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Quantitative analysis of the output of processes and molecular interactions within a single cell is
highly critical to the advancement of accurate disease screening and personalized medicine. Optical
detection is one of the most broadly adapted measurement methods in biological and clinical assays
and serves cellular phenotyping. Recently, microfluidics has obtained increasing attention due to
several advantages, such as small sample and reagent volumes, very high throughput, and accurate
flow control in the spatial and temporal domains. Optofluidics, which is the attempt to integrate
optics with microfluidics, shows great promise to enable on-chip phenotypic measurements with high
precision, sensitivity, specificity, and simplicity. This paper reviews the most recent developments of

optofluidic technologies for cellular phenotyping optical detection.

1. Introduction

A large number of processes, functions, and traits at the cell level
serve as important indicators of diseases. For example, a cell
under a diseased condition experiences alterations and shows
heterogeneity in its gene expression,!> drug resistance,>*
protein/metabolite production,>” proliferation,® and optical
properties.”'® The terminology of “cellular phenotyping” refers
to a scientific process to quantify these disease indicators and other
phenotypes affected by the genetic information and environment
of a cell. In cellular phenotyping, individual cells are isolated from
tissue and treated as models for complex human biology. This
approach offers a practical alternative to the use of human patients
in studying the genetic and long-term environmental influences on
the human body (Fig. 1). Current studies reveal that knowledge of
the gene alone does not provide any direct insight into downstream
biological effects.'""'> The question of how the genetic factor,
coupled with variability in environmental effects (for example,
smoking, diet, and atmospheric quality), will affect our bodies and
determine the fate of our health still remains unanswered.
Establishing links between genetic variants and environmental
factors on biological processes is crucial to overcome these
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challenges and establish personalized medicine.? Cellular pheno-
typing is the key to reveal such links as well.

Optical technologies are powerful tools to measure spatial
and temporal variations of cellular phenotypes in a non-
destructive manner with high sensitivity and high throughput.
Optofluidics, a rapidly emerging research field, has successfully
demonstrated the synergistic integration of optical systems with
microfluidics.”>'® Full monolithic integration of miniature
optical and fluidic components together on a common micro-
fluidic platform ultimately offers significant advantages, includ-
ing (a) enhanced sensing performance coupled with increased
precision control and fluidic manipulation of cells, (b) portability
and usability (and disposability in some cases) that permit point-
of-care operations under limited resources without large and
expensive instruments and specifically trained operators, and (c)
instrumentation cost savings that lead to reduced barriers
against wider use. Rapid, low-cost optofluidic detection of
abnormalities in particular cellular phenotypes may open ways
for effectively screening and preventing cancer, human immu-
nodeficiency virus (HIV) infection, and other deadly diseases. As
the notable shift in emphasis occurs from solely genotype-
focused studies to genotype-phenotype relationship investiga-
tions in current life sciences research, it is important to examine
the relevance of optofluidics to cellular phenotyping.

This paper critically reviews recent developments of opto-
fluidic technologies in the past few years, specifically targeting
cellular phenotyping applications. We cover four optical
techniques: (1) fluorescence detection, (2) surface enhanced
Raman spectroscopy (SERS), (3) surface plasmon resonance
(SPR), and (4) interferometry as representative methods
employed in optofluidic detection. We present a review on
state-of-the-art optofluidic devices to quantify cellular pheno-
types by using these optical techniques. The review summarizes
the promises and limitations of each optofluidic scheme. Finally,
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Fig. 1 Concept of genotyping and cellular phenotyping related to
human health care. Genotyping determines the genetic program of
human body that potentially triggers the onset of diseases. Cellular
phenotyping provides important insights into the influence of both
genetic programming and environment on human body and disease
development by using an individual cell as a human biology model.

we discuss how the optofluidics research field may evolve to
establish lab-on-a-chip technology advancing future cellular
phenotyping studies.

2. Optical detection methods

Conventional optical detection methods are key enablers for
cellular phenotyping measurements. Cellular phenotypes are
generally divided into three categories: (1) nuclear-based
phenotypes, (2) cytoplasmic phenotypes, and (3) functional
phenotypes. Nuclear-level phenotypes include levels of gene
expression, epigenetic modifications and protein binding to
DNA and/or chromatin.'?> Cytoplasmic phenotypes are quan-
tities of molecules (e.g., protein) that stem from genetic codes or
certain metabolites or by-products that result from cell signaling
or biochemical cascades.'? Functional phenotypes are defined
with respect to cellular behavior in growth and proliferation and
cellular immune response (e.g. cytokine secretion) or resistance
to external stimulants, such as drugs and cytotoxic chemical
substances. It should be noted that this categorization is not
necessarily distinct as these phenotypes are often cross-linked.
This section provides an overview of four optical methods
relevant to cell-type differentiation and briefly summarizes
general optical integration schemes that have been developed.

2.1. Fluorescence detection

Fluorescence is the photoemission phenomenon of specific
molecules when they absorb photons or other electromagnetic
energy.'”'® These molecules, usually called fluorophores or
fluorescent dyes, are used as indicators for particular bio-
molecular visualization, environmental condition monitoring or
cellular stimulation studies. Fluorescence detection is the most
widely employed sensing technique for chemical or biological
analysis. The technique benefits from well-established, highly
sensitive, selective fluorescent labeling biomarkers and has ready
access to a wide spectrum of commercially available fluorescence
detection instruments, such as optical microscopes, multiwell plate
readers, and flow cytometers. The general fluorescent-based
detection systems usually consists of excitation light sources, such
as lasers, light-emitting diodes (LEDs) and mercury lamps, sample

holders, such as glass slides, multiwell plates or cuvettes, where a
fluorescence-emitting process takes place, detectors, such as charge-
coupled detectors (CCDs), photomultiplier tubes (PMTs), or
spectrometers, to collect the emission signal and translate it into a
microscopic image or electrical output.

One problem of using fluorescence detection methods is the
auto-fluorescence of polymer materials or biomolecules, which
gives rise to background noises and reduces the signal-to-noise
ratio. Therefore, it is important to carefully select appropriate
device materials and purified samples. Additionally, typical
fluorescent probes have fairly a broad emission spectrum with
full width at half maximum (FWHM) = 50-100 nm, which limits
the total number of parameters reported with a fixed detection
wavelength bandwidth. Moreover, the fluorescent labeling
method usually requires complicated reagent manipulation
processes (e.g., vortex, centrifuge and filter) and a prolonged
incubation time, which may affect the phenotype of target cells.
Finally, the photo-bleaching effect of fluorescent probes makes
long term cell-based assay monitoring difficult.

There are many commercially available fluorescent probes
specifically for cellular phenotyping detection. For example,
fluorescent proteins, such as green fluorescent protein (GFP),
have been widely used as a probe to visualize, track and quantify
protein translocation or its amount in living cells.'”” Other
fluorescent probes target intracellular messengers of signal
transduction, such as calcium ions (Ca®"), pH, oxygen and
CO,. The change of these parameters allow researchers to
understand how cells regulate different biological processes,
including gene expression, metabolism, and apoptosis.”’ Another
cellular phenotype that current fluorescent probes report on is
cell immunity. It evaluates the condition of immune cells in
response to outside invasion, such as bacteria or viruses. The
immunofluorescence (IF) labeling technique has been widely
used for monitoring the cellular immune status. Typically, the
technique utilizes the specificity of fluorescent-labeled antibodies
to target cells secreting a specific antigen or protein. The
fluorescent image is then observed by a wide-field microscope.
Flow cytometry and enzyme-linked immunosorbent spot
(ELISpot) assay are the two most common technologies for
single immune cell analysis.>'**

Fluorescence-based cellular phenotyping detection benefits
from microfluidics that provides sample-efficient, high-through-
put, and precise cellular environment control.>>** The opto-
fluidic approach of merging optics with microfluidics further
provides unique advantages that off-chip optics cannot accom-
plish. This approach provides higher sensitivity, multiplexity and
multiple functionalities for chemical or biological analysis by
integrating optical components into fluidics. For example,
Balslev er al* developed an monolithic hybrid optofluidic
system to achieve on-chip sample mixing and detection. Tung
et al®® embedded four optical fibers into a microfluidic flow
cytometry device to achieve simultaneous two-color excitation/
emission detection. Seo and Lee®’ developed a compound 2D
microlens for focusing LED excitation light onto a microchannel
region. Other groups integrated a light source® and a chip-size
wavelength detector? towards realizing all-in-one system inte-
gration. The optofluidic integration enables development of a
miniaturized and easy-to-use optofluidic platform for point-of-
care (POC) diagnosis. Such a system permits simplified optical
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alignment with cost-efficient and minimum optical components.
However, a POC optofluidic system usually shows compromised
sensing performance as compared to a highly sophisticated off-
chip fluorescence microscopy system.

2.2. Surface enhanced Raman spectroscopy (SERS)

Raman scattering is a fundamental form of molecular spectro-
scopy, which refers to the phenomenon that involves excitation
of a molecule by inelastic scattering of a photon.’ Raman
scattering is used to obtain information about the structure and
properties of molecules from their vibrational transitions as well.
Raman scattering is a two-photon event rather than one-photon
event.’! As the molecules are irradiated by the incident light, the
incident photons may be absorbed or scattered or passed straight
through. If the energy of a photon does not correspond to the
energy gap between the ground state and an excited state of a
molecule, the scattering of a photon can occur and produces
Rayleigh scattering and Raman scattering. Rayleigh scattering,
also called elastic scattering, corresponds to light scattered at the
frequency of the incident radiation without energy loss; whereas
the Raman scattering is an inelastic scattering and shifted in
frequency which means the incident radiation by the vibrational
energy is lost or gained in the molecule. The associated incident
photon and the scattered photon are connected by a simple
quantum mechanical process and makes Raman scattering a
coherent two-photon event, which differs to the one-photon
event of photon absorption after emission.*” The typical Raman
spectroscopy setup requires advanced laser technology coupled
with high efficiency filters to suppress the scattered Rayleigh
light and extremely sensitive detectors.>*

The advantages of Raman spectroscopy are its versatility and
high specificity, which could be applied to any optically
accessible sample without a sample pre-treatment and finish a
non-destructive measurement. However, the poor sensitivity of
Raman spectroscopy caused by the low efficiency of the inelastic
scattering processes has hampered its utility for a long time.
Surface-Enhanced Raman scattering (SERS) is one promising
approach to overcome this limitation.** A molecule situated in
the vicinity of nanoscale metallic structures experiences dramatic
enhancement of Raman scattering with more than a million-fold
signal increase.** Today, there are two mechanisms generally
agreed to produce the SERS effect: electromagnetic enhance-
ment and the chemical charge transfer effect. In the chemical
enhancement mechanism, the molecule chemically bonds to the
metal and the excitation is through the transfer of electrons from
the metal to the molecule and back to the metal again.*’ In the
electromagnetic enhancement mechanism, the metal surface
irradiated by a laser beam couples with the electromagnetic
radiation.*® The oscillations of the conduction band electrons
confined on the nanoscale metal surface, a process called
localized surface plasmon resonance (LSPR), result in a larger
number of scattered photons.*”*8

Previous research has reported non-invasive measurements by
in vivo SERS-based detection for tumor discovery and glucose
monitoring.***° Compared to fluorescence emission and infrared
absorption spectroscopy detections, SERS based on nanoscale
metallic nanostructures provides the advantages of higher
sensitivity, surface specificity, and fluorescence quenching,*!

moreover, simultaneous detection of multiple analytes could be
possible owing to the sharp spectral signals with the narrow
FWHM value up to 1 nm. It has been shown that SERS-based
optical detection facilitates cellular phenotyping studies. For
example, Lee er al** used SERS imaging to study normal HEK
293 cells and cancer cells that express PLCyl, a protein molecule
that is known to promote breast cancer metastasis (Fig. 2). This
study conjugated rhodamine 6G (R6G)-adsorbed Au/Ag core-
shell nanoparticles with anti-mouse IgG. These particles
specifically bind to PLCyl antibodies of the cancer cell surface.
The Au/Ag core-shell structure takes advantage of the long-term
stability of the gold surface and the superior Raman signal
enhancement by the silver core, which is 100-1000 times greater
than gold. Imaging the SERS spectra from the Raman reporter
(R6G) on the single cell provided the phenotype signature unique
to the cancer cell. More recently, the same group developed
DNA-conjugated nanoparticles specifically targeting CD24 and
CD44 receptor biomarkers and characterized three different
breast cancer cell lines from the SERS characteristics of these
nanoparticles with high specificity.*

Although “optofluidics™ refers to a class of optical systems
synthesized with fluids,'? it is more true that for SERS detection
applications to date most optical components such as the light
source, lenses, waveguides and sensors, remain off the chip. The
advantage of SERS-microfluidic platforms is to simply integrate
certain fluidic tasks on a chip for optimized SERS detection:
with a continuous flow and homogeneous mixing between the
analytes and metal nanoparticles in the channels, higher

Fig. 2 (A) Immobilization of Au/Ag core-shell nanoprobes on PLCy
l-expressing HEK?293 cells and their SERS detection. (B) Spatial
mapping of Raman spectra for single normal cell. Colorful spots indicate
the probing spots across the middle of the cell along the vertical axis. (C)
Spatial mapping of Raman spectra for single cancer cell. Colorful spots
indicate the probing spots across the middle of the cell along the vertical
axis. Reprinted from Ref. 42 with permission from American Chemical
Society Publications.
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reproducibility and stability can be attained. Furthermore, local
sample heating can be prevented as molecules exposed to the
laser are constantly refreshed due to fluid flow.** For more
advanced applications, the synergistic integration of SERS
detection and the microfluidic system into an optofluidic device
should be considered: device integration combines optics and
microfluidics on the same chip by building the optics from the
same fluidic toolkit, and the optical properties of the SERS unit
and analyte could be controlled by manipulating the fluids. The
advantage of such an optofluidic system is to able be to carry out
a series of optical measurements through fluidic controls and
obtain reproducible enhancement factors for more reliable
quantitative analysis.'® Furthermore, ultra-sensitive SERS sur-
faces can be seamlessly integrated with micro/nanofluidic devices
by fabrication techniques, such as soft lithography, to further
improve the detection performance.*

2.3. Surface plasmon resonance (SPR)

A surface plasmon (SP) is an electromagnetic wave propagating
along the surface of a metal/dielectric interface. Normally, SPs are
formed when incident light coupled to a metal thin film by a prism
undergoes total internal reflection. This condition also gives rise to
the evanescence field, which is a near-field electromagnetic wave
exponentially decaying into the dielectric medium opposite the
prism. Surface plasmon resonance (SPR) arises when the photon
frequency of incident light undergoing total internal reflection
matches the natural frequency of the surface electron oscillation.*®
A strong photon-SP coupling during SPR causes absorption of
the reflected light. SPR-based optical sensing techniques measure
the absorbance spectrum, which is highly sensitive to the metallic
surface condition determined by the refractive index of the
dielectric medium. The techniques detect the surface binding of
molecules on the metal surface by observing the resulting shift in
the absorbance spectrum peak (or minimum) or the angle of
reflection at the minimum intensity. SPR detection is often used
for label-free chemical and biological sensing and permits high-
sensitivity, real-time analysis. Moreover, SPR sensing is low cost
so can be used for bio-diagnostics, food safety, environmental
testing, erc.’

Recent advances in nanofabrication technology enable nanos-
cale modifications and nanoparticle coating of metallic surfaces.
Current nanofabrication technology has made optical detection
based on LSPR (see the SERS section) readily available for
researchers.®® LSPR-based detection measures shifts in the
reflectivity (or alternatively, absorbance) spectrum of a nanos-
tructured metal surface that is experiencing a condition change.
The reflectivity spectrum can be spatially mapped across the
surface to obtain a LSPR image. Although SPR has higher
sensitivity than LSPR,* the LSPR technique provides advantages
for measuring short-range changes in refractive index due to
molecular adsorption. This is because the sensing volume is so
small with LSPR. Furthermore, current nanofabrication technol-
ogy is able to control nanoparticle shape and size for various
materials, which permits tuning of the LSPR optical band ranging
from the visible to the near-infrared region. We believe that
integration of the LSPR sensing scheme in a lab-on-a-chip setting
is more readily achievable than the SPR sensing scheme because of
the simple optical configuration and sensing tunability.

SPR-based detection is generally used for cellular phenotyping
studies. For example, Fang et al* used a multi-gold-array
biosensor to measure SPR spectra originating from a large group
of leukemia CD33 cells. These cells were extracted from the
human bone marrow of two patients using different sample
preparation protocols. The technique detected shifts in the SPR
spectra resulting from cells binding to antibody-immobilized
gold sensing spots of the sensor surface. This sensor platform is
cost effective, readily constructed, and easily handled in
experimental settings. The analytical procedures are specific to
the cell type and eliminate the labeling process. Without
employing microfluidics technology, this research was not fully
established for POC clinical use. However, it demonstrated that
SPR detection is potentially useful for diagnostic detection of
leukemia CD33 cells in the marrow aspirates of AML patients.

In the literature, we find several reports on SPR detection with
a microfluidic or optofluidic chip for real-time monitoring of
chemical and biological processes. Grasso et al>° used a
Y-shaped microfluidic channel to mix two chemical (DSA:
Datura stramonium agglutinin and AF: asialofetuin) solutions
with great flow stability and achieved SPR signal mapping for
regions of different degrees of mixing. A study by Chien et al.”!
presented advanced integration of three SPR waveguide chan-
nels, each having a metallic sensing patch, and light-focusing
diffractive mirrors with a microfluidic channel (Fig. 3). The
increased level of optical integration in this sensor could be
suitable for microfluidic lab-on-a-chip applications. However,
any practical use of the device was not demonstrated for parallel
analysis of multiple biochemical compounds.

The LSPR technique using metal nanostructures has been
demonstrated for label-free, real-time monitoring of biomole-
cular (not cellular) interactions within a microfluidic system.
Huang er al>* developed a microfluidic chip with integrated
LSPR biosensor—gold films and fluidic channels/chambers. The
surfaces of the sensor films were coated with gold nanoparticles

Fig. 3 Schematic of integrated three-channel SPR optofluidic sensor
chip: (A) sensor head comprising a dielectric-metal-prism multilayer,
where the incident light experiences total internal reflection, (B) cross-
sectional view showing an integrated diffractive mirror that gives rise to
various incident angles of light. (C) Top view showing three integrated
diffractive mirrors and sensor heads. Reprinted from Ref. 51 with
permission from Elsevier.
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and subsequently biotinylated. With this optofluidic chip, the
study demonstrated real-time monitoring of biotin/anti-biotin
binding from the light transmission of the sensor films. More
recently, Danz et al.>® developed a disposable, injection-molded
microfluidic chip incorporating one-dimensional SPR sensor
arrays. Coupling this chip with an off-chip angular-resolved
spectrometer, the researchers performed parallel detection of
genetic variations among different DNA samples prepared by
polymerase chain reaction (PCR). Malic er al.>* achieved both
enhanced sampling handling and increased sensitivity (limit of
detection = 500 pM) for SPR-based DNA hybridization
detection using total internal reflection. The research team
integrated both a nanostructured gold sensor surface and a
digital electrowetting micro-droplet manipulation mechanism on
a microfluidic chip (Fig. 4). This study represents a synergistic
combination of SPR detection with LSPR signal enhancement.

2.4. Interferometric detection

The general principle of an interferometer is based on photo
detection of the interference pattern or intensity of two
previously coherent optical waves passed through optical paths
with unequal distances. The optical path difference can be due to
either a difference in the physical distance length or a phase shift
caused by a refractive index (RI) change of the waveguide media.
The latter case is more relevant to biological and chemical
sensing. Both the Mach-Zhehnder (M-Z) and Michelson
interferometers™ use a beamsplitter to split a wave from a laser
light source into two waves, another (or an identical) beams-
plitter to recombine them following their passage of the unequal
distance paths, and a CCD imager or photomultiplier tube
(PMT) to obtain the interference pattern and intensity. The basic
setup of the Fabry-Perot (F-P) interferometer (or cavity)>
consists of a cavity between two partially reflecting flat surfaces
parallel to each other. A wave from a light source is collimated
by a lens and passed through the cavity. Interference occurs
between the multiple reflections of light between the two
surfaces. The transmission spectrum has a high peak corre-
sponding to constructive interference of in-phase transmitted
beams and a minimum corresponding to destructive interference

of out-of-phase transmitted beams. A focusing lens collects the
transmitted beams, and a photodetector (e.g., photodiode and
photoelectric device) detects the interference intensity. The
transmission spectrum varies with the cavity distance and the
RI of a homogeneous medium inside the cavity.

Similar to SPR-based methods, interferometric detection
permits label-free biological and chemical sensing. This elim-
inates the use of signal-reporting molecules such as fluorophores,
dye chemicals, quantum dots, and nanoparticles that may be
potentially harmful to living organisms. This technique is
noninvasive to tissue and cells, using light in the near-infrared
and infrared wavelength regions between 600 and 1200 nm. This
wavelength band is called “therapeutic zone for laser treatment,”
where human tissue and cells have low light absorption.” The
measurement obtaining RI information from biological cells is
remarkably sensitive and repeatable. This makes refractometry
enabled by interferometric detection highly suitable for use in
identification of cells with great selectivity. One of the significant
challenges facing this technique is that it is extremely susceptible
to slight disturbance in the environment such as moving or
shaking when using free-space optics. The operator needs much
care in handling the movements of the living cell and
surrounding buffer to avoid disturbances. This makes the
integrated optofluidic approach highly viable for advancing
interferometric detection as shown later.

The effective RI is a good indicator of the constituents of a
living cell, such as its membrane, organelles, cytoskeleton, cytosol,
nucleic acids, and protein contents. Changes in cell size, cell mass,
nuclear size, and nuclear content can be indications of changes in
cells, such as onset of disease, for example, cancer. It has been
shown that these biophysical changes translate to a shift in the
overall refractive index of the cell.’® For example, diseases such as
iron deficiency anaemia or thalassemia, cause abnormalities in the
haemoglobin content in a red blood cell. This will result in a
deviation in the RI of cell. High levels of protein content exist in
cancerous cells for their adaptation to rapid cell proliferations, %>’
which cause higher RI than the normal cell exhibits.

Ultimately, optofluidic technology could potentially achieve
monolithic optics-fluid integration for interferometric detection.

Fig. 4 Schematic of electrowetting on dielectric (EWOD)-SPR optofluidic chip: (A) vertical cross-section showing reagent microdroplets manipulated
on a dielectric layer. The hydrophobicity of the dielectric layer is controlled by changing the voltage applied to the embedded electrodes. (B) Illustration
of SPR detection-based assay of DNA hybridization using EWOD droplet manipulation. Reprinted from Ref. 54 with permission from Elsevier.
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As we see for the other detection techniques, current studies are
yet to achieve a fully integrated interferometric microsystem, only
limiting their work to partial integration of interferometer
components. The technological benefit of the optics-fluid
integration is particularly great for this technique. Research in
this field has established the ability to integrate planar waveguides
in a microfluidic system.'* Such on-chip waveguides are suitable
to construct highly compact integrated optofluidic interferometric
architectures with Y-waveguide junctions.’®>® The use of opto-
fluidic interferometers provides improved light-liquid interaction
with their integrated optical components® for interferometric
detection as well. The precise on-chip placement of optical fibers
and beamsplitter lens with respect to a microfluidic interrogation
region enables manual alignment-free optical probing of a liquid
satmple.60 For example, Domachuk et al.®' constructed a highly
compact optofluidic F-P interferometer with a cavity precisely
formed between optical fiber Bragg grating reflectors across a
planar microfluidic channel. They carefully positioned the phase
reflection plane of Bragg reflectors several periods out of the fiber
surfaces. As a result, the effective cavity length became
substantially longer than the channel width, which reduced the
sensitivity to cellular IR. Using the device, the researchers
successfully detected index changes as low as 0.2% for aqueous
sodium chloride solution at varying concentration.

Additional integration of fluidic/mechanical actuators and
mechanically deformable structures further enables reconfigur-
able microfluidic interferometry. One such example is an
optofluidic Michelson interferometer by Chin es al®* that
incorporates a Bragg liquid-core waveguide with its grating
period varied by a droplet plug flow (Fig. 5). This device measured
a variation in the refractive index of glycerol solution at different
concentrations. Another example is an optofluidic interferometer
pressure sensor demonstrated by Song and Psaltis®® using an air-
gap optical cavity embedded next to a membrane of the
microfluidic channel wall. The membrane deflection changed
the cavity size, changing the optical path length. Imaging the
interference patterns of waves reflected by the top and bottom
cavity surfaces allowed the researchers to measure the pressure for
the microchannel flow at a large dynamic range.

For general biomoelcular detection, several studies demon-
strated label-free binding immunoassay using optofluidic
interfeormetry.!>'%®* Biochips used in these studies typically
incorporate two split on-chip waveguides, one of which has an
antibody-functionalized surface area that serves as an active
sensing region. The binding of analyte molecules onto the sensing
region causes a change in the refractive index along the optical
path. The resulting interference pattern or intensity variation
determines the analyte concentration in a biological liquid sample.

3. Optofluidic devices for cellular phenotyping

In the next few years, we expect the research community to see a
rapid increase in effort towards development of optofluidic
technology for cellular phenotyping based on the optical
detection methods described above. This section reviews recent
reports on microsystems integrating optics with a microfluidic
platform and summarizes how they facilitated cellular phenotyp-
ing measurements. Table 1 summarizes the studies reviewed in
this section.

Fig. 5 (A) Schematic of a reconfigurable optofluidic Michelson inter-
ferometer incorporating a Bragg liquid-core waveguide. (B) A droplet
grating is formed by on-chip fluidic actuation. This microfluidic
waveguide design employs the droplet grating in the microchannel as a
core layer. The transmission spectrum of light passing through the
waveguide provides changes with the droplet period and permits the
refractive index measurement of the sample buffer. Reprinted from Ref.
62 with permission from the Royal Society of Chemistry.

3.1. Fluorescence detection-based optofluidic devices

We find many studies that focus on developing optofluidic flow
cytometers in a simplified, cost-effective, and disposable chip
platform for fluorescence detection-based POC cellular analysis.
Frankowski et al.%° demonstrated a microfluidic flow cytometer to
achieve immunological differentiation of leukocyte subpopula-
tions (e.g., lymphocyte, monocyte, and granulocyte) using
fluorescently-labeled CD3, CD4, CD14, and C45 surface biomar-
kers. With its carefully designed microfluidic structure, the device
permitted two-dimensional sample focusing by only one sheath
flow. In this device, an optical fiber embedded in close proximity
to a microfluidic channel enabled high-sensitivity detection. The
device can potentially be used for immune cell counting for HIV
or other disease diagnoses with small sample volumes. However,
the entire system still required multiple off-chip emission filters,
dichoric mirrors, and PMTs to achieve multi-color fluorescence
detection. As a result, the whole system remained bulky and its
operation would still require tedious manual optical alignment
with high precision as conventional flow cytometry does.

Huang et al.®® developed a new optofluidic flow cytometry
technique so called “microfluidic multispectral flow cytometry
(MMFC)” with much simpler optics. The technique only
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Table 1 Summary of cellular phenotyping optofluidic devices
Detection Integrated on-chip Clinical/biological
scheme optical components  Cell type Phenotype relevance Specificity” Reference
Fluorescence Embedded fiber, Leukocytes Surface biomarkers HIV High Frankowski et al.®
mirror
Fluorescence Embedded fiber HeyAS epithelial Protein abundance/ Gene expression, High Huang et al.*®
tumor cells cell viability intercellular Ca>*
Fluorescence Microlens, optical Yeast cells Intracellular pH Metabolism and Medium  Werner et al.®’
tweezers cell growth
Fluorescence  Off-chip optics only B lymphocytes Protein translocation Cancer treatment N/A Wang et al.®®
Fluorescence Focusing lens Yeast cells Cellular viability Cell counting N/A Rosenauer et al.”!
Fluorescence  Emission filter CD4 lymphocytes/ Surface biomarker/ HIV Medium  Kiesel er al.”
CD4 monocytes cell size
Fluorescence Waveguide L929 mouse fibroblasts  Cellular morphology Cell counting/ N/A Schelb er al. ™
binding kinetic
Fluorescence Light source, focusing White blood cells Surface biomarker HIV High Zhu et al.”
lens, filter, camera
Fluorescence  Off-chip optics only ~ THP-1 monocytes Cellular immunity Immune/infection High Ma et al.’®
disease
SERS Off-chip optics only CHO (Chinese Cellular chemical Nucleic acids, proteins, N/A Zhang et al.®?
hamster ovary) cells dynamic response lipids, carbohydrates,
intercellular Ca®*
SERS Off-chip optics only  E. Coli Cellular wall components/ Bacteria identification High Walter et al.®®
cytoplasm information
SPR Antibody-immobilized CD4+ T cells Cellular immunity Autoimmune disease  High Rice et al.®
optical sensor array
Interferometry Fabry-Perot HSA (hemangiosarcoma) Intracellular protein Canine cancer High Wang et al.®®
resonant cavity cells/monocytes content
Interferometry External cavity laser, Human astrocytes Intracellular protein Brain tumor High Liang et al.'®
microlens, mirror cell/glioblastoma cells content
¢ “High” — measurements yielding a p-value <0.01 for two cell populations of different phenotypes; “Medium” — measurements permitting

qualitative cellular phenotype differentiation from data mapping; “N/A” — no statistical data or histograms available.

required the use of a single laser and a single PMT detector for
flow cytometry with multiple label colors (Fig. 6). The
researchers integrated a spectrometer unit consisting of a
strain-tunable nanoimprinted grating microdevice chip and
the PMT with a microfluidic channel via an embedded optical
fiber waveguide. The system permitted high-speed (>1 kHz)

continuous photospectrum acquisition for multiple fluorescence-
emitting cells flowing in a microfluidic channel. The MMFC
technique spectrally identified fluorescence signals from a HeyAS8
epithelial tumor cell line transduced with green fluorescent
protein (GFP) and from the same cell line stained with calcein-
AM (cell viability kit). These two fluorescent probes have highly

Fig. 6 A) Microfluidic multispectral flow cytometry (MMFC) setup. (B) Fluorescent particles pass through the channel’s interrogation region. (C) A
fluorescently-labeled single cell is excited at the interrogation region. (D) Working principle of the tunable grating microdevice. The collected light is
dispersed through the transparent elastomeric grating. The mechanically soft grating is repeatedly stretched by on-chip silicon microactuators to
achieve real-time single-detector spectroscopy of fluorescent emission signals. Reprintedfrom Ref. 66 with permission from the American Chemical

Society Publications.
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overlapping spectra with a peak-to-peak wavelength difference
<5 nm, which the conventional multicolor flow cytometry
system cannot resolve. The demonstrated spectrum resolving
power promises to enable cellular gene expression discrimination
with a larger number of combinations of fluorescence proteins
with similar emission spectra (e.g., CFP/GFP and GFP/YFP)
and to permit measurements of cellular protein abundance and
intercellular Ca®* concentration at higher accuracy.

The ability to manipulate individual cells has been achieved with
integrated optics for optofluidic fluorescence detection. For
example, Werner et al®’ demonstrated a microfluidic flow
cytometer array integrated with microlens-focused optical tweezers
to trap and sort over 200 yeast cells. The researchers used this
system to investigate a variation in the intercellular pH values of
cells exposed to extracellular glucose, which indicate their
physiological regulation level. The drawback of this technique
was the spatial non-uniformity of the optical force from cell to cell.
This adversely affected the measurement accuracy and throughput.

Wang ez al.®® used a two-layer microfluidic structure to achieve on-
chip single cell fixation for total internal reflection fluorescent
(TIRF) measurement (Fig. 7). In this device, an integrated pneumatic
microactuator repeatedly trapped flowing individual cells and fixed
them against a channel wall surface emitting the evanescent field. The
evanescent excitation locally excited the fluorescent dye of the cell
within ~ 100 nm from the substrate surface. The technique probed
the cell’s protein translocation, which is an important cellular
phenotype indicating the therapeutic outcome of cancer and other
diseases.®”’" The coupling of TIRF with flow cytometry is uniquely
enabled by the optofluidic approach. This could be further extended

Fig. 7 (A) Schematic of microfluidic TIRF-FC device integrating an
elastomeric valve that forces flowing cells into the evanescent field near the
surface of the microfluidic glass channel wall. (B) Top view showing the
hydrodynamic focusing and TIRF fluorescence image of cells. Reprinted
from Ref. 68 the permission from the Royal Society of Chemistry.

to achieve a rapid and precise observation of the cytosol-to-nucleus
translocation of a single cell.

Significant advances in point-of-care (POC) optofluidic
cytometry can be found in recent literature. Rosenauer er al.”!
used an adjustable fluidic lens with three dimensional focusing to
count the viability of methylene blue-stained yeast cells. Kiesel
et al.”* demonstrated a microfluidic flow cytometer monolithi-
cally integrating a photodetector chip, a filter, and a spatially
patterned mask (Fig. 8). The mask modulates the fluorescent
emission propagating toward the detector. The resulting time-
domain modulation of the detector signal provides information
on both the emission intensity and flow speed of single-profile
cells. The researchers showed that the two measured parameters
and their combination serve as indicators of the sizes of the
detected cells. The technique quantitatively obtained the counts
of human CD4+ lymphocyte and CD4+ monocyte cells by
detecting the fluorescent intensity from labeled CD4 surface
biomarkers. They also used a flow speed-intensity mapping plot
to differentiate the cell types based on their sizes. This study is
notable in that it provides a new cell-type identification modality
for POC flow cytometric measurement.

Fig. 8 (a) Schematic cross-sectional diagram of fluidic channel illus-
trating the concept of spatially modulated emission. Correlation
techniques are applied to determine the position of the particle in real
time. (b) Histograms of detected CD4 cells as a function of fluorescent
intensity. This illustrates a CD4 count in whole blood. (c) Fluorescence
intensity as a function of speed for CD4 cells. Compared to the CD4
lymphocytes, the larger CD4 monocytes show a narrower speed
distribution as the flow focusing constrains them to a narrower range
in the flow profile. Reprinted from Ref. 73 with permission from Wiley.
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There are more optic-fluid integration examples for POC
cytometry. Schelb er al” monolithically integrated a polymer
waveguide with a microfluidic channel to excite flowing cells
only located on the tip of the waveguide by the evanescent field.
The demonstrated ease of handling waveguide-cell alignment in
the microfluidic channel may open a way for advancing POC
technology. Zhu ez al.” demonstrated a very unique approach to
monolithically integrated optofluidic micro-cytometery by devel-
oping a cell phone based fluorescent imaging micro-cytometer.
They assembled two LED light sources, a lens, and a plastic
color filter all together on a cell phone CMOS camera. With the
cost-efficient components that require minimum optical align-
ment, they successfully achieved counting of SYTOI16 nucleic-
stained white blood cells with a good correlation to commercial
hematology analyzers.

A multiplexed cellular phenotyping assay done by Ma et a
shows impressive throughput resulting from the use of a highly
integrated microfluidic circuit. They constructed a two-layer
PDMS microfluidic network consisting of 1040 nL. microcham-
bers for single cell confinement, each having a top layer with
integrated vertical valves and a bottom layer with a micro-
channel (Fig. 9) Primary antibodies were immobilized on the
chip substrate following a protocol similar to that of ELISpot
assay, which is a common method for quantitative multiplexed
analysis of cell-secreted cytokine panels. The platform was used

" 76

to compare the polycytokine production of healthy CD3+ CD8+
T cells against that of melanoma-associated antigen specified
CD3+ T cells. This study successfully demonstrated the
advantage of microfluidic technology in acquiring large biolo-
gical datasets with off-chip optics and spatially mapped
fluorescence signals across the chip. This approach has proved
very powerful in cellular phenotyping detection, evidenced by
the rapidly increasing number of related studies in recent
literature.”” 8! In fact, these studies make us re-evaluate efforts
by the optofluidics research community towards on-chip optics
integration targeting POC applications. We see that any
advances in optical detection to facilitate laboratory-level assays
are also highly valued by the life sciences research community
whether they use on-chip or off-chip optics.

3.2. SERS-based optofluidic devices

The practical use of SERS for cellular phenotyping is still
challenging as it requires tedious sample manipulation and
sophisticated instrumentation. Together with microfluidics,
optofluidic SERS-based cellular phenotyping platforms have
the potential to improve the utility of the SERS effect in practical
applications. We find significant progress has been made in the
integration of detection optics into a microfluidic device to
simplify the operation and to further enhance the detection
performance for SERS measurements. However, it is generally

Fig. 9 (I) Schematic of single-cell barcode chip for cell secreted polycytokine analysis. (a) Photograph of two-layer PDMS microfluidic for single cell
confinement. (b) The optical micrograph shows the isolated cells in each microchamber overlaid with the fluorescent antibody barcode. (¢) Working
principle of how cell-secreted antigens attach to primary antibodies and become sandwiched to bind to secondary antibodies conjugated by fluorescent
dye for detection. (II) Comparison of polycytokine level between healthy CD3+ CD8+ T cells and melanoma-associated antigen apecific CD3+ T cells.
Reprinted from Ref. 76 with permission from the Nature Publishing Group.
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true that these optics-integrated platforms are not applied for
cellular phenotyping. Current cellular phenotyping studies using
SERS-based optofluidic device still focus on sample manipula-
tion to precisely monitoring intracellular contents.

For example, Zhang et al®* studied the chemical dynamics
inside a living cell by SERS with an improved sample handling
capability within a microfluidic channel. The researchers
demonstrated integration of a wide range of technologies
including microfluidics, surface-enhanced Raman scattering,
and confocal micro spectroscopy. This approach permitted in
situ characterization of single living CHO (Chinese hamster
ovary) cells with a high degree of spatial (in three dimensions)
and temporal (1 s per spectrum acquisition) resolution. This
study introduced gold nanoparticles of 50 nm in diameter into
the cells by passive uptake to enhance the Raman signals.
Furthermore, the study developed a Y-shaped (two inlets, and
one outlet) microfluidic network to investigate the dynamic
response of the cells. The assay delivered the cell suspension from
one inlet of a microfluidic chip, while test solutions were
introduced from another inlet for better control of chemicals in
the temporal domain. With this setup, the researchers success-
fully measured the real-time Raman spectral signatures from the
cells undergoing the agonist-evoked Ca”* flux process induced
by their exposure to a continuous flow of ionomycin.

Another example is a fast, highly specific and reliable bacteria
detection platform by Walter et al® The study developed a
SERS-based microfluidic system to enable generation of repro-
ducible and specific Raman spectral signature patterns as well as
establishment of large databases for statistical analysis. In this
work, the SERS spectra were taken from ultrasonically burst
bacteria. The spectral signatures were used to probe phenotype
information originating from the cell wall as well as the bacterial
interior. The researchers used a microfluidic device equipped with
4 inlets (Fig. 10). The assay introduced a mineral oil separation
medium, potassium chloride solution, silver colloid particles, and
a bacterial suspension into the microfluidic chip. The aqueous
analyte/colloid solution formed droplets within the mineral oil
medium, consequently creating a segmented flow. This flow
prevented deposition of nanoparticles and analyte on the
microfluidic channel wall. The nanoparticles can either be coated

Fig. 10 Microfluidic chip with 6 injection ports (4 used, 2 blocked) that
applies two phase liquid/liquid segmented flow. The two phase liquid/
liquid segments constantly flow during the measurements. Raman spectra
of the separation medium oil and SERS spectra within the droplets are
detected at the measurement point in the second channel. Reprinted from
Ref. 83 with permission from the Royal Society of Chemistry.

outside the bacterial cell wall or introduced to the interior of the
bacterial cells for SERS signal enhancement. The enhanced signal
intensity reduced the spectral recording time to 1 s. With this
method, the researchers established a database of 11 200 spectra
for a model system for E. coli including nine different strains.

3.3. SPR-based optofluidic devices

We have seen that optofluidic technology is well developed for
label-free SPR/LSPR detection of DNA and protein molecules.
However, our literature survey finds a relatively small number of
studies aimed at optofluidic cellular phenotyping. In one of such
studies, Rice er al® constructed an optofluidic device for
differentiation of CD4+ T cell subsets. The device was built on a
microarray platform that permits both surface plasmon reso-
nance imaging and surface plasmon coupled emission (SPCE)
fluorescence detection by the photon-grating coupling principle.
The researchers assessed the functional phenotype of the T cell
subsets from their cytokine secretion levels. The cells were bound
to the surfaces of the device’s sensor pattern arrays, where both
the cell-capture ligands and the anti-cytokine antibodies were co-
immobilized. The study found that the T cell cytokine secretion
pattern can be a good prognostic indicator of autoimmune
disease and therapy. The SPR-fluorescence dual-modality
approach may find broad use in the early diagnosis of T cell-
mediated diseases. The optofluidic assay could provide rapid,
high-content T cell screening data.

3.4. Interferometry-based optofluidic devices

Interferometry-based cellular phenotyping highly benefits from
the optofluidic approach. Recent studies demonstrated differ-
entiation of cell types by measuring variations in their optical
properties using optofluidic F-P interferometers. A common
approach among these studies involves (1) placing individual
cells in a resonant cavity between two opposing fibers or in a
cavity external to laser and (2) observing cavity mode modifica-
tions by the presence of cells. Precise holding of individual cells
inside the cavity by conventional micropipette manipulations is
cumbersome and difficult to achieve. As a result, it is not until
recently that interferometric optical detection has become more
readily available for single cell study. Recent advances by
optofluidic research have brought about the ability to precisely
manipulate the position of a single cell in a fluidic environment.

An example of optofluidic single cell refractometry is the
Fabry-Perot cavity interferometer device demonstrated by Song
et al.® (Fig. 11A). Their optofluidic device consists of a passive
horizontal cavity between gold-coated single-mode fibers on
opposite microfluidic channel walls and a cell-holding micro-
pipette integrated orthogonal to a microfluidic channel. The
measurement was performed for the Madin Darby canine kidney
(MDCK) cell, a type of kidney cancer cell, with 0.1% accuracy.
More recently, the same group extended this approach to achieve
on-chip single cell refractometry based on optical cell trapping
and M-Z interferometry. The new device design enabled them to
measure the weight of the total substance other than water inside
the living cell with improved repeatability and stability.®
However, these measurements rather focused on cellular
refractometry itself and need to prove themselves to be useful
for practical cellular phenotyping.

This journal is © The Royal Society of Chemistry 2012
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Fig. 11 (A) Schematic of a microfluidic Fabry-Perot (F-P) resonant
cavity for cell detection by Song e? al. in Ref. 85. A single cell is trapped
within the cavity using an integrated micropipette holder. (B) Setup for
label-free optofluidic spectroscopy using a microfluidic F-P cavity. (C)
Scatter plot of transmission results of HAS and monocyte cells. (B) and
(C) reprinted from Ref. 88 with permission from BioMed Central.

Lear’s group®”:%® conducted more in-depth differentiation of

cell types by statistically characterizing the transmission spectra
of a single-cell trapping F-P cavity (Fig. 11B). The cavity
transmission mode is affected by both the cellular RI and size.®
Their device has a microfluidic channel etched into a Pyrex
substrate and a Pyrex layer bonded to the channel substrate. The
Pyres cover surface facing the channel has a coating of
reflectivity dielectric mirror. The channel and reflecting surface
cover form a microfluidic optical cavity resonator. The
researchers collected transmission spectra of cells with various
channel depths. With this device, the researchers could
distinguish hemangiosarcoma (HSA), which is an aggressive
canine cancer cell line, and monocyte samples at a statistically
high significance with p = 107°. (Fig. 11C) The same method
also allowed them to tell a difference in the optical phenotype of
canine lymphoma and lymphocytes with p<<0.005. The statistical
analysis of the transmission spectra proves that the intracavity
spectroscopy is a powerful method to simultaneously obtain high

sensitivity and specificity in differentiating neoplastic and
nonneoplastic cells.

Prior to the aforementioned studies, Gourley er al® first
explored the intracavity spectroscopy of cells using a device
called the “biocavity laser.” The biocavity laser is a photo-
pumped vertical-cavity surface-emitting laser (VCSEL) with a
cell-holding external cavity. The cavity is formed by a micro-
fluidic channel and serves as the semiconductor gain region. This
technique measured the frequency shift and intensity modulation
of the laser emission affected by the cellular light scattering
property and RI. This optofluidic device quantified the protein
content levels of human astrocytes (normal brain) and glioblas-
toma (brain tumor) cells in a different growth phase and the
concentration of haemoglobin in the red blood cells.® The same
technique differentiated the healthy and diseased states of human
mitochondria from laser spectral images.’™®! Furthermore,
Liang er al.'® reported an optofluidic microchip monolithically
integrating a laser diode, a microlens, a mirror, and a
microfluidic channel (Fig. 12A). Similar to the biocavity laser,
the microfluidic channel between the reflective surface of the
laser diode and the mirror forms a resonant cavity (Fig. 12B).
Alterations of the laser emission spectrum provided the RI
values of human cancer cells, such as HeLa (cervical cancer),
MCF-7 (breast cancer), and Jurkat (CD4 T-cell leukemia) cells.

4. Outlook

Over the last 20 years, the field of genomics — a discipline to
determine and map the entire DNA sequences of living organisms
— has seen explosive advances.”>® Scientists have obtained some

Fig. 12 (A) Schematic of monolithically integrated optofluidic external
cavity laser chip. (B) Schematic of biolaser measurement with an external
microfluidic channel cavity. A single cell is passed through laser light
orthogonal to the microfluidic channel. The passage of the cell with a RI of
n3, which is different from the RI of the buffer n,, causes laser emission
modifications. Reprinted from Ref. 10 with permission from ScienceDirect.
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insight into the mechanism of life through genomics. Modern life
sciences still see further challenges towards translating the
discoveries in genomics into a full understanding of genetically-
and environmentally-affected human traits and disease develop-
ments. Statistical noise in genomic data often makes it difficult to
elucidate the cause of underscore biological effects.!’!'> Modern
biology has come to recognize that heterogeneity in non-genetic
cellular phenotypes is one of the key factors governing core
processes that occur at the cellular level, including proliferation,
stimulus response, carcinogenesis, and drug resistance. Many
diseases, including cancer, originate in a single or a few cells
showing abnormal phenotypes. Early detection of the onset of a
cellular phenotype abnormality would allow better disease
diagnosis and treatment. Optofluidics is an exciting research field,
particularly during the current transitional period with biological
research. Optofluidic technology holds great promise to serve as a
powerful tool to enable single cell-level phenotype characteriza-
tion. We strongly believe that the importance of this field will be
more pronounced than ever as cellular phenotyping research
manifests its need for advanced optical detection tools.

Optofluidic systems realize efficient, fast, skill-free on-chip
operations in manipulation and handling of individual cells and
assay reagent loading while securing optical access to on-chip
samples. Here, we propose to extend the definition of “opto-
fluidics” to broader systems capable of advancing microfluidics
with optics. Future research can focus on advancing microfluidic
cellular phenotyping techniques to the point that they become
equipped with unprecedented levels of throughput.”®8197
Coupled with a massively parallel microfluidic single-cell
manipulation platform, optical technologies leading to higher
sensitivity, accuracy, and signal handling capability would
generate a huge number of phenotype datasets and provide a
higher degree of information. In the context of enabling cellular
phenotyping assays, the effort to achieve monolithic optics-fluid
integration perhaps does not find a great value. Here, an
emphasis should be placed in performing sophisticated fluidic
actuation for sample loading, transporting, and sorting with
highly sensitive, selective optical detection done by using off-chip
optical instruments. As found with current studies on SERS and
LSPR,**¥738 signal enhancement by nanostructures integrated in
a microfluidic channel will continue to be an important research
topic. Along with this direction, researchers also need to note
that optofluidic technology has the great potential to integrate
multiple optical detection modalities (e.g., fluorescence + SERS,
fluorescence + SPR, fluorescence + interferometry) in a common
microfluidic platform. Such a multi-modality detection approach
may synergistically enable multi-parametric analyses with high
sensitivity and specificity. Multi-parametric analysis devices are
“must-have” tools for data-intensive genotype-phenotype map-
ping assays.

Of course, the research community can be directed towards
another important direction, which focuses on developing fully
integrated standalone micro-analytical devices for POC applica-
tions. We find a majority of the reviewed studies still requires the
use of large, expensive, and sophisticated off-chip lasers,
detectors, and spectrometers. As seen in semiconductor and
microelectromechanical systems (MEMS) industry, system inte-
gration and packaging are a critically important research area to
enable future mass production and commercialization. We

expect to see this research field evolving to provide innovative
monolithic optics-fluid integration schemes. We expect that
growth towards this research direction, shown by the recent
demonstration of fluidic channel-on-a-CCD detector chip,98 100
spectrometer-on-a-fluidic chip,?® and flow cytometer-on-a-cell
phone”® devices, will open ways for development of standalone
cellular phenotyping microchips for global health care.
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