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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) microfluidic chips for label-
free and ultrasensitive detection are fabricated by integrating a plasmonic supercrystal
within microfluidic channels. This plasmonic platform allows the uniform infiltration of the
analytes within the supercrystal, reaching the so-called hot spots. Moreover, state-of-the-art
simulations performed using large-scale supercrystal models demonstrate that the excellent
SERS response is due to the hierarchical nanoparticle organization, the interparticle
separation (IPS), and the presence of supercrystal defects. Proof-of-concept experiments
confirm the outstanding performance of the microfluidic chips for the ultradetection of
(bio)molecules with no metal affinity. In fact, a limit of detection (LOD) as low as 10−19

M was reached for crystal violet. The SERS microfluidic chips show excellent sensitivity in
the direct analysis of pyocyanin secreted by Pseudomonas aeruginosa grown in a liquid
culture medium. Finally, the further integration of a silica-based column in the plasmonic
microchip provides charge-selective SERS capabilities as demonstrated for a mixture of
positively and negatively charged molecules.
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■ INTRODUCTION

Microfluidics is a multidisciplinary technology widely applied
across many areas of science and technology over the last two
decades.1−3 In the field of (bio)sensing, microfluidics has
enabled the miniaturization, parallelization, automation, and
integration of (bio)chemical analysis, which has enormously
benefited the sensor technology. Moreover, the merger of both
technologies has evolved into a new generation of point-of-care
(PoC) sensors with improved capabilities including through-
put processing, higher sensitivity, and reliability, multiplexing,
or real-time detection.4,5

Among the different chemical and biomolecular detection
techniques (ref 6 and references therein), surface-enhanced
Raman spectroscopy (SERS)-based sensing has emerged as a
promising alternative to overcome some of the limitations
shown by the typical ultrasensitive techniques (time-consum-
ing, expensive, and long sample preparation processes).7−9

Apart from that, SERS shows other advantages such as
multiplex label-free detection, high sensitivity, and extremely
high spectral selectivity.10 Focusing on sensitivity and
reliability, the performance of a SERS sensor is strongly
dependent on the intensity and uniformity of the electric near-
field enhancement generated by the plasmonic nanostructure
used to amplify the Raman signal of the molecule of interest.
Taking into account that the SERS intensity is related to the

number of hot spots per illumination volume, the most
efficient plasmonic substrates would be 3D plasmonic
supercrystals.11,12 Recent simulations performed with densely
packed gold nanorod arrays demonstrated higher SERS
enhancement when the crystalline order was imposed on the
nanoparticle assembly.13

When comparing with randomly distributed nanorods, the
SERS intensities are much larger and uniform in the case of a
periodic arrangement of Au nanoparticles because it generates
confined propagation modes, producing strong hot spots
distributed at different resonant depths of the whole ordered
nanostructure. In spite of the higher SERS efficiency of
plasmonic supercrystals, just a few reports have been published
on their use for SERS-based sensing.14 As recently reviewed,
different strategies can be employed to fabricate highly ordered
3D plasmonic nanostructures comprising Au and Ag nano-
particles.14 Among them, the drop-casting technique is
arguably the most widely used although its applicability is
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limited, in part, because of the lack of reproducibility in the
supercrystal fabrication and the small area/volume of the
assemblies.15,16 The process involves the evaporation-induced
self-assembly controlled by different kinetic and thermody-
namic factors. Recently, the stamping technique has intensely
emerged as an alternative tool to solve the reproducibility
issues, fabricating highly ordered plasmonic platforms with
reliable SERS performance,17,18 although the supercrystal
dimensions obtained via stamping are limited to a few microns.
Another important issue is the location of the analyte in the
inner gaps and planes because this methodology does not favor
the analyte infiltration.
Likewise, during the last years, microfluidic devices have

arisen as promising new systems to create 3D materials based
on self-assembled nanoparticles with tailored size and shape.19

Taking advantage of this new microfluidic pervaporators, we
have recently fabricated plasmonic supercrystals using micro-
fluidic-assisted assembly. Besides, we demonstrated that these
3D plasmonic assemblies can act as highly reliable and
sensitive SERS sensing platforms.20

Based on the knowledge gained in constructing plasmonic
supercrystals inside microfluidic channels, herein, we go a step
further designing a SERS-based microfluidic chip for analyte
detection, which combines the high sensitivity and label-free
analysis of the plasmonic supercrystals with the advantages of
microfluidics such as portability for PoC detection, high-
throughput low sample consumption, and ease of being
integrated into an array format (see Scheme 1). Moreover, we

demonstrate that the integration of the SERS platform within
the microfluidic system allows the infiltration and detection of
analytes in flow (independently of its affinity toward the gold
surface) even below the zeptomolar regime. We also carry out
state-of-the-art SERS simulations using a large-scale super-
crystal model with more than 8000 Au nanoparticles using the
M3 frequency domain full-wave solver, which is a highly
scalable parallel implementation of the surface integral
equation−domain decomposition method. It allows us to
investigate the effect of the interparticle separation (IPS) and
disorder in the SERS activity within the supercrystal. Finally,
we investigate the incorporation of a silica-based chromato-
graphic unit in the plasmonic microfluidic chip in order to
provide charge selectively.

■ RESULTS AND DISCUSSION
A poly(dimethylsiloxane) (PDMS) microfluidic chip consist-
ing of an end-closed microchannel (2 cm length; 50 μm width;
and 12 μm height) with an inlet was fabricated using standard
soft photolithography (see the experimental section for details,
Scheme S1, and Figure S1, Supporting Information). The
integration of a SERS active component in the microfluidic
chip was performed by microfluidic-induced assembly of
monodispersed gold nano-octahedrons within the channel, as
previously described with some modifications.20 Cetyltrime-
thylammonium bromide (CTAB)-stabilized Au octahedrons
(75 nm side length) were selected as building blocks because
previous analysis demonstrated their high SERS capabilities
with thiolated molecules when forming supercrystals. Au
octahedrons were synthesized by the overgrowth of Au
nanorods (seeds) through the reduction of AuCl4

− with 3-
butenoic acid (see experimental section and Figure S2,
Supporting Information).20 After adjusting the Au and
CTAB concentrations to 200 and 0.1 mM, respectively, the
microchannels were filled. Thus, around 10 μL of Au colloids
was introduced in the inlet and induced to flow inside the
microchannel by applying controlled pressure cycles (Figure
S3, Supporting Information). The gradual evaporation of the
solvent, occurring through the thinner PDMS film, generates a
compensation flux that drives Au nanoparticles toward the end
of the channel19 and eventually their assembly into a 3D
supercrystal. The resulting 3D self-assembly was characterized
by scanning electron microscopy (SEM) characterization after
peeling off the PDMS film. As shown in Figures 1A,B and S4A

(Supporting Information), the particle assembly resembles the
channel shape and dimensions. SEM analysis also evidences
the hierarchical Au organization to form a densely close-packed
supercrystal of gold octahedrons (Figures 1C, S4, and S5,
Supporting Information). Besides, the Fourier transform
pattern obtained from the analysis of SEM images also
indicates local crystal order (inset in Figure 1C). To further
investigate the internal structure of the Au supercrystals, we
perform 3D reconstruction of the Au supercrystal block. In

Scheme 1. Schematic Representation of the Fabrication of
the Plasmonic Supercrystal Microchip. (A) Injection of a
Colloidal Dispersion of Gold Nanooctahedrons and
Pervaporation-Induced Assembly of the Nanoparticles. (B)
Plasmonic Supercrystal Chip after Punching an Outlet at
the End of the Microchannel

Figure 1. Au supercrystal characterization by SEM and FIB−SEM.
(A−C) SEM images of an Au supercrystal at different magnifications.
(A,C) are top views, while the image in (B) was acquired with a tilting
angle of 52°. The inset in (C) shows the Fourier transform obtained
from the same image. (D) 3D reconstruction of an Au supercrystal
block (volume of 8 μm3).
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order to do this, first, the sequential milling with a focused ion
beam (FIB) of an Au supercrystal slice and SEM imaging of
the exposed block cross-section (Figure S4, Supporting
Information) are carried out. Finally, the 3D reconstruction
of the Au supercrystal slice from the 2D SEM micrographs by
means of the Slice & View method was performed. The 3D
reconstruction (Figure 1D) and the 2D cross-section images
(Figure S4 and Movie S1 for 3D reconstruction of the
supercrystals, Supporting Information) indicate an internal
organization of the Au octahedrons with areas with local
hexagonal ordering.
After the integration of the supercrystal within the

microfluidic system, an outlet at the end of the channel was
opened to obtain the final chip configuration shown in Scheme
1. Next, the evaluation of the plasmonic microfluidic chip
(noted as the plasmonic microchip) for SERS sensing was
performed. We started by analyzing the ability of molecules to
diffuse/infiltrate within the supercrystals and to reach the
internal hot spots because it will determine the Raman
enhancing capability of the microchip. As reported in
supercrystals, high SERS enhancement is produced over
extensive regions because of internal antenna effects.13 For
the molecular infiltration analysis, we chose a model Raman
active molecule 1-naphthalenethiol (1-NAT), which exhibits a
high affinity for Au.21 Thus, 10 μL of 10−5 M 1-NAT was
injected in the microchip and pumped at 250 mbar for 30 min,
and then, the SERS spectrum was recorded using a 785 nm
excitation laser line. As shown in Figure 2A the SERS spectrum
exhibits the characteristic vibrational peaks of 1-NAT,
including the peaks assigned to ring stretching (1369, 1501,
and 1555 cm−1), ring breathing (818 and 964 cm−1), ring
deformation (514, 536, and 660 cm−1), C−S stretching (396
cm−1), and C−H bending (1196 cm−1).22 Moreover, we
performed 3D SERS analysis to investigate the spatial
distribution of 1-NAT in the plasmonic supercrystal, which
allowed us to evaluate the average SERS intensity. Thus, a
depth profile analysis was first carried out by recording SERS
spectra from 40 to −40 μm of the optical focus every 1 μm
through the plasmonic microchip. Figure 2B shows the SERS
intensity depth profile obtained by selecting the SERS signal to
baseline from 1340 to 1390 cm−1. The profile shows a
maximum intensity plateau of around 12 μm thick, which
corresponds with the height of the microfluidic channel
(Figure S1, Supporting Information) and therefore with the
height of the supercrystal. It demonstrates the 1-NAT
infiltration through the supercrystal. Following a similar
strategy, SERS intensity mappings were recorded at a different
depth from 20 to −20 μm of the optical focus with a 4 μm step
size. Figure 2C shows the SERS maps at different depths (see
the color code in Figure 2B and SERS analysis in the
Supporting Information where the z-resolution is described);
the high uniformity in the SERS signal observed at the points
located at the plateau, that is, at the supercrystal should be
noted. These results confirm the uniform analyte diffusion into
the supercrystal and the uniform distribution of hot spots. The
tremendous advantage of this system relies on the possibility of
infiltration of any kind of molecules, even molecules without
gold affinity.
To better understand the SERS capability of the super-

crystal, we computationally calculated the near-electric field
distribution by means of electromagnetic simulations using the
M3 full-wave solver.13,23 SERS enhancement is closely related
to the near electromagnetic field and is often approximated by

averaging |E/Einc|
4 over the number of molecules, with Einc

being the incident electric field and E being the near electric
field.
The simulations were performed using as model a 3D

assembly of 8200 octahedrons (75 nm side length), forming a
perfect supercrystal of ca. 1 μm × 1 μm x 1.4 μm (length ×
width × height), see Figure 3A, for different IPSs (ranging
from 1 to 4.5 nm, see cross-section models in Figures 3 and S6
in the Supporting Information). The results showed that the
penetration of the incident light (the excitation laser line being
785 nm) is strongly dependent on the IPS. Thus, for 1 nm IPS,
the near electric field is mainly located in the first layers of
nanoparticles (Figure S6, Supporting Information) because the
incident electromagnetic field is not able to penetrate inside
the supercrystal because of the small IPS. This phenomenon,
known as the cutting effect, comes up when the incident light
frequency is above the cut-off frequency, which causes the
scattering of the incident light. The cut-off frequency of a
waveguide is the frequency above which signals will propagate
through it with minimal attenuation. It depends on the shape
and size of the cross-section of the waveguide, which, in our
case, is defined by interparticle spaces. The larger the
waveguide, the lower its cut-off frequency. This means that
signals with a frequency above the cut-off frequency will
propagate through a waveguide and signals below this
frequency will be attenuated. It could be prevented by either
increasing the light frequency over the cut-off frequency

Figure 2. SERS analysis of the plasmonic microfluidic chip (A)
Representative SERS spectrum of 1-naphthalenethiol. (B) SERS
intensity depth profile recorded at 1369 cm−1 from 40 to −40 μm of
the optical focus every 1 μm. Error bars represent the standard
deviation from the SERS intensity maps in (C). (C) SERS intensity
maps recorded by selecting the SERS signal to baseline from 1340 to
1390 cm−1 at different depths with a step of 4 μm. All measurements
were recorded with a 785 nm laser line, 1.74 mW, 10 s acquisition
time, and 1 accumulation.
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(which can strongly affect the intensity of the near electro-
magnetic field generated in the supercrystal) or increasing the
nanoparticle separation, which decreases the cut-off frequency.
The latter is evidenced in the simulations performed at 2 and
3.5 nm IPS (Figure 3E,H for 2 nm and Figure 3F,I for 3.5 nm)
where there is a higher penetration of the incident light as
evidenced by the corresponding near-electric field distribu-
tions. Figure 3H,I correspond to simulations performed with
Gaussian filtering for 2 and 3.5 nm supercrystal models,
respectively. The Gaussian filtering allows us to include the
effect of the receiving lens. Importantly, although the electric
field distribution calculated for the 2 nm IPS model shows
higher intensities close to the upper supercrystal surface
(irradiation), 3.5 and 4.5 nm models evidence the presence of
an electromagnetic standing wave along the 3D supercrystal
being the most intense electric fields located at the bottom of
the supercrystal. The differences in the electric field
distribution with the distance can be easily observed in Figure
3K, where the field intensity is represented with the
penetration depth. Taking into account that Au octahedrons
are stabilized by a CTAB bilayer and that CTAB-stabilized Au
nanoparticles assemblies show a IPS of approximately 3
nm,24,25 it would explain, in part, the fact that we observed a
continuous SERS signal along the z-axis of the substrate.
Nevertheless, we did not observe the same intensity profile

(electromagnetic standing wave) probably because of the fact
that the Au octahedron assemblies are nonperfect supercrystals
(see Figures 1, S4, and S5, Supporting Information) presenting
defects and rotations. In fact, introducing in the supercrystal
model a small nanoparticle rotation of ±5° in a random
direction (see Figure 3D), the standing wave is smoothed,
observing a more homogeneous electromagnetic field dis-
tribution inside the supercrystal (Figure 3K). Therefore, we
believe that the uniform SERS intensities observed when
analyzing the 1-NAT diffusion (Figure 2B,C) are the
consequence of the IPS (around 3 nm) and the presence of
small defects and low-range disorder within the Au assembly.
The SERS sensing capability of the plasmonic microchip was

tested using as Raman probe crystal violet (CV), which has no
covalent affinity for gold. First, the SERS response of the
plasmonic microchip as a function of the infiltration time was
investigated for 10−7 M CV injected at a 250 mbar constant
pressure. SERS mappings and spectra recorded as a function of
time showed the progressive CV diffusion and accumulation
within the supercrystal with time (Figure S7). Then, the 3D
spatial distribution of CV into the supercrystal was studied,
observing a similar infiltration pattern as 1-NAT (Figure S8).
Additionally, we analyzed the ability of the sensor to detect CV
from concentration ranging from 10−7 to 10−15 M. The
experiment was performed by injecting 60 μL of CV solution

Figure 3. Electromagnetic simulations using the M3 full-wave solver. (A) 3D supercrystal model of 8200 octahedrons (75 nm side length)
compacted in a volume of ca. 1 × 1 × 1.4 μm3. (B−D) Cross-section of the supercrystal model showed in (A) with a surface-to-surface IPS of 2
(B), 3.5 (C), and 3.5 nm with ±5° randomized in orientation (D). (E−G) SERS enhancement maps calculated in the plane x marked in A for the
supercrystal for a IPS of 2 (E), 3.5 (F), and 3.5 nm with ±5° randomized in orientation (G). (H−J) Filtered SERS enhancement maps obtained
from (E−G) after convolution with a 2D Gaussian profile (to emulate a numerical aperture of 0.75, which corresponds with a spot size of 1.4 μm).
(K) Normalized SERS enhancement on a line along the supercrystal axis for the different simulations described above.
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at 250 mbar constant pressure for 30 min, that is, with a flow
rate of 2 μL/min. The SERS analysis was performed by
recording the SERS signal to baseline (from 1605 to 1630
cm−1) intensity maps of CV (785 nm, 1.74 mW, 1 s, and five
accumulations, Figure 4A). Thus, from the SERS intensity map

recorded at 10−7 M CV, a very uniform SERS signal is
evidenced, in terms of signal and intensity, in the whole
analyzed area, indicating both the homogeneous distribution of
the analyte and more importantly the high quality of the
supercrystal. The uniformity of the SERS signals and the
average intensity progressively decrease with the CV
concentrations (Figure 4B). Moreover, the analysis of the
SERS data revealed that the average SERS intensity showed a
linear dependence with the CV concentration from 10−9 to
10−15 M (Figure 4A). As shown in Figures S9 and S10 in the
Supporting Information, the characteristic vibrational peaks of
CV can be distinguished up to 10−15 M with no interference of
the substrate (PDMS or CTAB). It should be noted that
although CV has no covalent affinity for gold, the presence of
CTAB molecules on the surface of the particles could promote
its unspecific adsorption or retention, thus favoring its
accumulation on the assembly. Importantly, the detection
limit of the plasmonic microfluidic chip can be improved by
working under resonant Raman conditions (laser line 633 nm
for CV) and increasing the infiltration time. Thus, CV at a

concentration as low as 10−19 M was detected using longer
infiltration time and increasing the flow rate (10 μL/min
during 24 h) and 633 nm as the excitation laser line, as shown
in the SERRS (surface-enhanced resonance Raman scattering)
spectra and intensity map in Figure 4C. It should be noted
that, to the best of our knowledge, such a low detection limit
has not been reported before for CV.26,27 It should be pointed
out that the LOD and the experimental conditions needed to
achieve it will strongly depend on the target molecule.
Once the ultradetection capabilities of the plasmonic

microfluidic chip were demonstrated with CV, the next step
was to test its performance with a real sample. Thus, the
detection of pyocyanine produced in a Pseudomonas aeruginosa
(P. aeruginosa) culture without the need for its extraction was
investigated. Pyocyanin is an exclusive biomarker of this
prevalent and opportunistic pathogen causing numerous
human infections.28 Moreover, direct and sensitive detection
of pyocyanin in complex biological environments is still a
challenge. In order to prove the suitability of the plasmonic
microfluidic chips to detect pyocyanin avoiding the commonly
used extraction processes involving organic solvents, a P.
aeruginosa culture grown for 16 h (see the experimental section
for details, Supporting Information) was centrifuged and after
filtering the supernatant using an Amicon centrifugal filters (to
separate large molecular weight proteins), it was injected inside
the chip and analyzed by SERS. The concentration of the
metabolite secreted by P. aeruginosa in the liquid culture was
parallelly estimated by UV−vis spectroscopy at 691 nm (λmax
of pyocyanin) followed by chloroform extraction.29 Figure 5A
shows SERS spectra recorded from cultures at different
dilutions where the characteristic peaks from pyocyanin
(593, 633, 675, 1356, 1606, and 1619 cm−1)30 were evidenced
up to a concentration of 8 10−10 M. Figure 5B shows the SERS
intensity map of pyocyanin at 8 10−9 M recorded by signal to
baseline from 1340 to 1360 cm−1. Therefore, these results
demonstrated the better sensitivity of this methodology to
detect pyocyanin at a nanomolar level in real samples versus
the conventional UV−vis spectroscopy (suitable up to
micromolar concentrations).
The possibility of integrating a chromatographic unit in the

plasmonic microchip was investigated with the aim of
providing charge selectivity and therefore improving its sensing
capabilities.31 Thus, silica particles of ca. 1 μm in diameter
were assembled within the plasmonic microchip (see the
scheme in Figure 6A) in a similar fashion as for the Au
nanoparticles. Moreover, in order to fabricate two different
SERS sensors, one selective for negatively charged molecules
and another for positively charged ones, negatively or
positively charged silica particles were integrated into the
plasmonic microfluidic chip (see the experimental part for
details, Supporting Information). Figure S11, Supporting
Information, shows the SEM characterization of the silica−
gold supercrystals after peeling off the PDMS film. We
hypothesized that the silica nanoparticles within the micro-
fluidic channel would produce a differential retention when a
mixture of two oppositely charged molecules is introduced. It
allowed the electrostatic-based separation of both components
before reaching the plasmonic supercrystal for SERS detection.
The selectivity of both microfluidic sensors was tested

employing CV and Acid Blue 25 (AB) as model analytes
because they present positive- and negative-charged functional
groups, respectively (Figure 6B). Importantly, the character-
istic SERS features of both molecules (see Figure 6C) allow

Figure 4. Analysis of the SERS sensing capabilities. (A) SERS
intensity maps recorded by signal to baseline, between 1605 and 1630
cm−1, for different CV concentrations, as indicated (785 nm laser line,
1.74 mW, 1 s, and five accumulations). (B) Average SERS intensity as
a function of CV concentration. (C) SERRS spectrum recorded for a
sample containing 10−19 M CV after 24 h of continuous infiltration
(red) and representative SERRS spectrum of CV (black) for
comparison. The inset shows the corresponding SERRS intensity
map (the scale bar is 25 μm).
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distinguishing them when mixed. In fact, if a sample containing
both analytes (CV and AB) at 10−7 M concentration was
injected in a plasmonic microfluidic chip without silica
particles, no molecular selectivity was observed. Figure 6D
shows SERS intensity maps recorded at a signal to baseline of
1265−1275 cm−1 (top) and 1615−1625 cm−1 (bottom) to
visualize the spatial distribution of AB and CV, respectively.
The mappings show a uniform distribution of both analytes
along the supercrystal. The simultaneous detection of both
analytes by the plasmonic microchip is also evidenced in the
representative SERS spectrum (black) recorded during the
analysis of the mixture.
Once we demonstrated that it is possible to distinguish both

analytes when mixed, we tested the molecular selectivity of the
plasmonic sensor toward negatively charged molecules, that is,
AB. Again, a mixture of 10−7 M CV and 10−7 M AB was
injected in the microchip, and after 30 min, the plasmonic
microchip was analyzed by SERS. As mentioned above, the
SERS intensity maps (Figure 6E) were recorded at a signal to
baseline of 1265−1275 cm−1 (top) and 1615−1625 cm−1

(bottom) to visualize the spatial distribution of AB and CV,
respectively. As shown in Figure 6E, the sensor is able to detect
selectively AB. It is also evidenced in the representative SERS
spectrum showed in Figure 6G (blue) where only the
characteristic features of AB are distinguished.
This behavior could be explained considering that CV

presented a higher retention time on the negatively charged

silica nanoparticles preventing them from reaching the sensing
area. In a similar way, a microfluidic sensor selective for
positively charged molecules, that is, with positively charged

Figure 5. SERS analysis of pyocyanin produced in P. aeruginosa
culture. (A) SERS spectra recorded from samples with different
concentrations of pyocyanin (ranging from 8 × 10−7 to 8 × 10−10 M)
obtained from a P. aeruginosa culture. Experimental conditions: 785
nm laser line, 0.256 mW, 10 s, and two accumulations. (B) Optical
image of a plasmonic microfluidic channel and the optical image
merged with the SERS intensity map of pyocyanin recorded by signal
to baseline from 1340 to 1360 cm−1. 785 nm laser line, 0.497 mW, 1 s,
and two accumulations.

Figure 6. (A) Scheme of the charge-selective SERS microfluidic
sensor which integrates a plasmonic component (Au supercrystal)
and molecular trapping component (silica nanoparticles assembly)
within a microfluidic channel. (B) Structures of CV and Acid Blue 25
(AB). (C) Representative SERS spectra of CV (magenta) and AB
(blue) recorded with 785 nm laser line, 0.256 mW, 10 s, and two
accumulations. (D−F) SERS intensity maps recorded at a signal to
baseline of 1265−1275 cm−1 (top, CV) and 1615−1625 cm−1

(bottom, AB) after injection of a sample containing 10−7 M CV
and 10−7 M AB in a nonselective (D), negative-charge-selective (E)
and positive-charge-selective (F) plasmonic microchips. SERS
mappings were recorded using a 785 nm laser line, 1.74 mW
maximum power, 1 s accumulation time, and three accumulations.
(G) Representative SERS spectra recorded in a nonselective (black),
negative-charge-selective (blue), and positive-charge-selective (ma-
genta) plasmonic microchips (785 nm laser line, 0.256 mW,
maximum power, 10 s, and two accumulations).
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silica assembly was tested. Figure 6F shows the SERS analysis
after the injection of a mixture of AB and CV. No significant
SERS signals from AB in the plasmonic platform were
observed, which indicated the selective detection of CV
probably becausse of the larger retention time of AB molecules
induced by the positively charged silica particles. Therefore,
this proof of concept demonstrated the ability of the plasmonic
microfluidic microchips in charge-selective molecule sensing.

■ CONCLUSIONS

In summary, we demonstrated that the integration of
plasmonic supercrystals based on gold octahedrons within
microfluidic channels allows the fabrication of plasmonic
microchips with outstanding SERS performance for sensing.
Thus, investigating the molecular diffusion in the supercrystal
using 1-NAT (as a Raman probe), we found that (i) the
molecule was uniformly infiltrated within the whole super-
crystal and (ii) it exhibited an intense and highly uniform
SERS response, which is due to a homogeneous distribution of
hot spots. Realistic simulations performed with large-scale
supercrystal models demonstrated that the experimentally
observed SERS response with 1-NAT was due to IPS (given by
the CTAB coating layer) and the presence of defects in the
hierarchical nanoparticle organization. Besides, proof-of-
concept experiments confirmed that the plasmonic microchips
exhibit outstanding sensing performance for molecules with no
affinity for the plasmonic surface (CV or pyocyanin), even
when they are in biological complex media (such as bacteria
culture for pyocyanin). In fact, a limit of detection (LOD) as
low as 10−19 M was reached for CV and 10−9 M for pyocyanin
released by P. aeruginosa in a liquid culture. Finally, we
demonstrated that the further integration of a silica-based
column in the plasmonic microchip provides charge-selective
SERS capabilities in a mixture of positively and negatively
charged molecules (CV and AB). To conclude, we have
designed a plasmonic microchip with outstanding performance
for ultratrace label-free SERS detection of analytes in low
sample volumes, which also exhibits other advantages such as
portability for PoC detection and high-throughput or easy
manipulation.
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