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ABSTRACT

A Study of The SERS-based Decoding
Strategy on Multiplex Suspension Array
with Micro Beads

Sa Ram Lee

Interdisciplinary Program for Biomedical Engineering
Graduate School

Seoul National University

This dissertation is focused on a barcoding strategy using
Surface-enhanced Raman Scattering (SERS) for bead-based multiplex
analysis. Barcoding or the indexing strategy for the probe particle is
most important factor to quantify and classify the information for the
suspension array assay. In this work, the author shows a practical
implementation of the SERS decoding strategy for the suspension
array assay that existed only in theory and explored the possibility of

SERS as a barcoding strategy for a multiplex suspension array as



follow: 1) consecutive SERS signal acquisition from micro beads
moving in a microfluidic channel; ii) simultaneous detection of SERS
and fluorescence signals from micro beads, and iii) fluorescence
quantification and SERS decoding with micro beads for the
suspension array.

First, the micro spherical gold beads were fabricated using
electroless plating on PMMA beads and elegantly optimized to produce
the effective SERS signals. The achieved beads produced well-defined
SERS spectra even at an extremely short exposure time for a single
bead combined with Raman tags such as 2-naphthalenethiol (2-NT)
and benzenethiol (BT). The consecutive SERS spectra from a variety
of combinations of Raman tags were successfully acquired from the
beads at static and moving conditions. The proposed Raman tagged
micro beads exhibited the potential of an on-chip microfluidic SERS
decoding strategy for a micro suspension array.

Second, simultaneous detection of SERS and fluorescence
signals using a single excitation source was shown with individually
functionalized micro beads that can be applied to array—-based
multiplex analysis. The author chose proper beads that can produce
well-defined SERS spectra and carefully engineered micro beads with

a biomarker. The functionalized micro beads successfully worked



dependently, with not only the decoding function of the Raman tags
but also with the probing function for analytes. Above all, author
achieved simultaneous detection for SERS and fluorescence signals
while avoiding signal overlapping between the two by carefully
selecting the detection ranges.

Finally, based on the achieved technologies, the author
demonstrates the flow cytometer that can measure fluorescence and
SERS signals from a single micro bead in the flow. The flow
cytometer includes pump controllable microfluidics and a customized
Raman and fluorescence system and it can provide two pieces of
independent information which is decoding results from the encoded
Raman tags and quantifying the results from the fluorescence of the
modified bead. Through this, the author shows that the SERS could

be a useful decoding strategy for suspension arrays.

Keywords : Decoding strategy, Suspension array, Multiplex analysis,
Micro  spherical bead, Surface-enhanced Raman
scattering (SERS), Fluorescence quantification, Flowing

condition, Microfluidics system
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Figure 1-1.

Figure 1-2.

List of Figures

Schematic view of the suspension array. The suspension
array composed of recognition agents attached to
encoded beads. Recognition agents can be conjugated
with a reagent specific to a particular bioassay such as
antigens, antibodies, oligonucleotides, enzyme substrates
or receptors. The identity of the recognition molecules
attached to each particle is revealed by decoding the
bead code. The suspension array has received great
attention because of array preparation, sample volume,
faster binding Kkinetics, lower costs, higher
reproducibility, and superior detection sensitivity for
multiplex analysis.

Schematic view of the planar array. A conventional
planar array has elements or spots for a series of probe
molecules on a two-dimensional plate with recognition
agents such as DNA, antibodies, proteins, drug
candidates, etc. The identity of the recognition agents at
each spot in the array is known from its position in the

plate.
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Figure 1-3.

Figure 1-4.

Figure 2-1.

A number of barcoding methods have been suggested
for multiplex technologies. (a) photobleaching beads, (b)
continuous—flow lithography based patterned—particles,
(c) electrical method, (d) graphical rods, (e) quantum
dots. Other barcoding techniques are also known such
as metallic nanowires, shape based physical method, etc.

Representative Raman-based barcoding technology. (a)
Encoding peptide sequences with surface-enhanced Raman
spectroscopic nanoparticles. (b) DNA and RNA detection
with nanoparticles using Raman spectroscopic fingerprints.
(¢) The encoding system based upon dispersible arrays of
nanodisks prepared by on-wire lithography and
functionalized with Raman active chromophores.

A micro spherical gold bead. (a) scanning electron
microscope (SEM) image of the gold bead. (b)
Schematic illustration of the Raman tagged micro gold
bead for SERS measurement. The micro gold bead had
a PMMA bead diameter of 15 ym at the core and an
electrochemically roughened bead structure. The Raman
tags were immobilized on the micro gold bead surface

for the SERS measurements.
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Figure 2-2. The microfluidic glass chip was fabricated by standard

Figure

Figure

Figure

Figure

Figure

2-3.

2-4.

2-5.

2-1.

photolithography. The simple cross microfluidic channels
were 75 um wide and 25 um deep. The microchannel
walls were coated with a
poly (diallyldimethylammoniumchloride) (PDADMAC) to
prevent the adsorption of the micro gold beads.
Schematic view of the SERS instrumentations system.
The SERS measurements were performed using a
customized micro—Raman spectroscopic system equipped
with a microscope.

Schematic illustration of the experimental set up and
image of the microfluidic chip. (a) At static condition.
(b) At fluidic condition.

Raman spectrum and schematic view of the surface
modified gold bead with Raman tag. (a) BT spectra. (b)

2-NT spectra. (c) 2-NT/BT spectra.

2-6. The gold bead was reasonably capable of identifying the

Raman tag from the spectra with an exposure time that
was longer than 1 ms. (a) BT spectra. (b) 2-NT
spectra.

SERS spectra of the micro gold beads tagged with
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Figure 2-8.

Figure 2-9.

Figure 3-1.

Figure 3-2.

mixtures of 2-NT and BT with a series of molar ratios.
The 2-NT and BT tags were responsible for the peaks
at 1,370 em™* and 1,020 cm’, respectively. The relative
heights of the peaks at 1,370 cm ' and 1,020 cm ' show
the 2-NT:BT ratios of 0:1, 1:90, 1:10, 1:1 and 1:0,
respectively. Acquisition time for  the SERS
measurements was 500 ms.

Consecutive SERS spectra of the encoded micro gold
bead with Raman tags under the fluidic condition. (a),
(b) and (c) are the consecutive SERS spectra from the
Raman tags of 2-NT, BT and a mixture of 2-NT and
BT (1:10), respectively.

Histogram of the characteristic peak ratios of the I
(1,020 em™) / I, (1,370 em ') from the SERS spectra in
a microfluidic channel. (n = 10)

Schematic view of the functionalized micro spherical
bead. The micro bead has 15 ym PMMA core where the
antibody is conjugated with exposed amine groups and
has silver nanoparticles on its surface where a Raman
tag is chemisorbed (figures not drawn to scale).

Schematic illustrations of experimental set up. The



Figure 3-3.

detectors for SERS and fluorescence signals are housed
together in a single system. An emission filter (624 nm)
1s used to select fluorescence signals with PMT while
SERS is detected through CCD.

Representative microscopy image of functionalized silver
micro bead. (a) A light image. (b) A fluorescence image
of sandwich immunoassay using 0.4 ng/ml c¢Tnl cardiac

marker proteins. Scale bars are 20 pm.

Figure 3-4. Control experiment to evaluate our immunoassay system.

Figure 3-5.

Figure 4-1.

No fluorescence could be detected when (a) c¢Tnl or (b)
mouse  anti-¢Tnl  antibody @ was  removed. (c)
Fluorescence could be detected when all of the
antigen—antibody response was completed.

Fluorescence (upper) and SERS (lower) signals from a
single silver micro bead exactly coincide when
simultaneously detected by laser scanning on a glass
slide. The peak at 1,020 cm ' was monitored as the
representative SERS peak and fluorescence signals were
filtered through a 624 = 20 nm band pass filter.
Schematic view of the modified micro spherical bead.

The micro bead has 15 um PMMA bead core and
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Figure 4-2.

Figure 4-3.

Figure 4-4.

Figure 4-5.

Figure 4-6.

fluorescence molecule conjugated antibody is immobilized
on its surface and the Raman tag is chemisorbed
(figures not drawn to scale).

Evaluation of the enhancement factor of the micro bead.
The enhancement factor can be as large as 14 x 106,
theoretically.

(a) The microfluidic glass chip. It was fabricated by
standard photolithography and is 8 pm wide and 25 um
depth. (b) The Microfluidic system. Bead delivery and
sheath are provided by a pressure-driven flow with a
syringe pump. For the connection to the pump, NanoPort
Assemblies were equipped with a microfluidic chip.

An image of the experimental set up. Instrumentations
include the Raman system, microfluidic chip, pump
system, and data acquisition system.

Optimized flow condition. The change in bead velocity
was detected by imaging CCD operated at 30
frames/second. In this experimental microfluidic system,
the optimal pump setting was 30 uL/h.

Optimized condition for flowing bead control with pump

system. Optimal flow rate to detect a reasonable SERS
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Figure 4-7.

Figure 4-8.

Figure 4-9.

signal from a single bead was 4 ~ 5 points/bead at a
fixed data acquisition time.

Microscopic images of standard fluorescence micro bead.
The standard fluorescence micro bead kit from bangs
lab with an average diameter of 831 um has five
different fluorescence intensities (a) 0.23 %, (b) 1.01 %,
(c) 460 %, (d) 21.88 %, (e) 100 %.

Performance evaluation of the fluorescence system. The
emission wavelengths were measured at 520 nm by
PMT. The results have a good linearity and reasonable
error range (r’= 0.9836).

(a) Histograms of the number of events plotted against
the magnitude of the fluorescence from three different
modified beads. (b) Scatter plot of the modified beads
delineated by particle transit time against the magnitude
of the fluorescence of the modified beads. The bead

population is clearly delineated.
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Chapter 1.

Introduction



1. Introduction

1.1. Multiplex Array Assays

1.1.1. Suspension Array and Planar Array

In the 21st century, collection of integrated molecule
information about genes, proteins, and other biomolecule is a major
goal for biomedical research. New technologies have enabled the rapid
acceleration of data collection and interpretation. Continued progress
toward transforming this information into biomedical understanding is
dependent on continued improvement in analytical technologies. In
particular, it is critical to augment qualitative analysis methods that
enable the collection of 1mportant quantitative information.
Furthermore, the rapid advance in biochemical studies, clinical
diagnostics, drug screening and environmental monitoring keeps
stimulating the demand for powerful analytical methods to collect a
huge amount of information [1-6].

In general, large-scale analysis technologies can be
categorized into two strategies: the assay chemistry and the detection
platform - planar array and suspension array (using encoded

particles). A planar array, which has elements or spots as a series of



probe molecules on a chip surface, is suitable for high-density
analysis such as DNA and protein microarrays. The big advantage of
all these approaches is that the position or location of a spot on the
microarray acts as an address for identification, and hence, the
reaction products are known. However, with fixed reagent spots,
analytes will require additional time to find their complementary spot
(hybridization times of several hours or more). This is because
assays often depend solely on the diffusion of analytes to the
surface-bound probes. The suspension array 1S emerging as a
multiplexing technology and an alternative to the planar array [3-5].
Conceptually, suspension arrays are similar to a planar array,
with distinct quanta for an optical parameter which act as a
substitute for the physical location on a surface. Beyond this
similarity, multiplex analysis using a suspension array differs
significantly in its implementation and offers many valuable
advantages over the planar array in terms of array preparation,
sample volume, faster binding Kkinetics, lower costs, higher

reproducibility, and superior detection sensitivity.



Functionalized
Bead

Figure 1-1. Schematic view of the suspension array. The suspension
array composed of recognition agents attached to encoded beads.
Recognition agents can be conjugated with a reagent specific to a
particular bioassay such as antigens, antibodies, oligonucleotides,
enzyme substrates or receptors. The identity of the recognition
molecules attached to each particle is revealed by decoding the bead
code. The suspension array has received great attention because of
array preparation, sample volume, faster binding kinetics, lower costs,
higher reproducibility, and superior detection sensitivity for multiplex

analysis.
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Figure 1-2. Schematic view of the planar array. A conventional
planar array has elements or spots for a series of probe molecules on
a two-dimensional plate with recognition agents such as DNA,
antibodies, proteins, drug candidates, etc. The identity of the
recognition agents at each spot in the array is known from its

position in the plate.



1.1.2. Performance Comparison of Array Assays

In each planar array, each array spot is prepared individually,
using spotting robots or photolithography. Although it is possible to
attain multiple arrays in parallel simultaneously, there is a limit to
the number of array spots that can be prepared at one time. In
suspension arrays, however, each array element is prepared in bulk.
A suspension of beads typically contains tens of millions of particles
per milliliter that, when coupled with the appropriate receptor such as
an antibody, protein, nucleic acid, or molecule can be used to prepare
thousands of microsphere arrays. The use of beads in analyses may
have even better yield results between analytes and receptors. This is
because the available binding surface area per unit volume may be
significantly increased. It becomes possible to carry out effective
reactions with suspension array in much smaller volumes. Thus,
suspension arrays can effectively act to amplify signals as results. In
addition, if the beads can be moved through solution using some kind
of agitation such as electric fields, magnetic fields, pressure-driven
flow, gravity, etc. Mass transport to the receptor surface is no longer
a limiting factor in suspension array, and the binding Kkinetics and
thermodynamics are improved. This in turn means improved analysis

times [2, 4, 5, 7, 8].



Along the same line, the results published to date have
compared data from suspension arrays and planar arrays: ELISA
(Enzyme-Linked Immuno Specific Assay) which is widely accepted as
the current ‘gold standard [9-13]. Although, the degree of correlation
has varied widely because of the methods on how these comparisons
were made as well as the antibodies used in each of the assays,
many of the published researches have reported good correlations
between suspension arrays and ELISAs [10-13]. Among them, Ray
and colleagues carefully examined with a large study of more than
2000 serum samples the validation and implementation of cytokine
multiplex assays, as a replacement for ELISA. Although a fairly good
correlation was found between these assays, the multiplex results
were, on average, 2.36 times higher than the ELISA results [9, 13].
Even though researchers point to differences in antibody pairs, sample
diluents, pH and salt concentrations as likely causes of the observed
differences when comparing two strategies, given the fact that
suspension arrays are cost— and time-effective, and minimize the
sample volume requirements, bead-based array assays are likely to
become increasingly commonplace .

As a result, the spectrum of suspension arrays is enormously
broad, and includes immunoassay, affinity assay, DNA hybridization

assay, and protein - DNA, protein - protein, and enzymological studies.



The clinical diagnostics, high-throughput screening, and combinatorial

chemistry fields have all benefited.



1.2. Barcoding Strategy for Suspension Assays

1.2.1. Particle Encoding Technology

The suspension array for multiplex analysis and its operation
in microfluidic systems definitely requires reliable and efficient
decoding as well as encoding. The desirable encoding strategy should
reproducibly create as many stable libraries as possible using a
simple process. In order to do so, the process must not involve any
complicated synthetic steps and must be insensitive to the reaction
conditions. It should not need sophisticated tuned-complex optics or
leave any residual chemicals. The ideal decoding on a microfluidic
chip should allow for quick, non-destructive, non-invasive, and
reliable identification during the process in a microfluidic network. To
meet these conditions, a number of encoding and decoding methods
have been suggested for multiplex technologies [14-16], e.g.
fluorescence [17-21], quantum dots [22-24], graphical rods [25, 26],
photobleaching beads [27], continuous—flow lithography based particles
[28], a physical method [29, 30], and an electrical method [31].
Despite these suggestions and demonstrations, better barcoding
methods are still required.

The most well-known commercialized bead technology is



xMAP. The xMAP (Multi-Analyte Profiling) technology, licensed
from Luminex Corp., employs 5.6 pm polystyrene microspheres that
are internally dyed with two spectrally distinct fluorophores. This
technique has 100 (up to 500) color encoded microsphere sets created
with two fluorescent dyes at distinct ratios. A specific probe for a
particular bioassay such as antigens, antibodies, oligonucleotides,
enzyme substrates or receptors are conjugated to the surfaces of the
microspheres. The microspheres when the reaction is completed are
drawn into the array reader and probed individually in a rapidly
flowing fluidic stream, in which a light source such as a laser or
LED excites the beads individually. Generally, the red wavelength
light excites the fluorescence in each bead, identifying its address and
the green wavelength light excites the reporter molecule associated
with the quantification of the captured analytes. High-speed signal
processors and software record and classify the information based on
its spectral address and quantify the reaction on the surface [9,
32-34]. This xMAP technology is available to partner companies, who
in turn use this technology to develop commercial bead-based assay
reagent kits for sale to consumers. Therefore, many applications with
XMAP technology have reported cytokine quantitation [35], hormonal
analysis [36], single nucleotide polymorphism genotyping [37], growth

factors [38], and characterization of molecular interactions of nuclear
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receptors [39]. Luminex® Corporation released the first flow
cytometer designed specifically for multiplexed micro bead analysis in
the late 1990s. Today, multiplexing analysis solutions such as
MAGPIX, Luminex 100/200, and FLEXMAP 3D are commercially
available. Bio—Rad Corporation supplies the similar product named

Bio—Plex.
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Figure 1-3. A number of barcoding methods have been suggested
for  multiplex technologies. (a) photobleaching  beads, (b)
continuous—flow lithography based patterned-particles, (c) electrical
method, (d) graphical rods, (e) quantum dots. Other barcoding
techniques are also known such as metallic nanowires, shape based

physical method, etc.
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1.2.2. SERS-based Strategy

Although fluorescence is principally employed in multiplex
detection methods because of its high sensitivity compared with other
signal sources, it has inherent drawbacks, including a broad emission
band, photobleaching, and peak overlapping and thus, has a limited
number of barcodes. Recently, surface-enhanced Raman spectroscopy
(SERS) has received a great deal of attention as a promising analysis
strategy [40-55]. SERS is a powerful vibrational spectroscopy
technique that allows for highly sensitive structural detection of low
concentration analytes through the amplification of electromagnetic
fields generated by the excitation of localized surface plasmons [46,
56]. SERS employs smaller tags than any of the other barcoding
methods that have been previously reported. Unlike most of the
molecular spectroscopic techniques, Raman spectroscopy offers
chemical identification in aqueous solutions without degradation
concerns such as photobleaching, etc. SERS is also advantageous
because of its narrow signal band and non-destructive detection [41,
42, 46, 57, 58]. As light sources and monochromatic devices are
rapidly becoming miniaturized, the entire system for Raman
spectroscopic detection is now portable and thus available even for

field tests [59]. A key challenge in the Raman spectroscopic technique

-



for rapid detection, which i1s essential for high-throughput decoding
on microfluidic chips, is its weak signal strength. In regard to this
issue, SERS-active substrates have been improved over the last
decade to enhance the conventional Raman signals by 6 ~ 10 orders
of magnitude. Several SERS-active substrates have been formed
based on nanosphere lithography [60], nanodisk [61], electrodeposited
metal surfaces [62], tip-enhanced Raman scattering (TERS) [63] and
nanowire bundles [64]. Among the previous suggestions, nanobeads
consisting of a dielectric core with a thin gold coating are noticeable

in terms of their potential for individual SERS probes [65].
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1.2.3. SERS Decoding for Multiplex Assays

Concerning SERS decoding, a few groups have reported a
Raman tag labelling strategy using micro-sized beads for DNA and
protein detection [49, 52, 53, 66-72]. Cao et al. suggested that the
Raman intensities at a single Raman shift can be used for DNA and
RNA detection [66]. The relative SERS intensities were proven to be
useful for the spectroscopic decoding strategy and improved in order
to be implemented with mixed SAM on a gold surface [68, 73]. A
chemically encoded organic-inorganic nanoparticles (COINs) system
was developed by Su et al. for multiplex detection [67]. Jun et al.
demonstrated multiplex immunoassays using SERS encoded beads for
p53 antibody-antigen and biotin-streptavidin interactions [69]. Very
recently, SERS-fluorescence joint spectral encoding method was
demonstrated by Zhuyuan Wang. By conjugating different antibodies
to organic-metal-quantum dot hybrid nanoparticles with varied codes,
barcoding strategy has been studied by multiplex sandwich
immunoassays [53]. Unfortunately, these reported technologies were
suitable for a planar array rather than a suspension array.

Because of the narrow spectral band of SERS compared to
fluorescent labels making possible multiparameter measurements, a

combination system of flow cytometry and Raman measurements has

s



been gaining attention. The several groups demonstrated the
possibility of addressing individual nanoparticles with SERS in a flow
system several times [bl, 74-76]. Cecchini et al. showed a
droplet-based microfluidic system with ultrafast SERS detection and
asserted that their approach allows for high-throughput analysis for a
biological assay or molecular interactions [77]. However, most
flow-based SERS studies adopted nanoparticles that not only are
impossible to signal from a single particle or probe but are also hard
to control in a fluidic system. And nanoparticles are too small and
produce signals that are too weak to be applied to in situ decoding
on microfluidic chips. These limitations of current systems
demonstrate the necessity for a brand new feasible SERS decoding

strategy for suspension arrays.
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1.5. Goal of This Thesis

In the 21st century, with the rapid advancement of biomedical
research, the suspension array, which i1s a bead-based analytical
methodology, has received great attention because of its array
preparation, sample volume, faster binding kinetics, lower costs,
higher reproducibility, and superior detection sensitivity. Additionally,
suspension arrays are expected to provide us with effective
opportunities to collect huge amounts of information for biochemical
studies, clinical diagnostics, and drug screening. Therefore, having a
stable and promising barcode or index strategy for the probe particle
1s the most important factor to classify information from a suspension
array assay.

The ultimate goal of this study was to demonstrate the SERS
decoding strategy for bead—based multiplex analysis. In this work, the
author explored the possibility of using SERS as a barcoding strategy
for suspension arrays and showed 1) consecutive SERS signal
acquisition from micro spherical beads moving in microfluidic chip, ii)
simultaneous detection of SERS and fluorescence signals from micro
spherical beads and iii) fluorescence quantification and SERS decoding

with micro beads for suspension arrays.
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SERS Decoding of Micro Beads Moving in

a Microfluidic Channel
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2.1. Methods and Materials
2.1.1. Preparation of Raman tagged Micro Beads

The micro gold beads were fabricated using an electroless
plating method. Briefly, colloidal gold nanoparticles (AuNPs, 2 to 3
nm in diameter) were synthesized as previously described [50, 78]
and attached to amine-terminated PMMA beads (PMMA-NH,, 15 ym
in diameter, Bangs Laboratories, Inc.) as seed layers. In this study,
relatively bigger size beads were chosen, because they make it easier
for laser focusing and controlling SERS decoding for the fluidic
experiment condition. For the roughened bead structure from the
AuNP seed, an Au plating solution comprised of HAuCly and reducing
agents (i.e., formaldehyde and hydroxylamine) were added to the
PMMA-NHy/AuNP solution, with vigorous stirring. After all the
HAuCly; was reduced, the solution was centrifuged at 2,000 rpm for 5
min. The rinsing process was repeated several times with deionized
(DI) water by centrifuging and decanting the supernatant. The
amounts of added HAuCly were adjusted to control the surface
topology of the micro gold beads, and the optimal Au loading level
was determined by SERS measurements. In this work, 1 mM

2-naphthalenethiol (2-NT, Sigma-Aldrich), 10 mM benzenethiol (BT,
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Sigma-Aldrich), and mixture of 2-NT and BT (1:1, 1:10 and 1:90
molar ratios) were employed as Raman tags to functionalize the gold
micro beads. The Raman tags were dissolved in ethanol to make 1
ml solutions, and the beads were immersed in the solutions for 24 h
at 4 °C. The functionalized micro gold beads were centrifuged and
washed with DI water several times to remove the excess reagents.
Then, the Raman tagged micro gold beads were dispersed in DI
water for storage before use. Figure 2-1 illustrates the structure of

the Raman tagged micro gold beads.
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Raman tags
(2-NT, BT)

(b)

PMDMA core

Nanostructured ( )
gold surface

Figure 2-1. A micro spherical gold bead. (a) scanning electron
microscope (SEM) image of the gold bead. (b) Schematic illustration
of the Raman tagged micro gold bead for SERS measurement. The
micro gold bead had a PMMA bead diameter of 15 ym at the core
and an electrochemically roughened bead structure. The Raman tags
were immobilized on the micro gold bead surface for the SERS

measurements.
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2.1.2. Chip Fabrication and Channel Coating

A slide glass (Corning, NY, USA) was cleaned in a piranha
solution (H2SO4 @ HoO = 3:1) for 30 min and then baked on a hot
plate for dehydration at 150 “C for 3 min. In order to enhance the
adhesion between the glass substrate and the photoresist (PR),
hexamethyldisilazane (HMDS) (J.T. Baker, USA) was spin coated
onto the glass substrate at 6,000 rpm for 30 s (SC-102, Won
Corporation, Korea). The slide glass was then baked on a hot plate
at 150 °C for 90 s and cooled to room temperature. The PR (AZ4620,
Clariant, Switzerland) was spin coated at 6,000 rpm for 30 s and then
soft baked on a hot plate at 100 “C for 90 s. Then the soft baked
slide glass was exposed to ultraviolet (UV) light at 365 nm at a dose
of 180 m J cm ° under a photo mask with a mask aligner
(MDA-400M, MIDAS system, Korea). The UV exposed PR was
developed using a developer (AZ400K, Clariant), and the patterned
substrate was hardened by baking it on a hot plate at 150 “C for 15
min to increase the tolerance of the PR to the glass etching solution.
With the other side of the slide glass protected, the microchannels
were etched with buffered hydrofluoric acid (NH,FHF = 6:1, J.T.
Baker) for 40 min at room temperature. The chip was sequentially

rinsed with DI water and piranha solution and then sonicated. Holes
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were drilled as reservoirs on another flat slide glass, and then the
etched and drilled slide glasses were bonded thermally in a melting
furnace (CRF-M15, CEBER, Korea) for 24 h [79-81]. The
microchannel walls were modified with a polyelectrolyte multilayer
using a procedure previously described in the literature to precisely
control the electrokinetic flow and to prevent the adsorption of the
functionalized micro gold beads. Poly(diallyldimethylammoniumchloride)
(PDADMAC, Aldrich, Mw = 100,000 - 200,000), which does not give
any appreciable Raman scattering peaks, was used as the cationic
coating material. Initially, all of the channels were rinsed with 0.1 M
NaOH for 10 min and deionized (DI) water, sequentially, for 10 min.
Then 5 wt.2% PDADMAC (monomer concentration) flowed through
the channels for 10 min, and the channels were rinsed with DI water
for 5 min to remove the residual PDADMAC. Figure 2-2 shows the

microfluidic chip used for these tests.
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Figure 2-2. The microfluidic glass chip was fabricated by standard
photolithography. The simple cross microfluidic channels were 75 um
wide and 25 pym deep. The microchannel walls were coated with a
poly (diallyldimethylammoniumchloride) (PDADMAC) to prevent the

adsorption of the micro gold beads.
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2.1.3. Instrumentation for SERS Measurements

The SERS measurements were performed with a customized
Ramboss micro-Raman spectroscopic system equipped with a
microscope. The excitation source was a HeNe laser (633 nm, LASOS
Lasertechnik GmbH, US) with an output power of 20 mW and a
beam diameter of 2 ym. The laser beam was focused through a 100
X objective lens. The Raman scattering was detected with a TE
cooled (-50 °C) charge coupled device (CCD) camera (1,024 X 127
pixels, Andor, iDus DV401). The calibration of the spectrometer was
achieved with the Raman band of a silicon wafer at 520 cm' to
normalize the peak intensities of the Raman tags on the micro gold
beads. Figure 2-3 shows a simple schematic view of the

Instrumentation system for the SERS measurement.
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Figure 2-3. Schematic view of the SERS instrumentations system.
The SERS measurements were performed using a customized

micro-Raman spectroscopic system equipped with a microscope.
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2.1.4. Experimental Set up

Figure 2-4 shows the SERS decoding method used in this
work. The SERS signals from the functionalized micro gold beads were
decoded under two different situations. Figure 2-4 (a) is a schematic
view that shows the SERS decoding from the functionalized micro gold
beads placed on a slide glass substrate. After dropping the functionalized
micro gold beads on the slide glass, a laser beam was focused on the
center of the gold bead, and the SERS spectra were obtained as a
function of the acquisition time. Figure 2-4 (b) depicts the SERS
decoding method carried out with the micro gold beads flowing in a
microfluidic channel. The functionalized micro gold beads were dispersed
in a 3 wt.% PDADMAC solution and placed into the reservoirs. The
hydraulic pressure, induced by the level difference between the inlet and
outlet reservoir, drove the micro gold beads through the microfluidic
channel. For a stable hydraulic pressure, the level of the reservoirs was
monitored during the fluidic experiments. The flow  was
hydrodynamically focused with two sheath flows to reduce the
coincident effect and to make the micro gold beads reproducibly pass
the laser spot. The laser beam was focused around the center of the
junction area where the two channels crossed. The SERS measurements

were consecutively conducted every 500 ms for 150 s.
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Figure 2-4. Schematic illustration of the experimental set up and
image of the microfluidic chip. (a) At static condition. (b) At fluidic

condition.
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2.2. Results and Discussion
2.2.1. SERS from Static Micro Beads

Prior to the experiments in the microfluidic chips, the signals
of wvarious combinations of Raman tags were optimized with the
micro gold beads immobilized on a glass slide, which was easily
recognized through an optical microscope with a 100 X objective lens.
Figure 2-5 shows the Raman fingerprint of three Raman tags used
to modify the surface of the gold beads. The elegantly tailored
surfaces of the micro gold beads exhibited spectra containing
well-defined peaks that were used to identify both of the Raman tags
BT and 2-NT with exposure times longer than 1 ms (Figure 2-6).
Figure 2-7 shows the SERS spectra of the micro gold beads
functionalized with two different Raman tags with a variety of
fractional ratios on the slide glass. The 2-NT and BT Raman tags
and the 2-NT/BT mixture, which were chemisorbed onto the micro
gold bead surfaces, were clearly identified from the characteristic
peaks in the SERS spectra. The 2-NT and BT tags were responsible
for the peaks at 1,370 cm! and 1,020 cmfl, respectively. The results
showed that the molecular barcodes encoded on the micro gold beads

produced intense and reproducible SERS spectra. Although the
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absolute intensities of the peaks in the SERS spectra varied
significantly, the relative intensities were unchanged and reliably
reflected the ratio of the mixture of Raman tags on the micro gold
bead surface. Repetitive measurements with a single micro gold bead
and independent tests with many micro gold beads confirmed that the
relative intensities of the characteristic peaks were highly
reproducible. Consequently, the high sensitivity and the constant
relative intensities of the SERS signals suggested the presence of a
number of barcode libraries with conventional Raman tags. These

results were consistent with a previous report by Jin et al [68].
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Figure 2-5. Raman spectrum and schematic view of the surface

modified gold bead with Raman tag.

spectra. (c) 2-NT/BT spectra.
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Figure 2-6. The gold bead was reasonably capable of identifying the

Raman tag from the spectra with an exposure time that was longer
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Figure 2-7. SERS spectra of the micro gold beads tagged with
mixtures of 2-NT and BT with a series of molar ratios. The 2-NT
and BT tags were responsible for the peaks at 1,370 cm ! and 1,020
cm ', respectively. The relative heights of the peaks at 1,370 ¢cm ' and
1,020 cm ' show the 2-NT:BT ratios of 0:1, 1:90, 1:10, 1:1 and 1:0,
respectively. Acquisition time for the SERS measurements was 500

ms.
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2.2.2. SERS from Moving Micro Beads in Microfluidic Chip

A few conditions must be fulfilled in order to realize in situ
SERS decoding of a suspension array on a microfluidic system. First,
the beads should be individually addressable using the bead array
while travelling in the micro channels on a chip. The beads should
neither be too small to be addressed by a laser beam nor too fast to
flow along the microchannels. If a microfluidic unit is necessary to
allow the beads to precisely pass through the laser spot, the unit
must be simple and operate reproducibly. Second, the beads of a
suspension array are required to have barcodes, receptors, and a
variety of functionalities, e.g. physical or chemical properties for
detection, resistivity to nonspecific bonding, magnetism if necessary,
etc. Therefore, the desirable surface should allow wvarious chemical
modifications using a simple and common methodology. Third, SERS
measurements must be completed within a short time because the
beads continually move, and thus, the SERS-active surface must be
as sensitive as possible. Of course, the SERS characteristic peaks
should be identified safely and quickly.

Figures 2-8 (a), (b) and (c) show the consecutive SERS
spectra for the 2-NT and BT Raman tags and the 2-NT/BT mixture

(1:10), respectively, on the micro gold beads flowing in a
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microchannel. The individual spectrum (the insets) sampled from the
consecutive SERS spectra revealed that the characteristic peaks were
clear and their relative intensities successfully represented the
fractional ratio of the immobilized Raman tags. The same experiments
were carried out using a series of functionalized micro gold beads
with mixtures of 2-NT and BT at different ratios (1:1 and 1:90 molar
ratios), and the results showed that the ratio of the peak heights
quantitatively reflected the fractions of 2-NT and BT on the micro
gold beads moving through the microfluidic channels. It should be
noted that the micro gold beads were likely to adhere to the glass
surface of the microchannel wall and aggregate. The adhesion and
aggregation were remarkably reduced by dispersing the micro gold
beads in a positive polyelectrolyte, PDADMAC, solution and coating
the channel wall with the same polymer.

The careful control of the flow stream was important to
precisely focus the excitation laser beam on the functionalized micro
gold beads moving through the channel. The sheath flow that was
driven by the hydraulic pressure required time to stabilize, and thus,
the micro gold beads steadily passed the laser spot one by one. The
decoding rate depended not only on the acquisition time of the SERS
signals but also on the velocity of the micro gold beads in the

channel. If the micro gold beads passed off the laser spot too fast, a
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reliable SERS spectrum could not be obtained for identification. On
the other hand, very slow moving micro gold beads were not
desirable because double decoding could occur for an identical micro
gold bead. Therefore, the flow rate must be finely tuned considering
both the wvelocity range of the micro gold beads and the laser
exposure time for the consecutive SERS spectra in the microchannels.
In this work, the laser exposure time was fixed at 500 ms and the
micro gold beads flowed at the optimal velocity which was
determined experimentally before decoding. Normally, the flow rate of
the micro gold beads ranged from 9 um/s to 15 ym/s and measured
with simple image processing of a movie which was captured with a
CCD camera on the microscope. The maximum throughput of the
proposed system was 48 objects/min, which was even lower than the
decoding capability of the conventional or previously reported
methods. However, there is still a lot of potential for improvement for
the throughput by virtue of the rapid advancements in laser and

surface engineering.
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Figure 2-8. Consecutive SERS spectra of the encoded micro gold
bead with Raman tags under the fluidic condition. (a), (b) and (c) are
the consecutive SERS spectra from the Raman tags of 2-NT, BT

and a mixture of 2-NT and BT (1:10), respectively.
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2.2.3. SERS Decoding of the Moving Micro Beads

Figure 2-9 shows the histogram of the ratios of the relative
intensities of two characteristic peaks for the Raman tagged micro
gold beads with various fractional ratios of the Raman tags
(2-NT:BT molar ratios of 1:0, 1:1, 1:10, 1:90 and 0:1) in a microfluidic
system. The non-overlapping characteristic peaks at 1,020 cm ! for
BT (I) and 1370 cm' for 2-NT (I,) were chosen, and the
normalized intensities I; and I were used to decode the moving gold
beads. The histogram of the two peaks confirmed the variation in the
relative intensities. As a result, the micro gold beads with different
ratios of Raman tags were successfully identified in the microfluidic
systems. The author calculated the mean and standard deviation of
Ii/I> (n=10). The results for I;/I; (1:0, 1:1, 1:10, 1:90 and 0:1) were as
follows: 0.34 + 0.07, 0.66 = 0.07, 1.12 £ 0.08, 1.58 + 0.24, and 2.47 *

0.43, respectively.
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Figure 2-9. Histogram of the characteristic peak ratios of the I;
(1,020 em ™) / I, (1,370 cm ™) from the SERS spectra in a microfluidic

channel. (n = 10)
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Simultaneous Detection of SERS and

Fluorescence Signals Using a Single

Excitation Laser Source for Micro

Bead-based Analysis
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3.1. Methods and Materials
3.1.1. Preparation of Functionalized Micro Beads

Silver micro beads were fabricated with the electroless plating
method similar to our previous reports [49, 50]. Briefly, colloidal silver
nanoparticles (AgNPs, 2-3 nm in diameter) were attached to
amine-terminated poly(methyl methacrylate) beads (PMMA-NH,, 15
um in diameter, Bangs Laboratories, Inc) as seed layers. The silver
layer was grown by adding AgNP electroless plating solution. The
Raman tag (1 mM benzenethiol, BT, Sigma-Aldrich) was dissolved in
1 ml ethanol, and to this solution were added the silver micro beads
for 24 h at 4 °C. BT was immobilized on the silver nanoparticles
through thiol-silver interactions, whereas the antibody was chemically
conjugated with the exposed amine group of the PMMA core. The
resulting Raman tagged silver micro beads were centrifuged and
washed with DI water several times to remove the excess reagents.
Next, the modified silver micro beads with Raman tags were added
to a solution containing 100 mM hydrazine hydrate (Sigma-Aldrich)
in 50 % methanol for 1 h. For the detection of cardiac troponin I
(¢Tnl) with the immunofluorescence assay, 5 ng of rabbit anti-cTnl

antibody ~ were initially  incubated with  BT-modified and

n- 2] £



hydrazine-activated silver micro beads (5 pug) in 05 ml of
phosphate-buffered saline (PBS) for 1 h at room temperature. The
functionalized micro beads were then incubated with 0.4 ng/ml of
cTnl in 05 ml PBS, followed by incubation of 10 ng of mouse
anti-¢Tnl antibody (GeneTex). The fluorescence was generated with
25 ng/ml of AlexaFluor 610-PE goat anti-mouse IgG (Invitrogen).
For the control experiments, either the mouse anti—-cTnl antibody or
c¢Tnl was removed while keeping everything else the same. Between
each reaction step, the resulting beads were rinsed with PBS three
times to remove unbound antigens or antibodies. Figure 3-1 shows a

schematic view of the functionalized micro spherical beads.
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Figure 3-1. Schematic view of the functionalized micro spherical
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bead. The micro bead has 15 ym PMMA core where the antibody is
conjugated with exposed amine groups and has silver nanoparticles
on its surface where a Raman tag is chemisorbed (figures not drawn

to scale).
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3.1.2. Instrumentation for SERS and Fluorescence Measurements

The SERS measurements were performed with a customized
micro-Raman spectroscopic system equipped with a microscope. The
excitation source was an Argon laser (488 nm, LASOS Lasertechnik
GmbH, US) with a maximum output power of 20 mW and a beam
diameter of 2 pum. The laser beam was focused through a 50 X
objective lens. The SERS was detected using a TE cooled (-50 °C)
charge coupled device (CCD) camera (1,024 X 127 pixels, Andor, iDus
DV401). The calibration of the spectrometer was achieved with a
Raman band of a silicon wafer at 520 cm ' to normalize the peak
intensities of the Raman tags. The fluorescence signals from the
functionalized beads were detected by a photomultiplier tube
(H10721-20, Hamamatsu Photonics Co. Ltd., Japan) equipped with a
fluorescence filter (624/40 nm BrightLine® single-band bandpass
filter, Semrock, US). For the simultaneous detection of SERS and the
fluorescence signals from multiple individual silver micro beads, the
beads were spread out on a glass slide and scanned with a laser.
The SERS spectrum was windowed at 1,020 cm ! and processed
together with the fluorescence signals with the Matlab software (The
MathWorks, Inc). The sampling rates of the fluorescence and SERS

signals were 10 kHz and 10 Hz, respectively. Figure 3-2 shows an
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overview of the experimental setup for the SERS and fluorescence

signal measurements with the functionalized silver micro beads.
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Figure 3-2. Schematic illustrations of experimental set up. The
detectors for SERS and fluorescence signals are housed together in a
single system. An emission filter (624 nm) is used to select

fluorescence signals with PMT while SERS is detected through CCD.
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3.2. Results and Discussion
3.2.1. Antibody Response of the Functionalized Micro Beads

Figure 3-3 shows the binding of c¢Tnl, a specific biomarker
for myocardial-ischemia, with the antibody on the bead surface. The
bead was able to detect 04 ng/ml of c¢Tnl, which falls within a
clinically relevant detection cut-off [17]. No fluorescence could be
detected when c¢Tnl or mouse anti—-cTnl antibody was removed in our
immunoassay system as a control experiment (Figure 3-4). Thus,
the fluorescence genuinely originates from an antigen—antibody

interaction.
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Figure 3-3. Representative microscopy image of functionalized silver
micro bead. (a) A light image. (b) A fluorescence image of sandwich
immunoassay using 0.4 ng/ml c¢Tnl cardiac marker proteins. Scale

bars are 20 pm.
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Figure 3-4. Control experiment to evaluate our immunoassay system.

No fluorescence could be detected when (a) c¢Tnl or (b) mouse
anti-¢Tnl antibody was removed. (c) Fluorescence could be detected

when all of the antigen—antibody response was completed.
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3.2.2. Simultaneous Detection of SERS and Fluorescence

The Raman tag i1s used as identification indices for decoding
particular micro beads, while the fluorescence signals provide
information about molecular interactions with specific biomarkers. The
BT fingerprint peaks at 998, 1,020, 1,073, and 1,567 cm ! clearly stand
out from the background. Among them, the two latter peaks typically
originate from benzene rings. We chose the 1,020 cm! peak as a
characteristic BT signal for the scanning experiment (vide infra). The
detection range of fluorescence signal was designated so that the
SERS and fluorescence signals are mutually exclusive to prevent
signal overlapping. The typical Raman shift wavenumbers in the
SERS spectra, ranging from 600 to 1,900 cmfl, correspond to the
wavelengths from 500.72 to 532.87 nm. Therefore, we chose a 624 +
20 nm filter for fluorescence detection to avoid infringement from the
SERS spectra. Of note, a single laser source (488 nm) was used for
excitation, while two different detectors, PMT and CCD, were used
for the detection of the fluorescence and SERS, respectively.

We then spread the silver micro beads on a glass slide and
scanned with the 483 nm laser, simultaneously monitoring the SERS
and fluorescence signals. Because the detection ranges of both signals

are well separated, simultaneous detection was stably achieved with a
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minimum exposure time of 100 ms; the SERS and fluorescence
signals exactly coincided throughout the scanning, showing that the
silver micro beads -carrying the molecular barcode were able to
capture the cTnl biomarkers effectively. In our system, while the
variation in the SERS intensity does not affect the decoding process,
the variation in the absolute fluorescence intensity can be minimized
by increasing the number of scanned micro beads to ensure
reproducibility. Because the size of our silver micro beads are well
suited for microfluidics and the time required for decoding is
extremely short, we envision that the integration of our simple
barcoding system with microfluidics will produce a high—throughput

multiplex assay system.
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Figure 3-5. Fluorescence (upper) and SERS (lower) signals from a
single silver micro bead exactly coincide when simultaneously
detected by laser scanning on a glass slide. The peak at 1,020 cm !
was monitored as the representative SERS peak and fluorescence

signals were filtered through a 624 + 20 nm band pass filter.
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4.1. Methods and Materials
4.1.1. Preparation of Modified Micro Beads

The modified micro beads were prepared in the similar
manner as the previous process. Briefly, the micro gold beads were
fabricated with the electroless plating method [49, 50]. Colloidal gold
nanoparticles (AuNPs, 2 to 3 nm in diameter) were synthesized as
previously described and attached to amine-terminated PMMA beads
(PMMA-NH,, 15 um in diameter, Bangs Laboratories, Inc) as seed
layers. For the roughened bead structure from the AulNP seed, an Au
plating solution composed of HAuCly and reducing agents C(.e.,
formaldehyde and hydroxylamine) was added to the
PMMA-NHz/AuNP solution with vigorous stirring. After all the
HAuCly was reduced, the solution was centrifuged at 2,000 rpm for 5
min. The rinsing process was repeated several times with deionized
(DI) water by centrifuging and then decanting the supernatant. The
amounts of added HAuCly were adjusted to control the surface
topology of the micro gold beads, and the optimal Au loading level
was determined by SERS measurements. In this work, 1 mM
2-naphthalenethiol (2-NT, Sigma-Aldrich), 10 mM benzenethiol (BT,

Sigma-Aldrich), and a mixture of 2-NT and BT (1:1, 1:10 and 1:90
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molar ratios) were employed as Raman tags to functionalize the gold
micro beads. The Raman tags were dissolved in ethanol to make 1
mL solutions, and the beads were immersed in the solutions for 24 h
at 4 °C. The functionalized micro gold beads were centrifuged and
washed with DI water several times to remove the excess reagents.
The fluorescence was generated by APC conjugated AlexaFluor 750
antibody (Invitrogen). In this experiment, 0.05 ug, 1 ng, and 10 pg of
APC conjugated AlexaFluor 750 antibody were incubated with BT,
NT, and the mixture of BT and NT tagged gold beads in 0.5 ml of
phosphate-buffered saline (PBS) for 1 h at room temperature. After
the reaction step, the resulting beads were rinsed with PBS three
times to remove any unbound antigens or antibodies. Figure 4-1
shows a schematic view of the modified micro spherical beads.

To estimate the enhancement factor, the author used the

following equation [82, 83]:

(]bead/]\/;)ead>

FF =
([l)ulk/Mulk)

, Where Ipeag and Ipux are the SERS intensities from the BT molecules
tagged on the bead surface and the normal Raman intensity of BT in

bulk, respectively, and Npexa and Npux are the number of BT

=



molecules excited by the laser light to obtain the corresponding SERS
and normal Raman spectra, respectively. The intensity ratio, Ipead/Ibul,
1s calculated with the 1,024 cm ' Raman shift from the BT molecules
with a 633 nm excitation laser for 1 s. Other conditions for the
calculation of the enhancement factor were as follow: 110.18 g/mol
BT molecules F.W., 1.07 g/cm3 BT solution density, 2 um laser spot
size, 1.6 um lens depth of field, and 7.1 x 10" mol/em® BT
concentration on the Au surface. As a result, the enhancement factor

from the bead can then be as large as 1.4 x 10° (Figure 4-2).
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Figure 4-1. Schematic view of the modified micro spherical bead.
The micro bead has 15 ym PMMA bead core and fluorescence
molecule conjugated antibody is immobilized on its surface and the

Raman tag is chemisorbed (figures not drawn to scale).
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Figure 4-2. Evaluation of the enhancement factor of the micro bead.

The enhancement factor can be as large as 14 x 106, theoretically.



4.1.2. Chip fabrication and Microfluidic system

In order to combine with the other systems, a new version of
the microfluidic chip was designed. The new version of the microfluidic
chip was fabricated in the same manner with photolithography
mentioned in chapter 2. Briefly, a slide glass (Corning, NY, USA) was
cleaned in piranha solution (H:SO4 : H.O = 3:1) for 30 min and then
baked on a hot plate for drying at 150 °C for 3 min. In order to
enhance the adhesion between the glass substrate and the photoresist
(PR), hexamethyldisilazane (HMDS) (]J.T. Baker, USA) was spin coated
onto the glass substrate at 6,000 rpm for 30 s (SC-102, Won
Corporation, Korea). The slide glass was then baked on a hot plate at
150 °C for 90 s and cooled to room temperature. The PR (AZ4620,
Clariant, Switzerland) was spin coated at 6,000 rpm for 30 s and then
soft baked on a hot plate at 100 °C for 90 s. Then, the soft baked
slide glass was exposed to ultraviolet (UV) light at 365 nm at a dose
of 180 m J cm ® under a photo mask with a mask aligner
(MDA-400M, MIDAS system, Korea). The UV exposed PR was
developed with a developer (AZ400K, Clariant), and the patterned
substrate was hardened by baking it on a hot plate at 150 °C for 15
min to increase the tolerance of the PR to the glass etching solution.

With the other side of the slide glass protected, the microchannels
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were etched with buffered hydrofluoric acid (NHLEFHF = 6:1, ]J.T.
Baker) for 40 min at room temperature. The chip was sequentially
rinsed with DI water and piranha solution and then sonicated. Holes
were drilled as reservoirs on another flat slide glass, and then the
etched and the drilled slide glasses were bonded thermally in a melting
furnace (CRF-M15, CEBER, Korea) for 24 h. The resulting microfluidic
chip was 8 pm wide and 25 pm depth. Figure 4-3 (a) shows the
fabricated microfluidic glass chip. Bead delivery and sheath are
provided by a pressure-driven flow with a syringe pump. For the
connection to the pump, NanoPort Assemblies from Upchurch were

equipped with a microfluidic chip (Figure 4-3 (b)).
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Figure 4-3. (a) The microfluidic glass chip. It was fabricated by
standard photolithography and is 85 um wide and 25 um depth. (b)
The Microfluidic system. Bead delivery and sheath are provided by a
pressure—driven flow with a syringe pump. For the connection to the

pump, NanoPort Assemblies were equipped with a microfluidic chip.
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4.1.3. Instrumentation for SERS and Fluorescence Measurements

The SERS measurements were performed with a customized
micro-Raman spectroscopic system equipped with a microscope. The
excitation source was a HeNe laser (633 nm, LASOS Lasertechnik
GmbH, US) with a maximum output power of 20 mW and a beam
diameter of 2 pum. The laser beam was focused through a 50 X
objective lens. For a clear SERS signal, optical filters such as a
bandpass filter (LL01-633-25, Semrock, US), dichroic filter
(LPD01-633RU-25x36x1.1,  Semrock, US), and edge filter
(LP02-633RE-25, Semrock, US) were equipped to the system. The
SERS was detected using a TE cooled (-50 °C) charge coupled
device (CCD) camera (1,024 X 127 pixels, Andor, iDus DV401). The
calibration of the spectrometer was achieved with the Raman band of
a silicon wafer at 520 cm ' to normalize the peak intensities of the
Raman tags. The fluorescence signals from the functionalized beads
were detected by a photomultiplier tube (H10721-20, Hamamatsu
Photonics Co. Ltd., Japan) equipped with a fluorescence filter (750/40
nm BrightLine® single-band bandpass filter, Semrock, US). The
fluorescence signal from PMT was transmitted through the DAQ card
(National Instrument, US) at 1 kHz sampling rates. The acquired

signal was displayed and saved by the self-programmed LabView
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software and post processed with the Matlab software. Figure 4-4

shows an image of the experimental set up.
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Figure 4-4. An image of the experimental set up. Instrumentations
include the Raman system, microfluidic chip, pump system, and data

acquisition system.
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4.2. Results and Discussion

4.2.1 Optimized Flow Condition for SERS and Fluorescence in a

Microfluidic Channel

Because there are differences between the flow determined by
the pump and the real flow in the microfluidic channel, the best—fit
point has to be found for the system. When the optimal flow was
determined, many factors were considered such as the data
acquisition time (sampling Hz), cross section area of the microfluidic
channel, connection port and capillary, etc. After that, the SERS
sampling rates were fixed at 25 Hz and the length of the connection
components was set to 30 cm, and only the flow setting of the pump
was changed. The change in bead velocity was detected with the
imaging CCD operated at 30 frames per second. In this experimental
microfluidic system, the optimal pump setting was 30 uL/h (Figure
4-5) and the optimal flow rate to detect a reasonable SERS signal
from a single bead was 4 ~ 5 points/bead with a fixed data
acquisition time (Figure 4-6). Theoretical throughput was 102 ~ 138
objects per minute.

To evaluate the performance of the fluorescence system, the

author conducted a simple experiment with a fluorescence micro bead
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set (bangs lab, US) with an average diameter of 831 um. That
standard fluorescence micro bead kit has five different fluorescence
intensities of 0.23 %, 101 %, 460 %, 21.88 %, and 100 9%,
respectively. (Figure 4-7). The fluorescent micro beads with different
intensities in 50 pl PBS were loaded into the sample inlet, separately
one at a time, and the beads were drawn out at the outlet. The flow
rate of the syringe pump (KDS100, KD Scientific) was 30 ul/h.
Fluorescence emissions from the beads were detected with PMT and
the emission wavelengths were measured at 520 nm. As shown in
Figure 4-8, the result has good linearity (r’= 09886) and a
reasonable error range. The achieved fluorescence system can produce

very stable data.
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Figure 4-5. Optimized flow condition. The change in bead velocity
was detected by imaging CCD operated at 30 frames/second. In this
experimental microfluidic system, the optimal pump setting was 30

uL/h.

_69_



300 T T T T T

= ~ ~

N = N

=3 =3 =
T T T

Intensity

s0 |
o) | i
0y s 0 15 20 25
Time (s)

Intensity (a.u.)

300 v

200 |

100 -

A

./'\ I TR
-.ﬁ/'\_f\.’ VAR

245 25.0

Time (s)“

Figure 4-6. Optimized condition for flowing bead control with pump
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Figure 4-7. Microscopic images of standard fluorescence micro bead.
The standard fluorescence micro bead kit from bangs lab with an
average diameter of 831 um has five different fluorescence intensities

(a) 0.23 %, (b) 1.01 %, (c) 4.60 %, (d) 21.88 %, (e) 100 %.
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Figure 4-8. Performance evaluation of the fluorescence system. The
emission wavelengths were measured at 520 nm by PMT. The

results have a good linearity and reasonable error range (r’= 0.9886).
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4.2.2. SERS Decoding and Fluorescence Quantification

SERS and fluorescence signals were obtained simultaneously
from a flowing bead in a microfluidic channel. Two independent
signals from the bead, the SERS and fluorescence, provide indexing
and quantification information, respectively. The mixtures of three
different beads, which are encoded with the BT, NT and NT/BT
Raman tags and modified with an antibody, were introduced into the
microfluidic channel. Decoding with SERS and quantifying with
fluorescence, the mixture of beads had clearly separated distributions
(Figure 4-9). Figure 4-9 (a) shows histograms of the number of
events plotted against the magnitude of the fluorescence from each
bead. These fluorescence histograms were found by standard
algorithms with the Origin analysis tools. Figure 4-9 (b) shows a
scatter plot of the results by the particle transit time plotted against
the magnitude of the fluorescence of the modified beads. Although
there is some overlap, three different encoded beads can be clearly
distinguished. The bead population of the analysis was about three

hundreds.
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Figure 4-9. (a) Histograms of the number of events plotted against
the magnitude of the fluorescence from three different modified beads.
(b) Scatter plot of the modified beads delineated by particle transit
time against the magnitude of the fluorescence of the modified beads.

The bead population is clearly delineated.
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Conclusion and Perspective

The barcoding or indexing strategy for a probe particle is the
most important factor for quantifying and classifying the information
of a suspension array assay. In this work, the author shows a
practical implementation of the SERS decoding strategy for a
suspension array assay that existed only in theory and explored the
possibility of SERS as a barcoding strategy for a multiplex
suspension array as follow: i) consecutive SERS signal acquisition
from micro spherical beads moving in microfluidic chip i)
simultaneous detection of SERS and fluorescence signals from micro
spherical beads iii) fluorescence quantification and SERS decoding
with micro spherical beads for the suspension array.

Chapter 2 presents how the micro gold beads were fabricated
using electroless plating on PMMA beads and elegantly optimized to
produce the effective SERS signals. The achieved bead produced
well-defined SERS spectra even at an extremely short exposure time
for a single bead combined with Raman tags such as
2-naphthalenethiol (2-NT) and benzenethiol (BT). The consecutive
SERS spectra from a variety of combinations of Raman tags were
successfully acquired from the beads ay static and moving conditions.

The proposed Raman tagged micro gold bead exhibited potential for
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an on-chip microfluidic SERS decoding strategy for a micro
suspension array.

Chapter 3 presents the simultaneous detection of SERS and
fluorescence signals using a single excitation source which was
shown with individually functionalized micro beads that can be
applied to array-based multiplex analysis. The author chose the
proper beads that could produce well-defined SERS spectra and
carefully engineered micro beads with biomarkers. The functionalized
micro beads successfully worked dependently, with not only the
decoding function of the Raman tags but also with the probing
function for analytes. Above all, the author achieved simultaneous
detection for SERS and a fluorescence signal, while avoiding signal
overlapping between the two by carefully selecting the detection
ranges.

In chapter 4, based on the achieved technologies, the author
demonstrates the flow cytometer that allows the measurement of
fluorescence and SERS signals from a single micro bead in a flow.
The flow cytometer includes pump controllable microfluidics and a
customized Raman and fluorescence system and it can provide two
pieces of independent information which is decoding the results from
the encoded Raman tags and quantifying the results from the

fluorescence of the modified bead. Through this, the author shows
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that the SERS could be a useful decoding strategy for suspension
arrays.

Because the SERS decoding strategy has the advantages of
narrow spectral features and photostability, it i1s very attractive as
indexing for antibodies or other targeting molecules. However, it is
still in the early stage and fluorescence is currently clearly more
suitable for indexing. Additional developments in high-speed
multispectral detectors, flow cytometric systems, improvements in
synthesis methods and surface chemistry will help to realize its full
potential in multiplex analysis. The author hopes that this study
contributes by providing a facile and efficient methodology for a

barcoding strategy for suspension array assays.
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