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Single-cell secretion analysis technologies are needed to elucidate the heterogeneity of cellular functionalities.
Although ligand binding assays in microwells provide a promising approach for measuring single-cell secretions,
their throughput is limited. Recently, droplet assays have been developed for high-throughput single-cell
screening. However, because washing steps are difficult to perform with droplets, there are still challenges in
measuring secretions using droplet assays. In this study, a plasmonic droplet screen approach is developed for
one-step washing-free multiplex detection of single-cell secretions. Individual cells are encapsulated with anti-

body-conjugated gold nanorods (AuNRs) in droplets to evaluate their secretion levels. The shift in the plasmon
resonance peak reflects the amount of secreted protein without needing additional indicator and washing steps.
The plasmonic signals from a continuous flow of single-cell droplets are collected by dark-field spectroscopy
(~100-150 cells min~'). This platform is tested by screening interleukin-8 (IL-8) and vascular endothelial
growth factor (VEGF) secreted from suspended leukemia cells and adherent breast cancer cells. Overall, this
novel strategy shows the potential and flexibility of high-efficiency multiplex single-cell secretion analysis.

1. Introduction

Analytical tools for cell genotyping and phenotyping have promoted
the development of new diagnostic strategies and the modern bioin-
dustry (Bousman and Dunlop, 2018). Recently, alternative single-cell
approaches have improved the screening processes for genomic (Marcy
et al., 2007) and proteomic profiling (Heath et al., 2015). For example,
cells with mutations and genome editing could be screened and iden-
tified by a single-cell analysis platform such as Fluidigm (Cheow et al.,
2016). However, without an effective tool for analyzing secretions from
individual cells, there are still challenges in obtaining a complete un-
derstanding of cell functionality and activity (Obenauf et al., 2015; Xue
et al., 2008).

At present, single-cell proteomics are mainly investigated by two
platforms: flow cytometry and multiwell technologies (Lu et al., 2017).
Commercial flow cytometers with a throughput of 1000-10,000 cells
sec ™! have been broadly used to identify single cell surface biomarkers
and intracellular proteins (Bendall et al., 2011; Spitzer and Nolan,
2016). In addition, deformability cytometry was recently developed to
determine the mechanophenotype of individual cells (Tse et al., 2013).
However, although high-throughput screening could be performed by
flow cytometry, this technique is not flexible enough for measuring
cellular secretions (Fiehn, 2002).

A multiwell ligand binding approach provides a relatively flexible
platform for a range of single-cell secretion analysis. Recently, multi-
plex detection for single-cell secretions were achieved by antibody
barcode arrays (Lu et al., 2015) or microengraving (Bradshaw et al.,
2008). Tay S. et al. demonstrated multiplexed cytokine reaction kinetics
measurement via a cell trapping microchamber (Junkin et al., 2016).
However, despite the flexibility of the multiwell binding assay in target
selection, the throughput of multiwell approaches is limited by the
number of wells (~100-1000 per experimental run). Hence, screening
a large number of cells remains a challenge.

Recently, droplet-based microfluidics have emerged as a high-
throughput single-cell detection technique (Mazutis et al., 2013). Cells
are dispersed into oil phase to form isolated water-in-oil (w/0) droplets
for high-throughput single-cell screening (~ 1000 droplets/second). In
2007, Huebner A. et al. demonstrated single-cell protein expression
measurement by using droplet-based microfluidics (Huebner et al.,
2007). In 2010, Weitz D. A. et al. pioneered the utilization of an high-
throughput single-cell droplet screening method for directed enzyme
evolution (Agresti et al., 2010). After that, various single-cell droplet
methods were developed for diagnosis, metabolic engineering, and
synthetic biology. For example, protease activity analysis for single
circulating tumor cell (Dhar et al., 2018), single bacteria selection
based on metabolite enzymatic assay (Wang et al., 2014), and
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fluorescence resonance energy transfer (FRET) substrates for de-
termining metalloproteinase activity (Ng et al., 2019). However, these
enzymatic assays only sense analytes with enzymatic activity.

Droplet-based immunoassay was developed to measure secreted
proteins and metabolites. For example, microbeads sensor and human
serum were encapsulated within droplets for C-reactive protein im-
munoassay with detection limitation of 0.01 ugml~* (Tang and Shum,
2016). Single T-cell secretion of IL-10 was measured via droplet based
approach with detection limitation of 10 pgml~' (Konry et al., 2011).
The agarose particles containing single Jurkat T-cell and functionalized
capture beads were washed for subsequent cytokine immunoassay
(Chokkalingam et al., 2013). The alginate particles containing anti-
body, reporters and cells were encapsulated within the droplets. After
that, the particles were washed for anti-TNF-alpha antibody screening
(Akbari and Pirbodaghi, 2014). Functional hydrogel particles such as
poly (N-isopropylacrylamide) particles were used to concentrated
fluorophore conjugated antibodies within the particles to enhance de-
tection sensitivities (500 pg ml™1) (Hsu et al., 2018). However, these
immunoassay approaches required breaking the droplets to perform
washing process of hydrogel particles, which caused the limitation for
cell sorting after screening. Recently, analyte-responsive RNA aptamers
sensors and magnetic bead sensors were investigated to perform
washing-free droplet-based immunoassay (Eyer et al., 2017). However,
due to the high background of blank droplets, the detection limit of this
approach was ~150ng/ml (Eyer et al., 2017). To address this issue, a
fluorescence normalization algorithm was implemented, improving the
detection limit to 50 ng/ml (Shembekar et al., 2018).

In this study, a one-step and washing-free plasmonic droplet sensor
with high sensitivity (67 ng/ml)was developed. This sensor provides a
label-free, high-throughput, and multiplexable platform for monitoring
single-cell secretions without breaking the droplet (Fig. 1a). Because of
low toxicity to the cells and wide spectra distribution for multiplexed
assay, gold nanorods (AuNR) were used as the plasmonic sensors in this
study. The binding of analytes affects the aggregation of AuNRs and
causes the differences in localized surface plasmon resonance (LSPR)
spectrum shift (Fig. 1b). This approach does not require additional in-
dicators and washing steps. Plasmonic droplets in a continuous flow
were detected by a dark-field spectroscope (600-1800 droplets min~*;
100-150 cells min~!) for high-throughput screening. We demonstrated
the utility of this sensor by determining the secretion level of inter-
leukin-8 (IL-8) and vascular endothelial growth factor (VEGF) from
both suspended and adherent cancer cells. This technology builds on
prior successes in Au cluster sensor in droplets assay (Shen et al., 2018).
To the best of our knowledge, this work is the first multiplexed
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plasmonic droplet for high-throughput single-cell cytokine secretion
analysis.

2. Experimental section
2.1. Cell culture and staining

Cells of a human breast cancer cell line (MDA-MB-231) and a human
promyelocytic leukemia cell line (HL-60) were purchased from
American Type Culture Collection (VA, USA). MDA-MB-231 cells were
cultured in Dulbecco's modified Eagle medium (DMEM) from Gibco
with 10% inactivated fetal bovine serum (Gibco, MA, USA) and
50 ug ml™? gentamicin (Gibco, MA, USA). Suspended HL-60 cells were
cultured in Iscove's modified Dulbecco's medium (IMDM) from Gibco
with 20% inactivated fetal bovine serum (Gibco, MA, USA) and
50 ugml ™! gentamicin (Gibco, MA, USA). All cells were incubated at
37°C in an incubator with 5% CO2 and were grown to > 80% con-
fluency for single-cell experiments. Cells were washed twice and con-
centrated to 1 million cells ml~! in medium for lipid staining. For
staining, 10 pl of the lipophilic carbocyanine DiR (Thermo Fisher, MA,
USA) dissolved in ethanol was added into a 1 ml cell suspension and
incubated at 37 °C for 20 min. Two additional washes were performed,
and the cells were resuspended in reaction buffer as mentioned in the
plasmonic sensor section for plasmonic sensing. Recombinant human
TNF-a protein (CF210-TA/CF) from R&D Systems (MN, USA) was
mixed into the cell suspension to stimulate cellular secretion. The cell
suspension was then passed through a cell strainer with a pore size of
40 um. The final cell density for droplet encapsulation was approxi-
mately 5-10 million cells ml~?.

2.2. Conventional Enzyme-Linked immunosorbent assay (ELISA)

The Human IL-8/CXCL8 Quantikine ELISA Kit (D8000C) purchased
from R&D Systems (MN, USA) was used for the Enzyme-Linked im-
munosorbent assay (ELISA) experiment. For sample preparation, cells
were cultured in a 96-well microplate for one day. The initial cell
density was three thousand cells per well. After one day, the culture
medium was replaced with fresh culture medium, medium with TNF-a,
nanorod solution, or nanorod solution with TNF-a. The cells were in-
cubated for another 24 h for secretion. The supernatant was then har-
vested for the secretory protein level test.
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Fig. 1. (a) Schematic of the plasmonic droplet-screening immunoassay for single-cell secretion screening. (b) The scattering spectrum of the nanorods was shifted

after assaying in the buffer.
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Fig. 2. (a) Transmission electron microscopy (TEM) image of VEGF antibody-conjugated nanorods (aspect ratio: 1.5) and IL-8 antibody-conjugated nanorods (aspect
ratio: 2.4). (b) The absorption spectrum of VEGF and IL-8 antibody-conjugated nanorods was measured with a UV-visible spectrometer after adding the target at a

series of concentrations. The resonant peaks are plotted in (c).

2.3. Gold nanorod (AuNR) functionalization

Anti-VEGF-conjugated AuNRs with a 1.5 aspect ratio and 50 O.D.
were used. Anti-IL-8-conjugated AuNRs with a 2.4 aspect ratio were
customized by Creative Diagnostics (NY, USA). Human VEGF165 anti-
body (AF-293-NA) and human IL-8/CXCL8 antibody (MAB208) pur-
chased from R&D Systems (MN, USA) were conjugated to the AuNRs
through a COOH-terminated PEG thiol linker. The linker was attached
to the AuNR surface through spontaneously formed Au-S bonds. The
COOH group of the linker was then activated by 10 mgml~! 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-
hydroxysulfosuccinimide sodium salt (NHS) for 30 min. The surface
activated AuNRs were mixed with antibodies to form peptide bonds.
Anti-mouse IgG-conjugated gold nanorods were purchased from
Nanopartz (CO, USA) for system verification in the supplemental ex-
periments.

2.4. Plasmonic sensor

A reaction buffer was prepared for all dilutions in this study. The
composition of the reaction buffer was 70 mmol L™ ! sodium chloride
(NaCl), 1.5mmolL~" potassium chloride (KCI), 5mmolL~! sodium
phosphate dibasic (Na,HPO,4), and 11 mmol L' potassium phosphate
monobasic (KH,PO,). All the chemicals used for buffer preparation
were from Sigma-Aldrich (MO, USA). The pH of the buffer was adjusted
to 7.4 before use. Recombinant human VEGF 165 protein (293-VE),
recombinant human IL-8/CXCL8 protein (208-IL), and normal human
IgG control (1-001-A) were purchased from R&D Systems (MN, USA) as
control ligands. These control ligands were diluted to different con-
centrations with reaction buffer for assay characterization. The anti-
body-conjugated AuNR sensors were diluted 100 times in reaction
buffer for the bulk experiment. The diluted AuNR solution was in-
cubated with control ligands in a 96-well microplate for 24 h, and the
absorption spectrum was measured using a UV-visible spectrometer.
The antibody-conjugated AuNR sensors were diluted 24 times in reac-
tion buffer for droplet encapsulation. For characterization, AuNR sen-
sors and control ligands were co-encapsulated in oil and incubated for
2 h. For single-cell secretion screening, AuNR sensors were combined
with a cell suspension and incubated for 24 h before observation. For

multiplex detection, AuNRs for VEGF and IL-8 were mixed together at a
ratio of 1.5:1.

2.5. Droplet encapsulation

Droplet encapsulation was conduct with PDMS microfluidics. The
procedure of PDMS chip fabrication and the characterization of the
wafer mold are in Fig. S1. The droplet-generating microfluidic device
made of PDMS had three inlets for the 1) AuNR solution; 2) sensing
target, which was the control ligand solution or the cell suspension; and
3) oil phase (Fig. S1b). The PDMS microfluidic chip was heated to
120 °C for 10 min and cooled to room temperature before use. The
AuNRs and sensing targets were loaded into the droplet-generating
microfluidic device via syringe pumps. These two solutions were mixed
in a pinched flow channel for encapsulation. The oil phase was pre-
pared by adding 3% Pico-Surf 1 (Blacktrace Holdings Ltd., UK) to
NOVEC 7500 (3M, MN, USA) engineered fluid. The flow rate of both
aqueous phases was 2 plmin !, and the flow rate of the oil phase was
5 ul min-1. For single-cell encapsulation, cell density was 5-10 million
cells ml~*. Cell solution was gently vortexed with rotating magnet in
the syringe.

2.6. Scattering spectrum acquisition

Droplet screening was performed on an inverted dark-field spec-
troscope (Fig. S2). Laser-driven xenon light with a broadband spectrum
(EQ-99X LDLS, Energetiq Technology, MA, USA) was used for illumi-
nation. The scattered light from AuNRs was collected by an inverted
dark-field microscope (Eclipse Ti-U, Nikon, JP). The collected light was
passed through a slit to eliminate out-of-focus scattering. The scattered
light was dispersed into a spectrum by a Shamrock 303i spectrometer
(ANDOR Technology Ltd, NIR). The spectrum was then recorded using
a Newton 940 spectroscopic CCD camera (Andor Technology Ltd, NIR).
For static screening, droplets were loaded into an observation chamber
made of PDMS. We scanned through the highly packed droplets in the
chamber with a 5pum step size for collecting the scattering spectrum
with a stage scanner (SCAN IM Plus 130 x 85 XY Stage, MARZHAUSER
WETZLAR GMBH & CO., DE). For high-throughput screening, the dro-
plets were loaded into a PDMS continuous flow channel, and spacing oil
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Fig. 3. (a) High-throughput screening with the plasmonic droplet sensor was conducted with continuous-flow microfluidics and dark-field spectroscopy. A focusing
flow from both sides could prevent scattered light coming from the edge of the microfluidic channel. (b) A time series spectrum was acquired with the spectrometer in
dynamic mode. The highest scanning rate attained was 30-50 droplets sec ™" with a 0.01 s acquisition time (100 frame sec ™ '). (c) Functional tests of IL-8 and VEGF
plasmonic droplet sensors. The result was calculated from approximately 3000 droplets.

was used to separate individual droplets (Fig. S1c). The droplets were
focused in a central stream by focusing oil. The flow rate of the droplets
was 0.1 uL min~?, and the flow rate of the oil phase was 1 uL min~*. To
ensure that the signal arose from single droplets, the light entrance of
the spectrometer was controlled to be smaller than the dimension of the
droplet images at the slit. The scattered light was then dispersed into a
spectrum by an optical grating inside the spectrometer. Finally, the
spectra from individual droplets were recorded by a spectroscopic CCD
detector. The irradiation with wavelength from 450.02 nm to
998.63 nm was recorded by a 2048*512 sensing array. The accuracy for
peak measurements was one pixel, which was 0.27 nm (Martinez-de
Dios and Ollero, 2004).

3. Results and discussion
3.1. Plasmonic droplet sensor

Plasmonic droplet sensors in this work are based on measuring the
LSPR spectra of functionalized AuNRs within the droplets. LSPR is a
collective oscillation of electrons, which resonate at a specific wave-
length, in nanoparticles (Cao et al., 2014). The resonant wavelength is
determined by the material, shape and near-field refractive index
change of the nanoparticles. Once AuNR aggregate with each other or

analytes bind to the AuNR, the resonance changes. The light scattering
and absorption of nanoparticles at specific wavelengths are broadly
used to investigate the resonance wavelength. In this work, we char-
acterized the synthesized AuNRs by light absorption, and monitored the
AuNR status in droplets by light scattering instead. For cell screening,
suspended cells were mixed with the AuNR sensor in the microfluidics
to form water-in-oil (w/0) emulsions. After 24h of incubation, we
screened these plasmonic droplets in a continuous flow by the dark-
field spectroscope. The throughput of droplet screening is 600 droplet
min . Shift of the plasmonic scattering peak represented the secretion
level of the cells.

3.2. Plasmonic sensor (AuNR) characterization

The dimension of AuNRs were characterized by transmission elec-
tron microscopy (TEM) (Fig. 2a). The aspect ratios were 1.5 * 0.23
and 2.4 = 0.36 for the VEGF AuNR and the IL-8 AuNR, respectively
(Figs. S3a and b). The conjugation of VEGF antibody and IL-8 antibody
on AuNRs were verified by the negative value of zeta potential (Fig.
S3c). Calibration curves were generated to characterize the function-
ality of AuNR sensors. We spiked analytes at different concentrations
into the AuNR solutions. The mixtures were incubated for 24 h. The
shifts of AuNR absorption spectra in Fig. 2b indicates different
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Fig. 4. (a) Bright-field image and dark-field image of a cell encapsulated in plasmonic droplets. (b) The single-cell encapsulation rate reached 17-20%. The plasmonic
droplet sensor could identify different VEGF and IL-8 secretion profiles after (c) MDA-MB-231 and (d) HL-60 cells were treated with TNF-a (scale bar: 50 um).
Unpaired two sample t-tests were performed to verify the means of TNF-alpha treated group and non-treated group have significant difference (p < 0.05).

aggregation status and number of bonded ligands The statistical ana-
lysis of peak positions is plotted in Fig. 2c. The sensitivity is 0.44 nm (ng
ml~ 1)~ for VEGF AuNRs and 0.88nm (ng ml~*) ! for IL-8 AuNRs.
Notably, the ion concentration of the salt affected the peak shift (Fig.
S4a). The ionic strength of the salt in a solution decreased surface
charge repulsion to cause some aggregations of the AuNRs. This process
required ~8h to be stable in our experiment for the measurements
(Fig. S4b). The stability of functionalized AuNRs in 24 h incubation was
characterized to correspond to the incubation time period of the mea-
surements (Fig. S4c).

3.3. Plasmonic droplet sensing

To ensure the functionality of the plasmonic sensor in droplets,
target biomolecules at different concentrations were mixed with AuNRs
in droplets. After incubation, the droplets were injected into a PDMS
observation chamber. Approximately 50-100 droplets were observed
for each reaction condition by line scanning (Fig. S5a). Because of the
limited optical path inside a droplet (~50 um diameter), a scattering
spectrum was acquired instead of an absorption spectrum to monitor
the plasmon resonance. The scattering peak was then analyzed to
quantify the binding of target biomolecules to the AuNR surface. The
averaged absorption spectra used for characterization are plotted in Fig.
S5b. As expected, a shift was observed corresponding to the target
concentration. This shift was also observed in the heat map of the

scattering spectra from individual droplets in the chamber (Fig. S5c).

Characterization of the plasmonic droplet sensor in a continuous
flow was then performed. After 24 h of incubation, the droplets were
loaded into a microfluidic channel for continuous flow screening by
dark-field spectroscopy (Fig. 3a). The screening protocol was described
in Sec. 2.6. To acquire enough scattering light under continuous flow,
the opening of the slit was 500 um (Fig. S6a). The signal collection
capability at different acquisition time was also investigated (Fig. S6b).
Peak analysis indicated that the peak positions were not affected by the
sampling rate (Fig. S6¢). The spectra of plasmonic droplets passing
through the observation window were recorded in real time and are
plotted in Fig. 3b. Individual yellow/red lines in the heat map represent
a single droplet. The droplet scanning rate was calculated from the
signal intensity peak number over time. The highest scanning rate at-
tained was 1800 droplets min ~* for plasmonic droplet characterization.

Calibration curve were generated for VEGF plasmonic droplet
sensor and IL-8 plasmonic droplet sensor in Fig. 3c. AuNRs and analytes
at different concentration were mixed in microfluidics to form droplets.
After overnight incubation, the droplets were screened followed the
protocol described in Sec. 2.6. The peaks of the scattering spectra were
measured to correspond to the spiked analyte concentrations. The
sensitivity of droplet plasmonic assay to measure VEGF was 0.46 nm/
(ng/ml), while sensitivity to measure IL-8 was 0.50 nm/(ng/ml). The
limit of detections to measure VEGF was 6.39 ng/ml, and the limit of
detection to measure IL-8 was 7.2 ng/ml.
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of anti-IL-8 AuNRs (J-L) increased with the IL-8 concentration, while the peak

position of anti-VEGF AuNR (G-I) remained consistent.
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3.4. Single-cell secretion screening

Cellular secretions (VEGF and IL-8) from two different cancer cells
(the MDA-MB-213 breast cancer cell line and the HL-60 leukemia cell
line) were measured via the plasmonic droplet screen immunoassay.
These cells were prepared as described in Sec. 2.1.

The overlaid bright-field and fluorescence image of droplets with
cells is shown in the left part of Fig. 4a. The dark-field image in the right
part of Fig. 4a was recorded to show the AuNR sensor in the droplets.
The single-cell encapsulation rate reached 17%-20% through optimi-
zation of the flow rate and cell concentration (Fig. 4b). These droplets
with cells were incubated at 37 °C for 24 h before observation. Then,
continuous flow screening was performed with a throughput of ~600
droplets min~ ! (~100-150 cells). The stability of the droplets is shown
in Fig. S7. The cell viability of HL-60 and MDA-MB-231 in droplet is
shown in Fig. S8.

The MDA-MB-231 secretion results are shown in Fig. 4c. With TNF-
o stimulation, a slight increase in the average level of VEGF was ob-
served. These results agree with the results of ELISA (Fig. S9). The le-
vels of IL-8 also increased (Freund et al., 2004; He et al., 2003). The
VEGF and IL-8 secretion levels of HL-60 cells are shown in Fig. 4d. For
cells with TNF-a stimulation, increases in both VEGF and IL-8 secretion
levels were observed (He et al., 2003). According to the results, the
VEGF secretion level was similar among MDA-MB-231 and HL-60 cells
before stimulation, while MDA-MB-231 cells secreted more IL-8. How-
ever, after stimulation, TNF-a increased IL-8 secretion in HL-60 cells
largely than in MDA-MB-231 cells. The IL-8 secretion of HL-60 cells
with incubation time is shown in Fig. S10. The result indicates that the
peak of IL-8 in HL-60 cells shifted from 656 nm to 663.5 nm after 24 h
of stimulation. The statistical analytical method used to evaluate single
cell's secretions is included in Fig. S11.
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Fig. 6. (a) Two groups of MDA-MB-231 cells could be identified as stimulated and unstimulated cells. (b) The box plot shows the secretion level increase after
stimulation. (c) A similar grouping could be found in the HL-60 results. (d) The box plot shows a similar trend of increased secretion by HL-60 cells.
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3.5. Multiplex detection for single-cell secretion screening

AuNRs with different aspect ratios were mixed to achieve multiplex
plasmonic droplet assay (Tang and Casas, 2014; Yu and Irudayaraj,
2007). Two types of AuNRs with scattering peaks at 556 nm and
658 nm were used. To clearly identify the peaks, the balance of scat-
tering intensity was optimized by adjusting the concentrations of the
AuNRs (Fig. S12). The positions of the two peaks were closer to each
other after mixing. The peak of the anti-VEGF AuNRs became
~561 nm, and the peak of the AuNRs conjugated with anti-IL-8 moved
slightly to ~657 nm. In addition, mixed solutions with different con-
centrations of VEGF and IL-8 were evaluated for specificity to ensure
that spectral crosstalk did not cause false results (Fig. 5).

The AuNR mixture was encapsulated with individual cells in the
droplets. These plasmonic droplets with cells were incubated at 37 °C
for 24 h before observation. Based on the multiplex detection results,
VEGF secretion, IL-8 secretion and DiR lipid staining were measured
simultaneously to form a three-dimensional plot. For MDA-MB-231 cells
(Fig. 6a), as expected, two distinct clusters were observed, indicating
the presence of TNF-a-treated and nontreated cells. Statistical analysis
between different groups was performed to reveal the trends for shifts
in the scattering peak (Fig. 6b). VEGF and IL-8 secreted by MDA-MB-
231 cells slightly increased after stimulation. Similar to the results for
MDA-MB-231 cells, HL-60 cells exhibited distinct clusters (Fig. 6c).
Statistical analysis of HL-60 cells also indicated increased VEGF and IL-
8 secretion after TNF-a stimulation (Fig. 6d). The multiplex detection
results are consistent with the singleplex detection results.

4. Discussion

The plasmonic droplet immunoassay was developed by integrating
localized surface plasmonic sensors and continuous flow droplet pi-
coreactors. The plasmonic sensor has minimized the complexity of
performing an immunoassay in droplets to achieve the goal of rapidly
identifying single-cell secretory phenotypes. The sensitivity of VEGF
assay is 0.46 nm/(ng/ml) and sensitivity of IL-8 assay is 0.50 nm/(ng/
ml). The limit of detections were 6.39 ng/ml and 7.2 ng/ml for VEGF
assay and IL-8 assay, respectively. The detection sensitivity of plas-
monic droplet assay is comparable to the sensitivity of current fluor-
escence based drop-screen approaches (Konry et al., 2011; Hsu et al.,
2018). However, with the advantage of washing-free detections via
plasmonic assay, after plasmonic drop screening, the droplets with cells
could be sorted and collected for the applications in bio-fabrication and
synthetic biology.

The resonant frequency change caused by AuNRs aggregation is
sensitive to the ligand binding on AuNR surface. The variation of
plasmonic peak position measurement might be due to technical noise
or the aspect ratio variation of AuNRs (Tadepalli et al., 2015). Reduced
variation is expected by upgrading the transducer (such as a liquid
nitrogen-cooled camera), using a high-intensity light source (such as a
high-power mercury-xenon light) and minimized the size variation in
the AuNRs.

The throughput of cell screening was limited by the required in-
tegration time for recording cell tracker fluorescence (~600 droplets
min~1). This could be improved by using a brighter cell tracker or
stronger excitation irradiation to reduce the spectrum acquisition time.
Moreover, the sensitivity could be improved by enhancing the re-
fractive index change when target molecules binding (Teste and
Descroix, 2012). It is worth noting that to perform plasmonic drop-
screen it is essential to suspend the cells in a solution. To detach the
cells from the substrates, the cell survival rates would be effected.
Especially for no-metastatic adherent cells, dissociation of the cells to a
solution would initiate programmed cell death (anoikis). Moreover, due
to limited nutrition within the droplets, long-term cell incubation (over
3 days) could not be processed properly in the droplets.
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5. Conclusion

In this study, we described a droplet-based wash-free sensor that
enables one-step and effective single-cell multiplex secretion analysis.
The sensitivity of plasmonic droplet assay is around 0.5 nm/(ng/ml).
The limit of detections were 5.9 ng/ml and 7.2 ng/ml for VEGF and IL-
8, respectively. The VEGF and IL-8 secretion levels of MDA-MB-231
breast cancer cells and HL-60 leukemia cells were measured with a
throughput of ~600 droplets min~! as a demonstration of this tech-
nology. With TNF-a stimulation, changes in secretion profiles were
observed. By loading AuNRs with different aspect ratios, a multiplex
plasmonic droplet screen immunoassay was achieved. Although further
optimization could be conducted, this platform still represents a pro-
mising tool for single-cell secretion analysis, increasing the applicability
of single-cell functional analysis. More applications of plasmonic dro-
plet screen platforms in engineering biology, disease diagnosis, and
treatment support are expected after their improvement in the future.
For instance, analysis of cancer metastasis related secretory proteins,
immune cells response, and target screening in enzymatic engineering
and synthetic biology.
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