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ABSTRACT: Local extracellular signaling is central for cellular
interactions and organizations. We report a novel sensing
technique to interrogate extracellular signaling at the subcellular
level. We developed an in situ immunoassay based on giant
optical enhancement of a tunable nano-plasmonic-resonator
array fabricated by nanoimprint lithography. Our nanoplasmo-
nic device significantly increases the signal-to-noise ratio to
enable the first time submicrometer resolution quantitative
mapping of endogenous cytokine secretion. Our study shows
a markedly high local interleukin-2 (IL-2) concentration within
the immediate vicinity of the cell which finally validates a

decades-old hypothesis on autocrine physiological concentration and spatial range. This general sensing technique can be applied
for a broad range of cellular communication studies to improve our understanding of subcellular signaling and function.
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Extracellular signaling controls how cells communicate, differ-
entiate, and organize to form unique biological systems with
extraordinary physiological functions. Signaling molecules trans-
ter information not only via their chemical compositions but also
through their spatiotemporal distributions. Cells could confine
intended information within alocal area by controlling the spatial
profile of signaling molecules or through regulated spatial varia-
tions in target cell response thresholds. Therefore, to decode
cellular communications at the subcellular level, a high spatial
resolution signaling molecule sensing platform is required. For
instance, autocrine signaling, which regulates a cell through self-
secreted factors feeding back on that cell, requires spatiotemporal
control over secreted signaling molecules to regulate local essen-
tial physiological and pathological processes.'* For example, an
interleukin-2 (IL-2) autocrine loop is essential for T lymphocyte
expansions and also related to cancerogenesis.”>* While our
understanding of autocrine processes is limited by traditional
biosensing techniques,” it has been hypothesized that autocrine
loops should be highly localized processes, suggesting unproven
spatial constraints on cellular secretions to regulate autocrine
signaling responses.””” Theoretical analyses™® and indirect evi-
dence obtained by microphysiometer and ligand-binding assays’
predict that the physiologically effective local concentration of
cytokines in the proximity of target cells should be several orders
of magnitude higher than the global concentrations measured in
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the serum. However, direct quantification has thus far not been
possible due to the limitations of current biosensing techniques
to probe spatially confined signaling processes.

Nanosensing techniques offer new opportunities for in situ
high-resolution extracellular sensing,8 for example, a redox
signaling molecule H,O, can be mapped in subcellular resolution
with carbon nanotube array sensors.” Modern molecular and
cellular biology research calls for a general nanosensing tool for
many kinds of extracellular signaling molecules detection with
subcelluar resolution. Plasmonic nanostructures provide a novel
approach to concentrating electromagnetic energy at the nano-
scale, and they can significantly enhance biosensing signals, such
as for surface enhanced raman scattering (SERS) measure-
ments.'® Many novel nanostructures have been explored for
ultrasensitive biosensor applications''** with one powerful
structure being a tunable nanoplasmonic resonator (TNPR).'*"”
TNPRs are multilayered nanoplasmonic structures that consist
of feature sizes in the range of 100 nm that are assembled from
alternating noble metal and dielectric films.'®'” TNPRs provide
unique advantages, such as extraordinary field enhancements,
tunable resonance frequencies, and compatibility with a top-down
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mass production process which enables the fabrication of large
numbers of uniform nanoplasmonic structures with controllable
resonance spectra and electromagnetic field enhancements. Plasmon-
enhanced fluorescence is regarded as an emerging tool in
biosensing,'®'? while it has not yet been fully explored in biosen-
sing applications due to contrasting effects on signal enhance-
ment and quenching.”**' Mechanistic studies have shown that in
order to achieve maximal fluorescence enhancement there is an
optimized range of distances between a fluorophore and the
device metal surface which, fortunately, falls within the length
scale of antibody—antigen—antibody sandwich structures, such
as those used in fluorescent immunoassay.”® Furthermore, a large
number of uniform biosensing nanostructures can be fabricated
by nanoimprint lithography (NIL).*>** The NIL mass fabrica-
tion method produces high-quality TNPRs at a low cost, which
potentially offers a unique opportunity for high-resolution map-
ping of signaling molecule secretion. Thus, the combination of
NIL*** for large scale TNPR fabrication and the theoretical
ability for TNPR enhancement of in situ immunoassays suggests
a possible method to significantly enhance a fluorescent detec-
tion signal along with markedly improving the signal-to-noise
ratio for accurate biosensing. The signal amplification of the
conventional enzyme-linked immunosorbent assay (ELISA)
relies on the catalyzation of the enzyme; the diffusive nature of
the reporter molecules limits its applications in high-resolution
sensing. Conventional fluorescent immunoassay is based on spatial
integration of individual signals. Due to the weak signal strength,
the signal-to-noise ratio drops drastically in subcellular scale. On
the other hand, the averaging of the signals over larger area
scarifies the spatial resolution and hampers its ability to sense the
local extracellular secretion. There were efforts in signaling
molecule sensing at the sin§1e cell level attempting to overcome
this significant limitation. 4726 However, in situ biosensing
techniques, such as elispot,”® cannot achieve subcellular spatial
resolution because of poor signal-to-noise ratios or blurry stain-
ing from diffusive reporters at the subcellular scale. The sig-
nificant optical enhancement of TNPRs is crucial to remove the
requirement for the large area spatial integration thus making it
possible for subcellular resolution biosensing. Here, we report a
novel technique, termed a TNPR-enhanced in situ immunoassay,
which we successfully demonstrate quantifies and maps endo-
genous cytokine secretion from individual cells at subcellular
resolution. Our study is the first direct quantification that con-
firms the theoretical decades-old hypothesis® that IL-2, which can
function as an autocrine signaling molecule, has a significantly
elevated local target cell concentration.

The experimental platform for the TNPR-enhanced in situ
immunoassay for subcellular resolution mapping of cytokine
secretion is shown schematically in Figure 1. A TNPR array
100 nm in diameter with a S00 nm periodicity was fabricated by
NIL (Supplementary Figure S1, Supporting Information) and
was coated with poly-D-lysine and an anti-IL-2 antibody. Jurkat T
cells were cultured on the anti-IL-2 functionalized TNPR surface,
imaged by scanning electron microscopy (SEM, Figure 1 inset)
to verify cell orientation on the array, and followed by costimula-
tion with a phorbol ester, phorbol myristal acetate (PMA), and a
calcium ionophore, ionomycin. A portion of the large amount of
IL-2 secreted by Jurkat T cells using this activation method>” was
captured by IL-2 antibodies immobilized on the device surface.
This was followed by the addition of a fluorescence-conjugated
anti-IL-2 antibody to detect the captured IL-2 on the TNPR sur-
face. Formation of the antibody—antigen—antibody sandwich
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Figure 1. Schematic of high-resolution mapping of cytokine secretion
by a TNPR-enhanced in situ immunoassay. A TNPR array fabricated by
NIL was incubated with anti-IL-2 antibody, and after Jurkat T cell
plating, stimulation, and removal, a portion of the secreted IL-2 was
captured by the antibodies on TNPR. Fluorescence-conjugated anti-
bodies were applied to detect the secreted IL-2 by forming an anti-
body—antigen (IL-2)—antibody sandwich on the TNPR surface. Insert:
SEM image of a Jurkat T cell adherent to a TNPR array (500 nm pitch).

complex brings the fluorophore into the optimal distance for
TNPR-dependent signal enhancement. Nonspecifically bound
fluorescence-conjugated antibody will be too close to the TNPR
surface and therefore experience less signal enhancement due to
a dominant quenching effect. Also, there will be no signal enhan-
cement when nonspecific binding occurs in the empty areas of
the device surface between TNPRs. Therefore, the anticipated
signal-to-noise ratio should be strongly improved as the TNPRs
will specifically enhance signal detection from antibody—
antigen—antibody sandwich complexes over nonspecific binding
interactions. Following a thorough rinse to remove the Jurkat T
cells, the profile of secreted IL-2 will be mapped at submicrom-
eter resolution because of the enhanced signal strength and
improved signal-to-noise ratio.

Numeric analysis and characterization of the TNPR-enhanced
IL-2 immunoassay were performed. As we reported previously,"®"”
the TNPR structure is 100 nm in diameter and consists of two
20 nm gold layers with an intervening S nm silicon dioxide thin
film (Figure 2a). The TNPR extinction spectrum shows that the
resonance peak is ~670 nm (Figure 2a) with the strongest elec-
tric field enhancement located close to the TNPR edge around
the polarization direction of the incident light (Figure 2b). The
light intensity enhancement factor reached 2 to 3 orders of
magnitude at this edge (Figure 2b). Because optimized fluores-
cence enhancement occurs at ~10 nm from a gold surface,”**'
the TNPR functions robustly in an IL-2 sandwich immunoassay
based upon the proximal geometry of this antibody—antigen—
antibody complex. Notably, there is still significant field enhance-
ment 10 nm away from the gold TNPR surface (Figure 2b).
Spectrum matching is also essential for plasmon-enhanced fluo-
rescence. Thus, we chose APC (allophycocyanin) conjugated
anti-IL-2 as the detection antibody, which has a matched overlap
spectrum with the designed TNPR. To determine the extent of
TNPR enhancement, we assessed a purified IL-2 solution with-
out cells using an APC conjugated anti-IL-2 antibody for detec-
tion (Figure 2c). These clearly resolved individual TNPRs in the
fluorescent image (Figure 2c) were not only indicating the
enhancement but also showing the submicrometer spatial reso-
lution as high as 500 nm of the pitch size. The normalized fluo-
rescence signal was enhanced 117-fold in the TNPR area versus
the area of the platform that lacked TNPRs. Factors contributing
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Figure 2. Physical principle, simulation, and experimental validation of
the TNPR-enhanced immunoassay. (a) Simulation results of TNPR
plasmonic resonance spectrum (blue, green, and red curves represent
extinction, absorption, and scattering, respectively). (b) Spatial distribu-
tion of the optical intensity enhancement at the plane above the top
surface of a TNPR (100 nm diameter). (c) Fluorescent image showing
experimental validation of the TNPR-enhanced immunoassay, with a
fluorescence enhancement factor of ~117.

to signal enhancement and noise reduction include the local
plasmon field and the gold TNPR surface, which has a higher
affinity for antibody binding.

Next, a cytokine secretion experiment was performed. Jurkat
T cells were cultured on top of an anti-IL-2 antibody-function-
alized TNPR array. After overnight stimulation, APC conjugated
anti-IL-2 antibody was added followed by washing to remove the
cells and unbound antibody. A high-resolution map of the IL-2
secretion profile from individual Jurkat T cells was generated
(Figure 3a). Results showed the highest concentration of IL-2 in
the immediate vicinity of the cell, close to the center of the profile
pattern from each cell, which also produced a fast signal decay
moving radially from this region into a low signal intensity back-
ground. As the Jurkat T cells were nonpolarized, it was not
surprising that the secretion pattern was round and symmetri-
cally decayed into the background. Control experiments showed
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Figure 3. Demonstration of quantitative high spatial resolution map-
ping of IL-2 secretion from individual Jurkat T cells. (a) Individual Jurkat
T cells IL-2 secretion patterns. (b) Calibration curve for increasing
concentrations of IL-2 detected with optical signal intensity. (c) Quan-
titative mapping of Jurkat T cell secretion profiles using information
gathered in panels a and b.

that stimulation with PMA and ionomycin was necessary to
induce IL-2 secretion (Supplementary Figure S2, Supporting
Information) and that the enhancement from TNPR was essen-
tial to achieving enough sensitivity for high resolution sensing
this secretion (Supplementary Figure S3, Supporting Information).
The secretion data were quantified using an IL-2 calibration
curve (Figure 3b). Our results (Figure 3c) showed that the local
concentration of IL-2 at the cell membrane was on the order of
hundreds of ug/mL to mg/mL which fell into the right range
covered by the calibration curve. By contrast, for a cell density of
10° cells/mL after stimulation the global IL-2 concentration was
the in the ng/mL range.

Previous studies hypothesize that the concentration of IL-2
reduces significantly with distance from a cell>~” due to diffusion,
which suggests that the local IL-2 concentration would be much
higher than that measured globally. Indeed, the concentration we
measured locally compared to that in the medium was ~5 to 6
orders of magnitude different. Since the IL-2 concentration
in presecretion vesicles is estimated to be tens of mg/mL® and
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diffusion at the nanoscale is very fast (<1 ms), it is not
immediately clear why the time-averaged IL-2 concentration
near the cell membrane could reach hundreds of #g/mL to mg/
mL. As shown before®*” both the IL-2 and the 0-chain of the IL-
2 receptor were largely produced within the same cell after
stimulation. As the IL-2 was secreted, the @ chain of IL-2 receptor
combined with the # and y chain complex to form high affinity
IL-2 receptors (K4 = 10 pM) on the cell membrane. A portion of
the secreted IL-2 binds to those receptors, which may prevent the
rapid escape of IL-2 and maintain the high average IL-2 con-
centration near the cell membrane.’ A competing factor that
could reduce this high local IL-2 concentration would be
receptor-mediated endocytosis, but from our measurements this
seems to be ineffective at reducing the IL-2 content in the
immediate cell vicinity. This spatiotemporal IL-2 secretion 7proﬁle
may have important roles in such extracellular signaling.>~"**
The TNPR technique demonstrated in this report can quan-
tify subcellular cytokine secretion. An important future applica-
tion is to determine the signaling molecule spatial distribution
between polarized cells, such as those during the signaling and
communication events between neuronal or immunological
synapses.””*° This TNPR technique will also enable the simul-
taneous detection, spatial mapping, and quantification of multi-
ple, distinct signaling molecules when TNPRs are engineered
with multiple resonance peaks for multiple color enhancements.
Our technique opens a new avenue in sensing and quantifying
subcellular level signaling molecule secretion and could have
broad impact for deciphering extracellular signaling and function.
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