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Novel transducers are needed for point of care testing (POCT) devices which aim at facile, sensitive and
quick acquisition of health related information. Recent advances in optoﬂuidics offer tremendous opportunities for biological/chemical analysis using extremely small sample volumes. This paper demonstrates nanostructured capillary tubes for surface enhanced Raman spectroscopy (SERS) analysis in a
ﬂow-through fashion. The capillary tube integrates the SERS sensor and the nanoﬂuidic structure to
synergistically offer sample delivery and analysis functions. Inside the capillary tube, inverse opal photonic crystal (IO PhC) was fabricated using the co-assembly approach to form nanoscale liquid pathways.
In the nano-voids of the IO PhC, gold nanoparticles were in situ synthesized and functioned as the SERS
hotspots. The advantages of the ﬂow-through SERS sensor are multifold. The capillary effect facilities the
sample delivery process, the nanoﬂuidic channels boosts the interaction of analyte and gold nanoparticles, and the PhC structure strengthens the optical ﬁeld near the SERS hotspots and results in enhanced SERS signals from analytes. As an exemplary demonstration, the sensor was used to measure
creatinein spiked in artiﬁcial urine samples with detection limit of 0.9 mg/dL.
& 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Point-of-care testing (POCT) is featured by its ability to perform
“near the patient” and real-time detections without the involvement of laboratory staff and facilities (Gervais et al., 2011; Gubala
et al., 2012). The POCT devices are expected to be capable of
analyzing complex human body ﬂuids such as blood, urine, saliva
that contain disease related molecules, metabolites, drugs, and
electrolytes. There are a few hurdles to overcome towards the
implementation of POCT devices for the practical problems. For
example, it is desirable to perform the measuring using minimal
amount of sample and reagent; it is also important to simplify the
sample preparation and minimize human interferences; and the
detection of multiple analytes is a key feature for the diagnostics of
complex diseases, like cancers and cardiovascular diseases. The
rapid development of microﬂuidics and nanotechnology makes it
n
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possible to perform biological/chemical analysis on a chip scale
and provides unprecedented opportunities to bridge the gaps between the “in lab” technology and the “on site” applications.
Meanwhile, the efforts to miniaturize photonic systems allow the
implementation of optical spectroscopic approaches in POCT systems. With optical components, such as emitter, detector, sensors,
seamlessly integrated with ﬂuidic system, sample process and
optical detection become more compact and efﬁcient (Schumacher
et al., 2012; Surdo et al., 2012; Wade and Bailey, 2014; Zhu et al.,
2013). The combination of optics and microﬂuidics leads to the
emerging of the optoﬂuidics, which provide synergistic beneﬁts on
the performance and functions between microﬂuidics and photonics (Fan and White, 2011; Schmidt and Hawkins, 2011).
Optical-spectroscopy approaches are capable of distinguishing
molecules by their structural ﬁngerprints. In addition, the ampliﬁcation of optical signal are gained owing to the nanostructures of
photonic components, which can greatly enhance interaction
probabilities of analytes and sensor as well as the interaction of
light and matter in the transducing procedure (Chanda et al., 2011;
Ganesh et al., 2007; Hou et al., 2014; Shen et al., 2012). For example, recently surface enhanced Raman scattering/spectroscopy
(SERS), which can provide molecular ﬁngerprint information of
analytes, is more and more widely adapted (Schlucker 2014). This
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is especially true in optoﬂuidics when delicate plasmonic structures which can support enhanced electromagnetic ﬁelds needed
for SERS are designed and fabricated by processes compatible with
those of microﬂuidics chips (Alba et al., 2013; Oh and Jeong, 2014;
Sun et al., 2014; Wang et al., 2014). However, the enhanced intensity of electromagnetic ﬁelds of plasmonic structures cannot
guarantee the efﬁciency of SERS if the analytes didn't reach the
enhanced vicinity of the structure and interact with them
efﬁciently.
Therefore, kinds of measures were adopted to enhance the effective SERS signal by increasing the probability of analyte encountering with the near-ﬁeld of the plasmonic sensitive surface
or “hot spots”. For example, De Angelis et al. detected the SERS
signal of few molecules by localizing the analyte-containing droplet onto a plasmonic probe on an artiﬁcial super-hydrophobic
surface and concentrating the analytes on the tip of the probe via
evaporation (De Angelis et al. 2011). In microﬂuidic chip applications, Khaing Oo et al. used Au-NP immobilized multihole capillaries, which can provide 3-D ﬂow-through structures to accommodate much more available SERS-active sites interaction with
analytes, for rapid and sensitive SERS detection (Guo et al., 2012;
Oo et al., 2012). Yazdi et al. trapped silver nanoparticle and analyte
conjugates by 15 μm packed silica microspheres in a microﬂuidic
channel to get the SERS signal of ﬂow-through analytes and improved the detection limit by more than four orders of magnitude
as compared with an open microﬂuidic channel (Yazdi and White,
2012). However, their microﬂuidic channel sizes are still in the
micron scales in which laminar ﬂow retards the diffusion of analytes and limits their interaction with plasmonic structures in
nanoscale. In addition, the need for formation nanoparticle–analyte conjugates by electrostatic interaction constrains the scope of
SERS applications.
Inverse opal photonic crystal (IO PhC) has periodic structure in
three dimensions, which can be used for the modulation of light
propagation since its period is equivalent to the light wavelength
(Schroden et al., 2002). The nano-voids of IO PhC are interconnected to form tortuous nanoﬂuidic channels with a high
surface to volume ratio, which offers nano-conﬁnement environments for analyte and nanoparticle interactions. All these characters make IO PhC a good candidate material for optoﬂuidic chips
especially in POCT. Hence, in this paper, we proposed a simple and
cost-effective method to make IO PhC in micro-capillaries and
incorporate gold nanoparticles in the nano-voids of IO by in situ
synthesis for optoﬂuidic SERS analysis. As illustrated in Scheme 1,
ﬁrst, binary particle solution of silica and polystyrene (PS) were
inﬁltrated into a capillary by capillary force and dried to form an
opaline photonic crystal with silica colloids ﬁll up the interstices of

269

the PS nanoparticles. And then the PS nanoparticles as template
were removed by calcination to get IO PhC, in the nano-voids of
which gold nanoparticles were synthesized in situ. Finally, analyte
solution was perfused into the capillary for SERS analysis.

2. Materials and methods
2.1. Materials and reagents
Monodispersed polystyrene nanoparticles are purchased from
Nanjing Dongjian Biotechnolgoy Co., Ltd. (China). 7 nm SiO2 nanoparticles (LUDOX SM) and (3-aminopropyl)triethoxysilane
(APTES) are purchased from Sigma Aldrich (US). Capillaries are
purchased from Polymicron TechnologyTM (US). Hydrochloroauric
acid (HAuCl4) and 4-Aminothiophenol (4-ATP) are purchased from
Sinopharm Chemical Reagent Co., Ltd. (China). Sodium citrate is
purchased from Shanghai Chemical Reagent Co., Ltd. (China). Artiﬁcial urine and Creatinine are purchased from Huzhou InnoReagents Co., Ltd. (China).
2.2. Preparation of inverse opal photonic crystal in capillaries
5 cm quartz capillaries with inner diameter of 180 μm were
ﬁrst calcinated at 500 °C to remove the polyimide coating and
washed with acetone and ethanol respectively. Then they were
treated with piranha solution (a 3:1 mixture of concentrated sulfuric acid with hydrogen peroxide, which is dangerous and should
be handled with care) and dried with nitrogen after washing.
Inverse opal photonic crystals were prepared by co-assembly of
monodispersed polystyrene (PS) and silica (SiO2) nanoparticles in
the capillaries. In our experiment, four sizes of 5% PS nanoparticles
(185 nm, 236 nm, 269 nm and 307 nm) in aqueous suspension and
7 nm SiO2 nanoparticles (LUDOX SM, Sigma Aldrich) whose concentration was adjusted to 5% were used. After the monodispersed
PS and SiO2 nanoparticles were mixed thoroughly, they were inﬁltrated into the capillaries by capillary force and dried at room
temperature. The mixing ratio of PS and silica nanoparticles was
optimized between 2:1 and 7:1 so that ordered self-assembled
structures were obtained in capillaries. Then the capillaries were
sintered at 550 °C for 3 h with a heating/cooling ramp of 1 °C/min
to remove the PS nanoparticles and inverse opal photonic crystals
were generated. The PhC nanostructures were observed with a
ﬁeld emission scanning electron microscope (FESEM, Zeiss Ultra
Plus, Germany).

Scheme 1. Schematic fabrication of gold nanoparticle incorporated inverse opal photonic crystal (IO PHC) capillary for SERS.
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2.3. In situ synthesis of gold nanoparticles in IO PhC capillary
First, the IO PhC capillaries were treated with Piranha solution
for 12 hours and 5% APTES in ethanol solution for 6 hours subsequently to graft amino groups on the surfaces of the nano-voids in
the IO PhC. Then 1000:4 (V/V) mixture solution of 0.01% HAuCl4
and 1% Sodium Citrate were injected at a velocity of 10 μL/min into
the IO PhC at 80 °C for 60 min to synthesize gold nanoparticles in
the nano-voids of IO PHC. At last, the IO PhC capillaries were
washed with pure water before SERS applications.
2.4. Raman measurement
The Raman signals were collected with a desktop Raman
Spectrometer (PeakSeeker Pro 785E, Oceanoptics, USA) coupled to
a microscope with a 50  objective through an optical ﬁber. The
NIR diode laser (λexc ¼785 nm and output power of 5 mW) was
focused on the detection area from the side of the capillary tube.
The exposure times were set as 3 s. For each measurement, the
samples were measured 3 times and the acquired Raman spectra
were averaged to reduce the random noise.
2.5. Numerical simulation
A commercial software package (FDTD Solutions, Lumerical
Solutions Inc.) was used to simulate the optical responses of the IO
PhC structures with AuNPs. The simulated structure consisted of a
face center cubic IO photonic crystal with the lattice constant of
280 nm. Two AuNPs with diameter of 80 nm were placed inside
each opal and the gap between them is 40 nm. In the x–y plane,
periodic boundary conditions were imposed to truncate the periodic structure at x and y boundaries. Perfectly matched layers are
imposed at boundaries of the propagation direction (z direction) to
properly absorb outgoing radiation. The simulation included 15
layers of nano-voids along the z direction. The structure was excited by a normally incident, unit magnitude plane wave propagating in the z direction. The near ﬁeld distributions at a given
wavelength were plotted along the center cross-sectional plane of
the IO PhC structure.

nanoparticles as template. Therefore, in order to obtain ordered
PhC structure, the volume ratio of the PS and silica should be
optimized. In our experiment, six volume ratios are tried from 2:1
to 7:1 to form columns of co-assembly in capillaries. Fig. 1(a)–(d)
are the end face structure of the co-assembly of 269 nm nanoparticles and 7 nm silica colloids at four different volume ratios
after remove of the PS nanoparticles by calcination at 550 °C. It can
be seen that between 5:1 and 7:1, the co-assemblies are more
ordered and the nano-voids derived from the PS nanoparticles are
arranged in hexagonal packing. And in Fig. 1(c), when the ratio is
6:1, a typical IO PhC of FCC (face centered cubic) lattice is formed
with a reﬂection peak at 568 nm. However, at the other end of the
other end of the IO PhC column the measured reﬂection peak is
556 nm which means that the ratio is not the best. Hence, by
further ﬁne tune of the volume ratio at 5.5:1, uniform IO PhC
columns are obtained in capillaries with reﬂection peaks of both
ends at 559 nm. Fig. 1(e) is one cross section of the IO PhC in the
capillary which conﬁrms the FCC structure. In Fig. 1(f) are four IO
PhC capillaries with inner diameter of 180 μm made from 185 nm,
236 nm, 269 nm and 307 nm PS templates. For visualization the
capillaries are inﬁltrated with water to display the reﬂection color
of the IO PhC except for the IO PhC from 185 nm PS template
whose reﬂection peak is not in the range of visible. It can also be
judged that by the as proposed binary particle co-assembly
method, uniform IO PhC structure can be obtained reliably. While
in POCT applications, microﬂuidic technologies are more and more
favorable because of the limited sample amount and the analytical
advantages owing to reduced sizes. In this regard, capillaries as
preformed microchannels with various sizes are of good choice not
only because of the low cost but also because of the convenient
connection with microﬂuidic chips and tubings. In our method, the
capillaries are ﬁlled with porous IO PhC composed of nano-voids
of hundreds nanometers with interconnecting pores. As can see
from Fig. 1(c) and (e), the size of interconnecting pores is about 1/3
of that of the nano-voids. And both of them form zigzag nanoﬂuidic channels in the capillary, which provides high surface to
volume ratio and enhances the possibilities of analyte and gold
nanoparticle interactions incorporated in the conﬁned
nanochannels.
3.2. In situ synthesis of gold nanopartles in IO PhC capillary

3. Results and discussion
3.1. Inverse opal photonic crystal fabrication in capillaries
During the co-assembly of binary particle of PS and silica, the
small silica colloids will ﬁll the interstices of the large PS

In order to make the full use of the nanochannels in IO PhC
capillary for SERS, an in situ synthesis strategy by reduction of
chloroauric acid (HAuCl4) is employed to decorate nano-voids of IO
PhC with gold nanoparticles. Since the volume of single nano-void
is about 2  10  5 pL for IO made from 236 nm PS template, it is

Fig. 1. Nano- and micro-structures of IO PhC capillaries. (a)–(d) SEM images of the end face structure of co-assembly of 269 nm nanoparticles and 7 nm silica colloids mixed
at volume ratio of 4:1, 5:1, 6:1 and 7:1 in capillaries, inset of (c) is the capillary end face; (e) the cross section of the structure inside the capillary of (c); (f) picture of four IO
PhC capillaries; Scale bar in (a)–(e) is 1 μm, the scale bar in inset of (c) and (f) is 200 μm.
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Fig. 2. Effect of different in situ synthesis conditions on the SERS signal of 4-ATP. Raman scattering intensity at 1075 cm  1 with different volume of sodium citrate (a) and
different reaction time (b).

obvious that the gold source should be continuously supplemented to obtain gold nanoparticles big enough for SERS. Therefore, in our experiment, mixture of 0.01% HAuCl4 and 1% mild
reducer sodium citrate are injected at 10 μL/min for certain time
through the IO PhC capillary at 80 °C to generate gold nanoparticles in the nano-voids. And the nano-void surfaces are modiﬁed with amino groups for the anchoring of gold seeds by electrostatic force during nanoparticle growth. We use 10  6 mol/L
4-ATP (4-aminothiophenol) as a Raman probe with characteristic
Raman peak at 1075 cm  1 to evaluate the SERS performance of the
IO PhC capillary incorporated with gold nanoparticle synthesized
with different reducer amount and reaction time. As shown in
Fig. 2, for IO PhC capillaries from 236 nm PS nanoparticle templates, the volume of HAuCl4 solution is ﬁxed at 100 mL. When the
volume of sodium citrate solution varies from 0.1 mL to 0.7 mL, the
Raman intensity of 4-ATP ﬁts a parabolic curve and the best volume ratio of HAuCl4 to sodium citrate is 100:0.40 (Fig. 2(a)). At the
same time, it is found that the Raman intensity increases quickly
after reaction for 30 min but no longer increases after 60 min and
it ﬁts a typical S type reaction curve (Fig. 2(b)). Therefore, all the
reaction time of in situ synthesis of gold nanoparticles for the
following applications is ﬁxed at 60 min. The size and distribution
of the gold nanoparticles in the IO PhC are checked by SEM (Fig.
S1). When the volume ratio of HAuCl4 to sodium citrate is
100:0.70, 100:0.55, 100:0.40 and 100:0.25, the size of the gold
nanoparticles is 20–30 nm, 40–50 nm, 60–80 nm and 100–120 nm
respectively. And there are averagely two nanoparticles per nanovoid when the volume ratio is 100:0.40. Since the size of interconnecting pores between adjacent nano-voids of 236 nm is about
70 nm, which is relevant to the size of the nanoparticles, there are
great possibilities that the two nanoparticles forms dimers by the
ﬂow of the analyte solution during analysis. It is reported that the
60 nm gold nanoparticles have better SERS effect and gaps between nanoparticles will provide higher enhance factor than single nanoparticle (Krug et al. 1999). That maybe explains why the
SERS performance of IO PhC capillary is better when gold nanoparticles were in situ synthesized at volume ratio of 100:0.40. The
SERS performance of three other IO PhC capillaries with nano-void
size of 185 nm, 269 nm and 307 nm are also tested and compared
after gold nanoparticle incorporation under different volume ratio
of reaction solutions. However, the highest Raman intensity at
1075 cm  1 comes from the capillaries with 236 nm nano-voids
and  80 nm gold nanoparticles (Fig. S2). Therefore, all the following SERS measurements are carried out on these capillaries.
3.3. Optoﬂuidic SERS detection with IO PhC capillaries
Usually, SERS measurement is performed after the analyte

solution is dried on the plasmonic substrate. Since the dried
analyte does not distribute uniformly on the substrate and in most
cases is not in the vicinity of the hot spots contributing to Raman
scattering enhancement, the repeatability and sensitivity of SERS
measurement is very poor. What's more, the dry procedure is time
consuming and amenable to contaminations. Hence, in case of
POCT, direct measurement of the solution sample in nanoﬂuidic
channels, which can enhance the possibility of analyte and hot
spot interactions, will guarantee the efﬁciency of SERS analysis
especially when the sample is limited and the analyte concentration is low. In order to investigate the kinetics of the SERS analysis,
10  6 mol/L 4-ATP, as a usually used SERS probe which can absorb
onto Au NPs by thiol group, is injected into the capillaries at velocity of 3 μL/min and the Raman intensity at 1075 cm  1 is measured over time. It is found that the Raman intensity increases
with time and reaches a plateau after 45 μL (Fig. 3(a)). And the
isotherm is like Langmuir isotherm, which indicates a single molecular layer adsorption. Therefore, for analytes that have good
afﬁnity to gold nanoparticles, the equilibrium of absorption should
be reached for maximum signal. Fig. 3(b) shows the SERS spectra
of 4-ATP in ethanol at different concentration from 10  9 mol/L to
10  5 mol/L after injection with velocity of 3 μL/min and to volume
of 50 μL. It can be seen that even at 10  9 mol/L the characteristic
4-ATP vibration peaks of C–C stretching, C–H bending and C–C
distortion
at
1500–1600 cm  1,
1000–1100 cm  1
and
300–400 cm  1 are detected clearly. It is possible that incubation
for a longer time will further enhance the detection limit owing to
the analyte absorption on the substrate.
To demonstrate their application in POCT, SERS of creatinine,
which is one of the major components of urine and can be used to
represent the metabolic and renal function of the human body, is
measured using gold incorporated IO PhC capillaries. For analytes
that have poor afﬁnity to gold nanoparticles like creatinine, the
effect of the ﬂow time and volume on the SERS signal is not obvious. Hence, SERS measurement is performed just after dipping
the capillary into creatinine solution and inﬁltrating the solution
by capillary force. Fig. 3(c) shows the SERS spectra of creatinine at
different concentrations from 10 mg/dL to 200 mg/dL. Characteristic peaks of creatinine at 628 cm  1 (C–H swing), 721 cm  1 (H–
C ¼N–H bending), 878 cm  1 (N–H bending), 946 cm  1 (C–C
bending) and 1424 cm  1 (C–H stretching/bending) can be detected at 10 mg/dL, which is enough for POCT applications. The
average SERS intensities of the characteristic peak at 1424 cm  1
were plotted against the concentrations of creatinine using Langmuir ﬁtting (Fig. 3(d)). The limit of detection was calculated to be
0.9 mg/dL (the concentration at which the Raman intensity is
equal to the average background signals at 1424 cm  1 plus three
times the standard deviation), which is much lower than the
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Fig. 3. SERS detection of 4-ATP and creatinine. (a) the intensity variations of Raman peak at 1075 cm  1 over time when 4-ATP solution is injected into the capillaries at
velocity of 3 μL/min; (b) and (c) SERS spectra of 4-ATP and creatinine at different concentrations; (d) calibration curve of the average SERS intensity measured at 1424 cm  1
as a function of creatinine concentration (R2 ¼0.95468), error bar is calculated with 5 repeats (n¼ 5).

normal concentration of 40 mg/dL. It can be seen that the intensity
of Raman signal is proportional to the concentration and the detection range up to 200 mg/dL is adequate for clinical situation
according to reference Wang et al. (2010).
Simplicity and rapidness are two features that POCT pursues in
order to provide health informations for the prompt judgments of
further treatment. And Raman measurement has many advantages
over traditional biochemical measurements such as less sample
preparations, label-free, reaction independence and quick readout,

which has great potential applications in POCT. In our methods, no
sample drying procedure is needed and the sample solution can be
self-driven into the nanoﬂuidic channels by capillary force followed by directed Raman measurement. What's more, the nanoﬂuidic channel can act as a ﬁlter for debris and cells of microns in
body ﬂuid samples that could affect the Raman signal. Therefore,
the as-proposed gold incorporated IO PhC capillary offers a convenient, sensitive and novel option for POCT in a “dip and measure” fashion.

Fig. 4. Numerical simulation and experimental SERS comparison of capillaries with different structures. (a) and (b) is the simulated |E/Einc| proﬁle of gold nanoparticle
incorporated IO PhC capillary and gold in capillary excited with 785 nm laser respectively, the white dashed circle outlines the nano-voids of IO PhC; (c) SERS spectra of
60 mg/dL creatinine in artiﬁcial urine measured with different substrates; 1, IO PhC capillary incorporated with gold nanoparticle; 2, IO PhC capillary inﬁltrated with gold
nanoparticle and creatinine mixture solution; 3, capillary with gold nanoparticle coated on the inner surface.
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3.4. The advantages of IO PhC for Optoﬂuidic SERS
In order to illustrate the advantages of gold incorporated IO
PhC capillaries, we simulated the near ﬁeld distribution of the gold
nanoparticles in water within PhC structure and without PhC
structure by FDTD as in Fig. 4(a) and (b). It can be seen that the
intensity of electric ﬁeld around gold nanoparticles in PhC structure are higher than that in homogeneous water. The reason may
be that the PhC can modulate the electric ﬁeld distribution by
interference of the periodic structure and hence the interaction of
light and gold nanoparticles will be enhanced (Fig. S3). The high
scattering character of PhC may also account for the enhanced
SERS signal. It was reported that excitation wave length at 633 nm
is better for SERS measurement based on 60-80 nm gold nanoparticles (Wustholz et al. 2010). However, in our case, the better
SERS signal is obtained by 785 nm excitation since the excitation
depth is much larger than that of 633 nm as indicated by the simulation (Fig. S4). Hence, 785 nm is chosen as the excitation wavelength although the Raman intensity is proportional to the 4th
power of the excitation frequency (1/λ) (Eric Le Ru, 2008;
Schlucker, 2014). In addition the longer excitation wavelength can
reduce the effect of ﬂuorescence background, which will be beneﬁcial for Raman spectral signal acquisition.
SERS of 60 mg/dL creatinine measured with three means (Fig. 4
(c)) is also compared. The ﬁrst one uses the as-proposed IO PhC
capillary incorporated with Au NPs. The second one uses as-proposed IO PhC capillary inﬁltrated with creatinine and Au NP
mixture solution. The third one uses capillary with Au NPs coated
on the inner wall. It is shown that the highest Raman intensities
come from the ﬁrst one and the SERS signal from the third one is
so weak that it could hardly be identiﬁed. The reason is that the
density of “hot spots” on the 2D inner wall of the capillary is much
lower than that in the 3D IO PhC. Most of the creatinine molecules
are microns away from and beyond the reach of the 2D Au NP layer
of the microchannel although the concentration of creatinine is
relatively high. In contrast, the distance of the creatinine molecules conﬁned in the nano-voids of IO PhC to the gold nanoparticles and hot spots are in submicron scale, which increases the
possibilities of interactions. For the second one, although some
characteristic Raman peaks could be detected, uniform occupations of the nano-voids with nanoparticles could not be realized
easily. In most cases the IO PhC is jammed with gold nanoparticles.
Hence, both the excitation light and scattered Raman signal will be
attenuated due to the high intrinsic losses of the metal in spite of
the high density of “hot spot”. Therefore, in situ synthesis of Au
NPs in nano-voids provides a reliably and reproducible way for
nanoﬂuidic POCT with both high sensitivity and simplicity of
measurements.

4. Conclusions
SERS detection is well known for its ability of revealing the
ﬁngerprint of molecules directly in a multiplex and label-free way.
Therefore, the combination of micro/nanoﬂuidics and SERS, offers
tremendous opportunities for “Sample In, Answer Out” detection
with minimum sample processing, which is desirable in POCT
applications. In summary, this paper demonstrates nanostructured
capillary tubes for SERS analysis in a ﬂow-through fashion. The
capillary tube integrates the SERS sensor and the nanoﬂuidic
structure to synergistically offer sample delivery and analysis
functions. Inside the capillary tube, inverse opal photonic crystal
(IO PhC) was fabricated using the co-assembly approach to form
nanoscale liquid pathways. On the surface of the IO PhC, gold
nanoparticles were in situ synthesized and functioned as the SERS
hotspots. The advantages of the ﬂow-through SERS sensor are
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multifold. The capillary effect facilities the sample delivery process
while the nanoﬂuidic channels inside capillary boost the interaction of analyte and gold nanoparticles. The PhC structure
strengthens the optical ﬁeld near the RERS hotspots and results in
enhanced SERS signals from analytes. As an exemplary demonstration, the sensor was used to measure creatinine spiked in artiﬁcial urine samples within its clinically relevant concentration
ranges. The results show the limit of detection of 0.9 mg/dL. By
combining and exploiting the photonic and nanoﬂuidic characters
of the IO PhC structure, the strategy of using gold nanoparticle
incorporated IO PhC capillary for SERS POCT proves to be facile,
sensitive and cost-effective, which will have a wide application in
many ﬁelds like chromatography analysis, body ﬂuid analysis, drug
screening and environment and food security monitoring.
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