemat Silicon S.A.
Human IgG and Alexa Fluor 488 donkey anti-human IgG were
purchased from Jackson ImmunoResearch. Rat anti-mouse IL-6 and
biotinylated rat anti-mouse IL-6 IgGs were purchased from
eBioscience. Rabbit anti-mouse TNFa IgG was purchased from
Thermo Fisher Scientific, and biotinylated rabbit anti-mouse TNFa
IgG was from Invitrogen. Antibodies for patterning were concentrated
with Centriprep MWCO 100 kDa prior to use. Mouse IL-6 and mouse
TNFa ELISA Ready-SET-Go! reagent sets were purchased from
eBioscience. Neutravidin-conjugated 30 nm gold nanoparticles was
purchased from Nanopartz. LI silver enhancement kit was purchased
from Molecular Probes. Lipopolysaccharides from Escherichia coli
(055:BS) were from Sigma-Aldrich. RAW 264.7 murine macrophage
cells were kindly provided by Professor Tian Xia from UCLA.

Synthesis of Trehalose Glycopolymer (PolyProtek). The
synthesis of a styrenyl ether-based trehalose glycopolymer was
modified from a previously reported procedure.”® Styrenyl ether
trehalose monomer (375.2 mg, 8.18 X 10™' mmol) and AIBN (3.13
mg, 1.91 X 107> mmol) were dissolved in H,O (2.73 mL) and DMF
(1.36 mL), respectively. Both solutions were added to a reaction flask
and subjected to five cycles of freeze—pump—thawing. The polymer-
ization was started by immersing the flask in a 75 °C oil bath. After

833 h, the polymerization was stopped, exposing the solution to
oxygen and cooling with liquid nitrogen. Residual monomer was
removed by dialysis against H,O (MWCO 3500 g/mol) for 3 days and
lyophilized to obtain a white powder, with number-average molecular
weight M,, (GPC) = 15.7 kDa and molecular weight dispersity D =
328

PEG-Silane Coating of Si Chips. Silicon substrates were cleaned
by immersing into freshly prepared piranha solution (3:1 H,SO,/30%
H,0,) and heated at 70 °C for 15 min. The chips were extensively
rinsed with Milli-Q water and dried under a stream of filtered air. The
cleaned chips were immediately incubated in a 1 wt %/vol mPEG-
silane solution in anhydrous toluene for at least 24 h. The PEG-silane-
coated chips were then rinsed with methanol, followed by a large
excess of Milli-Q water, and then dried under a stream of air. The
substrates were immediately used for subsequent patterning experi-
ments.

Film Thickness Measurements. Film thicknesses from the PEG-
silane layer and spin-coated solutions of antibody layers were
measured using a Gaertner LSE ellipsometer equipped with a 633
nm HeNe laser fired at a 70° incidence angle. The silicon oxide on the
piranha-cleaned silicon wafer was measured and fitted using the
refractive index of Palik (nl = 0.54264, k1 = 0.00) and silicon as
substrate (n1 = 3.589, k1 = 0.016). The measurement was repeated on
the same sample after PEG-silane coating and spin-coating the protein
and PolyProtek solution. The subsequent protein and polymer layer
was fitted using values for the previously obtained silicon oxide
thickness and an additional Cauchy layer model (1l = 1.45, k1 = 0.01).
A minimum of 15 measurements were performed at three different
locations, and the values were then averaged.

Electron Beam Lithography. Silicon substrates were spin-coated
using Spin Coater Model ACE-200 (Dong-Ah). Aqueous solutions
were spin-coated at 500 rpm for S s, ramped to 1000 rpm for S s, then
ramped to 2000 rpm for 20 s, and finally to 4000 rpm for 10 s. PEG-
silane-coated silicon substrates were first spin-coated with Milli-Q
H,O. Then, the substrates were spin-coated with a solution comprising
anti-IL-6 or anti-TNFa antibody, 0.5 wt %/vol styrenyl ether-based
trehalose glycopolymer, and 1 mM r-ascorbic acid in H,O. Patterns for
electron beam lithography were designed in DesignCAD Express 16
software and were generated using the JC Nabity lithography system
(Nanometer Pattern Generation System, Ver. 9.0) modified from a
JEOL JSM-6610 scanning electron microscope. An accelerating voltage
of 30 kV, a spot size of 34 nm, and a beam current of 15 pA were used
(dosage 25 pC/cm?). Following electron beam irradiation, any non-
cross-linked polymer was rinsed away with wash buffer (0.05% Tween
20 in D-PBS). Alignment silicon wafers were fabricated via standard
photolithography, metal evaporation, and lift-off techniques as
previously described.'”” To generate multicomponent antibody
patterns, the second antibody was spin-coated onto the same substrate.
The chips were aligned by the prefabricated gold features and
patterned in close proximity to the first antibody. Non-cross-linked
polymer was removed by rinsing with wash buffer.

Atomic Force Microscopy. AFM characterization of patterns was
performed on a Bruker Dimension Icon AFM using Peak Force
tapping mode with ScanAsyst Air probes. AFM imaging was
performed on a scan size of 25 ym with a scan rate of 0.7 Hz and
512 samples per line.

Stimulation of RAW 264.7 Macrophages. RAW 264.7 murine
macrophages were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin.
The cells were seeded in 6-well plates at a density of S X 10° cells per
well and incubated at 37 °C and 5% CO,. After 24 h, the culture
medium was replaced with 10 pg/mL lipopolysaccharide in the
supplemented RPMI 1640 media. After incubation for 24 h, the cell
culture medium was collected and centrifuged at 1500 rpm for S min
at 4 °C. Aliquots of the supernatant were stored at —80 °C until use.

Surface Immunoassay. Following electron beam lithography, the
antibody-patterned surfaces were incubated in cytokine-containing
media for 2 h. The chips were then rinsed with wash buffer for 5 min,
followed by incubation with biotinylated anti-IL-6 or anti-TNFa (S
ug/mL in D-PBS), or both, for 2 h. After being rinsed with wash
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buffer, neutravidin-conjugated 30 nm gold nanoparticles (1:100 in D-
PBS) were allowed to bind to the patterns. The chips were rinsed
again, and the gold nanoparticles were silver-enhanced, following the
procedure as described by the manufacturer, for 5 min prior to a final
rinsing step. The developed substrates and patterns were then imaged
under aqueous conditions (D-PBS) using an Olympus BXSI
microscope equipped with QImaging Retiga-2000R camera under
dark field.

Measurement of Cytokine Detection by ELISA. Anti-IL-6 or
anti-TNFa antibodies (2 pg/mL in D-PBS) were incubated in 96-well
plates for 16 h at 23 °C. The plate was washed between each step with
wash buffer. The plate was then blocked with 1% BSA in D-PBS for 2
h at 23 °C. Supernatant from RAW 264.7 cell culture media was added
to the wells and incubated for 2 h. Biotin anti-IL6 or biotin anti-TNFa
conjugate antibodies (0.25 yg/mL in 1% BSA D-PBS) were added and
incubated for 2 h, followed by incubation with streptavidin-HRP
(1:200 in 1% BSA D-PBS) for 20 min. The plate was developed with
1-Step Ultra TMB solution (Pierce Biotechnology, Rockford) for 7
min prior to adding 1 M H,SO, as the stop solution. The absorbance
signals were measured at 450 nm, and the background at 630 nm was
subtracted.

Cytokine Detection Sensitivity and Time Studies. Concen-
trated solutions of IL-6 and TNFa from LPS-stimulated macrophage
cell culture media were quantified using ELISA. Serial dilutions of the
cell culture media in D-PBS were prepared with the cytokine
concentrations at 200 ng/mL, 50 ng/mL, S00 pg/mL, 50 pg/mL,
and S pg/mL. The dilutions were used to incubate onto anti-IL-6 and
anti-TNFa patterned surfaces. Subsequent processing of the chips with
biotinylated antibodies, neutravidin-conjugated gold conjugates, and
the silver enhancement steps was performed and imaged under dark
field as described above.

For detection of IL-6 and TNFq secretion over time, multi-antibody
patterns were first fabricated and stored in D-PBS until use. RAW
264.7 macrophages were seeded in 6-well plates at a density of 5 X 10°
cells per well and incubated for 24 h. Then, the culture medium was
replaced with 10 ug/mL LPS in the working media. Prepared chips
were incubated in the wells following LPS addition at the time points:
2, 12, 18, and 24 h at 37 °C for 30 min. After being rinsed, the
immunoassay was continued as described above.
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