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Abstract An increasing interest has been shown in micro-
fluidic systems due to their properties including low con-
sumption of reagents, short analysis time and easy integra-
tion. However, despite of these advantages over conventional
methods, some limitations in sensitivity and selectivity still
exist in microfluidic systems. Recently advancements in
nanotechnology offer some new approaches for the detec-
tion of target analytes with high sensitivity and selectivity.
As aresult, it is an appropriate method to enhance the detec-
tion sensitivity through a combination between microfluidic
system and nanotechnology. Optical detection is a domi-
nant technique in microfluidics because of its noninvasive
nature and easy coupling. Numerous studies that integrate
optical microfluidic system with nanotechnology have
been reported in recent years. Therefore, optical microflu-
idic systems in combination with nanomaterials (NMs) are
reviewed in our work. We illustrate the functions of differ-
ent NMs in optical microfluidic systems and the efforts of
different researchers to improve the performance of devices.
After the introduction of different nanoparticle-based opti-
cal detection methods, challenges and future directions in
the development of nanoparticle-based optical detection
schemes in microfluidics have also been discussed.

1 Introduction

Microfluidic chip is a device with micro-sized channels that
can deliver small volume of reagents and samples to reaction
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area to achieve analytical purpose. It has several advantages
over conventional methods: (1) Rapid analysis can be
achieved, since the high ratio of surface area to volume and
the short diffusion distance to the reaction areas; (2) Samples
and reagents are transferred in channels with micron size,
which means a lower consumption; (3) Various processes
such as mixing, chemical reaction, separation and detec-
tion can be integrated into a microchip to realize integration
between different multifunctional units. These features make
it suitable for medical diagnostic (Rivet et al. 2011), drug dis-
covery (Dressler et al. 2013; NeuZi et al. 2012), point of care
testing (Chin et al. 2012; Gervais et al. 2011; Su et al. 2015)
and early warning of disease (Jiang et al. 2014). However,
despite of these advantages showed in microfluidic system,
limitations in sensitivity and selectivity such as low detectable
signals and low signal-to-noise ratio are still problems which
restrict its further application (Sierra-Rodero et al. 2014).

In recent years, advancements in nanotechnology pro-
vide a new approach to sensitively and selectively detect
target analytes. Nanomaterials (NMs) exhibit many differ-
ent properties compared to those materials at macroscopic
and microscopic level (Pumera 2011). They can bring a
series of advantages in improvement of detection perfor-
mance when utilized in microfluidic devices, thus resulting
in a rapid development of nanoparticle-based microfluidic
systems and yielding many different detection schemes
using various kinds of nanoparticles (NPs) such as quantum
dots (QDs), metal NPs and magnetic NPs to achieve ultra-
sensitive detection. Now many studies that integrate nano-
particle-based detection schemes with microfluidic systems
have been reported, which can be categorized into optical
detection, electrochemical detection and other detections
due to the different detection principles.

Optical detection is a dominant technique in microflu-
idics because of its noninvasive nature and easy coupling
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(Han et al. 2013; Yi et al. 2006). It can enhance the detec-
tion sensitivity on chip through a combination with other
techniques (Su et al. 2015). With the rapid development
of nanotechnology, a variety of schemes utilize NPs to
benefit optical methods (colorimetry, fluorescence, sur-
face enhanced Raman scattering, etc.) according to the
unique properties of NPs. For instance, semiconduc-
tor crystal NPs which are also called quantum dots have
high fluorescence efficiency and can be utilized as sign-
aling labels for fluorescence detection. Noble metal NPs
such as gold NPs and silver NPs are utilized to enhance
SERS signal due to their plasmonic response. In this
review, some optical microfluidic systems utilizing NPs
have been proposed to see the roles of NPs in these
microfluidic systems and the authors’ efforts to improve
the detection performance. Paper-based microfluidics is
a recently developed technology, which is low-cost and
simple (Ge et al. 2014; Zhang et al. 2015). Moreover, it
can absorb and transport liquids without any additional
devices. These features make it a promising analytical
method for point of care testing. Among various detec-
tion methods used in paper-based microfluidics, optical
detection accounts for a large proportion. However, it also
shows limitation in sensitivity (Liana et al. 2012). So we
introduce some examples that utilizing NPs to improve
the detection performance of paper-based microfluidics
in some sections. At the end of the review, challenges
related to the development of nanoparticle-based optical
detection schemes in microfluidics will be discussed, as
well as future outlooks.
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2 Utilization of nanoparticles in microfluidic
systems for fluorescent detection

Fluorescence detection is the most commonly used optical
method in microsensing systems. It has shown its useful-
ness in microfluidic system using nanoparticles such as
semiconductor quantum dots (QDs) and metal NPs func-
tionalized with fluorescent dyes. Quantum dots are semi-
conductor nanocrystals with narrow, size-based emission
spectrum and can be excited simultaneously with a single
light. Compared with organic fluorescent dyes, QDs have
better stability and higher quantum yield (Han et al. 2013),
thus overcoming photobleaching and pH sensitivity prob-
lems. When integrated into microfluidic devices, QDs can
be used to label proteins, nucleic acids, or other targets and
amplify the detection signals (Hu et al. 2013; Zhang et al.
2013, 2014a). For instance, Zhang et al. (2013) reported a
method that utilized multienzyme-nanoparticle amplifica-
tion for the detection of a-fetoprotein (AFP)—a biomarker
for cancer. As shown in Fig. 1, polystyrene microspheres
functionalized with the capture antibody and electron rich
proteins were utilized as a sensing platform and HRP-
antibody functionalized gold nanoparticles (Au NPs) were
utilized as labels. Enzyme-functionalized nanoparticles
were introduced onto the surface of microbeads by using
“sandwich” immunoreactions and subsequently horserad-
ish peroxidases on the surface of Au NPs could catalyze the
oxidation of biotin-tyramines, resulting in the deposition of
multiple biotin moieties onto the solid phase. Then strepta-
vidin-labeled quantum dots could bind to the deposited
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biotin moieties and exhibit the fluorescent signal. Accord-
ing to this enzymatic process, multiple signal output could
be triggered to achieve signal amplification. The detection
limit could reduce to 0.2 pg/ml in 10 w1 calf serum, which
was 500 times higher than that of the off-chip test and 50
times higher than that of common beads-based microflu-
idic immunoassay. Another example was the detection of
microRNA due to the enzymatic amplification (Zhang et al.
2014a). The hybrid between target microRNA and immo-
bilized capture probes could be labeled with the biotin-
labeled nucleotides by the use of the bound microRNAs,
which served as a primer for an enzymatic elongation. At
the final step, the streptavidin-labeled quantum dots could
bind to the biotin moieties to exhibit the florescence signal.
This method showed a 200-fold increase in detection limit
compared to the off-set chip test. In addition to detecting
a single analyte, QDs also show great potential in simul-
taneous detection of different analytes such as waterborne
pathogens (Agrawal et al. 2012) and cancer markers (Jok-
erst et al. 2009) due to their size-based emission spectrum.
Besides QDs, noble metal NPs can act as carriers to load
fluorescent dyes or as quenchers functionalized with fluo-
rescent molecules for fluorescent detection (Lafleur et al.
2012; Peng et al. 2012; Zhu et al. 2014). Zhu et al. (2014)
utilized Au NPs to enhance the fluorescence signal for the
detection of DNA. The Au NPs aggregated a large num-
ber of fluorescent molecules on its large surface area, thus
enhancing the fluorescence intensity. What’s more, when
the spectrum of emitted fluorescence was consistent with
the spectrum adsorption peak of Au NPs, fluorescence sig-
nal would be amplified due to the plasmon resonance phe-
nomenon (Lakowicz et al. 2008; Wang et al. 2010b). Peng
et al. (2012) utilized fluorophore-labelled DNA hairpin
probes immobilized on the Ag NPs surface for DNA detec-
tion. As shown in Fig. 2, Ag NPs served as quenchers for a
close proximity to the fluorophore when target DNA was
absent. As target DNA presented, complementary interac-
tion between target DNA and probe unfolded the hairpin

Fig. 2 Schematic illustration
of the plasmonic-enabled DNA
biosensor (Peng et al. 2012)
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structure, thus preventing the quenching by moving the
fluorophore away. The fluorescence intensity increased
accordingly. Based on the high affinity of mercury for gold,
Lafleur et al. (2012) reported two detection schemes named
“turn-off” and “turn-on” methods for the detection of Hg>*.
The fluorescent BSA-AuNCs and non-fluorescent rhoda-
mine R6G-AuNPs were utilized as Hg sensing probes. The
appearance of Hg?t could lead to fluorescence quench-
ing of BSA-AuNCs in the “turn-off” method while R6G-
AuNPs recovered fluorescence intensity in the “turn-on”
method.

3 Utilization of nanoparticles in microfluidic
systems for SPR

As a powerful platform for many binding assays, Surface
Plasmon Resonance (SPR) can investigate biomolecular
interactions by measuring the adsorption of molecules on
a thin metal surface without labels (Su et al. 2015). The
common used platform for SPR consists of a polarised
light source, a prism, a thin metallic film and a detector.
SPR detection is based on the measurement of a change in
the refractive index near the surface of metal layer which
is sensitive to the dielectric environment. When a binding
assay occurs on the metal surface, dielectric properties at
the metal layer can be changed. It can influence the angle
of the reflected light, which has a direct relationship to the
concentration of target analyte. Therefore, SPR signals can
be used to detect many analytes by monitoring the change
in reflectivity.

Surface Plasmon resonance imaging (SPRI) which has
the same fundamental principles with conventional SPR
is a well-established technology that can be used for the
detection of many analytes such as RNA (Li et al. 2007),
protein (Chandra and Srivastava 2010) and many other ana-
lytes. The intensity of light reflected from the surface of
metal layer is directly related to the number of targets, so
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Fig. 3 Schematic illustration of the near infrared SPR-PI optical
setup. Copyright (2012) American Chemical Society

it was detected by a CCD camera to measure the concentra-
tion of targets. Recently, an ultrasensitive detection method
named nanoparticle-enhanced surface plasmon resonance-
phase imaging (SPR-PI) was used for multiplexed hybrid-
ization DNA assays, which showed 20 times more sensi-
tive than nanoparticle-enhanced SPRI (Zhou et al. 2012).
As shown in Fig. 3, a near-IR light emitting diode (LED)
light source was used as light source and a CCD camera
was used to collect the reflected light to image the intensity.
It measured the phase shift from light incident at a fixed
angle onto the surface of a gold thin-flim. Silica NPs which
replaced gold or silver NPs could enhance the SPR-PI sig-
nal due to the optical effect that greatly increased the inter-
facial refractive index.

Localized surface plasmon resonance (LSPR) is an
active method that utilizes noble metal NPs (Au and Ag
NPs) as LSPR sensing platform to improve sensitivity. The
testing principle relies on the spectral shifts caused by the
change of surrounding dielectric environment in an interfa-
cial binding event. However, problems such as how to con-
stitute a self-assembled monolayer are still challenges for
the combination of a microfluidic system and LSPR-based
biosensor.

4 Utilization of nanoparticles in microfluidic
systems for SERS

Raman spectroscopy which can provide a label-free for-
mat has been used in many fields. Multiple analytes can
be detected according to the relatively narrow peaks in
spectrum (Rivet et al. 2011; Yazdi and White 2013). How-
ever, the weak signal limits its sensitivity (Han et al. 2013;
Prado et al. 2014; Zhou et al. 2011), thus methods that can
enhance the signal are necessary to achieve ultrasensitive
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detection. In the past decades, surface-enhanced raman
spectroscopy (SERS) based on surface plasma resonance
has been proved to be powerful to improve detection per-
formance. SERS signals can be enhanced at SERS hot
spots which are usually rough metal surfaces or nano-
structured metallic surfaces. Among various nanoparticles,
noble metal NPs such as Ag NPs and Au NPs are com-
monly used in microfluidic systems for signal amplifica-
tion according to various kinds of methods to form hot
spots. For instance, a sensitive method for the simultaneous
detection of three fungicides was described using a opto-
fluidic SERS microsystem (Yazdi and White 2013). The
SERS signal could be improved by utilizing silica micro-
beads packed in the detection area to aggregate Ag NPs and
adsorbed analyte molecules. Compared with the SERS in
an open microfluidic channel, the SERS signal obtained a
fourfold increase. Prado et al. (2014) utilized SERS method
for the detection of specific RNA sequences instead of uti-
lizing fluorescence labels. In order to produce SERS hot
spots as enhancing surface, MgCl, was utilized to aggre-
gate silver nanoparticles inside the microfluidic devices.
Besides, combined with a droplet microfluidic system, this
microfluidic device could benefit for the SERS detection by
avoiding the large clusters and the formation of clogging.
Although the utilization of NPs can benefit the detection,
SERS signals are hard to reproduce due to the difficulty in
controlling the aggregation of NPs. Therefore, it is essen-
tial to develop different strategies to control the aggregation
state in microfluidics for SERS detection. Recently Liber-
man et al. (2015) reported a novel method that controlled
aggregation of Ag NPs by laser irradiation to monitor the
products of organophosphate breakdown. The Ag clusters
could be formed at any desired area inside the channel to
act as hot spots to enhance the Raman spectroscopic sig-
nal. Wang et al. (2014) utilized silica-coated, highly puri-
fied SERS clusters in microfluidic systems for the sensi-
tive detection of two pathogen antigens—EHI_115350 and
EHI_182030. In order to reproduce the SERS signal, con-
tinuous density gradient centrifugation was used to purify
the SERS clusters. In addition, the silica-coating could
make the particles stable in different buffer systems. In this
microfluidic system, nanoyeast single-chain variable frag-
ment (NYscFv) was first used as an affinity reagent, which
was cost-effective, stable and specific. The detection limits
of two pathogen antigens were 1 pg/ml (EHI_115350) and
10 pg/ml (EHI_182030). A simple method for the aggrega-
tion of nanoparticles was reported by using an pneumatic
valve and nanorod arrays at the end of the microchan-
nel (Zhou et al. 2011). As shown in Fig. 4, when reach-
ing the area that contained the valve and nanorod arrays,
Au NPs were trapped in the microchannel by pressing the
PDMS membrane of the valve against the nanorods to cre-
ate SERS hot spots for SERS detection. This method is
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Fig. 4 Schematic illustration of trapping of gold nanoparticles utiliz-
ing a pneumatic microvalve for SERS detection (Zhou et al. 2011)

convenient to aggregate nanoparticles more conveniently
and according detection limit can reach to picomolar level
(Pan et al. 2007). In addition to these methods, some novel
methods have also been reported in paper-based microflu-
idics to ensure the reproducibility. Zhang et al. (2014b)
utilized a painting brush to fabricate SERS active micro-
fluidic paper chips, which were utilized to detect Rhoda-
mine 6G and malachite green. Ag NPs were deposited on
the surface of the filter paper substrate which contained
abundant wrinkles and fibrils to form SERS hot spots. This
method achieves good reproducibility due to similar depos-
iting effects obtained from the relatively light brushing
force and soft bristles. Saha and Jana (2015) utilized sil-
ver coated gold nanoparticles (Ag@ Au NP) functionalized
with 4-mercaptopyridine and affinity molecules as SERS
nanoprobes for the detection of proteins. 4-mercaptopyri-
dine acted as Raman reporter molecules to produce char-
acteristic Raman signals. In this paper-based microfluidic
system, both nanoparticles and analytes were used in the
mobile phase. When target proteins and functionalized
Ag@Au nanoparticles reached the reaction area through
two separate channels, affinity molecule such as glucose
and biotin could interact with the proteins, which induced
aggregation of Ag@ Au particles and generation of hot spot
inside the microchannel. Then the enhanced SERS signal
was detected by a Raman spectrometer. This approach
overcomes poor reproducibility of SERS which limits its
detection applications and other biomolecules can also be
detected in this microfluidic system.

As is well known, the ultimate goal of microfluidic
technology is real world application. However, few stud-
ies have been reported using real samples. Recently Torul
et al. (2015) utilized SERS method to detect glucose in
blood samples without any pretreatment procedure, which
may provide a direction for microfluidic analysis systems.
In this paper-based microfluidic system, a nitrocellulose
membrane was used as substrate paper and patterned with a
wax printing. SERS platform was constructed by dropping

gold nanoparticles on cellulose-based papers to form SERS
active substrate. Gold nanoparticles were modified with
4-mercaptophenylboronic acid (4-MBA) and 1-decanethiol
(1-DT) molecules to entrap the proteins and blood cells.
With the contribution of Au NPs, this paper membrane-
based SERS platform exhibited a good linear relationship
in the range of 0.5-10 mM and observed limit of detection
(LOD) value was 0.1 mM.

5 Utilization of nanoparticles in microfluidic
systems for absorbance (colorimetric) detection

Colorimetry is a technology usually used in macroscale
analytical chemistry. The color change can be measured by
using a spectrophotometer or can even be seen by naked
eyes. Compared with other optical methods in microfluid-
ics, the sensitivity of colorimetry is relatively poor. How-
ever, its advantages such as low cost, portability and ease
of use make it available for practical or even personal use
and cause researchers’ attention (Han et al. 2013; Lin et al.
2010). In recent years, the rapid development of nanotech-
nology provides the opportunity to improve the perfor-
mance of colorimetric detection in microfluidic systems
(Chen et al. 2014; Evans et al. 2014; Lin et al. 2005; Song
et al. 2011; Xu et al. 2009). For instance, colorimetric
detection is the most common used method in paper-based
microfluifics due to the simplicity of the final response.
However, the uneven color distribution in the detection
areas can influence the detection performance (Evans et al.
2014; Hu et al. 2014, Yetisen et al. 2013). In order to over-
come this problem, nanoparticles have been utilized in
microfluidic paper-based analytical devices (WPADs) for
colorimetric detection (Evans et al. 2014). In addition, the
utilization of NPs can also improve the sensitivity. Chen
et al. (2014) combined colorimetric gold nanoparticles with
microfluidic paper-based analytical devices to detect mer-
cury ions. Au NPs were used as colorimetric sensors, the
surface charge of which was negative. Different concen-
trations of Hg>* could cause different degrees of Au NPs
aggregation by sheltering the surface charge. According to
the surface plasmon resonance, the color of Au NPs could
be changed. The results of this colorimetric assay were
quantified by instruments. A detection limit of 50 nM was
achieved.

Recently some studies reported a simple and low-cost
method based on the aggregation of nanoparticles (Chin
et al. 2011; Date et al. 2012; Luo et al. 2005). The concen-
trations of analytes could be easily detected according to
the absorbance value by using some commonly used opti-
cal instruments. For instance, the gold nanoparticle-labeled
antibodies could act as tracers of metal ions and were cap-
tured in the detection area (Date et al. 2012). As shown in
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Fig. 5 Schematic illustration of
the absorbance detection
utilizing gold nanoparticles
(Date et al. 2012)

Solid phase ‘ Ab

Fig. 5, the metal concentration was proportional to the gold
label and thus could be obtained by detecting the absorb-
ance of Au NPs. This low-cost and sensitive device could
be utilized for the detection of cadmium, chromium and
lead.

6 Challenges for nanoparticle-based optical
detections in microfluidics

In recent years, various nanoparticles have been utilized
in optical microfluidic systems to improve the perfor-
mance of microdevices. QDs which have narrow, size-
based emission spectrum can serve as fluorescent labels
in the microfluidic systems. It can be used to detect one
or more analytes on a chip according to the properties of
these semiconductor nanocrystals. Noble metal NPs such
as Ag NPs and Au NPs can be aggregated by various
methods to form SERS active area to enhance the SERS
signal. What’s more, the highly specific and narrow band
SERS signal makes it possible to detect multiple analytes
at the same time. The other applications of NPs in SPR
and colorimetric detection can also bring a lot of benefits.
However, although different nanoparticle-based optical
schemes are available in microfluidics, there are still chal-
lenges in the development of these technologies. Firstly,
it should be pointed out that many researches stay on the
level of developing sensors for the detection of pure sam-
ples or synthetic samples. Up to now, most nanoparticle-
based optical detection schemes in microfluidic systems
have not been used for real application. Without verifica-
tion of their applicability under real-world conditions,
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their applicability is still in question (Monosik and Angnes
2015). Secondly, as is well-known, the optical properties
of NPs partly depend on their size and shape. However,
the synthesis of NPs with good control of size and shape
is difficult (Wang et al. 2010a). Deviations are accumu-
lated during the synthesis process, which can influence the
reproducibility of microfluidic systems. Thus, it is essen-
tial to design and develop new strategies for easy synthesis
of NPs with controllable size and shape. In addition, while
many NPs are utilized for highly sensitive detection, they
still have their own drawbacks. For instance, QDs which
can be utilized as nanoprobes suffer from a limited shelf
life (Vannoy et al. 2011) and show blinking characteristics
when excited with high intensity laser. The varied response
of QDs to various substances under different conditions
such as H*, Fe**, and H,0, makes it hard to achieve
real sample detection (Hu et al. 2010; Wang et al. 2008).
Metal NPs can be used as enhancers in surface enhanced
Raman scattering detection. However, their aggregation
state which can influence the SERS activity remains dif-
ficult to be controlled. The large surface area of NPs can
absorb endogenous macromolecules, resulting in inactive
surface and reduction of surface enhanced Raman scatter-
ing ability (Wang et al. 2013). Besides, the toxicity of NPs
should also be considered while utilizing them in (bio)
sensing systems (Pan et al. 2007; Wang and Chen 2011;
Zhang et al. 2014c). In the future, great efforts should be
made to solve these problems and take these systems from
lab to real. Finally, the usage of conventional equipments
negates the purpose of portability. To cope with this chal-
lenge, it is essential to develop portable versions of rele-
vant equipments.
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7 Conclusion and future outlooks

This review focused on recent strategies of nanoparticle-
based optical detections in microfluidic devices. On the
one hand, nanoparticles exhibit many different properties
compared to those materials at macroscopic and micro-
scopic level, which can develop various detection schemes
to improve the performance of the analysis. On the other
hand, various advantages offered by microfluidic technolo-
gies such as low consumption of reagents, short analysis
time and easy integration are beneficial to develop a min-
iaturized platform. The synergism between nanotechnol-
ogy and microfluidic technology can bring new analytical
devices for sensitive detection of various analytes.

Future aim should take these systems from lab to real
world. However, some problems still need to be solved.
Firstly, compared with most samples utilized in laboratory
studies, real samples such as blood and seawater are com-
plex. Therefore, the verification of on-chip detection for
real samples is essential in order to adopt these microflu-
idic systems for real world application. Secondly, problems
related to nanoparticles such as the stability, size variation,
uncontrollable aggregation, and toxicity should also be
carefully considered while integrating nanoparticles with
microfluidic systems. Such drawbacks should be overcome
by developing novel nanomaterials and proper technolo-
gies. Moreover, in order to meet future demand, it is essen-
tial to develop portable devices. The integration of micro-
fluidic devices with smart phones can be a future trend.
Finally, more effective interdisciplinary collaborations are
needed to bridge the gap in technology.

In conclusion, the integration of nanoparticles with opti-
cal microfluidic systems is an active area of research due to
its various advantages. It shows great potential for various
applications such as point of care testing, medical diagnos-
tic, drug discovery and early warning of disease. As many
researchers are making great efforts to overcome the draw-
backs of these microfluidic systems, the realization of the
real world application is only a question of time.

Acknowledgments This work was supported by the National Nat-
ural Science Foundation of China (81202378 and 81311140268),
the Fundamental Research Funds for the Central South Universities
(7601110178).

References

Agrawal S, Morarka A, Bodas D, Paknikar KM (2012) Multiplexed
detection of waterborne pathogens in circular microfluidics.
Appl Biochem Biotechnol 167:1668-1677. doi:10.1007/
$12010-012-9597-8

Chandra H, Srivastava S (2010) Cell-free synthesis-based protein
microarrays and their applications. Proteomics 10:717-730.
doi:10.1002/pmic.200900462

Chen GH, Chen WY, Yen YC, Wang CW, Chang HT, Chen CF (2014)
Detection of mercury(Il) ions using colorimetric gold nanopar-
ticles on paper-based analytical devices. Anal Chem 86:6843—
6849. doi:10.1021/ac5008688

Chin CD et al (2011) Microfluidics-based diagnostics of infectious
diseases in the developing world. Nat Med 17:1015-1019.
doi:10.1038/nm.2408

Chin CD, Linder V, Sia SK (2012) Commercialization of microflu-
idic point-of-care diagnostic devices. Lab Chip 12:2118-2134.
doi:10.1039/c21c21204h

Date Y et al (2012) Microfluidic heavy metal immunoassay based
on absorbance measurement. Biosens Bioelectron 33:106—112.
doi:10.1016/j.bios.2011.12.030

Dressler OJ, Maceiczyk RM, Chang SI, deMello AJ (2013) Droplet-
Based Microfluidics: enabling Impact on Drug Discovery. J Bio-
mol Screen 19:483-496. doi:10.1177/1087057113510401

Evans E, Gabriel EF, Benavidez TE, Tomazelli Coltro WK, Garcia
CD (2014) Modification of microfluidic paper-based devices
with silica nanoparticles. Analyst 139:5560-5567. doi:10.1039/
c4an01147c

Ge X, Asiri AM, Du D, Wen W, Wang S, Lin Y (2014) Nanomate-
rial-enhanced paper-based biosensors. TrAC Trends Anal Chem
58:31-39. doi:10.1016/j.trac.2014.03.008

Gervais L, de Rooij N, Delamarche E (2011) Microfluidic chips for
point-of-care immunodiagnostics. Adv Mater 23:H151-H176.
doi:10.1002/adma.201100464

Han KN, Li CA, Seong GH (2013) Microfluidic chips for immu-
noassays. Annu Rev Anal Chem (Palo Alto Calif) 6:119-141.
doi:10.1146/annurev-anchem-062012-092616

Hu M, Tian J, Lu HT, Weng LX, Wang LH (2010) H202-sensitive
quantum dots for the label-free detection of glucose. Talanta
82:997-1002. doi:10.1016/j.talanta.2010.06.005

Hu C, Yue W, Yang M (2013) Nanoparticle-based signal generation
and amplification in microfluidic devices for bioanalysis. Analyst
138:6709-6720. doi:10.1039/c3an01321a

Hu J, Wang S, Wang L, Li F, Pingguan-Murphy B, Lu TJ, Xu F (2014)
Advances in paper-based point-of-care diagnostics Biosens Bio-
electron 54:585-597. doi:10.1016/j.bios.2013.10.075

Jiang X, Jing W, Zheng L, Liu S, Wu W, Sui G (2014) A continuous-
flow high-throughput microfluidic device for airborne bacteria
PCR detection. Lab Chip 14:671-676. doi:10.1039/c31c50977]

Jokerst JV et al (2009) Nano-bio-chips for high performance multi-
plexed protein detection: determinations of cancer biomarkers in
serum and saliva using quantum dot bioconjugate labels. Biosens
Bioelectron 24:3622-3629. doi:10.1016/j.bios.2009.05.026

Lafleur JP, Senkbeil S, Jensen TG, Kutter JP (2012) Gold nanopar-
ticle-based optical microfluidic sensors for analysis of envi-
ronmental pollutants. Lab Chip 12:4651-4656. doi:10.1039/
c2lc40543a

Lakowicz J, Ray K, Chowdhury M, Szmacinski H, Fu Y, Zhang J,
Nowaczyk K (2008) Plasmon-controlled fluorescence: a new
paradigm in fluorescence spectroscopy. Analyst 133:1308-1346.
doi:10.1039/b802918k

Li Y, Lee H, Corn R (2007) Detection of protein biomarkers using
RNA aptamer microarrays and enzymatically amplified sur-
face plasmon resonance imaging. Anal Chem 79:1082-1088.
doi:10.1021/ac061849m

Liana DD, Raguse B, Gooding JJ, Chow E (2012) Recent advances
in paper-based sensors. Sensors (Basel) 12:11505-11526.
doi:10.3390/s120911505

Liberman V, Hamad-Schifferli K, Thorsen TA, Wick ST, Carr PA
(2015) In situ microfluidic SERS assay for monitoring enzymatic
breakdown of organophosphates. Nanoscale 7:11013-11023.
doi:10.1039/c5nr01974e

Lin FY, Sabri M, Alirezaie J, Li D, Sherman PM (2005) Develop-
ment of a nanoparticle-labeled microfluidic immunoassay for

@ Springer


http://dx.doi.org/10.1007/s12010-012-9597-8
http://dx.doi.org/10.1007/s12010-012-9597-8
http://dx.doi.org/10.1002/pmic.200900462
http://dx.doi.org/10.1021/ac5008688
http://dx.doi.org/10.1038/nm.2408
http://dx.doi.org/10.1039/c2lc21204h
http://dx.doi.org/10.1016/j.bios.2011.12.030
http://dx.doi.org/10.1177/1087057113510401
http://dx.doi.org/10.1039/c4an01147c
http://dx.doi.org/10.1039/c4an01147c
http://dx.doi.org/10.1016/j.trac.2014.03.008
http://dx.doi.org/10.1002/adma.201100464
http://dx.doi.org/10.1146/annurev-anchem-062012-092616
http://dx.doi.org/10.1016/j.talanta.2010.06.005
http://dx.doi.org/10.1039/c3an01321a
http://dx.doi.org/10.1016/j.bios.2013.10.075
http://dx.doi.org/10.1039/c3lc50977j
http://dx.doi.org/10.1016/j.bios.2009.05.026
http://dx.doi.org/10.1039/c2lc40543a
http://dx.doi.org/10.1039/c2lc40543a
http://dx.doi.org/10.1039/b802918k
http://dx.doi.org/10.1021/ac061849m
http://dx.doi.org/10.3390/s120911505
http://dx.doi.org/10.1039/c5nr01974e

2370

Microsyst Technol (2016) 22:2363-2370

detection of pathogenic microorganisms. Clin Diagn Lab Immu-
nol 12:418-425. doi:10.1128/CDLI.12.3.418-425.2005

Lin C-C, Wang J-H, Wu H-W, Lee G-B (2010) Microfluidic Immu-
noassays. J Assoc Lab Automation 15:253-274. doi:10.1016/j.
jala.2010.01.013

Luo C et al (2005) PDMS microfludic device for optical detection of
protein immunoassay using gold nanoparticles. Lab Chip 5:726—
729. doi:10.1039/b500221d

Monosik R, Angnes L (2015) Utilisation of micro- and nanoscaled
materials in microfluidic analytical devices. Microchem J
119:159-168. doi:10.1016/j.microc.2014.12.003

Neuzi P, Giselbrecht S, Linge K, Huang TJ, Manz A (2012) Revisit-
ing lab-on-a-chip technology for drug discovery. Nat Rev Drug
Discovery 11:620-632. doi:10.1038/nrd3799

PanY et al (2007) Size-dependent cytotoxicity of gold nanoparticles.
Small 3:1941-1949. doi:10.1002/sml1.200700378

Peng HI, Strohsahl CM, Miller BL (2012) Microfluidic nanoplas-
monic-enabled device for multiplex DNA detection. Lab Chip
12:1089-1093. doi:10.1039/c21c21114a

Prado E. Colin A, Servant L, Lecomte S (2014) SERS spectra of oli-
gonucleotides as fingerprints to detect label-free RNA in micro-
fluidic devices. J Phys Chem C 118:13965-13971. doi:10.1021/
jp503082¢g

Pumera M (2011) Nanomaterials meet microfluidics. Chem Commun
(Camb) 47:5671-5680. doi:10.1039/c1cc11060h

Rivet C, Lee H, Hirsch A, Hamilton S, Lu H (2011) Microfluidics for
medical diagnostics and biosensors. Chem Eng Sci 66:1490—
1507. doi:10.1016/j.ces.2010.08.015

Saha A, Jana NR (2015) Paper-based microfluidic approach for
surface-enhanced raman spectroscopy and highly reproducible
detection of proteins beyond picomolar concentration. ACS Appl
Mater Interfaces 7:996-1003. doi:10.1021/am508123x

Sierra-Rodero M, Ferndndez-Romero JM, Goémez-Hens A (2014)
Strategies to improve the analytical features of microfluidic
methods using nanomaterials. TrAC Trends Anal Chem 57:23-
33. doi:10.1016/j.trac.2014.01.006

Song KM et al (2011) Gold nanoparticle-based colorimetric detection
of kanamycin using a DNA aptamer. Anal Biochem 415:175—
181. doi:10.1016/j.ab.2011.04.007

Su W, Gao X, Jiang L, Qin J (2015) Microfluidic platform towards
point-of-care diagnostics in infectious diseases. J Chromatogr A
1377:13-26. doi:10.1016/j.chroma.2014.12.041

Torul H, Ciftci H, Cetin D, Suludere Z, Boyaci IH, Tamer U (2015)
Paper membrane-based SERS platform for the determination
of glucose in blood samples. Anal Bioanal Chem. doi:10.1007/
$00216-015-8966-x

Vannoy CH, Tavares AJ, Noor MO, Uddayasankar U, Krull UJ (2011)
Biosensing with quantum dots: a microfluidic approach. Sensors
(Basel) 11:9732-9763. doi:10.3390/s111009732

Wang Y, Chen L (2011) Quantum dots, lighting up the research and
development of nanomedicine. Nanomedicine 7:385-402.
doi:10.1016/j.nano.2010.12.006

Wang YQ, Ye C, Zhu ZH, Hu YZ (2008) Cadmium telluride quantum
dots as pH-sensitive probes for tiopronin determination. Anal
Chim Acta 610:50-56. doi:10.1016/j.aca.2008.01.015

Wang L, Ma W, Xu L, Chen W, Zhu Y, Xu C, Kotov NA (2010a)
Nanoparticle-based environmental sensors. Mater Sci Eng R Rep
70:265-274. doi:10.1016/j.mser.2010.06.012

@ Springer

Wang W, Yang C, Cui X, Bao Q, Li C (2010b) Droplet microflu-
idic preparation of au nanoparticles-coated chitosan micro-
beads for flow-through surface-enhanced Raman scattering
detection. Microfluid Nanofluid 9:1175-1183. doi:10.1007/
$10404-010-0639-7

Wang Y, Yan B, Chen L (2013) SERS tags: novel optical nano-
probes for bioanalysis. Chem Rev 113:1391-1428. doi:10.1021/
cr300120g

Wang Y et al (2014) Duplex microfluidic SERS detection of pathogen
antigens with nanoyeast single-chain variable fragments. Anal
Chem 86:9930-9938. doi:10.1021/ac5027012

Xu H, Mao X, Zeng Q, Wang S, Kawde A, Liu G (2009) Aptamer-
functionalized gold nanoparticles as probes in a dry-reagent
strip biosensor for protein analysis. Anal Chem 81:669-675.
doi:10.1021/ac8020592

Yazdi SH, White IM (2013) Multiplexed detection of aquaculture fun-
gicides using a pump-free optofluidic SERS microsystem. Ana-
lyst 138:100-103. doi:10.1039/c2an36232¢

Yetisen AK, Akram MS, Lowe CR (2013) Paper-based microflu-
idic point-of-care diagnostic devices. Lab Chip 13:2210-2251.
doi:10.1039/c31c50169h

Yi C, Zhang Q, Li C-W, Yang J, Zhao J, Yang M (2006) Optical and
electrochemical detection techniques for cell-based microflu-
idic systems. Anal Bioanal Chem 384:1259-1268. doi:10.1007/
$00216-005-0252-x

Zhang H, Liu L, Fu X, Zhu Z (2013) Microfluidic beads-based
immunosensor for sensitive detection of cancer biomarker pro-
teins using multienzyme-nanoparticle amplification and quan-
tum dots labels. Biosens Bioelectron 42:23-30. doi:10.1016/j.
bi0s.2012.10.076

Zhang H, Liu Y, Fu X, Yuan L, Zhu Z (2014a) Microfluidic bead-
based assay for microRNAs using quantum dots as labels
and enzymatic amplification. Microchim Acta 182:661-669.
doi:10.1007/s00604-014-1372-9

Zhang W, Li B, Chen L, Wang Y, Gao D, Ma X, Wu A (2014b) Brush-
ing, a simple way to fabricate SERS active paper substrates. Anal
Meth 6:2066. doi:10.1039/c4ay00046¢

Zhang Y et al (2014c) Perturbation of physiological systems by
nanoparticles. Chem Soc Rev 43:3762-3809. doi:10.1039/
¢3cs60338e

Zhang Y, Zuo P, Ye BC (2015) A low-cost and simple paper-based
microfluidic device for simultaneous multiplex determination of
different types of chemical contaminants in food. Biosens Bioel-
ectron 68:14-19. doi:10.1016/j.bios.2014.12.042

Zhou J, Ren K, Zhao Y, Dai W, Wu H (2011) Convenient forma-
tion of nanoparticle aggregates on microfluidic chips for highly
sensitive SERS detection of biomolecules. Anal Bioanal Chem
402:1601-1609. doi:10.1007/s00216-011-5585-z

Zhou W1J, Halpern AR, Seefeld TH, Corn RM (2012) Near infrared
surface plasmon resonance phase imaging and nanoparticle-
enhanced surface plasmon resonance phase imaging for ultra-
sensitive protein and DNA biosensing with oligonucleotide and
aptamer microarrays. Anal Chem 84:440-445. doi:10.1021/
ac202863k

Zhu H, Wang G, Xie D, Cai B, Liu Y, Zhao X (2014) Au nanoparticles
enhanced fluorescence detection of DNA hybridization in pico-
liter microfluidic droplets. Biomed Microdevices 16:479-485.
doi:10.1007/s10544-014-9850-8


http://dx.doi.org/10.1128/CDLI.12.3.418-425.2005
http://dx.doi.org/10.1016/j.jala.2010.01.013
http://dx.doi.org/10.1016/j.jala.2010.01.013
http://dx.doi.org/10.1039/b500221d
http://dx.doi.org/10.1016/j.microc.2014.12.003
http://dx.doi.org/10.1038/nrd3799
http://dx.doi.org/10.1002/smll.200700378
http://dx.doi.org/10.1039/c2lc21114a
http://dx.doi.org/10.1021/jp503082g
http://dx.doi.org/10.1021/jp503082g
http://dx.doi.org/10.1039/c1cc11060h
http://dx.doi.org/10.1016/j.ces.2010.08.015
http://dx.doi.org/10.1021/am508123x
http://dx.doi.org/10.1016/j.trac.2014.01.006
http://dx.doi.org/10.1016/j.ab.2011.04.007
http://dx.doi.org/10.1016/j.chroma.2014.12.041
http://dx.doi.org/10.1007/s00216-015-8966-x
http://dx.doi.org/10.1007/s00216-015-8966-x
http://dx.doi.org/10.3390/s111009732
http://dx.doi.org/10.1016/j.nano.2010.12.006
http://dx.doi.org/10.1016/j.aca.2008.01.015
http://dx.doi.org/10.1016/j.mser.2010.06.012
http://dx.doi.org/10.1007/s10404-010-0639-7
http://dx.doi.org/10.1007/s10404-010-0639-7
http://dx.doi.org/10.1021/cr300120g
http://dx.doi.org/10.1021/cr300120g
http://dx.doi.org/10.1021/ac5027012
http://dx.doi.org/10.1021/ac8020592
http://dx.doi.org/10.1039/c2an36232e
http://dx.doi.org/10.1039/c3lc50169h
http://dx.doi.org/10.1007/s00216-005-0252-x
http://dx.doi.org/10.1007/s00216-005-0252-x
http://dx.doi.org/10.1016/j.bios.2012.10.076
http://dx.doi.org/10.1016/j.bios.2012.10.076
http://dx.doi.org/10.1007/s00604-014-1372-9
http://dx.doi.org/10.1039/c4ay00046c
http://dx.doi.org/10.1039/c3cs60338e
http://dx.doi.org/10.1039/c3cs60338e
http://dx.doi.org/10.1016/j.bios.2014.12.042
http://dx.doi.org/10.1007/s00216-011-5585-z
http://dx.doi.org/10.1021/ac202863k
http://dx.doi.org/10.1021/ac202863k
http://dx.doi.org/10.1007/s10544-014-9850-8

	Utilization of nanoparticles in microfluidic systems for optical detection
	Abstract 
	1 Introduction
	2 Utilization of nanoparticles in microfluidic systems for fluorescent detection
	3 Utilization of nanoparticles in microfluidic systems for SPR
	4 Utilization of nanoparticles in microfluidic systems for SERS
	5 Utilization of nanoparticles in microfluidic systems for absorbance (colorimetric) detection
	6 Challenges for nanoparticle-based optical detections in microfluidics
	7 Conclusion and future outlooks
	Acknowledgments 
	References




