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Abstract

Based on its highly specific and non-invasive features, surface-enhanced Raman scattering (SERS) has been applied for
analytical chemistry or biological applications, such as identification of chemical compositions, cells or bacteria. However,
if the targeted sample consists of multiple compounds, the corresponded SERS spectra would be quite difficult to analyze.
To address above problems, we developed a particle-based microfluidic molecular separation (PMMS) integrating SERS
substrate to separate complicate molecule mixture followed by in situ SERS detection. The platform consists of an automatic
microfluidic control system to precisely control the sample and reagent flow in the PMMS-SERS device, composed of a
5-pum particle-packed separation column followed by a two-dimensional Ag nanostructural substrate. To proof-of-concept,
we first tested the molecule separation functionality using the mixture of fluorescent FITC and R6G dyes. Later, we intro-
duced the hypoxanthine and adenine mixture—main purine metabolites of E. coli—into the system for on-chip separation,
identification, and quantification based on acquired SERS signatures. Overall, the miniaturized PMMS-SERS system enables
an easy-to-use and sensitive analyte detection, which could be beneficial in applications requiring bacteria identification and
quantification, such as environmental monitoring, AST, and drug development.

Keywords Microfluidics - Molecular separation - Surface-enhanced Raman scattering (SERS) - Molecule analysis

1 Introduction

Surface-enhanced Raman scattering (SERS) is an optical
detection method by collecting enhanced Raman signals
from molecules situated in the vicinity of metallic nano-
structures or nanoparticle suspension (Fang et al. 2008; Li
et al. 2010; Nie and Emory 1997). Due to its label-free,
highly specific and non-invasive features, SERS technique
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can be applied antibiotic susceptibility testing (AST) of bac-
teria in few hours (Liu et al. 2011, 2016), or rapid bacteria
identification by measuring its characteristic Raman spec-
trum (Boardman et al. 2016; Premasiri et al. 2016) whereas
the traditional methods usually require overnight culture.
Besides, SERS-based sensing may only consume a few
microliters sample volume, which is ideal for analyte detec-
tion in precious clinical samples. However, current SERS
technique may still encounter several challenges in clinical
microbiology. First, it is difficult to differentiate molecules
with overlapped SERS signatures, which usually happened
in clinical samples (Subaihi et al. 2017). Second, various
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material (PDMS-glass) bonding, which may cause lig-
uid leakage under high pressure. To further improve the
molecular separation performance, we may need to use
change glass or metallic channel material, which can sus-
tain higher beads packing density and the injection pres-
sure. Nevertheless, this highly integrated and miniaturized
PMMS-SERS system would greatly facilitate the identifi-
cation and quantification of complicate molecule mixture,
which may be beneficial for molecule sensing, identifying
or monitoring bacteria growth for disease diagnosis, envi-
ronmental monitoring, and drug development.
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Introduction

According to traditional Chinese medicitfe, the pericardial meridian is associated with the
pain or fullness i the chest, palpitationk, depression, restlessness, manic or depressive
disorders, nausea or vomiting, hiccups, ghstric pain, and distension in the upper abdomen
(Bai and Baron, 200 4=5¢ ; athetic modulation of both heart and gut is largely
mediated by the vagus nerve, and since vagal stimulation of the gut can result in mcreased
peristalsis while the vagal stimulation of the heart can result in decreased heart rate (Guyton
and Hall, 1996), it is speculated that to some extent the pericardium meridian might be
b associated with the autonomic nervous modulation of the subject.

Acupuncture or acupressure at the Neiguan (P6) point, the most frequently used acupoint
in the pericardium meridian, has been shown to lessen nausea and vomiting (Dundee et al.,
1987, 1988, 1989a and b; Ho et al., 1989; De Aloysio and Penacchioni, 1992; Belluomini
etal., 1994; Fan et al., 1997; Harmon et al., 2000). Because nausea and vomiting are also
related to autonomic nervous activity (Mortow ef al., 1992; Morrow et al., 1999), we
speculated that the autonomic nervous activity might be changed when acupuncture at the
P6 point was performed.

Heart rate variability analysis is a useful non-invasive method for the assessment of
autonomic nervous modulation of heart rate. Some diseases are associated with depressed
vagal modulation, and the restoration of vagal modulation is associated with the improvement
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Lorem ipsum dolor sit amet, consectetradipiscing elit. Quisque sapien ante,
placerat sagittis interdum a, feugiat nec se S Sed tempor dui libero, dictum varius nibh

\

blandit nec. Vestibulum vel augue hendrerit, pellentesque eros semper, volutpat arcu.

Donec ornare dapibus nibh vel suscipit. Sed sit amet mauris quis nisl euismod
tempus et eget tort vamus nulla urna, placerat quis tincidunt nec, efficitur ac orci.
Quisque lobortis et turpis non eleifend.

P 1.This is an example of where footnotes are placed.

P 2. Footnotes provide additional information about a sentence and direct readers to outside
sources, either to cite an idea or to suggest additional reading about a topic.
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I (PDMS-glass) bonding, which may cause lig-
uid ]eakage under hlgh pres«:ure To further lmpmve the

detection method by collecting enhanced Raman signals
from molecules situated in the vicinity of metallic nano-
structures or nanoparticle suspension (Fang et al. 2008; Li
et al. 2010; Nie and Emory 1997). Due to its label-free,

highly specific and non-invasive features, SERS technique
can be applied antibiotic susceptibility testing (AST) of bac-
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OFEN A Microfluidic Device for
Simultaneous Extraction of Plasma,
'Red Blood Cells, and On-Chip White
e Blood Cell Trapping

; s ) :
Published online: 18 October 2018 - Da-Han Kuan?, Chia-Chien Wu', Wei-Yu Su' & Nien-Tsu Huang(H*?

y EFI g | m *5{ T = This study reports a microfluidic device for whole blood processing. The device uses the bifurcation law,
A - cross-flow method, and hydrodynamic flow for simultaneous extraction of plasma, red blood cells,
: and on- chlp white blood cell trappmg The results demonstrate successful plasma and red blood cell

Blood is composed of plasma, red blood cells (RBC s) white blood cells (WBCs) and platelets, and it contains
numerous types of physiological and pathological information about the human body. Currently, complete blood
count (CBC) is one of the most common blood tests. The test shows the count of each cell type, cell sizes, the frac-
tion of specific cells in whole blood, and theconegntration of various proteins, creatinine, or metabolites. The test
gives an overview of patients’ health sta w sophisticated CBC analysis, automated haematology analysers
and flow cytometers are the most common instruments in hospitals or laboratories. For molecular-level detec-
tion, lysed blood cells are drawn into a cuvette for spectro hotometrlc measurement. ACthVln recise CBC

- measurements usually requires e thcient and hi [RE 1ty processes tor the collection an prepa_ranun ol whole
. blood samples to avoid any background interference, including centrifugation, fractionation, lysis, or dilution’.
. For example, improper centrifugation could lead to haemolysis, resulting in plasma contamination. Therefore,
. conventional blood tests are usually time-consuming and require a large volume (~millilitre) of blood, as well as




Whole blood processing protocol using the microfluidic device. A 6L amount of whole blood
sample and 60 pL of PBS solution were injected into the microfluidic device using two syringe pumps (Fusion 200,
Chemyx Inc., TX) via the whole blood inlet and buffer inlet, respectively. The flow rates of whole blood and PBS
were first set at 0.3 and 1 pL/min, respectively. In the first 3 minutes, a stable boundary layer between the whole
blood and PBS was formed, and the flow pattern in the main channel became stable. The flow rate of PBS was
then gradually increased to 3 j1L/min to reduce the width of the whole blood flow. To collect plasma and RBCs, a
pipette tip was inserted in the outlets of both side channels. Once the whole assay process was finished, the pipette
tips can be directly unplugged for diﬁerent tests. The WBC trapping process was recorded by a charge-coupled
device (CCD) camg= ‘T o0 Ml—eeect o *--an inverted fluorescence microscope (IX73, Olympus, Japan).
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Blood is composed of plasma, red\glood cells (RBCs), white blood cells (WBCs), and platelets, and it contains
numerous types of physiological and Ppathological information about the human body. Currently, complete blood
count (CBC) is one of the most common\lood tests. The test shows the count of each cell type, cell sizes, the frac-
tion of specific cells in whole blood, and the%eqgentratinn af variane nrataine, creatinine, or metabolites. The test

gives an overview of patients’ health st sop X 5| TSIV | automated haematology analysers

and flow cytometers are the most common instruments in hospitals or laboratories. For molecular-level detec-
tion, lysed blood cells are drawn into a cuvette for spectrophotometric measurement. Achieving precise CBC

blood using dielectrophoresis. Electrophoresis 32, 1327-1336 (2011).
13. Matthew, S. P. et al. Dielectrophoretic separation of platelets from diluted whole blood in microfluidic channels. Electrophoresis 29,
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