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Abstract
Secreted proteins dictate a range of cellular functions in human health and disease. Due to the high
degree of cellular heterogeneity and, more importantly, polyfunctionality of individual cells, there
is an unmet need to simultaneously measure an array of proteins from single cells and to rapidly
assay a large number of single cells (more than 1000) in parallel. We describe a simple
bioanalytical assay platform consisting of a large array of sub-nanoliter microchambers integrated
with high-density antibody barcode microarrays for highly multiplexed protein detection from
over a thousand single cells in parallel. This platform has been tested for both cell lines and
complex biological samples such as primary cells from patients. We observed distinct
heterogeneity among the single cell secretomic signatures that, for the first time, can be directly
correlated to the cells’ physical behavior such as migration. Compared to the state-of-the-art
protein secretion assay such as ELISpot and emerging microtechnology-enabled assays, our
approach offers both high throughput and high multiplicity. It also has a number of clinician-
friendly features such as ease of operation, low sample consumption and standardized data
analysis, representing a potentially transformative tool for informative monitoring of cellular
function and immunity in patients.
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INTRODUCTION
Secreted proteins including cytokines, chemokines and growth factors represent important
functional regulators mediating a range of cellular behavior and cell-cell paracrine/autocrine
signaling, e.g. in the immunological system1, tumor microenvironment2 or stem cell niche3.
Detection of these proteins is of great value not only in basic cell biology but also for
disease diagnosis and therapeutic monitoring. However, due to co-production of multiple
effector proteins from a single cell, referred to as polyfunctionality, it is biologically
informative to measure a panel of secreted proteins, or secretomic signature, at the level of
single cells. Recent evidence further indicates that a genetically-identical cell population can
give rise to diverse phenotypic differences4. Non-genetic heterogeneity is also emerging as a
potential barrier to accurate monitoring of cellular immunity and effective pharmacological
therapies5,6, suggesting the need for practical tools for single cell analysis of proteomic
signatures.

Fluorescence-activated cell sorting (FACS) represents the state-of-the-art for single cell
analysis7. FACS is typically used to detect and sort cell phenotypes by their surface markers.
It has been extended to the detection of intracellular proteins7–9, including cytokines within
the cytoplasm, by blocking vesicle transport10. However, intracellular cytokine staining is
not a true secretion analysis, and it also requires cell fixing, which means the cells are no
longer alive after flow cytometric analysis and cannot be recovered for further studies. The
mainstay of real single cell secretion analysis to date is a simple approach called ELISpot
that detects the secretion footprint of individual cells using an immunosandwich-based
assay11. Immune cells are loaded into a microtiter plate that has been pre-coated with a layer
of primary antibody. After incubation, secreted proteins are captured by the antibodies
located proximal to the cells, giving rise to spots indicative of a single cell secretion
footprint 12. Recently, a variant of ELISpot, called FLUOROSpot, which exploits two
fluorescent dyes to visualize protein secretion footprints, enabled a simultaneous dual
function analysis. Highly multiplexed measurements of proteins secreted from a population
of cells can be done using an encoded bead assay such as the Illumina VeraCode system13 or
antibody microarrays manufactured using a pin-spotting technique 14,15. However, these
highly multiplexed technologies cannot perform single cell measurements. Microfabricated
chips have emerged as a new category of single cell analytic technologies16–21. A prototype
microchip has demonstrated the feasibility of multiplexed protein secretion assay and
revealed significant polyfunctional heterogeneity in phenotypically similar immune cells
from patients22,23, pointing to the urgent need for single cell secretion profiling in clinical
diagnosis and therapeutic monitoring. However, these microchips either lack sufficient
throughput or multiplicity, or require sophisticated operation, precluding widespread
application in cell biology and clinical evaluation of cellular functions.

Herein we describe a high-throughput single-cell secretomic analysis platform that
integrates a sub-nanoliter microchamber array and high-density antibody barcodes for
simultaneous detection of 14 cytokines from more than a thousand single cells in parallel.
The chip can be executed in a simple assay “kit” with no need of sophisticated fluid
handling or bulky equipment. We demonstrate the utility of this device for analyzing the
secretion of human cell lines and primary cell samples dissociated from fresh tumor of
patients. The results reveal that there is distinct heterogeneity among the single cell
secretomic signatures of a population and that the correlations obtained between the various
proteins studied are in agreement with their functional classifications. This technology
builds upon prior successes in antibody barcode-based protein secretion measurement
technique22, but uses simplified schemes of cell capture24, quantification, automated data
analysis, and eliminates bulky fluid handling systems, resulting in a truly practical and
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informative tool that may find immediate use in both laboratory research and clinical
cellular diagnosis.

RESULTS AND DISCUSSION
Design, fabrication and assembly of a single-cell secretomic analysis chip

Our single-cell secretomic analysis device consists of two separate parts (Fig. 1a): a high-
density antibody barcode encoded glass substrate for surface-bound immunoassay and a sub-
nanoliter microchamber array for capture of single cells. The antibody barcode array slide
comprises 30 repeats of barcodes, each of which contains up to 20 stripes of different
antibodies, immobilized on a poly-L-lysine-coated surface. The antibody stripes are 20μm
in width and the pitch size of a full barcode is 1mm. The microchamber array is a one-layer
microchip fabricated by soft lithography25 from polydimethylsiloxane (PDMS)25, an
optically transparent silicone elastomer widely used for biological microfluidics. It contains
5440 rectangular microchambers, each of which is 1.8mm, 20μm and 15μm, in length,
width and depth, respectively. These two parts were manufactured independently and
combined during the assay such that the barcode slide acts as a disposable test strip and the
microchamber array as a reusable device. To use this platform, a drop of single cell
suspension (~106cells/ml) is directly pipetted onto the surface of the microchamber array
chip. The cells fall into the microchambers by gravity, and then the aforementioned antibody
barcode array slide is placed antibody-side down on top of the microchambers such that the
antibody barcodes are perpendicular to the length of the microchambers. The microchamber
is designed to be sufficiently long as to contain at least a full set of barcodes, thereby
eliminating the need for precise alignment. Finally this assembly is fixed by two transparent
plastic plates with four spring-adjusted screws (Supporting Fig. S1) and placed in a
conventional tissue incubator for single-cell secretion measurement. Proteins secreted from
individual cells are captured by the antibody barcodes and read out by incubating with
biotinylated detection antibodies and then streptavidin conjugated with a fluorescence probe
(e.g. Cy5 in our experiments). As compared to the prototype single cell proteomic chip22,
this setup does not require a sophisticated microfluidic control system or any bulky
equipment to operate and thus is more amenable to widespread use by researchers and
clinicians with minimal engineering background.

The high-density antibody barcode array is fabricated using a microchannel-guided flow
patterning technique (Supporting Methods) modified from the approach reported for
patterning DNA barcodes26. The flow-patterning chip is a separate PDMS slab that has
inlets leading to 20 individual serpentine microchannels in which individual antibody
solutions (1μL each) are precisely metered, added and flowed through all microchannels in
parallel to ensure uniform loading of antibodies on the surface. Fluorescein isothiocyanate
labeled bovine serum albumin (FITC-BSA) solution was used to evaluate the patterning
quality. The result shows successful fabrication of high-density protein array across a large
area (1in × 2in) and excellent uniformity (< 5% in fluorescent intensity) as revealed by the
fluorescence intensity line profile (Fig. 1b and Supporting Fig. S2). This ensures the
observed protein signal variations (> 10%) from the following single cell secretomic assays
are attributed to cellular heterogeneity, rather than the non-uniformity of the starting
antibody barcode array.

A motorized phase-contrast imaging system has been developed to image all cells in the cell
capture chip within 10 minutes (Fig. 1c) and an image analysis algorithm allows for
identification of individual cells and their x/y coordinates, and counting of cells in each
microchamber. The simple microchamber array chip format was chosen because it is easy to
operate, but as a consequence it is not possible to ensure that one cell is captured per
chamber. However, optimization of cell density in the stock solution readily gives rise to
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more than 1000 single cell chambers in a microchip (Supporting Fig. S3), permitting high-
throughput analysis of single cells.

Protein panel and validation
The proteins assayed by the antibody barcodes are listed in Figure 2a. Assessment of these
particular proteins secreted from single cells is of particular importance due to their
functions in a range of cellular processes27–30. They include cytokines, chemokines and
growth factors involved in a wide range of immunological or pathophysiological processes.
Assessment of these proteins secreted from single cells is of importance in the study of
cellular immunity and cell-cell signaling networks. In order to simultaneously measure these
proteins from single cells, capture antibodies are immobilized on the substrate as a high-
density barcode array. Prior to performing single-cell analysis, we validated the assay using
recombinant proteins. Individual recombinant protein was spiked into fresh cell culture
medium over a 4-log range of concentrations and exposed to the full panel of antibodies in
order to assess cross-reactivity, the limit of detection (LOD) and dynamic range. The
antibodies with cross-reactivity over 5% (at 5ng/mL of protein concentration) is eliminated
or replaced. Ultimately we obtained a panel of antibody pairs as summarized in Supporting
Table S1. The titration curves (Fig. 2b) demonstrate the feasibility of quantitative
measurements of these proteins in the multiplexed array, with a typical measurement range
of 3 orders of magnitude. The LOD ranged from 400pg/ml to below 10pg/ml depending on
the affinity of antibody pairs. Based on the volume of a microchamber (~0.54 nl) and the
representative detection sensitivity (~10 pg/ml), the amount of protein that can be detected
by antibody barcodes in a microchamber is on the order of 5.4 attograms, which is
approximately equal to ~160 molecules. Thus, our platform has the sensitivity to detect
proteins secreted from a single cell (typical copy number ~102–5).

Single-cell protein secretomic analysis on cell lines
We first used the single-cell secretomic analysis chip to measure 14 proteins from a human
glioblastoma multiforme cell line (U87). In this experiment, up to 10 cells were captured in
each microchamber, with 1278 of the microchambers capturing single cells. During the flow
patterning of antibody barcodes, FITC-BSA (0.5mg/ml) was always flowed in Channel 1 to
form a continuous line of fluorescence signal serving as both a position reference and an
internal quality/uniformity control. As shown in a representative region of the scanned
fluorescence image (Fig. 3a and Supporting Fig. S4a), both the blue FITC-BSA reference
line and the red patterned signals corresponding to protein secretion levels are readily
visible. Shown in the same figure are a bright field image of 14 microchambers with cells
loaded, the corresponding fluorescent barcode image, and an overlay of the two. The major
proteins observed after 24 hours of incubation (FGF, VEGF, MIF, IL-6, IL-8, and MCP-1)
are mainly pro-inflammatory cytokines or chemoattractant proteins.

We conducted automated quantitation of the fluorescence intensity of each protein in a
microchamber using the image analysis software Genepix 6.0. We extracted the secretomic
profile for only those microchambers containing single cells and a heat map of the resulting
secretion profiles (Fig. 3b and Supporting Fig. S5) indicates the existence of cell-cell
variation. While the majority of cells produce IL-6, and IL8, the level of these proteins
varies among individual cells and the secretion of other lower abundance proteins such as
MCP-1 and FGF apparently exhibit heterogeneous signatures – only a small fraction of cells
express these proteins at high levels. To verify the single cell measurements, a kinetic bulk
population secretion measurement was performed in parallel on the supernatant collected
from the same cells, incubated over the same time, and measured using a conventional pin-
spotted microarray. The result (Fig. 3d and Supporting Fig. S6) also reveals FGF, VEGF,
IL-6, IL-8, and MCP-1 as the top five proteins that are all consistent with single-cell analysis
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although the relative levels are different. However, MIF did not show up in the population
assay. Interestingly, we observed that the protein level as measured by fluorescence intensity
is not always proportional to the number of cells and sometimes cannot be interpreted by an
additive effect (Fig. 3c and Supporting Fig. S7). A secretomic analysis chip was loaded with
many more cells, MIF signal decreases with increasing number of cells in the capture
chambers, revealing possibility of paracrine signaling and the regulation of MIF with
increasing number of cells (Supporting Fig. S7). This small level of discrepancy is expected
as the two assays are not biologically identical (for example, the bulk assay detects the end
point protein profile while the single cell assay measures accumulated signals over the
period of incubation; the population arrays are subjected to paracrine signaling while single
cell measurements are not). Overall, these comparative studies are in good agreement with
each other and demonstrated the validity of the single cell secretomic analysis microchip.
Another advantage of our platform is that it also measures proteins secreted from multiple
cells at the same time. While IL-6 and IL-8 secretion increases with increasing number of
cells in a microchamber, the amount of MCP-1 or MIF increase does not change
significantly when cell number exceeds 2, suggesting the existence of a possible mechanism
similar as ‘quorum sensing’ in which the paracrine mechanism in the multi-cellular system
controls homeostasis.

The single cell secretomic analysis chip was also used to measure two additional cell lines in
order to assess the broad applicability of this platform. The first is an immune cell line
(U937). The cells are human monocytes, which can be stimulated with phorbol myristate
acetate (PMA) to differentiate into functional macrophage cells and then challenged by
cytotoxin lipopolysaccharide (LPS) to stimulate cytokine production. This process emulates
the inflammatory immune response of human macrophages to Gram-negative bacteria31.
The major proteins observed are RANTES, TNFα, MCP-1, IL6 and IL-8 (Supporting Fig.
S4b). While the majority of cells produce RANTES, IL8 and TNFα, the level of these
proteins varies among individual cells and the secretion of other lower abundance proteins
such as MCP-1 and IL-6 exhibit heterogeneous signatures. A bulk population secretion
measurement was performed in parallel on the supernatant collected from the same cells to
verify the single cell experiments (Supporting Fig. S8). The result also reveals RANTES,
IL8, MCP-1, IL-6 and TNFα as the top five proteins, consistent with the single cell analysis.
IL-8 and RANTES secretion increases with increasing number of cells in a microchamber,
the amount of MCP-1 or TNFα increases does not change significantly when cell number
exceeds 4 (Supporting Fig. S4c). The second is a lung carcinoma cell line (A549) that
constitutively produces cytokines or growth factors. Therefore, we measured the basal level
secretion from these cells with no stimulation. The major proteins observed are MCP-1,
IL-6, IL-8, VEGF and FGF (Supporting Fig. S9) that were also validated by the bulk
population assay using standard pin-spotted antibody microarray assays (Supporting Fig.
S10). The proteins secreted from A549 cells include both pro-inflammatory cytokines and
growth factors, in agreement with the role of lung tumor cells in both maintaining tumor
growth and promoting an inflammatory microenvironment. Altogether, the cell line studies
demonstrated that our platform is capable of rapid, quantitative and high throughput analysis
of protein secretion profiles in single cells compared to current conventional methods such
as ELISpot. Validating our platform with cell lines allow us to expand our sample repertoire
to include more complex samples such as tissue specimens from patients.

Correlation between secretomic signature and migratory property
Although flow cytometry-based single cell analysis allows for multiplexed protein measure,
the measured protein profile cannot be directly correlated to the cell’s behavior and activity
such as migratory property. Our platform utilizes live cell imaging to count captured cells,
thus permitting simultaneous measurement of cellular behavior and subsequent correlation
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to the corresponding protein profile of the same cell. Herein we measure the migration of
lung cancer cells (A549) loaded in the single cell secretomic analysis chip by measuring the
distance of movement before incubation and after 24 hours of incubation (Fig. 4a). These
cells were seen to adhere to the channel wall and migrate at varying speeds. The results are
summarized in a heatmap showing single-cell secretomic profiles sorted by increasing cell
migration distance(Supporting Fig. S11). We performed p-value analysis of cytokine levels
in high motility (top 20% over the observed range) vs low motility (bottom 20% of the same
range) cells. While the majority of the cells do not migrate, the highly migratory cells are
statistically associated with high expression of IL-8 (P < 0.01) (Fig. 4b). the correlation
between the secretion of MCP-1 and cell migration was less significant (Fig. 4c, d). While
IL-6 appears to be negatively associated with cell motility in the scatter plots, but does not
show statistical correlation using the aforementioned test. These proteins have been linked to
the increase of motility and metastatic potential in different cancers32–34, and through the
investigation of single cell IL-8 secretion, it may be possible to study the secretomic
signatures of individual cells linked to metastasis. In brief, our platform for the first time
shows simultaneous measurement of protein secretomic signature and phenotypic properties
(e.g. migration) of single live cells that can lead to improved understanding of cellular
functions and the underlying molecular mechanisms.

Secretomic profiling of single tumor cells from clinical patient specimens
To expand the utility of our platform to measuring multiplexed secretion in cells derived
from complex biospecimens, we also applied our device to the measurement of fresh
primary tumor tissue from three patients (Supporting Table S2) with malignant brain tumor,
glioblastoma multiforme (Patients 1&2), or meningioma (Patient 3). A portion (<0.2g) of
the surgically-resected tumor tissue is washed with ice cold phosphate-buffered saline,
minced into smaller fractions and then dissociated into a single cell suspension using
collagenase (Fig. 5a and Supporting Methods). The cells were spun down and re-suspended
in medium at a density of ~106 cells/mL. Within 1 hour of tissue procurement, the single
cell suspension is loaded onto the single-cell secretomic analysis device via pipette. After
allowing the cells to secrete cytokines for 12 hr, the pattern on the barcode array is
developed with detection antibodies and scanned. A raw fluorescent image (Fig. 5b, Patient
1) shows excellent protein signals and similar background compared to the scanned image
from cell lines. The antibody barcode array includes 14 proteins as shown in Figure 5b. In
this experiment, between 0 to 22 cells were captured within a microchamber, with 1058 of
the microchambers capturing single cells. We quantified the fluorescence intensities of each
secreted cytokine from each individual channel, and then generated a heat map of the single
cell secretion profiles (Fig 5c). Unsupervised hierarchical clustering of the single cell
secretion profiles resolved three separate populations of cells with varying activity. One
cluster of cells (Fig. 5c, blue cluster) was generally more active, secreting a wider range of
proteins presumably corresponding to more aggressive phenotype, while the cells indicated
by green exhibit the lowest level of cytokine production and may represent more quiescent
phenotypes such as tumor stem/progenitor cells35. The large fraction indicated by orange are
a variety of functional phenotypes. The result from the Patient 2 (Fig. 5d) shows similarities
to the results from Patient 1, such as MIF and IL-8 as major proteins, but different pattern in
that it has much reduced production of inflammatory cytokines and higher level of EGF. The
second tier proteins all show distinct cellular heterogeneity. Supporting Figure S12 and
Supporting Figure S13 presents histograms and scatter plots of individual proteins, which
show both the relative levels of proteins and the distributions amongst the cell population.

We compiled pseudo-three-dimensional scatter plots of the single cell cytokine
measurements for the patient primary tumors in the format of flow cytometric plots and
formed a 14×14 mosaic matrix (Fig. 5e). The proteins are shown at the diagonal line and
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each panel is a pair-wise correlation plot, for each of which we performed a linear regression
analysis to yield the R value. Then the whole matrix is color-coded by red (positive
correlation) and blue (negative correlation), and the color intensity is proportional to R. In
the Patient 1 matrix, all the inflammatory cytokines are apparently associated within one
cluster and several growth factors are grouped in a separate cluster, reflecting their
functional difference. In the result for Patient 2, the pro-inflammatory cytokines, although
generally expressed at low levels, also show inter-correlation. Interesting, the secretion of
EGF is negatively correlated to pro-inflammatory and chemoattactant proteins (MCP-1,
GMCSF and IL-8). We also analyzed a third sample from a patient (Patient 3) with
transitional meningioma, which is considered a more homogeneous and less inflammatory
tumor. Indeed our results for Patient 3 (Supporting Fig. S14 and Supporting Fig. S15) show
reduced pro-inflammatory cytokine signals. These studies, while still very preliminary,
imply the relevance of our results to these cells’ physiological functions or pathological
condition. Currently surgical treatment remains the most effective therapy of human
glioblastoma. Afterwards, chemotherapy might be carried out systemically or by putting
drug-containing wafers to the surgical cavity to further eradicate invasive tumor cells that
have diffused to normal brain tissue36. Our platform potentially can distinguish and
quantitate invasive cell phenotypes as they generally produce more cytokines as well as
different profile of cytokines, which has the clinical value to determine tumor invasiveness
and tailor the chemotherapeutic strategy for individual patients. In addition, these proteins
that act as the soluble signals to mediate cell-cell communication in tumor
microenvironment may be identified as new therapeutic targets for personalized
treatment37–39.

CONCLUSIONS
Single cell proteomic analysis has generally been much more challenging than genetic
analysis from single cells, due to the lack of equivalent amplification methods for proteins
such as polymerase chain reaction (PCR) for nucleic acids. Recent advance in flow
cytometric analysis allows for 34-plexed measurement of protein markers from single cells,
but most proteins are either surface receptors or cytoplasmic proteins40. Intracellular
cytokine staining (ICS) enables indirect assessment of “secreted” proteins, but currently the
number of cytokines that can be measured is practically limited to below 10, presumably due
to increased non-specific binding from a large number of antibodies in the limited volume of
a single cell. Moreover, unlike protein secretion, it is not a direct measurement of cell
function. Thus, multiplexed protein secretion measurement is a missing piece of functional
characterization of single cells. It has become increasingly evident that even genetically
homogeneous cells can be extremely heterogeneous, leading to many unanswered questions
in studying their biology41. Studying the secretion profile of single cells can reveal much
more about tumor heterogeneity than studying the signaling patterns of cells in population
wherein the signals become averaged out and all defining information is lost, emphasizing
the need for studying single cell secretion42,43.

We have described a sub-nanoliter multiplexed immunoassay chip that enables high
throughput, simultaneous detection of a panel of 14 cytokines secreted from over a thousand
single cells in parallel. This platform provides significant advantages specific to the
detection of secreted proteins and offers information complementary to that obtained
through flow cytometry. An example scenario where this device would offer unique
advantages is that when a cell separation tool is used to sort out a phenotypically identical
cell population using specific surface markers, these cells can then be placed in our device to
further reveal cellular heterogeneity at the functional level. For instance, human T cell
lineages often display a number of functions and the complex combinations of multiple
functions in a single T cells dictates the “quality” of this cell in response to a specific
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antigen. Recent studies showed that multifunctional T cells often exhibit greater potency and
durability.44 The latest HIV vaccine trials employed the ELISpot technique to count
interferon-γ(IFN-γ)-secreting T cells as a means to assess the efficacy of vaccination, but it
turns out that most IFN-γ-secreting cells are terminally differentiated effector T cells and
have minimal protective effect against viral infection. Our platform represents a promising
tool to perform polyfunctional analysis on the cells isolated from flow cytometer or other
separation techniques, e.g. magnetically assisted cell sorting45, to bring single-cell protein
assay to another level of functional analysis. A potential concern of our platform is that cells
are isolated in the sealed micro-chamber and may experience a condition that affects the
normal functioning of primary cells ex vivo. As a bioanalytical tool, our microchip was not
intended to perform long-term culture of cells and the typical assay time is a few hours to 1
day. It has been reported that ex vivo assay of primary cells in sealed and isolated
environment do produce proteins over a long time as anticipated for their intrinsic
physiological activity 22,46 and interestingly the cells could gain greater viability in a sealed
nL-chamber because it recapitulates the in vivo crowdedness in primary tissue and retains
sufficient concentrations of cytokines for more effective autocrine signaling. Thus, our
microchip is a promising platform for high-throughput analysis of protein secretion profiles
from single primary cells and may assist in differential diagnosis and monitoring of cellular
functions in patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
High-throughput multiplexed single cell secretomic assay. (a) Schematic illustration
showing integration of a high-density antibody barcode array chip and a subnanoliter
microchamber array chip for high-throughput multiplexed protein secretion assay at the
single cell level. (b) Scanned fluorescence image showing high uniformity of protein
loading across the entire barcode microarray (1″ × 2″). Fluorescently labeled bovine serum
albumin (FITC-BSA) was used in this test. (c) Photograph stitched from a large number of
individual pictures collected by an automated, motorized phase contrast microscope.
Together it covers the entire subnanoliter microchamber chip that was loaded with human
immune cells (U973). Scale bar 2mm. The first enlarged image shows a column of
microchamber array (scale bar 300μm). The second enlarged image shows individual cells
loaded in microchambers (scale bar 50μm).
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Figure 2.
Protein panel. (a) List of all 22 proteins assayed in single cell microchips and their functions
in human physiology. (b) Titration curves obtained using recombinant proteins. 18 antibody
pairs were validated and 4 others were left out in the titration curves due to the lack of
working recombinants. Fluorescence intensity represents the original photon counts
averaged from 16 spots for each protein. Error bars indicate 3 × SD.

Lu et al. Page 11

Anal Chem. Author manuscript; available in PMC 2014 February 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Single-cell secretomic analysis on U87 cell lines. (a) Representative region of the scanned
image showing the raw data of single cell secretomic measurement. Three subpanels on the
right are optical micrograph, fluorescence image and overlay for 16 microchambers. (b)
Heat map that shows the profile of 14 proteins secreted from 1278 single cells (U87). Each
row is a single cell and each column corresponds to a protein of interest. (c) Scatter plots
showing fluorescence intensity measured for six selected proteins (FGF, VEGF, MIF, IL-6,
IL-8, MCP-1) versus the number of cells in a microchamber. (* P < 0.05, ** P < 0.01, *** P
< 0.001) (d) Population kinetics for U87 cell line. Control (MEM medium), secretion
supernatant from population at different time points (0 hr, 1 hr, 2 hr, 3 hr, 6 hr, 9 hr, 12 hr,
24 hr).
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Figure 4.
Correlation between protein secretion profiles and cellular migration for A549 cells. (a)
Representative optical images showing three single cells (n=384) before (0h) and after (24h)
protein secretion assay. (b) Scatter plot showing the fluorescence intensity corresponding to
IL-8 secretion versus migration distance of individual cells (P < 0.05). (c) Scatter plot
showing a similar analysis on MCP-1 (P = 0.14). (d) Scatter plot showing a similar analysis
on IL-6 (P = 0.75). Each dot represents a single cell.
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Figure 5.
Single-cell secretomic analysis of primary tumor cells from patients. (a) Procedure for
processing tissue specimens, preparation of single cell suspension and application of
primary cells to the subnanoliter microchamber array chip. (b) Representative region of the
scanned image for Patient 1. (c) and (d) Heat maps showing single-cell secretomic
signatures of primary tumor cells from two patients (Patients 1 and 2), respectively. The data
are presented as a result of non-supervised hierarchical clustering analysis. (e) Histogram
plots of individual proteins measured on the sample from Patient 1. (e) Scatter plot matrices
showing protein-protein correlation in single cells. Each subpanel is the scatter plot showing
the level of a protein versus the other in all single cells measured. The proteins are indicated
at the diagonal line. The correlation coefficient is computed as R via a linear regression
analysis. The entire matrix is color-coded by red (positive correlation) and blue (negative
correlation). The color intensity is proportional to the R value.
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