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Abstract

Micro-bead based multiplexed protein immunoassays have experienced rapid growth in
the past decade. Thus far, bead based protein assays have relied on a bulky 240 kDa
protein Phycoerythrin (PE) as the reporter dye to afford sufficient detection signal and
sensitivity, taking advantage of 25 fluorophores in each protein. Here, we report the
synthesis of gold nano-islands coated F beads (4-8 um) through a two-step seeding-and-
growth approach. We developed flow cytometric bead assays with down to 10 fM ( ~ 0.2
pg/ml) sensitivity by utilizing strong fluorescence enhancement of small molecule
fluorophores (Cy-5) on the plasmonic gold beads. By using different fluorescence tags to
label gold beads and varying the bead size, we obtained multiplexed plasmonic gold
beads for quantification of human cytokine IL-6, IFN-gamma, IL-1 beta, VEGF and an
ovarian cancer biomarker CA-125 in biologically relevant media. The low limit of
detection surpassed that of glass bead based immunoassays by 2 orders of magnitude,
demonstrating the potential of plasmonic gold beads for sensitive protein biomarker

quantification.
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Introduction

Since the initial introduction in 1977', bead based flow cytometric immunoassays
have been widely explored for protein analysis. Among various platforms, bead based
assay is favorable due to low sample volumes needed, reduced assay processing steps and
time, multiplexing capability and the availability of flow cytometry type of instruments®™.
Currently, bead based assays are widely used for protein (e.g., cytokine) quantification®?,

biomarker identification'>™"?

and DNA/microRNA expression profiling for biological
research'®?’. Cytokines are important signaling molecules regulating hematopoiesis,
immune response, cellular activity and are typically expressed over a wide span between
sub-pg/ml to thousands of pg/ml*'. Cytokines at expression levels lower than 1 pg/ml are
at the detection limit of various immunoassays and are difficult to measure accurately” .
Bead-based flow cytometric assay with enhanced sensitivity could facilitate detecting low
abundant proteins, understanding of biological pathways and disease diagnosis at early

stages. Cytokine detections could also facilitate assessing responses to therapeutic

. . . . 7
interventions as those developed for autoimmune diseases’.

Since fluorescently conjugated detection molecules are measured on individual
beads for signal reporting in a bead based flow cytometric assay, we expect that strategies
for amplifying fluorescent emission of fluorophores on each bead could lead to improved
sensitivity for flow cytometry based protein analysis. Surface plasmons on metal
nanostructures have been found to resonantly couple to fluorophores at excited-state,
increasing the radiative decay rate of the excited fluorophores, thus enhancing
fluorescence quantum yield**. Indeed, plasmonic gold films on planar substrate have
recently been investigated for sensitive molecular analysis in protein microarrays,
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utilizing fluorescence enhancement afforded by the underlying plasmonic gold film with

25-28
plasmon resonance®

. Thus far, most micro-bead based protein assays have relied on
using the 240 kDa bulky protein Phycoerythrin (PE) as the reporter. Composed of 25
phycoerythrobilin chromophores, PE molecule is one of the brightest dyes used today due
to its large adsorption coefficient and high quantum efficiency”’. Current micro-bead
based immunoassay affords several pg/ml to sub pg/ml sensitivity for cytokine
measurement™’. On the other hand, the large protein can cause difficulty in conjugation
and steric hindrance effects or background signal issues that are non-ideal for
immunoassays®'. Here, we present for the first time a set of multiplexed plasmonic gold

beads for flow cytometric detection of cytokines with high sensitivity using small

molecule based fluorophores for reporting.
Results and discussion

Fluorescence enhancement of CyS5 fluorophore by plasmonic gold beads

Plasmonic gold nano-islands coated glass beads (plasmonic gold beads) were
prepared through a two-step seeding-and-growth approach®”. First, glass beads (8 pm or 4
pum in diameter) were modified with amine groups through reaction with [3-(2-
aminoethylamino)propyl]trimethoxysilane (AEPTS). The amine modified glass beads
were introduced to a HAuCly solution followed by adding ammonium hydroxide (see

" clusters attached to the amine

experimental section), resulting in [Au(OH)(NH3),Cl,],
modified glass beads. The clusters were reduced to metallic gold nanoparticles (refer to

as “gold seeds”) in a sodium borohydride solution. Growth of gold nano-island on the

gold seed was performed by introducing the gold seed coated glass beads into a solution
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containing HAuCly and NH,OH, where NH,OH selectively reduced Au ions onto gold
seed. Scanning electron microscopy (SEM) revealed that the glass bead surface was

uniformly covered with tortuous gold nano-islands (Figure 1A and 1B).
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Figure 1. Plasmonic gold nano-island pattern covered glass bead. A. Left: A group of 8
micron glass bead uniformly covered with gold nano-islands. Right: A zoom in region of the §
micron bead showing the details of the gold nano-island pattern on the bead. B. Left: A group of
4 micron glass bead uniformly covered with gold nano-islands. Right: A zoom in region of a 4
micron bead showing the details of the gold nano-island pattern on the bead. C. A schematic
drawing of flow cytometry measurements of a plasmonic gold bead. D. Cy5 fluorescence
measurement of Cy5-avidin coated plasmonic gold bead and glass bead with flow cytometry,
showing the distribution of Cy5 fluorescence intensity on 5,000 plasmonic gold beads and 5,000
glass beads, respectively. E. The mean Cy5 fluorescence intensity plot of the 5,000 plasmonic
gold beads and 5,000 glass beads, showing vast fluorescence enhancement on plasmonic bead.
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We investigated the fluorescence enhancement of gold nano-islands coated beads
with various coating morphology by absorbing Cy5-avidin onto the beads via non-
specific binding of highly positively charged avidin (pI = 10.5) protein with the
plasmonic gold bead. Cy5-avidin was also absorbed on glass beads for comparison. The
amount of avidin molecules bound to plasmonic gold beads was found to be similar to
those bound to glass beads, as manifested by similar enzymatic activity of avidin coated
gold/glass bead conjugated with biotinylated horseradish peroxidase (HRP) (Figure S1).
Therefore, fluorescence enhancement of Cy5 could be reflected by Cy5 fluorescence
intensity on plasmonic gold beads versus on glass beads. Cy5 fluorescence intensity on
plasmonic gold beads and glass beads under a 640 nm laser excitation were quantified
with flow cytometry (Figure 1C) as individual beads were passed through a micro fluidic
channel. We observed that with low growth concentrations of HAuCly (< 50 puM),
discrete gold seeds were formed on glass beads, giving low fluorescence enhancement
(Figure S2 and S3). As the growth concentration increased, the gold seeds increased in
size and merged with each other to form gold nano-islands, accompanied by increased
Cy5 fluorescence enhancement. At even higher growth concentrations, the gold nano-
islands further coalesced to form more continuous gold films, resulting in a significant

drop in Cy5 fluorescence suggesting quenching effect (Figure S2 and S3).

The optimized plasmonic gold beads were covered with gold nano-islands with ~
100 nm lateral dimensions with gaps between the nano-islands in the 10 - 30 nm range
(Figure 1A and 1B), affording up to 2 orders of fluorescence enhancement to adsorbed
CyS5-avidin molecules over on glass beads (Figure 1D and 1E). Appropriate gold nano-

island size and gap are important parameters for optimized fluorescence enhancement, as
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such structures could enhance local electric fields and afford plasmon-dipole resonance
coupling that increases the radiative decay rate of fluorophores in excited state®.
Compare to gold nano-island structures on flat substrate with ~ 200 nm lateral
dimensions and exhibiting plasmon mode up to long wavelengths (optimal for enhancing
fluorophores emitting at 800 nm wavelength®), the 100 nm size gold nano-islands on
micro-beads are found to be more efficient in enhancing Cy5 with 670 nm emission peak.
The 100 nm gold nano-island size affords a downshift in plasmon modes from the 200
nm ones, giving enhanced resonance coupling with the shorter wavelength emitting cy5
dye than with the IR800 dye’ **. The lack of long wavelength (800nm) excitation and
detection channels for current available flow cytometry systems is another reason why

Cy5 was selected as reporter dye rather than IR800 dye.
Single-plexed immunoassays for cytokines

To demonstrate the application of plasmonic gold beads in bead based assays, 8
micron plasmonic gold beads were coated with avidin, followed by attachment of
biotinylated capture antibody specific to human cytokine IL-6. The beads were
distributed into multiple vials (5,000 beads per vial), and serially diluted human cytokine
IL-6 solutions from InM to 10 fM plus blank control (each in 100 pL volume) were
added to each vial. After equilibration, washing and detection with fluorophore Cy5
labeled anti human IL-6 antibody (Figure 2A), 1,000 beads in each vial were counted by
flow cytometry, with Cy5 fluorescence intensity quantified to correlate with the
concentration of IL-6 (Figure 2B). We observed 5-6 orders of magnitude dynamic range
for IL-6 detection, spanning from 1 nM to 10 fM (Figure 2C left graph). The low limit of
detection was < 10 fM (< 0.2 pg/mL), which is at least comparable to PE based bead
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assays” . Cytokine detection on plasmonic gold beads was reproduced on different days
with different batches of beads, and coefficient of variation (CV) of these assays was
found to be < 15% for IL-6 concentrations over 100 fM and < 30% for concentrations
below 100 fM (Table S1). Identical immunoassays were also performed on glass beads
(Figure 2C right graph), affording detection limit at 1 pM (20 pg/mL), which was inferior
to assays performed with gold beads (Figure 2). This sensitivity difference was
consistent with protein detection on flat plasmonic gold substrate versus glass substrate™
2 With 4 pm plasmonic gold beads, we also observed high fluorescence enhancement of

CysS5 over glass beads and 10 fM sensitivity for human IL-6 quantification (Figure S4).
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Figure 2. Protein quantification on plasmonic gold beads. A. Sandwich assay schemes
for protein detection on a plasmonic Au bead and glass bead. B. Human cytokine IL-6
calibration data containing cytometry curves obtained with 8 micron plasmonic gold
beads (left) and glass beads (right), showing Cy5 fluorescence distribution when
measuring: 1nM IL-6 (red), 100 pM IL-6 (orange), 10 pM IL-6 (yellow), 1pM IL-6
(green), 100 fM IL-6 (blue), 10 fM IL-6 (purple) and blank control (grey). C. Cy5
Fluorescence quantification data for IL-6 detection on plasmonic gold beads (left) and
glass beads (right).
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Multiplexed cytokine immunoassays using encoded plasmonic gold beads

Previously, multiplexed polymer beads for immunoassays have been made by
differentiating beads by size’®, or by the different ratios of two fluorophore tags
conjugated onto the beads®’. For demonstration of multiplexed plasmonic gold beads, we
combined bead size differentiation with different fluorophore tags. Micro-beads of
various sizes can be differentiated by the degree of front scattering (proportional to bead
diameter) of an incident laser beam in flow cytometry’®. A given size bead could be
further divided into several sub-groups based on different fluorescence tags on beads.
Different beads could then each be conjugated to antibody against a specific protein of
interest, thus affording a set of multiplexed bead system for quantification of multiple
protein biomarkers. For proof of concept, we used antibody immobilized 4 and 8 micron
plasmonic gold beads with or without Cy3 or Alexa Fluor 488 tagging for constructing a
set of 6-plexed beads for simultaneous quantification of human cytokines and a human
ovarian cancer biomarker CA-125 (Figure 3A). Light scattering plot (side scatter versus
front scatter) clearly revealed two different regions of beads, corresponding to 4 micron
beads and 8 micron beads respectively (Figure 3B upper left graph). The 4 micron beads
and 8 micron beads were further differentiated into 3 sub regions based on the Cy3 and
Alexa 488 fluorescence intensities (Figure 3B upper right graph and lower left graph),
which was also revealed by confocal fluorescence imaging (Figure 3B lower right graph).
This result confirmed the feasibility of plasmonic gold beads multiplexing, as the size of
beads can be determined by front scattering, and the fluorescence tagging of the bead can

be detected by specific laser/filter set in the flow cytometry system.
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Figure 3. Coding plasmonic gold beads for multiplexed biomarker measurement A. Design
scheme of a plasmonic bead system for 6-plexed biomarker measurement; 8 micron beads were
labeled with anti human CA-125 capture antibody; 8 micron alexa fluor 488 coded bead was
labeled with anti human IFN-gamma capture antibody; and 8 micron Cy3 coded bead was labeled
with anti human IL-6 capture antibody. 4 micron bead was labeled with anti human VEGF
capture antibody; 4 micron alexa fluor 488 coded bead was labeled with anti IL-1 beta capture
antibody; 4 micron Cy3 coded bead was labeled with PEG as negative control. B. Flow cytometry
measurement of a mixture of the beads in A. 4 micron and 8 micron bead are resolved from side-
scattering versus front-scattering plot (top left). In each bead sized region, 3 sub-regions can be
resolved from Cy3 fluorescence versus alexa fluor 488 fluorescence plots, which are Cy3 coded
bead, alexa 488 coded beads, and non-coding bead. Bottom right: Confocal fluorescence mapping
of the 6-plexed bead system prior to being used for biomarker sensing: green color reflects Cy3
fluorescence; blue color reflects alexa 488 fluorescence. Bead 1 and 4 are not resolved due to the
lack of any fluorescence coding.
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The dynamic range and sensitivity of our multiplexed gold beads were assessed
through calibrating serial dilutions of a CA-125, IL-6, IFN-gamma, VEGF and IL-1 beta
protein mixture to different concentrations. After probing with the protein mixture, a
mixture of Cy5 conjugated detection antibodies, each specific to one biomarker, was
introduced to plasmonic gold beads solution for labeling biomarkers on each bead with
Cy5 dye (Figure 4A). Up to 5-6 orders (though not for VEGF likely due to lower
antibody affinity) of dynamic range were achieved for multiplexed detection of cytokines
(Figure 4B and Figure S5). Sub-pg/ml (10 fM) cytokine sensitivity was achieved and
CA-125 was detectable down to 0.12 U/ml. Note that through careful selection of
antibody pairs (from different vendors) for cytokine detection to reduce cross-reactivity,
we were able to eliminate matrix effect for cytokine detection, as cytokine calibration
curve plotted from multiplexed detection behaves similar to that plotted from single-plex
detection (Figure 2C and 4B). Specificity of multiplexed protein detection was
confirmed through detection of individual types of proteins one at a time with the 6-plex

plasmonic gold bead system (Figure 4B and Figure S6).

Perhaps one of the most important features of bead based immunoassay is its
capability for multiplexing, which has been realized through two approaches previously:
utilizing multiple sizes of micro-beads for quantification of different analytes® and

3740 We combined the

tagging different fluorophores onto micro-beads of the same size
two approaches to afford multiplexing capability of gold plasmonic bead based

immunoassays. There are more choices of visible dyes with non-overlapping emission

spectra for tagging plasmonic beads when red dye Cy5 was introduced for signal
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reporting, which could lead to much higher degree of multiplexing than demonstrated in

the current work.
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Figure 4. Multiplexed biomarker quantification with fM sensitivity. A. Confocal
fluorescence mapping/imaging of the 6-plexed bead system before and after biomarker
detection in a mixture of CA-125, IFN-gamma, IL-6, VEGF and IL-1 beta each at 100
pM: red color reflects Cy5 fluorescence; yellow reflects the co-localization of Cy5 and
Cy3; purple reflects the co-localization of Cy5 and Alexa fluor 488. B. Left:
Fluorescence quantification data for a serially diluted IL-6 antigen solution by our 6-
plexed bead system. Right: Bar graph for selectivity test of the multiplexed plasmonic
bead assay, reflecting Cy5 fluorescence on each of the 6 sub-region of plasmonic gold
beads where 1pM IL-6 (middle) was applied for biomarker quantification with the
multiplexed plasmonic beads system. C. Left: Protein detection result in ovarian cancer
cell line OVCAR3 culture medium: IL-6 (orange), CA-125 (red) and VEGF (green) were
identified. Right: Quantification of protein concentrations in the cell culture medium of
OVCAR3 cell line by fitting Cy5 mean fluorescence into the calibration curve of each
protein.
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Multiplex detection of cytokines and cancer markers from cell culture media

To demonstrate the capability of our multiplexed plasmonic bead system for
protein quantification in biological samples, we performed cytokine and CA125 detection
in cancer cell culture medium through flow cytometric immunoassay on plasmonic gold
beads. Human ovarian cancer cell lines OVCAR3 and SKOV3 were cultured for 48 h and
their culture media were collected for cytokine and CA125 measurements (Figure 4C
and Figure S7). OVCAR3 is an ovarian cancer cell line known to secrete CA125 while
SKOV3 is a CA125 negative ovarian cancer cell line*'. We detected high CA-125, IL-6
and VEGF expression levels in the OVCAR3 culture medium (Figure 4C), and IL-6 and
VEGEF in the SKOV3 culture medium (Figure S7). Linear regression of blank corrected
calibration curve was performed for each cytokine and concentration of each analyte in
cell lysate was determined by fitting Cy5 fluorescence signal into the corresponding
curve (Figure 4B and Figure S5). 25 (+/- 1.2) pM of IL-6, 45 pM (+/- 5.6) of VEGF and
57 (+/- 6.2) U/ml of CA-125 were detected in the OVCAR3 culture medium (Figure 4C),
while 42 pM (+/- 2.1) IL-6 and 54 pM (+/- 7.8) VEGF was observed the in SKOV3
culture medium (Figure S7). Cytokine concentration value below the lower limit of
detection was considered as undetectable and was not computed. We conducted Enzyme
Linked Immunosorbent assay (ELISA) measurement of IL-6 in cell culture media to
validate the plasmonic micro-bead data. 29 (+/- 3.5) pM IL-6 in OVCAR3 culture media
and 42 (+/- 6.3) pM IL-6 in SKOV3 culture media were detected by ELISA (Figure S8),

which was highly consistent with IL-6 level measured by plasmonic micro-bead assay.

A panel of biomarkers, rather than single-analyte measurements, is likely to

improve the sensitivity and specificity in cancer detection, staging and monitoring™™**.
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Simultaneous detection of clinically used low-specificity cancer biomarkers and
additional inflammatory cytokines and chemokines could lead to protein profiling of
various cancer types, allowing for cancer diagnosis at early stage**°. The wide dynamic
range of our assay enables bead based quantification of a panel of biomarkers with a wide
concentration distribution from sub-pg/ml to tens of ng/ml. Our plasmonic micro-bead
assay was able to detect cytokine VEGF and IL-6 from cancer cell culture media, which

are potent stimulating factors for angiogenesis and can promote tumor formation®”*.

Conclusion

In conclusion, fluorescence enhancement of small fluorophores is achieved on
micro-beads through coating of Au nanostructures on glass micro-beads. The
fluorescence enhancement effect facilitates bead based immunoassay using small
molecule reporters as an alternative to PE, enhancing the ability of measuring low
abundant protein biomarkers such as cytokines at concentrations near the lower limit of
detection of existing methods. Multiplexed plasmonic beads have been demonstrated and
can be expanded. The plasmonic gold beads may have high potential for research and

clinical usage for biomarker development and early stage disease detection.
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